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1. Introduction

Memory formation is one of the most fascinating and
complex brain functions. A large body of research over the
last decades has drastically increased our understanding of
the molecular and cellular processes underlying learning,
most notably through a detailed investigation of synaptic
plasticity. This reductionist approach, typically involving
in vitro experiments, has been tremendously successful in
providing a mechanistic framework for learning at the
level of single neurons. However, real-life memories are
formed through dynamic interactions of many neurons
embedded in large networks. Investigating the mechanisms
and consequences of learning at the level of neuronal circuits
is technically much more demanding, and we are only
beginning to understand this important topic. This special
issue presents recent progress in illuminating the most
exciting issues in the field of circuit mechanisms of memory
formation. The contributing articles cover essential concepts
and hypotheses underlying memory formation ranging from
synaptic mechanisms of plasticity in neuronal microcircuits
to circuit reorganizations in response to physiological and
pathological influences.

2. Plasticity of Inhibitory Circuits

Neuronal circuits are assembled by intricately interconnected
excitatory and inhibitory units. The balance of excitation and
inhibition is absolutely critical to circuit function. The lion’s
share of research into plasticity has focused on excitatory
synapses. However, GABAergic inhibition in the cortex plays
a major role in development and ocular dominance plasticity
as reviewed by Heimel et al. Sensory deprivation of the

visual input through one eye leads to the dominance of
the contralateral eye’s inputs. This also changes the ocular
preference of cortical neurons during the sensitive period.
One of the central mechanisms responsible for opening the
sensitive period is the maturation of inhibitory innervation,
which may also involve plasticity of inhibitory inputs.
The many forms and functions of long-term plasticity at
GABAergic synapses are reviewed by A. Maffei. New exper-
imental work has demonstrated that inhibitory synapses also
undergo plastic changes and follow their own learning rules.
Understanding these rules is crucial to fully comprehend the
circuit mechanisms of memory formation.

3. Neuromodulation of Learning and Memory

The effect of long-range neuromodulatory inputs on local
circuit computations is at present a very dynamic field of
investigation, in particular since neuromodulation is well
known to be critical for many forms of learning. The cho-
linergic system is implicated in gating cortical plasticity
during associative learning and sensory map plasticity. M.
B. Verhoog and H. D. Mansvelder review how cholinergic
modulation acting via presynaptic ionotropic receptors may
create brief time windows for synaptic modulation during
spike-timing-dependent plasticity. C. Köhler et al. address
the modulation of hippocampal and neocortical memory
systems by the relatively little known neuromodulator hista-
mine. They provide an overview of the anatomy of histamin-
ergic systems, histamine metabolism, receptors, and turnover
and introduce the involvement of histamine in synaptic
plasticity. Finally, K. Okada et al. discuss how a prominent
neuromodulatory signal during learning, the dopaminergic
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prediction error signal, is computed with a special emphasis
on the involvement of other neuromodulatory systems.

4. Motor Learning

Circuit plasticity in sensorimotor areas has become a major
interest since the recent introduction of brain-machine inter-
faces. Focusing on motor learning in the rat, J. Francis and
W. Song discuss plasticity mechanisms on the behavioral,
neurophysiological, and synaptic levels. In addition, the
authors present data on the inhibition of protein kinase
Mζ , which is necessary for the maintenance of long-term
potentiation. Relating molecular plasticity with behavioral
changes, these results shed new light on circuit mechanisms
of motor learning. These cortical circuits are organized by
specific connections between their neuronal members. While
many motifs of synaptic connectivity have been elucidated
in vitro, we still know very little about the organization of
network activity in the intact brain during behavior. D. F.
Putrino et al. address this issue in cats, which were trained
to perform skilled movement task. They describe dynamic
spiking associations between single neurons in primary
motor cortex, which were highly sensitive to spontaneous
errors in task performance. J. A. Hosp and A. R. Luft finally
review different physiological and pathological scenarios
inducing neuroplasticity and circuit reorganization in the
motor cortex. They differentiate between learning of novel
movement sequences in healthy individuals, spontaneous
cortical reorganization after ischemic injury, and relearning
of skilled movement sequences under neurorehabilitative
training in the injured brain. Although their main focus lies
on studies in rodents and nonhuman primates, the authors
also provide a useful outlook on the implications of the
findings for clinical practice.

5. Circuit Mechanisms in
Hippocampus and Amygdala

The hippocampal-entorhinal circuitry provides the most
crucial anatomical and functional substrate for both memory
formation and spatial navigation. An appealing network
model for the consolidation of newly formed memory
involves repetition of previously experienced spiking activity
in the hippocampus during sleep. L. Buhry et al. con-
tribute a comprehensive review over a large collection of
papers on such hippocampal “replay” phenomena, which are
correlated to neural sequences recorded during preceding
exploration phases. They specifically focus on the relation
of these activity sequences to memory consolidation during
sleep. The point is made that all the different flavors of
those sequence-like activities no longer allow to see those
sequences as a mere memory replay phenomenon. The
authors therefore propose the broader conceptual framework
of offline sequential activity and discuss its possible relation
to cognitive functions. In similar lines, J. H. L. P. Sadowski
et al. review in vivo studies of hippocampal sharp wave
ripple complexes and their relation to sequence replay
phenomena. In contrast to the review by L. Buhry et al.,
they mostly focus on the cellular and circuit mechanism that

could underlie this phenomenon. A particular emphasis is
laid on how activity patterns can be transmitted between
the different hippocampal and extrahippocampal regions
during sharp wave oscillations and how synaptic plasticity
may benefit from this dynamical state. K. J. Jeffery then
introduces the reader to the general concepts and use
of discrete and continuous attractor networks involved
in spatial navigation. She reviews the evidence for the
existence of such attractor networks and finally presents a
hypothesis—on modeling and experimental work—on how
partial remapping and attractor dynamics can coexist in the
hippocampal-entorhinal network. Similar attractor models
can explain the outcomes of a “teleportation experiment”
described by F. Stella and A. Treves. In such an experiment, a
rat was rapidly “teleported” from one familiar environment
to another by changing the luminance conditions. The
resulting hippocampal activity pattern alternated between
the two representations for a short while, mostly without
showing intermediate patterns, which indicates attractor-
type dynamics. While the hippocampal formation and
connected entorhinal cortex are the most studied systems for
classical declarative memory formation, other types of learn-
ing are linked to deep-brain structures. Fear conditioning, for
instance, is a powerful paradigm to investigate the neuronal
mechanisms underlying associative learning. The amygdala
is a critical brain area for this type of learning, and recent
evidence indicates that it functions as a hub which integrates
and orchestrates activity in a distributed network of brain
areas during aversive learning. In this issue, H. Toyoda et
al. review the involvement of the anterior cingulated cortex
(ACC) in fear learning and compare the mechanisms of
synaptic plasticity induction in ACC to those found in the
amygdala.

In conclusion, this special issue summarizes a broad
range of topics in the field of circuit plasticity and offers new
insights and perspectives on linking molecular mechanisms
with behavioral outcome of learning and memory. The
presented work covers experimental data and also theoretical
models that together can explain some of the intriguing
phenomena of computation and memory formation in the
brain.

Björn M. Kampa
Anja Gundlfinger

Johannes J. Letzkus
Christian Leibold
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On February 12th 1973, Bliss and Lomo submitted their findings on activity-dependent plasticity of glutamatergic synapses. After
this groundbreaking discovery, long-term potentiation (LTP) and depression (LTD) gained center stage in the study of learning,
memory, and experience-dependent refinement of neural circuits. While LTP and LTD are extensively studied and their relevance
to brain function is widely accepted, new experimental and theoretical work recently demonstrates that brain development and
function relies on additional forms of plasticity, some of which occur at nonglutamatergic synapses. The strength of GABAergic
synapses is modulated by activity, and new functions for inhibitory synaptic plasticity are emerging. Together with excitatory
neurons, inhibitory neurons shape the excitability and dynamic range of neural circuits. Thus, the understanding of inhibitory
synaptic plasticity is crucial to fully comprehend the physiology of brain circuits. Here, I will review recent findings about plasticity
at GABAergic synapses and discuss how it may contribute to circuit function.

1. Heterosynaptic Inhibitory Plasticity

1.1. Long-Term Potentiation. Plasticity of GABAergic syn-
apses onto excitatory neurons, in the form of long-term
potentiation (LTPi) and/or depression (LTDi) of inhibitory
postsynaptic potentials (IPSPs), was initially reported in layer
5 of the rodent primary visual cortex [1]. Following these
pioneering studies, bidirectional inhibitory plasticity was
observed in many areas of the brain—neonatal hippocampus
[2], deep cerebellar nuclei [3, 4], lateral superior olive [5],
brain stem [6], and onto dopaminergic neurons in the
ventral tegmental area (VTA) [7, 8]. Although there are
significant differences in the induction and expression
mechanisms of high-frequency long-term inhibitory
plasticity (HF-LTPi and HF-LTDi, Figure 1), some common
features have been identified across several brain circuits.
Most forms of HF-LTPi involve Ca2+-mediated signaling.
The source of Ca2+ is specific to the inhibitory synapse:
voltage-gated calcium channels (VGCC) in neonatal
hippocampus (Figure 1(b), left panel) [9]; astrocytes in
juvenile hippocampus [10]; postsynaptic intracellular stores

in cortex (Figure 1(a), left panel) [11, 12]; activation of
postsynaptic NMDA receptors in the VTA (Figure 1(c), left
panel) [8]. In several systems, the induction of HF-LTPi
and HF-LTDi depends on high-frequency activation of
glutamatergic and GABAergic axons. Postsynaptic activation
of glutamatergic receptors is often required for the induction
of HF-LTPi, while GABAA receptor activity is involved in
maintaining the plasticity [1, 8]. By sampling and integrating
GABAergic and glutamatergic inputs, heterosynaptic forms
of inhibitory plasticity may modulate the dynamic range and
output of pyramidal neurons very effectively.

The intracellular mechanisms involved in the induction
and expression of HF-LTPi differ significantly between brain
circuits. In visual cortex, Ca2+ release from intracellular
stores is triggered by the activation of GABAB receptors,
facilitated by the activation of serotoninergic (5-HT) and/or
α-adrenoreceptors [11] and mediated by the activation of IP3

[12, 13] (Figure 1(a) left panel). In both developing visual
cortex and hippocampus, intracellular Ca2+ release initiates a
BDNF/TrkB signaling cascade that modulates GABA release
[14, 15] (Figures 1(a) and 1(b) left panels). While in
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the hippocampus, HF-LTPi is induced and maintained
after the HFS, in visual cortex the maintenance of HF-
LTPi requires constant low-frequency stimulation [16]. The
specific mechanisms for this requirement remain to be
elucidated.

The mechanisms of HF-LTPi in the VTA are quite
different. Although expressed presynaptically as in visual
cortex and hippocampus, HF-LTPi in the VTA requires ret-
rograde signaling via a nitric-oxide-(NO-) guanylate cyclase
(GC-) protein-kinase-G-(PKG-) dependent pathway [17]
(Figure 1(c), left panel). Different mechanisms of induction
and expression for HF-LTPi suggest that the specificity of the
connection and the patterns of activity may be important
for the function of heterosynaptic inhibitory plasticity in
different circuits. For example, BDNF retrograde signaling
allows for a local action of GABAergic plasticity at specific
synapses [14, 18], suggesting a prominent function of HF-
LTPi on the local integration of excitatory and inhibitory
synaptic events. Differently, at synapses in which production
of NO is involved in inhibitory plasticity, the widespread
diffusion typical of NO may influence several presynaptic
terminals simultaneously [19], possibly promoting changes
in the state of excitability of a large portion of a microcircuit.

1.2. Long-Term Depression. The mechanisms for induction
and expression of heterosynaptic LTDi show significant
differences in different circuits (Figures 1(a), 1(b), and 1(c),
right panels). In L5 of primary visual cortex, HF-LTDi
is induced by activation of glutamatergic and GABAergic
axons and is dependent on Ca2+ inflow in the postsynaptic
excitatory neuron either through NMDA receptors [1, 13]
or through L-type Ca2+ channels [20] (Figure 1(a), right
panel). The intracellular cascade involved in HF-LTDi is
currently not known. It has been speculated that NMDA-
dependent HF-LTDi and L-type Ca2+channels-dependent
HF-LTDi may differ in that the former produces a focal,
spatially restricted depression of inhibition, and the latter
contributes to depressing many inhibitory synapses onto the
same postsynaptic neuron [20]. HF-LTDi (or HF-I-LTD) was
also induced in L2/3 of primary visual cortex [21] and in
the hippocampus [22]. The mechanisms for these forms of
plasticity have been investigated and are known to involve
the production of endocannabinoids (eCB) in both L2/3
of visual cortex and hippocampus. In the hippocampus,
the production of eCB is dependent on the activation of
postsynaptic type I metabotropic receptors (mGluR-I) [22],
while in visual cortex the mechanism of activation has not
been identified.

A second widely investigated form of heterosynap-
tic LTDi is induced by low-frequency (LF) activation of
glutamatergic axons, which can heterosynaptically depress
GABAergic inputs converging onto the activated postsynap-
tic neuron (LF-LTDi or I-LTD, Figure 1(b)) [23]. This form
of plasticity has been reported in several areas of the brain
including VTA [24], basolateral amygdala (BLA) [25], dorsal
striatum [26], prefrontal cortex [27], and corticotectal cocul-
tures [28]. I-LTD is induced by activation of metabotropic
glutamate receptors (mGluR1) and is maintained by post-
synaptic GABAA receptors activity. Intracellular pathways

IP3

Na+

HFS-LTPi HFS-LTDi

Visual cortex

?
?

?

Ca2+

Ca2+
Ca2+

(a)

Na+ Na+

HFS-LTPi LFS-I-LTD
Hippocampus

DAG

2-AG
?

AEA

Ca2+

Ca2+

(b)

Na+

Ventra tegmental area (VTA)

HFS-LTPi

NOS

NO
DAG

2-AG

AEA

cocaine-I-LTD

cocaine

PKA

XX

? ?

Ca2+

Ca2+

Glutamate

GABA

GABAAR

GABABR

NMDAR

-adrenoR

IP3R

VGCC

BDNF TrkBR

AMPAR

PLC
Noradrenaline

Gq

5-HT

5-HTR

mGluR I

CB1R

eCB

PKA

GC

PKG

D2R

AC

(c)

Figure 1: Different mechanisms for heterosynaptic inhibitory plas-
ticity. (a) Visual Cortex. (b) Hippocampus. (c) Ventral Tegmental
Area (VTA).

activated by the induction of I-LTD lead to the production
and the release of endocannabinoids (eCB) from the excita-
tory neuron [22, 23, 27], which in turn promote changes in
strength at inhibitory synapses onto the same postsynaptic
target neuron (Figures 1(b) and 1(c), right panels). In the
hippocampus, I-LTD requires the activation of inhibitory
afferents in the presence of eCB, suggesting that a raise in
presynaptic Ca2+ in the presynaptic interneuron terminal is
required for the induction of this form of inhibitory plasticity
[29]. In the VTA, I-LTD is expressed presynaptically and
involves a protein-kinase-A-(PKA) dependent modulation of
GABA release [22, 30]. Similarly to BDNF-dependent HF-
LTPi, eCB-I-LTD signaling is more localized to the area of
induction [31, 32]. Given the induction requirements, eCB-
I-LTD may contribute to the integration of local associative
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inputs elicited by long-lasting presynaptic activity in the low-
frequency range.

2. Homosynaptic Inhibitory Plasticity

2.1. Spike-Timing-Dependent Depression of Inhibitory Inputs.
Homosynaptic forms of inhibitory plasticity have recently
been reported in cortex and hippocampus (Figure 2) [15,
18, 33–35]. The patterns of activity reported for homosy-
naptic inhibitory plasticity differ between brain areas and
with the developmental stage of the circuit. Furthermore,
homosynaptic monosynaptic forms of inhibitory plasticity
have been reported: GABAergic synapses from a single
inhibitory neuron of a specific subtype onto a postsynaptic
excitatory neuron can change their strength in response to
patterned stimulation [34, 35]. GABAergic synapses may
modulate their strength not only to regulate the integration
of excitatory and inhibitory inputs, but also in response to
a variety of input patterns, possibly increasing the range of
functions that inhibitory plasticity may perform in different
circuits.

In immature hippocampus, when GABA is excitatory,
stimulations eliciting action potential firing in afferent axons
15 ms before postsynaptic firing potentiate GABA postsynap-
tic currents onto CA3 pyramidal neurons (Figure 2(a), left
panel), while the opposite timing relationship induces a con-
sistent depression of GABA postsynaptic current amplitudes
[18]. The mechanisms leading to spike-timing-dependent
long-term potentiation of inhibition (STD-LTPi) have been
further investigated, showing that this form of GABAergic
plasticity is induced postsynaptically and expressed presy-
naptically [18]. The signaling pathways involved in STD-
LTPi in neonatal hippocampus depend on the increase in
postsynaptic Ca2+ levels and on the activation of a cAMP-
PKA intracellular pathway. STD-LTPi required retrograde
BDNF signaling (Figure 2(a), left panel) [18], consistent with
reports that postsynaptic backpropagating action potentials
trigger the release of BDNF in the postsynaptic neurons
[15]. The site of action of BDNF is at the moment unclear,
as postsynaptic [15] and/or presynaptic [36] actions of the
BDNF/TrkB signaling pathway have been reported. STD-
LTPi in the immature hippocampus increases the activity of
excitatory neurons and is thought to contribute significantly
to the development and refinement of hippocampal circuits
[37, 38].

In adult hippocampal slices, when GABA is hyper-
polarizing and exerts an inhibitory action, homosynaptic
plasticity of GABAergic synapses is successfully induced
when presynaptic action potentials are elicited at inhibitory
axons coincidentally with the generation of postsynaptic
action potentials in CA1 pyramidal neurons (STD-long-term
depression of inhibition, STD-LTDi: Figure 2(a), right panel)
[33, 39–41]. STD-LTDi induction depends on postsynaptic
Ca2+ influx through voltage-gated Ca2+ channels and on
the depolarization of the equilibrium potential for chloride
by the neuron-specific chloride extruding transporter KCC2
[33] (Figure 2(a), right panel). Interestingly, activation of
the BDNF-TrkB pathway regulates the levels of expression
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Figure 2: Induction paradigms and mechanisms for monosynaptic
inhibitory plasticity. (a) Hippocampus. (b) Visual Cortex.

of KCC2 in the adult hippocampus [42], suggesting possible
complementary mechanisms of expression for HF-LTPi in
cortex [14] and STD-LTDi in the adult hippocampus [33]
(Figure 2(a)). In HF-LTPi the high-frequency stimulation
may promote a BDNF-dependent increase in inhibitory
synaptic conductance through modulation of presynaptic
release probability (Figure 1(b), left panel) [14], while the
lower frequency of stimulation required by STD-LTDi
induction may favor BNDF-dependent downregulation of
the KCC2 transporter [42].

2.2. Pre- and Postsynaptic Pairing in Homosynaptic-Mono-
synaptic Inhibitory Plasticity. Timing is a fundamental fea-
ture of homosynaptic inhibitory plasticity; however, there
are substantial differences in the requirements for induction
and expression of GABAergic homosynaptic plasticity in
hippocampus and sensory neocortex. In visual cortex in
particular, homosynaptic inhibitory plasticity has been stud-
ied at monosynaptic connections from identified inhibitory
neurons onto pyramidal neurons. Therefore, the plasticity
I will describe in this paragraph is both homosynaptic (it
depends on the activation of inhibitory axons alone) and
monosynaptic (it is induced by activation of connections
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mediated by a single axons from an indentified inhibitory
neuron subtype onto a pyramidal neuron).

In layer 2/3 of visual cortex, the sign of plasticity at
inhibitory synapses from fast spiking (FS) onto pyramidal
neurons depends on the timing between presynaptic FS neu-
ron firing and postsynaptic pyramidal neuron bursting [35].
Burst timing LTD (BT-LTDi) is induced if FS action poten-
tials are elicited 100 ms after pyramidal neuron bursting,
while BT-LTPi is induced when FS firing was elicited 200 to
300 ms after postsynaptic bursting (Figure 2(b), left panel).
Both BT-LTPi and BT-LTDi depend on postsynaptic calcium
influx, although the source of such increase has not been
determined [35]. Differently from the forms of inhibitory
plasticity reported in L5 of primary visual cortex or in the
hippocampus, BT inhibitory plasticity does not appear to
require GABAB receptor activation, activation of NMDA
receptors, or changes in KCC2 activity [35] (Figure 2(b), left
panel), suggesting that this form of inhibitory plasticity may
rely on a set of mechanisms yet to be identified.

Although timing of pre- and postsynaptic activity is
indeed a general feature of FS to pyramidal neuron inhibitory
plasticity, the requirements for timing and patterns of
activity differ significantly, even between layers of primary
visual cortex. In Layer 4, potentiation of FS to pyramidal
neurons synapses (LTPi) requires coincident activation of
FS and postsynaptic pyramidal neurons, but FS interneu-
ron bursting needs to be paired with pyramidal neuron
subthreshold depolarization [34] (Figure 2(b), right panel).
Despite the differences, both BT-LTPi and LTPi are expressed
as changes in the conductance of inhibitory synapses and
appear to have a postsynaptic site of expression, possibly
depending on an increase in GABAA R number [34, 35, 43].
Both BT-LTPi and LTPi are induced using paired recording
experiments, indicating that these forms of plasticity are
specific to the interneuron type [34, 35]. The cellular
mechanisms for BT-LTPi and LTPi are currently unknown.
Several intracellular pathways have been reported to regulate
the number of GABAA receptors at inhibitory synapses
[44–47]. An intriguing possibility is that some of these
mechanisms may be also involved in the fast transport
required for plasticity.

A different subset of inhibitory synapses in neocortex,
the ones from low-threshold spiking interneurons (LTS) onto
spiny stellate neurons in the barrel cortex and from regular
spiking non-pyramidal neurons (RSNP) onto pyramidal
neurons in visual cortex, show modulation of synaptic
efficacy in response to changes in circuit excitability [48,
49]. In visual cortex, reduction of visual drive right at
eye opening strengthens their synapses onto pyramidal
neurons, decreases their connection probability, and leaves
their short-term dynamics unaffected [49]. In barrel cortex,
LTS neurons—also classified as SOM neurons—change their
short-term dynamic [48] and intrinsic properties [50] in
response to activity blockade. The induction and expression
requirements for plasticity at these inhibitory synapses have
yet to be identified.

Overall there is richness in the forms of inhibitory
plasticity and in the variety of mechanisms involved in their
induction and expression in different areas and at different

developmental stages. This evidence suggests that inhibitory
synapses may have important and highly specific functions
that contribute to the control of the excitability of neural
circuits in complex ways.

3. Functional Implications of
Inhibitory Plasticity

3.1. Maintenance of Circuit Stability and Circuit Refinement.
A number of studies have shown that inhibitory synaptic
transmission is crucial for the development [51–53] and
stability of neural circuits [54, 55], sharpens tuning of
principal excitatory neurons [56–59], and contributes to the
formation of receptive fields [60, 61]. All of these functions
are based on the assumption that inhibitory synapses are not
plastic and exert what is thought to be their principal task:
suppress excessive excitability [62] and possibly increase the
signal-to-noise ratio [63].

It is now clear, however, that inhibitory synapses are
indeed plastic. What is the role of this plasticity? The ability
to directly and dynamically control pyramidal neuron input
integration, excitability, and output in an activity-dependent
manner, suggests that inhibitory synaptic plasticity may be
crucial to preserve the dynamic range of excitatory neurons
[64] even when the excitability of the circuit is perturbed
by changes in environmental inputs [49]. The maintenance
of circuit stability is indeed a dynamic process that requires
plasticity of many cellular and synaptic components of a
neural circuit [65, 66].

The richness in plasticity and the specificity of inhibitory
circuits suggest that the dynamic regulation of circuit
homeostasis is not the sole function of inhibitory plasticity.
In primary sensory areas, incoming inputs regulate the mat-
uration of GABAergic transmission, promote the refinement
of the connectivity of local microcircuits, and regulate the
overall excitability of the circuit [21, 34, 49, 67–70]. The
sharpening of cortical receptive fields during development is
also temporally correlated with the maturation of inhibitory
synapses [71], and the modulation of excitability by dynamic
adjustment of the balance between excitation and inhibition
favors the refinement of neuronal receptive fields [72, 73].
At the network level, the regulation of inhibitory synaptic
efficacy through plastic changes may contribute to the
formation and/or rearrangement of cortical maps [71].

Specific inhibitory circuits may contribute differently
to the refinement process, as suggested by the effects that
paradigms of sensory deprivation produce on the two
major populations of inhibitory neurons [48–50]. In rodent
neocortex, both the barrel field of somatosensory cortex
and primary visual cortex show depression of FS synaptic
inhibition onto pyramidal neurons in response to sensory
deprivation during early postnatal development [48, 49]. FS
to pyramidal neuron synapses receive direct thalamocortical
projections [74, 75] and,thus, are in a particularly favorable
anatomical position to convey information about changes in
sensory inputs. A possible function of reduced FS inhibition
at this stage in development is to preserve the overall state
of excitability of the circuit in the face of a reduced driving



Neural Plasticity 5

input. In primary visual cortex, evidence in favor of this
hypothesis comes from the lack of ocular dominance shifts
following visual deprivation between eye opening and the
beginning of the classical critical period for amblyopia [76].
In the barrel cortex, the decrease in somatic inhibition might
play a similar homeostatic role [48].

3.2. Regulation of Circuit Function. The same inhibitory
synaptic connection may play different functions during
different stages in postnatal development. After the third
postnatal week, instead of weakening FS to pyramidal
neurons synapses, visual deprivation induces LTPi of these
synapses in monocular cortex [34] and a general potentiation
of inhibitory drive in binocular visual cortex [77]. The
switch in sign of MD-induced inhibitory plasticity correlates
with the time of initiation of the critical period for ocular
dominance plasticity [76, 77]. A possible interpretation of
these results is that as the visual cortex matures, the role
of inhibitory plasticity changes, going from regulator of
global circuit homeostasis to driver of activity-dependent
circuit refinement. LTPi may contribute to the silencing of
neurons driven by the deprived eye, possibly favoring the
shift in ocular dominance to the eye that remained open. To
perform these functions, LTPi should be connection-specific,
regulating the excitability of excitatory neurons only within
local microcircuits. In addition, it should have an effect on
the sign of plasticity at excitatory synapses. While the role
of inhibition in controlling excitatory neurons excitability
is widely accepted, the other properties still need to be
investigated experimentally.

Besides modulating FS to pyramidal neurons synapses,
visual deprivation significantly affects another inhibitory
connection in neocortex: the one from RSNP and LTS
interneurons onto pyramidal neurons. Similar paradigms
of sensory deprivation modulate the strength of RSNP
and LTS inhibitory synapses onto excitatory neurons [42].
It is tempting to speculate that environmental stimuli or
behaviors may modulate the strength of inhibitory synapses
in ways that are specific for the type of inhibitory neuron and
favor different circuit-rewiring patterns.

LTS and RSNP inhibitory neurons contact the apical
dendrites of pyramidal neurons while FS synapses are found
at the soma and proximal dendritic shafts [78]. Plasticity at
LTS and RSNP synapses may be involved in the modulation
of the local integration of distal inputs, while FS synapses
regulate the integration of all inputs reaching the soma. The
integration of all inhibitory and excitatory inputs shapes
the state of excitability of a circuit throughout life; thus,
the contribution of inhibitory plasticity to neural circuit
function is likely to extend beyond circuit refinement. The
dynamic regulation of the balance between excitation and
inhibition that is induced by changes in inhibitory and
excitatory synaptic strength may affect the coding of specific
sensory stimuli and serve as an important mechanism for
cortical sensory processing throughout life.

3.3. Beyond Sensory Function. Beyond sensory cortices,
inhibitory plasticity is induced in circuits involved in

learning and addictive behaviors [7, 8, 15, 22, 33, 79, 80].
Indeed, in the VTA, HF-LTPi is impaired by morphine
exposure [8], and I-LTD is favored by repeated cocaine
exposure [24]. These forms of plasticity alter the activity
of dopaminergic neurons in the VTA following drug abuse,
possibly facilitating the development of addictive behaviors
[81]. In the VTA, other forms of inhibitory plasticity have
been reported that do not require patterned activation of
afferent fibers but are dependent on the administration of
drug of abuse [80, 82, 83] and appear to be facilitated by
coactivation of serotoninergic receptors [82]. It is currently
unknown whether the administration of a drug of abuse and
the patterned activation of neurons may activate convergent
of cellular targets or whether the electrical and chemical
inhibitory plasticity are distinct processes.

Inhibitory plasticity in the VTA was also proposed as
mechanism for metaplasticity [81], a way to constrain or
change the state of a postsynaptic neuron to limit or direct
the plasticity at other synapses converging onto it [84]. While
there is no clear experimental evidence for a metaplastic role
of inhibitory plasticity, it would certainly add to the already
complex set of functions this plasticity appears to perform.

In neonatal hippocampus, when GABA is excitatory [85],
the role of GABAergic plasticity may be to promote circuit
wiring and maturation by activating pyramidal neurons
[18, 86]. In the adult hippocampus, STD-LTDi modulates
the output and the dynamic range of pyramidal neurons in
CA1 globally by shifting the reversal potential of chloride
of the postsynaptic neuron [39, 40]. In addition, it was
recently suggested that STD-LTDi regulates the effectiveness
of backpropagating action potentials [64], suggesting that
inhibitory plasticity may be a modulating mechanism for
the induction of LTP or LTD at synapses between excitatory
neurons. A more focal regulation of specific inputs onto
excitatory neurons may be performed locally, at specific
synapses, by heterosynaptic HF-LTPi and BDNF-Trkb signal-
ing [15]. Both global and synapse-specific inhibitory synaptic
plasticity likely regulate the local integration of incoming
inputs onto pyramidal neurons in a complementary fashion,
possibly favoring or impairing the induction of other forms
of plasticity.

4. Future Directions

Although the study of inhibitory plasticity started a couple
of decades ago, it has had a fast and steady growth only
recently. Besides regulating the activity and computation of
local microcircuits in many areas of the brain, inhibitory
plasticity has been implicated in sensory processing [61], in
the learning of sound localization [87], in the regulation of
neuropathic pain [88], in the regulation of neural activity
following brain injury [89, 90], as well as in changes in
neuronal excitability induced by pregnancy [91]. Much work
is needed to identify mechanisms as well as targets for the
selective manipulation of GABAergic synaptic plasticity in
different brain circuits. The findings that specific inhibitory
neuron subtypes contact excitatory neurons at different
locations [92, 93] and that the postsynaptic membranes
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opposite to the different subtypes of interneurons contain
GABAA receptors with specific subunit composition [94–
97] offer remarkable tools to jump start this investigation.
The compelling data about locations, range of induction
and expression mechanisms, specificity, and associativity,
together with the functional implications of inhibitory
synaptic plasticity, strongly support the idea that plasticity
at GABAergic synapses is a fundamental regulator of the
physiology of neural circuits. Advancements in our under-
standing of the different forms of inhibitory plasticity are
crucial to address more directly their many roles in healthy
brain function and disease.
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J. Alexander Heimel, Daniëlle van Versendaal, and Christiaan N. Levelt

Department of Molecular Visual Plasticity, Netherlands Institute for Neuroscience, Royal Netherlands Academy of Arts and Sciences,
Meibergdreef 47, 1105BA Amsterdam, The Netherlands

Correspondence should be addressed to Christiaan N. Levelt, c.levelt@nin.knaw.nl

Received 27 April 2011; Accepted 27 May 2011

Academic Editor: Bjorn Kampa

Copyright © 2011 J. Alexander Heimel et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

During the last decade, we have gained much insight into the mechanisms that open and close a sensitive period of plasticity in the
visual cortex. This brings the hope that novel treatments can be developed for brain injuries requiring renewed plasticity potential
and neurodevelopmental brain disorders caused by defective synaptic plasticity. One of the central mechanisms responsible for
opening the sensitive period is the maturation of inhibitory innervation. Many molecular and cellular events have been identified
that drive this developmental process, including signaling through BDNF and IGF-1, transcriptional control by OTX2, maturation
of the extracellular matrix, and GABA-regulated inhibitory synapse formation. The mechanisms through which the development
of inhibitory innervation triggers and potentially closes the sensitive period may involve plasticity of inhibitory inputs or permissive
regulation of excitatory synapse plasticity. Here, we discuss the current state of knowledge in the field and open questions to be
addressed.

1. Sensitive Periods of Plasticity

Many things can be learned more easily during childhood
than in adulthood, including speaking a new language,
playing an instrument, or performing a sport. This is the
consequence of how our brain develops. It seems to make
sense to learn these skills in a rather permanent way when
we are young so that we can take advantage of them when
we are adults. This is not only true for learning skills or facts
but reflects a general property of brain development where
periods of enhanced experience-dependent plasticity in dif-
ferent cortical and subcortical brain regions are essential for
achieving functional and reliable connectivity between brain
areas. During the last decade, it has become clear that specific
molecular and cellular mechanisms are in place that regulate
the onset and offset of these sensitive periods [1], indicating
that they are not simply the consequence of the brain regions
involved becoming optimized but actively regulated periods
of enhanced plasticity. Sensitive periods are not only essential
for normal brain development, they are also protective in
cases of brain damage during childhood. In the young brain,
cortical areas are not yet fully committed to specific tasks
and damage can still be compensated for by other brain

areas taking over the lost functionality [2]. But sensitive
periods can also cause important problems. If plasticity does
not occur in a proper fashion during these periods, lifelong
problems may occur. This can occur if the provided inputs
are inadequate. The best studied example is the development
of amblyopia (lazy eye) which happens when one eye does
not function well during development, driving plasticity in
the visual cortex to respond less accurately to inputs from
this eye [3]. Flawed plasticity may also occur due to genetic
deficits in plasticity mechanisms as is the case in neurodevel-
opmental disorders such as mental retardation or autism [4].

2. Ocular Dominance Plasticity

In order to be able to treat such disorders in the future
and to develop approaches to increase adult plasticity for
treating brain damage, extensive research on the mechanisms
opening and closing sensitive periods has been performed.
Plasticity in the visual cortex has been the most used model
to address this. The primary visual cortex (V1) receives
inputs conveying information from both eyes, and neurons
in V1 have a preference for inputs from one of the eyes
[5]. This so-called ocular dominance (OD) can change when
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during development input from one eye is less reliable than
that from the other, for example due to refractive error,
cataract or misalignment of the eyes, or when one eye is
closed (monocular deprivation, MD) under experimental
conditions [6]. This will result in an OD shift towards
the more reliable eye which is accompanied by extensive
rewiring of thalamocortical and intracortical connections
[7–10]. OD plasticity has a well-defined sensitive period. The
timing of this sensitive period differs per species, occurring
during the 4th and 5th postnatal week in rodents [11, 12],
between 1–3 months in cats [13], and between 6 months
and 8 years in humans [14]. However, the changes that
occur with OD plasticity are very similar between species
and vision improves significantly during the sensitive period
in all species tested. While traditionally, cats and monkeys
were used for studying visual plasticity, we have seen a
switch to the use of rodents for these studies. Although
their visual acuity is significantly lower than that of cats and
monkeys [11], molecular analysis and modification and in
vivo imaging techniques are much more feasible in rodents.
This switch of species for studying sensitive period regulation
has been a fruitful endeavor. It has led to the discovery of
various important regulatory mechanisms that underlie the
opening and closure of the sensitive period of OD plasticity.
Of particular interest are the findings that the development
of inhibitory innervation is essential for sensitive period
onset [15] and that the mature extracellular matrix [16]
and epigenetic transcriptional regulation [17] are involved in
sensitive period offset.

3. Maturation of Inhibition Initiates
Sensitive Period of OD Plasticity

The initial evidence supporting the involvement of the
inhibitory system in sensitive period onset was the discovery
that in mice in which GABA synthesis is reduced due to
the deletion of the glutamic acid decarboxylase GAD65, no
sensitive period plasticity can be induced until the moment
that they are treated with the GABA(A) receptor agonist ben-
zodiazepine [15]. Interestingly, it does not matter whether
they are injected during development or in adulthood. Next,
it was shown that also in normal mice, benzodiazepines
can induce a precocious sensitive period when administered
several days before normal sensitive period onset [18].
Compatible observations were made in transgenic animals
overexpressing the neural growth factor BDNF [19, 20].
In these animals, the development of inhibitory boutons
occurs several days earlier than in control animals and is
accompanied by the early onset of the sensitive period. Not
only plasticity can be induced earlier, also the development
of high visual acuity is accelerated. BDNF is a protein
whose expression and release are regulated by neuronal
activity [21]. In animals that are reared in the dark, BDNF
expression in the visual cortex is reduced and the sensitive
period is delayed [12]. Interestingly, in transgenic animals
overexpressing BDNF, dark rearing did not delay the onset
of the sensitive period nor did it prevent the development of
high acuity vision [22], suggesting that BDNF is one of the
main factors driving the onset of the sensitive period through

spurring the development of inhibitory innervation. More
recently, it was found that insulin growth factor-1 (IGF-1)
has similar effects as BDNF, accelerating the development of
inhibitory synapses, the onset of the sensitive period and the
increase of visual acuity [23]. Previous studies demonstrated
that IGF-1 stimulates the production of BDNF [24]. IGF-1
may thus act upstream of BDNF during the development of
inhibitory innervation and the onset of the sensitive period.

4. Parvalbumin Expressing Basket Cells and
Sensitive Period Onset

In order to understand the mechanism through which
inhibition may initiate the sensitive period, it is important
to know which interneuron subtypes are involved. Most
evidence points towards the involvement of fast-spiking Par-
valbumin (PV) expressing basket cells. These interneurons
innervate excitatory neurons [25], each other [26] and other
types of interneurons through synaptic boutons localized
predominantly on their cell soma and proximal dendrites.
PV expressing basket cells fire through trains of high-
frequency nonadapting spikes [27]. Their connectivity and
synaptic properties put them in the ideal situation to detect
and stimulate neuronal synchrony with high speed and
precision [26]. In line with these properties, the postsynaptic
GABA(A)receptors (GABAAR) they synapse onto predom-
inantly utilize GABAAR alpha1 subunits [28], which form
GABAAR with the fastest decay times [29]. In line with the
involvement of PV basket cells driving sensitive period onset,
benzodiazepines cannot induce a precocious sensitive period
in mouse mutants in which the GABAAR alpha1 subunit has
been rendered insensitive to benzodiazepines [30]. Although
this convincingly shows that inhibitory synapses containing
the GABAAR alpha1 subunit are important for initiating
the sensitive period, this does not mean that any specific
properties of this subunit, such as the fast decay time, are
important. Moreover it is important to realize that the
GABAARalpha1 subunit is by far the most abundant subunit
in the neocortex and is not exclusive to synapses formed by
PV basket cells [28, 31]. However, additional evidence for
the involvement of PV basket cells in initiating the sensitive
period comes from the fascinating finding that the tran-
scription factor OTX2 which is transcribed and translated
in the retina is transported transsynaptically to V1 where it
is taken up predominantly by PV basket cells and a small
percentage of other interneuron subtypes where it stimulates
their development [32]. In the absence of OTX2 in the retina,
the sensitive period does not start, but can be initiated by
supplying OTX2 protein directly to the visual cortex.

5. GABA-Mediated Inhibitory
Synapse Formation

The formation of inhibitory inputs by PV basket cells onto
the somata of excitatory neurons is strongly influenced by
neuronal activity around the start of the sensitive period.
This development of perisomatic inhibitory innervation can
be replicated in cortical slice cultures. Using cultures from



Neural Plasticity 3

transgenic mice expressing GFP in PV interneurons it was
found that innervation by PV interneurons was only reduced
when activity was inhibited by TTX between p18 and p24,
but not when this was done at later stages [33]. Similarly,
when TTX is injected in one eye between p20 and p24, in
vivo development of perisomatic synapses formed by PV
interneurons is reduced, while TTX injection at later stages
does not have any effects [33]. Interestingly, it seems that
inhibitory transmission itself is what stimulates the forma-
tion of inhibitory synapses. This was most convincingly
shown by knocking out the Gad-1 gene (which encodes
the rate limiting glutamate decarboxylase GAD67, which
is responsible for 90% of GABA synthesis) in individual
neurons in the visual cortex, which results in reduced synapse
formation and axon branching [34]. Overexpression of
GAD67, in contrast, stimulates the formation of perisomatic
synapses by PV interneurons. The reduced formation of
perisomatic inhibitory synapses can be rescued by inhibition
of the GABA reuptake protein GAT-1 effectively increasing
GABA levels and partially by enhancing inhibition with
benzodiazepines.

Such a positive feedback loop seems to fit nicely with
other findings. For example, as explained above, in mice
deficient for GAD65, the sensitive period does not start until
inhibitory inputs are strengthened with benzodiazepines
[15]. However, when this treatment is stopped, it is not
possible to repeat the induction of a sensitive period with
benzodiazepines. This indicates that after the first treatment,
inhibitory innervation has matured in an irreversible way.
A positive feedback loop may well explain this. Also, it
was found that expression of polysialic acid (PSA) bound
to NCAM-1 in the visual cortex holds off the formation
of perisomatic innervation by PV interneurons, probably
through interactions with NCAM-1 or other adhesion
molecules [35]. Premature removal of PSA initiates a
precocious sensitive period. Interestingly, when an early
sensitive period is induced with benzodiazepines, this results
in a spontaneous reduction of PSA showing that events
that increase GABAergic innervation accelerate other events
that also enhance GABAergic innervation, thus supporting a
positive feedback mechanism [35].

6. Inhibition and Closure of the Sensitive Period

Evidence for increased inhibitory inputs being central to the
initiation of the sensitive period of OD plasticity is very con-
vincing (Figure 1). It is less clear whether continued matura-
tion of inhibitory innervation is what also closes the sensitive
period. In fact, quite some evidence accumulated suggested
that other mechanisms are involved in sensitive period offset.
Epigenetic regulation of gene transcription for example has
been found to close the sensitive period of OD plasticity,
while interfering with this process by treating animals with
the histone deacetalyse inhibitor Trichostatin reopens a sen-
sitive period [17]. Moreover, there is evidence to suggest that
limitation of structural plasticity is what ends the sensitive
period. For example, in the absence of Nogo-66 receptor,
a receptor for the myelin-based factor Nogo which inhibits
axon outgrowth, animals show continued plasticity in the
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Figure 1: Relationship of inhibition and plasticity during the
critical period. Gray line depicts maturation of inhibition and
the increase and decline of potential for plasticity during normal
development. Black lines show experimental manipulations by
which the level of plasticity or inhibition has been artificially altered.
EE is environmental enrichment, DT is dark treatment, PNN is
perioneuronal net. All manipulations are infusions or injections of
substances, except for BDNF which has been overexpressed. See text
for references.

visual cortex into adulthood [36]. Also the extracellular
matrix (ECM), which was found to inhibit axon growth after
spinal cord injuries [37], forms a barrier for adult cortical
plasticity. Dissolving the extracellular matrix in V1 using the
enzyme chondroitinase reinstates the plasticity potential in
the visual cortex [16], possibly by removing a physical barrier
for axon- or spine growth and retraction, or by removing
ECM associated factors that limit neurite growth such as
semaphorins [38]. In line with this finding is that activation
of Plasmin, a protease involved in ECM degradation, also
increases spine motility in cortical slices [39], while in the
absence of its activator, TPA, OD plasticity is defective [40].

However, the interpretation of how the ECM limits adult
cortical plasticity may have to be adjusted based on novel
evidence [41]. While the ECM is present throughout the
entire brain, it forms dense structures known as perineuronal
nets predominantly around PV interneurons [42]. The
formation of these perineuronal nets depends on the link
protein Ctrl1. In mice deficient for this protein, perineuronal
nets do not form while the ECM otherwise looks normal
[41]. Interestingly, OD plasticity in Ctrl1-deficient mice can
still be induced effectively in adulthood, indicating that it is
PV interneuron function that is crucial for sensitive period
offset rather than a general restriction of structural plasticity.
An interesting possibility is that the perineuronal nets are
important for PV interneurons to bind and take up the
transcription factor OTX2, which as described above, is
essential for their maturation.

What other evidence is there to support the notion that
mature levels of inhibitory inputs restrict adult cortical
plasticity? Recent studies have shown that when adult rats
are monocularly deprived when housed in an enriched
environment, OD plasticity can be induced more effectively
than in normally reared rats [43]. Histological and molecular
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analyses of the visual cortices of these animals revealed that
this was accompanied by a decrease in perineuronal net
densities, expression of the vesicular GABA transporter
(VGAT), and intracortical GABA levels. The concurrent
treatment of such animals with benzodiazepines blocked
the enrichment-induced plasticity potential, suggesting
that reduced levels of inhibition indeed represents the
underlying mechanisms. Decreased intracortical GABA
levels and increased adult plasticity that could be blocked
with benzodiazepine administration was also observed
in animals treated with the selective serotonin reuptake
inhibitor Fluoxetine [44]. More direct evidence for increased
levels of inhibition reducing adult cortical plasticity comes
from the finding that treating adult rats with the GABA
antagonist picrotoxin or GABA synthesis inhibitor MPA
during a period of MD, increases OD plasticity [45].
However, while this treatment increases adult plasticity, it
does not allow the induction of a full OD shift as observed
during the sensitive period (Figure 1). This may suggest
that additional mechanisms, such as inhibition of structural
plasticity or epigenetic regulation of transcription, do limit
the maximal potential for adult plasticity after all.

Alternatively, the maturation of inhibitory input does not
only alter the levels of inhibition (or the balance between
inhibition and excitation) but also causes qualitative changes
in inhibitory synaptic transmission. Several recent findings
seem to support this notion. One study has shown that
when inhibitory neurons are isolated from 12–16-day-old
embryo’s and transplanted into newborn mice, a second
sensitive period occurs around the time that the transplanted
interneurons reached an equivalent of approximately 4
weeks postnatally, exactly when the sensitive period normally
occurs in mice [46]. It did not matter whether the recipient
mice were around 1 or 10 days old when they received the
transplanted neurons, the age of the donor cells defined
the onset of the second sensitive period. It seems unlikely
that these inhibitory neurons reduce cortical inhibition
around 5 weeks after transplantation unless they temporarily
and specifically innervate other inhibitory neurons. More
likely, inputs of immature inhibitory neurons at a restricted
timepoint of development have particular properties nec-
essary for sensitive period plasticity to occur. It is unclear
what properties of immature inhibitory synapses would
enhance cortical plasticity, but interesting possibilities are
their reduced speed and increased short- and long-term
plasticity potential. This is supported by two recent stud-
ies investigating the involvement of cannabinoid receptor
(CB1R) mediated long-term depression of inhibitory inputs
(iLTD) in sensitive period plasticity [47, 48]. These studies
show that before and during the sensitive period, iLTD can
be induced in layer 2/3 of the visual cortex and that this
is probably mediated through CB1Rs present on inhibitory
presynaptic terminals. In adult visual cortex, iLTD cannot
be induced and inhibitory terminals are insensitive to CB1R
agonist treatment. In parallel, inhibitory synapses show
a reduction in short term depression with age. It was
found that these changes do not occur in CB1R deficient
animals and can be prevented by dark rearing animals into
adulthood. These results indicate that CB1R mediated iLTD

results in the maturation of inhibitory synapses, causing
them to reduce GABA release probability but making them
more suitable for fast transmission with less depression.
These changes not only occurred in inhibitory synapses
formed by cholecystokinin-positive interneurons which are
known to express CB1R, but also in those formed by PV
basket cells. Interestingly, there was a correlation between
the inducibility of iLTD and OD plasticity. When adult
mice were housed in the dark for two weeks, inhibitory
synapses were found to rejuvenate and become sensitive to
CB1R mediated depression again. At the same time, OD
plasticity could be induced again in these animals. Both
events could be prevented by treating the animals housed
in the dark with a CB1R agonist or diazepam. These data
thus support the notion that differences in the modifiability
or and/or speed of immature inhibitory inputs makes them
more suitable for allowing cortical plasticity to occur. While
based on these studies it is tempting to speculate that it
is the changes in inhibitory synapses of PV basket cells
that are responsible for the changes in OD plasticity in the
latter study, it cannot yet be excluded that CB1Rs present
on excitatory or other inhibitory neurons are involved in
this paradigm. This caveat actually holds true for quite a
number of the studies discussed above. Thus, while several
studies have now convincingly shown that PV basket cells
are capable of initiating or reinitiating a sensitive period and
play a crucial role in this, they do not exclude the possibility
that other interneuron subsets also play an important role in
cortical plasticity. It is important to keep this in mind when
addressing the question how changes in inhibitory inputs
permit or drive cortical plasticity.

7. Mechanisms by Which Inhibition May Alter
Cortical Plasticity

While evidence for maturation of inhibitory innervation
regulating sensitive period onset is very solid, the mechanism
of how inhibition regulates plasticity remains unclear. There
are two likely explanations, which are not mutually exclusive.
The first is that maturation of inhibition moderates the level
of plasticity in excitatory synapses. It is known from slice
physiology that reduced GABAergic inhibition facilitates
synaptic plasticity [49]. PV basket cells, in particular, may
alter plasticity, because they provide perisomatic inhibition
which can effectively reduce action potential generation and
dendritic back propagation. The second is that inhibition
directly contributes to the expression of the OD shift.
This was first suggested when intravenous injections of
the GABA(A) antagonist bicuculline restored binocular
responses in more than half of the neurons in visual cortex
of amblyopic cats [50] (although a later study employing
intracortical bicuculline application only found relatively
weak effects on 29% of the neurons [51]). There is good
evidence for such a mechanism during plasticity of auditory
maps in the inferior colliculus of the barn owl [52].
When barn owls are reared wearing a prism, the maps for
where auditory cues are located in visual space are altered.
Interestingly, the old maps remain present but are suppressed
by inhibition. Whether the same occurs in the visual cortex
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Figure 2: Documented changes in inhibition in V1 after monocular
deprivation (MD), dark treatment (DT) or intraocular TTX
injection during the critical period. Numbers correspond to the
references that measured the change in the responses or synaptic
strength of interneurons. Pyr is pyramidal cell, Star pyr is star
pyramid neuron, Inh is interneuron, FS is fast-spiking interneuron.
Light gray means shifted towards the open eye after MD. Dark
gray is shifted towards the deprived-eye. All studies were done in
binocular visual cortex, except for references [67, 77] which were
done in monocular cortex and possibly reference [80], which left
the exact location within visual cortex unspecified.

is still under intense investigation and up to now the results
are equivocal. A graphical summary of the results is shown in
Figure 2.

8. OD Plasticity in Interneurons

Suppression of deprived-eye responses by inhibition can
in principle be achieved through increased excitation of
interneurons responding to the deprived-eye, or through
strengthening of their inputs onto excitatory neurons. A
few studies have been published in recent years addressing
these possibilities. We will first discuss three studies which
have investigated how the responses of interneurons change
during OD plasticity. Two of these employed two photon
imaging of calcium responses of individual neurons in mice
expressing a fluorescent protein in inhibitory neurons. The
first study employed mice in which the GFP coding sequence
was knocked into the Gad-1 gene (encoding the rate limiting
glutamate decarboxylase GAD67) resulting in expression
of GFP in most interneurons [53]. This study found that

interneurons shift their responses towards the undeprived-
eye, but in contrast to excitatory neurons not during the first
days. This initial dysbalance of inhibition and excitation is
expected to result in a stronger expression of the OD shift,
but does not support the idea that OD plasticity is initiated
by active suppression of deprived-eye responses through
increased inhibition. The delay in the shift of interneurons
may make plasticity of excitatory connections towards the
open eye easier as initially they do not receive more inhibi-
tion. In a second study [54], using a transgenic mouse line in
which a GFP variant (Venus) was expressed under the Vesic-
ular GABA transporter (VGAT) promoter, it was found that
interneurons and excitatory neurons shift to the same extent
both during short-time deprivation and long-term depriva-
tion. This finding thus partially contradicts the first study. It
seems to be in line with the idea that responses of interneu-
rons reflect the pooled activity of the surrounding popula-
tion, as interneurons were also more binocular than excita-
tory neurons. When OD plasticity was induced in adult mice,
it was found that interneurons show a larger shift than exci-
tatory neurons, possibly restricting adult plasticity. It is inter-
esting to speculate that this may explain why administering
barbiturates or benzodiazepines, drugs which both enhance
inhibition, reduces the measured OD shift in adult mice [55,
56]. The third study employed in vivo intracellular record-
ings to measure visual responses and identify fast-spiking
basket cells [57]. Again, a different result was obtained. Fast-
spiking interneurons showed a paradoxical shift towards the
closed eye after two days of deprivation, while prolonged
MD resulted in a similar shift of interneurons and excitatory
neurons. This result is in line with the idea that the initial loss
of responsiveness to deprived-eye inputs may be mediated
by increased inhibition [58]. Unfortunately, we have to
conclude that these studies provide contradictory results on
how interneurons alter their responsiveness during the first
days of OD plasticity and only agree that after prolonged MD
both excitatory and inhibitory neurons shift their respon-
siveness towards the nondeprived-eye. This suggests that
suppression of deprived-eye responses through inhibition is
not the mechanism underlying the OD shift induced by long-
term MD. Whether early plasticity of inhibitory neurons
is important for initiating or facilitating OD plasticity
remains unanswered, due to the contradictory results. It
is therefore important to understand the reason for these
different observations. The most likely explanations include
differences in the subsets of interneurons that were assessed
and technical issues that complicated the experiments.

Which interneuron subsets were assessed in the different
studies? The two-photon studies employed different mouse
lines in which GFP variants were expressed in interneurons.
Although in the two mouse lines, there is good co-expression
of GFP and GABA (in GAD67-GFP mice, 92% of all GFP+
cells are GABA+, while 96% of all GABA+ cells are GFP+
[59], in VGAT-Venus mice, 96% of Venus+ cells expressed
GABA, while 93% of all GABA+ cells expressed Venus
[60]), it is unclear whether expression levels of GFP vary
per interneuron subtype. If so, subtypes of interneurons
with lower expression levels of GFP may have been missed
in the deeper layers where GFP detectability is lower with
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two-photon microscopy. In the study employing in vivo
intracellular recordings, fast-spiking interneurons were
selected based on their firing properties. This subset of
interneurons represents approximately 10% of inhibitory
neurons in layer 1, 60% in layer II, and 35% in layer III
[59]. It may thus be that different types of interneurons were
sampled and that these show different levels and signs of
plasticity. A more complicated issue is that in GAD67-GFP
mice, especially during the first weeks of development,
GABA levels are reduced by 30–40% due to the inactivation
of one Gad-1 allele [61]. This may cause a delayed onset of
the sensitive period and differences in the connectivity of
interneurons [34] and hence affect interneuron plasticity
induced by MD. More studies are thus necessary to learn how
different interneuron subsets change their responsiveness
with MD and what the consequences are for plasticity and
expression of the OD shift.

9. Plasticity of Inhibitory Synapses

The above changes in interneuron responses will alter the
inhibitory input to excitatory neurons. This input may
also change by plasticity of inhibitory synapses themselves.
Direct evidence that in the visual cortex these synapses are
altered by MD comes from experiments in rats. During the
sensitive period, two days of MD leads to an increase in the
amplitude of GABA(A) miniature inhibitory postsynaptic
currents (mIPSCs) in layer 4 star pyramidal neurons of the
binocular visual cortex, without a change in mIPSC fre-
quency [62]. After three days of deprivation, the amplitude
nearly doubles and a large increase is still present after a
week of MD. This suggests an increase in the strength of the
GABA(A) inhibitory synapses onto these layer 4 excitatory
neurons without a change in synapse numbers, which lasts
throughout the period of deprivation. Interestingly, housing
the animals in the dark for a week does not produce any
change in the mIPSC amplitudes, suggesting that the changes
in GABAergic synapses are dependent on input from the
closed eye in response to low spatial frequency stimuli which
can still be detected through the sutured eyelid, or on input
from the open eye.

Although it is unknown if the synaptic changes induced
by MD correlate with OD plasticity, it is likely that the
increased inhibition reduces the responses of the deprived-
eye. To prove this, it would be necessary to study the
inhibitory synaptic strength in vivo and correlate it with
OD. This experiment has not been done yet, but one study
looked at the inhibitory contribution to the change in OD
of pyramidal cells in vivo [57]. The OD in spike rate was
measured before and after blocking GABA(A) receptors
intracellularly. In control mice, during the sensitive period,
the block of inhibition reduced the bias of pyramidal cell
responses for one of the eyes. At first glance, this suggests that
the spike bias of a pyramidal cell towards input of one eye is
in part caused by preferential inhibition towards input of the
other eye. This is not necessarily the case however, because
also unbiased inhibition can increase the relative difference
between the responses to the two eyes simply by reducing the
absolute response strengths by an equal amount [63].

After MD, the removal of inhibition caused a reversal
of the eye preference in the spike response. Such a reversal
can only happen if the inhibitory input is biased in the
same direction as the excitatory input, and opposite to the
pyramidal cell’s spiking output. The difference in the effect
of removal of inhibition with and without MD can be
interpreted as an increase in inhibition from deprived-eye
stimulation [57, 64]. It is primarily, however, indicative of a
relative change in strength of the inhibitory and excitatory
biases, which could as well be caused by changes in excita-
tion. It does show that after MD in the juvenile animal, there
are cells where the preferred eye of their excitatory input is
different from the preferred eye in their output.

In the adult animal, no change in the spike biases was
observed after removal of inhibition, even after MD. This
means that in the adult animal the spiking bias is more sim-
ilar to the excitatory input bias than in the juvenile animal.
But even in adult animals, OD of the population response
can be changed by altering inhibition by pharmacology,
for instance in undeprived cats [65] and in monocularly
deprived mice [55, 56].

More evidence suggesting that inhibition can alter the
expression of the OD shift after MD comes from experiments
assessing the influence of callosal connections on sensitive
period plasticity. After a week of MD, the OD shift in
the binocular visual cortex contralateral to the deprived-
eye is removed by acutely silencing the visual cortex on
the opposite side [66]. Surprisingly, this effect is not due
to a reduction of the open eye responses, which dominate
the silenced side of the cortex, but by a large increase in
the deprived-eye responses after silencing. In undeprived
animals, silencing contralateral cortex only produces the
expected reduction in ipsilateral eye responses. The period
of MD must cause an increase in inhibition mediated by
callosal projections. It is likely that this increase is relayed
by local interneurons, as only about one percent of the
callossally projecting neurons are interneurons [66]. That
contralateral silencing only affects deprived-eye responses
could be because of a lack of increase in callosum-mediated
deprived-eye excitation or a specific increase in deprived-
eye inhibition. Calcium imaging studies, however, have not
reported a shift towards the deprived-eye in interneurons
[53, 54]. It could be that a specific subset of interneurons
receiving callosal inputs has been missed. Alternatively, the
incoming callosal synapses, and thus the spiking responses
of the interneurons may not have changed, but their efferent
synapses may have gained in inhibitory strength.

This change in inhibitory synaptic strength, the reported
increase in mini IPSC amplitude [62] and the reversed biases
by blockade of inhibition [57] could all be explained if MD
increases the strength of inhibitory synapses onto pyramidal
cells. Such an increase could be similar to the potentiation
of inhibition from fast-spiking cells onto star pyramids
that occurs in monocular visual cortex after three days of
deprivation just before the sensitive period [67].

Another interesting possible mechanism for the increase
in synaptic strength of specifically deprived-eye domi-
nated inhibitory synapses, is the possible reduction of the
endocannabinoid receptor dependent form of long-term
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depression of inhibitory synapses (iLTD) [68] by MD. In-
hibitory synapses may be partially depressed by normal
vision during the sensitive period [69]. Perhaps MD prevents
this depression in the synapses coming from interneurons
that are dominated by the deprived-eye. This would result
in a relative increase in inhibition caused by deprived-eye
stimulation compared to open eye stimulation.

10. Inhibition and Homeostasis

Recently, it was discovered that MD does not reduce
responses to the deprived-eye in all neurons in visual cortex,
but that a selection of cells with little input from the open
eye often show more response to the deprived-eye than
in the normal situation [70]. This can be interpreted as
a homeostatic reaction [71] to keep neural activity within
an optimal range. The same homeostatic mechanism might
be responsible for the increase normally seen in open eye
responses after MD. Indeed, in mice deficient for TNF-alpha,
a protein necessary for homeostatic scaling of excitatory and
inhibitory synapses [72], the increase in open eye response
does not occur [73]. This poses the question whether
homeostasis of inhibition plays a role in OD plasticity.

It has long been known that removal of visual input to
the adult visual cortex leads to a decrease in levels of GABA,
its synthesizing enzymes GAD65 and GAD67 and the beta2/3
subunit of the GABA(A) receptor [74–76]. Ten days of dark
exposure also leads to a, possibly homeostatic, reduction
of the amplitudes of IPSCs in rat layer 2/3 pyramidal cells
evoked by layer 4 stimulation [47]. Similarly, intraocular
TTX injection results two days later in reduced amplitudes
of spontaneous IPSCs in rat layer 2/3 pyramidal neurons
in the contralateral monocular cortex [77]. The opposing
homeostatic action of increasing inhibition in response to
raised activity levels, has also been found in culture and
in vivo in the hippocampus after kainate injections [78]
and in barrel cortex after whisker hyperstimulation [79]. A
clear example of bidirectional homeostasis of inhibition was
found in the mouse visual cortex at the start of the sensitive
period. Similar to the results of rat adult dark treatment, two
days of dark treatment reduced the frequency of miniature
IPSCs in layer 2/3 pyramidal cells [80]. Two hours of light,
and thus visual input, after the dark treatment immediately
lead to an increase in amplitude and frequency of mIPSCs,
suggesting an increase of GABAergic input in response to
the increase in cortical activity. In rat star pyramidal cells
in layer 4, however, a longer period of 7–17 days of dark
treatment during the sensitive period did not change mIPSCs
[62]. These results suggest that the occurrence and timing
of homeostasis is layer or species dependent. This is not
surprising, because homeostatic effects are also cell type
specific [81] and even strain dependent, as different mouse
strains showed different amounts of potentiation of open eye
responses [82]. It is still unclear if a homeostatic response
of inhibitory connections in binocular visual cortex is at
all induced by MD during the sensitive period. In contrast
to studies of adult MD, the distribution of GAD65 labeling
in cat layer 4 does not change after two or seven days
of MD [83]. On average, star pyramids in the same layer

of rat binocular V1 even show a large increase in mIPSC
amplitudes in response to MD [62]. The loss of input may
thus lead to an increase in inhibition, which is contrary
to what one would expect of an homeostatic response.
Without categorization by eye preference of the postsynaptic
neurons, however, homeostatic changes may be masked by
opposite changes induced by the competition between open
and closed eye inputs. It therefore remains possible that
homeostasis of inhibition plays a role in OD plasticity during
the sensitive period, but unambiguous evidence for such a
role is still lacking.

11. Inhibition Setting the Threshold for
Excitatory Plasticity

As discussed earlier, the state of the inhibitory system is
an important factor in the opening of the sensitive period.
This correlation between the state of inhibition and plasticity
may be through changes in the plasticity of the response or
connections of inhibitory neurons themselves, as suggested
for instance by the experiments on iLTD [47]. Alternatively, it
may be that the prime influence of inhibition on OD plastic-
ity is by gating excitatory transmission of information [84] or
setting the level of excitatory plasticity. It is well established
that blockade of inhibition facilitates LTP induction [49].
Reducing inhibition for a week by cortical infusion of an
GABAAR antagonist even reinstates white matter to layer
2/3 LTP in the adult visual cortex [45]. Blocking GABAergic
inhibition when pairing presynaptic activity with single
postsynaptic action potentials also facilitates spike timing-
dependent LTP [85]. Inhibition impinging on the soma of
pyramidal cells (such as that coming from fast-spiking PV
basket cells) is particularly well placed to influence plasticity
throughout a neuron by preventing action potential genera-
tion [86] or back-propagation [87] by hyperpolarization or
shunting. And while reduction of inhibition thus possibly
facilitates potentiation of excitatory connections dominated
by open eye input, an increase in inhibition has been shown
to induce the reduction of these connections [88].

A more indirect way through which inhibition may
alter plasticity is through controlling brain oscillations. In
particular fast-spiking PV basket cells are important for the
generation of gamma rhythms in the brain [26, 89–91]. The
presence of oscillations may lead to more efficient transfer of
information across the cortex and contribute to coincident
spiking, which in turn may increase the occurrence of spike
timing-dependent plasticity.

12. Outlook

During the last decade convincing evidence has accumulated
showing that the development of inhibitory synapses formed
by PV interneurons defines the onset of the sensitive period
of OD plasticity in V1. However, we are still in the dark about
the mechanisms by which inhibitory innervation permits or
instructs these experience dependent changes in neuronal
responsiveness. A crucial question that remains unanswered
is whether PV basket cells permit cortical plasticity by
influencing neuronal synchrony and spike timing-dependent
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plasticity, or instruct plasticity by specifically suppressing
deprived-eye responses. Experiments to address these issues
will be technically difficult. Studying whether spike timing-
dependent plasticity is altered through the changing influ-
ence of PV basket cell inputs during development would
require in vivo experiments in which electric stimulation
of individual pyramidal neurons is time-locked to visually
evoked responses, a challenging undertaking. To test whether
plasticity of inhibitory inputs influence the expression of
OD or its plasticity, experiments involving the inactivation
of interneuron plasticity or brief suppression of specific
interneuron subsets during the assessment of OD will be
required.

There is also an almost complete lack of information
on the dynamics of structural plasticity of excitatory inputs
onto inhibitory neurons and vice versa during OD plasticity.
Knowledge is currently limited to the finding that there is
an increase in growth and retraction of inhibitory dendritic
branch tips upon MD in early adulthood [92]. This suggests
that inhibitory neurons alter their inputs during plasticity,
possibly in line with an initial shift of interneurons away
from the deprived-eye as observed by Kameyama et al. [54]
or with a homeostatic decrease of inhibition with reduced
input. More direct methods for visualizing excitatory synapse
onto interneurons and inhibitory synapses onto excitatory
neurons in vivo would be required to address this important
issue.

Although until now evidence points towards PV basket
cells being important for initiating the sensitive period, they
are most likely not the only subset of interneurons that
is involved in cortical plasticity. We will therefore need to
dissect which types of interneurons are involved in any of
the mechanisms described above. This will also require better
insight into the exact wiring diagrams of excitatory and
inhibitory neurons within and between different cortical lay-
ers. The production of mice expressing the Crerecombinase
in specific interneurons subsets will be of tremendous help
to achieve this.

A recent study has shown that there are important differ-
ences between the development of GABAergic innervation
in layer 4 and layers 2/3 [69]. It was found that in layer
4, inhibitory synapse development occurs approximately
one week earlier, is much less sensitive to dark rearing,
and is not sensitive to endocannabinoids. Previous studies
have shown that the different cortical layers can undergo
OD plasticity with a surprising level of independence [93,
94]. Moreover, it was found that the expression of OD in
layer 4 is not influenced by inhibition [95]. These finding
may indicate that the role of inhibitory innervation in
sensitive period onset and offset may be restricted to the
pyramidal layers. If so, this will have important consequences
for how successful strategies to reactivate cortical plasticity
based on altering inhibition will be in high-acuity animals
with a columnar organization of the visual cortex. In such
species, thalamocortical projections show more extensive
retractions after MD than in rodents [8, 96]. If plasticity
in layer 4 remains limited upon manipulating inhibitory
innervation in adult animals, recovery of vision may be
rather limited in contrast to what is observed in rodents.

If we want to fulfill the promise of developing treatments
for neurodevelopmental disorders and recovery of defective
brain function due to physical trauma or plasticity gone
wrong, we will need to address these open questions so that
highly specific and effective approaches can be developed for
reactivating plasticity in the adult neocortex.
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Throughout life, activity-dependent changes in neuronal connection strength enable the brain to refine neural circuits and learn
based on experience. In line with predictions made by Hebb, synapse strength can be modified depending on the millisecond
timing of action potential firing (STDP). The sign of synaptic plasticity depends on the spike order of presynaptic and postsynaptic
neurons. Ionotropic neurotransmitter receptors, such as NMDA receptors and nicotinic acetylcholine receptors, are intimately
involved in setting the rules for synaptic strengthening and weakening. In addition, timing rules for STDP within synapses are not
fixed. They can be altered by activation of ionotropic receptors located at, or close to, synapses. Here, we will highlight studies
that uncovered how network actions control and modulate timing rules for STDP by activating presynaptic ionotropic receptors.
Furthermore, we will discuss how interaction between different types of ionotropic receptors may create “timing” windows during
which particular timing rules lead to synaptic changes.

1. Introduction

A central question in neuroscience is how memories are
formed and stored in the brain. Studies in laboratory animals
have demonstrated that learning occurs through activity-
dependent synaptic strength modification [1]. Given the
sequential nature of many of our memories, it may come
as no surprise that the temporal order of neuronal activity
is a key determinant of synaptic plasticity. The order of
presynaptic and postsynaptic action potential firing within
a millisecond time window leads to either strengthening or
weakening of synapses [2–6]. Timing principles for synaptic
plasticity also hold for human synapses [7].

The involvement of postsynaptic ionotropic N-methyl-
D-aspartate receptors (NMDARs) in synaptic plasticity and
spike-timing-dependent plasticity (STDP) has been well
established [8]. Coincident pre- and postsynaptic firing is
detected by postsynaptic NMDARs (post-NMDARs) that
take on the role of coincidence detectors due to their
multiple requirements for activation, which include the
binding of glutamate, a signal of presynaptic activity, and

depolarisation, a signal of postsynaptic activity. The depo-
larisation of the receptor is necessary in order to remove
the magnesium ion (Mg2+) blocking the channel pore at
more hyperpolarised potentials [9], and is thought to be
delivered by back propagation of somatic action potentials
[10]. Activated postNMDARs then permit the influx of
calcium (Ca2+), which can set in motion intracellular Ca2+-
dependent mechanisms that lead to transient or lasting
changes in synaptic strength via changes in postsynap-
tic α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
receptor (AMPARs) expression and phosphorylation.

Temporal rules for spike-timing-dependent plasticity
(STDP) are not the same for every synapse; a diversity
exists depending on brain area, neuron type, and location
along dendrites [11–14]. In juvenile rodent hippocampus,
the window for synaptic modification is restricted to about
40 ms [14–17] and a sharp switch of the direction of
synaptic change exists at the 0 millisecond timing interval.
In neocortical pyramidal neurons, the shape of the temporal
STDP window depends on the location of synapses along
the apical dendrite [12]. In layer (L) 5 pyramidal neurons,
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proximal and distal synapses exhibit a progressive distance-
dependent shift in the timing requirements for the induction
of long-term potentiation (LTP) and long-term depression
(LTD) [18, 19]. The mechanisms underlying these differ-
ences in timing rules rely on postsynaptic Ca2+ dynamics
induced by back propagating action potentials: synapses at
proximal dendritic locations experience sharper dendritic
Ca2+ dynamics than distal synapses due to broadening of the
action potential at distal dendrites [10, 18–21]. As a result of
dendritic depolarisation, more Ca2+ enters the postsynaptic
neuron through NMDARs and voltage-gated Ca2+ channels
(VGCCs) [10, 18].

In recent years, it has become clear that other factors
beyond Ca2+ influx through postNMDARs control STDP
and contribute to a diversity of timing rules at glutamatergic
synapses [22, 23]. In particular presynaptic ionotropic recep-
tors, such as NMDARs and nicotinic acetylcholine receptors
(nAChRs), can determine temporal rules and the sign of
plasticity in STDP. Presynaptic ionotropic receptors located
on presynaptic terminals are ideally suited to influence
the efficacy of synaptic transmission by directly affecting
neurotransmitter release [24–26]. Short- and long-term
activity-dependent modulation of the efficacy of synapses is
crucial for regulating the flow of information throughout
the nervous system and has been implicated in many neural
processes, including learning.

For several of the presynaptically located ionotropic
glutamate receptors—AMPARs, kainate receptors (KARs)
and NMDARs—it has been reported that they not only
regulate neurotransmitter release, but are also involved
in short- and long-term modification of synapse strength
[27]. For instance, hippocampal CA3 mossy fibre synapses
onto pyramidal neurons show frequency facilitation on a
seconds time-scale that involves activation of presynaptic
kainate autoreceptors [28]. On a minutes time scale, these
presynaptic kainate receptors participate in the induction of
LTP [29]. However, in these studies, the role of presynaptic
kainate receptors in the temporal rules of spike-timing-
dependent plasticity was not considered.

2. Presynaptic NMDA Receptor-Dependent
Spike-Timing-Dependent Plasticity

There is an abundance of anatomical and physiological
evidence for the existence of presynaptic NMDARs (pre-
NMDARs) in the mammalian neocortex [30], and many
noncortical areas including the striatum [31, 32], hippocam-
pus [33–35], and cerebellum [36–38]. Physiological evidence
for the existence of preNMDARs came from the observation
that activation of NMDARs could lead to changes in
transmitter release [39]. It is now clear that preNMDARs are
not only involved in modulating transmitter release, but also
have a prominent role in synaptic plasticity [30, 40]. In fact,
in several cortical areas, spike-timing-dependent synaptic
depression (tLTD) depends exclusively on preNMDARs and
not on postNMDARs.

The involvement of preNMDARs in STDP was first
shown at synapses between connected pairs of visual cortex
L5 pyramidal neurons [41]. At these synapses, a stimulation

protocol where the postsynaptic neuron was brought to
spike before the presynaptic neuron (“post-before-pre”)
induced tLTD that was sensitive to NMDA antagonists. Both
CV-analysis and the reduction in short-term depression
that accompanied tLTD indicated a presynaptic expression
mechanism. The authors reasoned that since pre- and
postsynaptic activity was required for tLTD induction, but
expression was presynaptic, a retrograde messenger would
be required. A prime candidate was endocannabinoids
(eCB), which are known retrograde messengers, capable of
modulating presynaptic neurotransmitter release through
CB1 receptors (CB1R) located on presynaptic terminals
(Wilson and Nicoll [42]). tLTD was indeed found to be
dependent on eCB signaling, since it was blocked by the
CB1 receptor antagonist AM251. eCB release by neurons
is typically triggered by an increase in intracellular Ca2+

concentration (DiMarzo [43, 44]). Indeed, postsynaptic Ca2+

chelation with intracellular BAPTA blocked the induction
of tLTD. Presynaptic activity alone in presence of the CB1R
agonist ACEA without postsynaptic spiking led to eCB-
dependent LTD (cLTD), suggesting the requirement of post-
synaptic activity for tLTD serves only to trigger the release of
eCBs.

Surprisingly, cLTD was still sensitive to bath applied
NMDAR antagonists, but since cLTD was independent of
postsynaptic activity, it is unlikely that the NMDARs are
located postsynaptically, because these would not be acti-
vated without postsynaptic depolarization. Also, NMDAR
stimulation led to an increase in mEPSC frequency, sug-
gesting preNMDARs were located presynaptically. Based on
these observations, the authors concluded that the most
parsimonious explanation was that NMDARs involved in
tLTD are located presynaptically.

More reports on preNMDAR-dependent tLTD in visual
cortex [45] and somatosensory cortex [46] soon followed.
There, tLTD was also shown to be sensitive to bath
applied NMDAR antagonists, but to be independent of
postNMDARs, since tLTD persisted when postNMDARs
were blocked by loading postsynaptic neurons with the
use-dependent NMDAR blocker MK-801 [45, 46] or by
hyperpolarizing the postsynaptic neuron at the time of the
presynaptic spike [46]. The non-postsynaptic NMDARs were
assumed to be located presynaptically from the observed
effect of NMDAR stimulation on the frequency of sponta-
neous excitatory postsynaptic currents (EPSCs) [45] and the
amplitude of evoked AMPAR-mediated EPSCs [46], or by
immunohistochemistry [45].

The definite proof that NMDARs involved in tLTD were
indeed located on presynaptic neurons came from an elegant
study in the rodent barrel cortex [23], where STDP plays
a role in sensory whisker map formation [47]. In L4 to
L2/3 synapses, a pre-before-post induction protocol induced
timing-dependent LTP (tLTP), and the reverse (post-before-
pre) induced timing-dependent LTD. Rodriguez-Moreno
and Paulsen [23] demonstrated that postsynaptic MK-801
blocked tLTP, but not tLTD whereas presynaptic MK-801
blocked tLTD, but not tLTP. These results showed that tLTP
and tLTD are dependent on different NMDARs, namely
postNMDARs and preNMDARs, respectively.
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It is important to note that most of the examples of tLTD
reported above are assumed to be mediated by NMDARs
located on, or at least close to, the synaptic terminals,
because of the observed effects of NMDAR stimulation on
transmitter release [41, 45, 46]. The reasoning behind this
is that the increase in intracellular Ca2+ following NMDAR
activation is spatially limited to micro- or nanodomains,
so in order for NMDAR activation to affect the Ca2+

sensitive transmitter release processes [48], these receptors
must lie close to the synaptic terminal. The legitimacy
of this assumption has been questioned, however, by the
recent finding that subthreshold depolarization following
activation of somatodendritic NMDARs can affect axonal
Ca2+ levels through recruitment of VGCCs [49]. Moreover, a
follow-up study failed to detect changes in axonal Ca2+ levels
when directly applying NMDA to axonal compartments of
visual cortex L5 pyramidal neurons [50]. These new insights
call for some caution when interpreting NMDAR-mediated
effects on synaptic transmission. Therefore, although it
remains difficult to imagine how such somatodendritic
NMDARs on presynaptic neurons would be recruited by
tLTD induction paradigms used in the above studies, their
involvement cannot be excluded.

To date, all forms of cortical preNMDAR-dependent
STDP reported in the literature involve tLTD [23, 41, 45, 46,
51], so it is unknown whether these presynaptic receptors
can also mediate tLTP. However, Duguid and Smart reported
an intermediate form of LTP of inhibition in basket and
stellate cell synapses onto Purkinje cells in the cerebellum;
pairing presynaptic spiking with postsynaptic depolarisation
resulted in a short period (2-3 min) of depolarisation-
induced suppression of inhibition (DSI), which was followed
by a prolonged period (up to 15 minutes) of “depolarisation-
induced potentiation of inhibition” (DPI) [37]. DPI has
similarities with forms of preNMDAR-dependent plasticity
mentioned above. Firstly, DPI induction also requires corre-
lated pre- and postsynaptic activity. Secondly, DPI relies on
preNMDARs since it is abolished by AP-5, but postsynaptic
Purkinje cells do not express NMDARs at this age [52]. In
addition, NMDAR subunits colocalised with GAD65/67 and
synaptophysin, strongly suggesting that NMDARs are located
at the presynaptic terminal. These results show that synaptic
activity- and preNMDAR-dependent plasticity can also be
involved in potentiating synapses [37].

Having NMDARs at presynaptic terminals involved in
STDP raises questions on the nature of the underlying
induction and expression mechanisms; firstly, how do preN-
MDARs become activated? Secondly, how does preNMDAR
activation lead to a lasting change in synaptic efficacy? And
thirdly, where is the change expressed? In all the examples
mentioned above, tLTD was accompanied by changes in
short-term plasticity. This most likely reflects changes in
release probability, pointing to a presynaptic site of expres-
sion. It is not unlikely that it is the presynaptic influx of
Ca2+ through activated preNMDARs that triggers the lasting
change in release probability. To date, the precise mecha-
nisms by which such an NMDAR-mediated Ca2+ influx can
induce such changes have not been directly investigated, so
the answer to the second question remains elusive.

How are preNMDARs activated? As mentioned before,
NMDARs require both depolarisation and binding of glu-
tamate to become activated. Presynaptic action potential
firing provides an obvious source of depolarisation to
preNMDARs, but the source of glutamate acting on these
receptors is less obvious. A number of possible sources can be
identified (Figure 1). Firstly, as other presynaptic receptors,
preNMDARs can be activated by neurotransmitter released
from the same nerve terminals on which the receptors them-
selves are located, thereby acting as autoreceptors [24, 26,
39]. Alternatively, glutamate may be released postsynaptically
and act as a retrograde signal to activate preNMDARs.
Finally, glutamate can derive from sources outside the
synapse, such as spill-over from synapses in the vicinity or
glutamate release from nearby astrocytic processes.

At first glance, a role for preNMDARs as auto-receptors
on glutamatergic terminals may seem unlikely, because by
the time glutamate released from the terminal on which
the receptors are located has reached the preNMDARs, the
depolarisation causing its release may already have ended.
Thereby, Mg2+ would not leave the channel once glutamate
reaches the receptor. However, the preNMDARs on which
tLTD of mouse barrel cortex L4 to L2/3 synapses depends
were shown to contain NR2C/D subunits [51], which are
known to be less voltage-sensitive [53]. Therefore, they may
be well-suited as preNMDARs in this form of tLTD, being
able to activate when glutamate binds even without a strong
depolarisation. But tLTD does not always rely on less voltage-
sensitive NMDARs; preNMDAR-dependent tLTD at rat L5
to L5 visual cortex pyramidal neuron synapses and mouse
L2/3 horizontal connections in barrel cortex relied on NR2B
subunit-containing NMDARs, which tend to have a higher
voltage dependency [53]. Since NMDARs are heteromeric
structures, it remains possible that other NMDAR subunits
coassemble with NR2B to make the receptor less voltage
sensitive. If preNMDAR-dependent tLTD relies on NMDARs
with low voltage-sensitivity, glutamate binding with only a
mild depolarisation could be sufficient for channel opening
and preNMDARs could function as auto-receptors after all.

PreNMDARs could also be activated by postsynaptically
released glutamate, which could ensure that NMDARs are
glutamate bound at the time of the presynaptic action
potential [54]. This was shown to be the case in DPI
of interneuron to Purkinje cell synapses [37]. Since these
synapses are GABAergic, preNMDARs will not act as auto-
receptors. By pharmacologically blocking EAAT-mediated
glutamate reuptake, the hypothesis was tested that retrograde
postsynaptic release of glutamate could activate preNM-
DARs. Consistent with this hypothesis, subthreshold short
postsynaptic depolarisation induced DPI when combined
with presynaptic spiking. Thus, the authors concluded that
postsynaptically released glutamate may be responsible for
activating preNMDARs in this form of plasticity. Although
dendritic glutamate release has been reported in cortical
pyramidal neurons as well [55], it has thus far not been
investigated whether preNMDAR-dependent tLTD also relies
on retrograde glutamate signalling.

The source of glutamate may also lie outside the synapse.
Spill-over from neighbouring glutamatergic synapses has
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Figure 1: Three possible sources of glutamate for preNMDAR activation. (1) The first and most straightforward route would be that preN-
MDARs are auto-receptors that receive glutamate from the same terminals on which they are located. A problem with this scenario is that the
necessary depolarisation for NMDAR activation may have ended by the time glutamate has reached the receptor. Therefore, preNMDARs
will either need to be less voltage-sensitive or require some other source of depolarisation. (2) A second possibility is that glutamate derives
from the postsynaptic cell. In a post-before-pre pairing protocol, the depolarisation of the postsynaptic neuron can elicit glutamate release
which will activate preNMDARs when these are depolarised by the presynaptic action potential. (3) eCBs, released postsynaptically following
depolarisation, can act on CB1Rs on nearby astrocytes to induce astrocytic glutamate release. The question is whether this mode of glutamate
delivery will be fast enough to play a role in the tLTD induced at small pairing intervals in the range of a few tens of milliseconds.

been suggested before as a source of glutamate in other forms
of preNMDAR-dependent plasticity [56, 57]. However, in
these studies neighbouring glutamatergic synapses were
explicitly stimulated during plasticity induction. As a conse-
quence, tLTD at a specific synapse with preNMDARs would
then only occur if neighbouring glutamatergic synapses
would be active.

Alternatively, a potential source of glutamate may be
astrocytes. In recent years, it has become clear that glial
cells are intimately involved in the active control of neuronal
activity, synaptic transmission, and plasticity [58]. This has
led to the concept of the tripartite synapse [58–60], where
communication is not limited to the pre- and postsynaptic
neuronal elements, but where there is also a bidirec-
tional communication between neurons and the astrocytes
ensheathing the synapse. The potential importance of such
astrocyte-neuron communication for synaptic plasticity was
demonstrated recently in a study showing that astrocytic
release of the neuromodulator D-serine was required for
LTP at Schaffer collateral synapses onto CA1 pyramidal
neurons [61], although this is not without dispute [62].
It is not unthinkable that astrocytes fulfill a similar role
in preNMDAR-dependent tLTD by releasing glutamate. In
fact, astrocytes have been reported to have the necessary
intracellular machinery at their disposal for regulated exocy-
tosis of glutamate [63] and such astrocyte-derived glutamate
can readily activate preNMDARs [33]. Interestingly, preNM-

DARs have been observed in extrasynaptic regions of presy-
naptic terminals closely apposed to glutamate-containing
synaptic-like microvesicles in astrocytic processes [33].

How is glutamate release triggered from astrocytes?
Astrocytes express CB1 receptors which upon stimulation
can trigger increases in intracellular Ca2+ levels leading
to glutamate release [64, 65]. Therefore, postsynaptically
released eCBs may deliver signals of postsynaptic activity to
nearby astrocytic processes. Indeed, postsynaptically released
eCBs have been shown to potentiate synapses in hippocam-
pus by inducing glutamate release from astrocytes which in
turn activated presynaptic metabotropic glutamate receptors
[65, 66]. Since preNMDAR-dependent tLTD at rat L5 to
L5 visual cortex synapses [41], rat L4 to L2/3 barrel cortex
synapses [46], and mouse L2/3 to L2/3 barrel cortex synapses
[51], depended on eCB signalling as well, eCB signalling may
be a general mechanism in preNMDAR-dependent plasticity,
serving to elicit glutamate release from astrocytes.

The sequence of events that would have to take place
in the case of eCB- and preNMDAR-dependent tLTD
would be as follows; during post-before-pre activity the
postsynaptic neuron spikes first, allowing an increase in
postsynaptic intracellular Ca2+ levels, which induces post-
synaptic eCB release. Activation of astrocytic eCB receptors
induces increases in intracellular Ca2+ levels of the astrocyte
which leads to the release of glutamate that binds to
preNMDARs. The depolarisation associated with following
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presynaptic action potentials then activates preNMDARs
and the subsequent influx of Ca2+ triggers some as yet
unknown intracellular mechanism that leads to a persistent
reduction of glutamate release. This scenario has one obvious
difficulty; the fact that preNMDAR-dependent tLTD can be
induced using pre-before-post pairing intervals of only a few
milliseconds puts severe time constraints on all the steps
necessary within such a model. This issue can potentially be
resolved by considering the time-course of astrocytic Ca2+

signals, which typically take place on a seconds timescale
[67–70]. Therefore, eCB-mediated Ca2+ signals in astrocytes
induced by the first pairings in the plasticity induction
protocol may ensure glutamate levels are elevated during
subsequent pairings. Definite proof of this sequence of
events from postsynaptic eCB release to preNMDAR acti-
vation by astrocytic glutamate release awaits experimental
testing.

Recently, Banerjee et al. [51] reported that in mouse
barrel cortex L4 to L2/3 synapses, preNMDAR-dependent
tLTD was eCB independent. These results raise the question
of what other signalling mechanisms could be at play here.
One candidate molecule would be nitric oxide (NO), which
has been shown to play a role in preNMDAR-dependent
cerebellar LTD [36]. In fact, NO has been implicated in
mediating the presynaptic component of tLTP at the same
barrel cortex L4 to L2/3 synapses in mice [71]. NO derived
from the postsynaptic neuron where it was released in
response to postsynaptic depolarisation. Application of an
NO donor resulted in an increase in miniature EPSC fre-
quency, indicating a presynaptic action and suggesting that
NO is indeed employed as a retrograde messenger at these
synapses. Since NO has also been shown capable of eliciting
vesicular glutamate release by astrocytes [72], it is possible
that preNMDAR-dependent tLTD in the mouse brain occurs
through recruitment of astrocytes by NO signalling.

One final issue to discuss here is the frequency depen-
dence of tLTD. Barrel cortex tLTD of L4 to L2/3 synapses
[46] and tLTD of visual cortex L5 to L5 synapses [41] are
two cases of preNMDAR-dependent plasticity that share
many similarities; both require specifically timed pre- and
postsynaptic activity, both are expressed presynaptically, and
both require activation of both CB1Rs and preNMDARs.
However, some differences seem to exist. Most importantly,
as pointed out by Duguid and Sjöström [54], in the presence
of CB1 agonists, cLTD could be induced in barrel cortex
L4 to L2/3 synapses by trains of presynaptic stimulations
delivered at either high (30 Hz) or low (0.1 Hz) frequencies
[46]. This was not the case in L5 visual cortex neurons,
where cLTD was only induced at stimulation frequencies
higher than 15 Hz [41]. The latter finding is intriguing,
because tLTD at this synapse can be induced at low (0.1 Hz)
post-before-pre pairing frequencies. This suggests that at
lower stimulation frequencies, some additional mechanism
is needed besides eCB signalling. Possibly, as proposed
by Duguid and Sjöström [54], tLTD at low stimulation
frequencies relies on an additional retrograde signal from
the postsynaptic cell. As yet, the nature of this additional
messenger can only be guessed at, but perhaps investigating
the involvement of NO would be a good place to start.

Together, these results indicate that preNMDARs often
require the involvement of other signalling molecules or
messenger systems to fulfill their role in plasticity. It is
important to know what precisely leads to preNMDAR
activation during STDP induction, as it has computational
consequences for the role of preNMDAR-dependent tLTD in
information processing. PreNMDARs functioning as auto-
receptors would mean they are detectors of specific intrinsic
activities of the synapse. However, if preNMDARs are acti-
vated by glutamate from neighbouring cells, preNMDAR-
dependent tLTD would be not only a reflection of coinciding
pre- and postsynaptic activity, but also of coinciding activity
of neurons and possibly astrocytes in the surrounding
network.

3. Modulation of Timing-Dependent
Plasticity by Presynaptic Nicotinic
Acetylcholine Receptors

Acetylcholine (ACh) is one of the major neurotransmitters
in the brain involved in regulating neuronal network activity.
The effects of ACh are mediated by two types of receptors;
the metabotropic muscarinic receptors (mAChRs) and the
ionotropic nAChRs. nAChRs are ion channels which open
upon the binding of ACh, permitting the influx of multiple
ionic species, most notably sodium and calcium, resulting in
membrane depolarisation. Brain nAChRs are composed of
multiple subunits, either heteromeric combinations of α(2–
10) and β(2–4) subunits or homopentamers consisting of α7
subunits. The precise subunit composition has a profound
effect on the biophysical (Ca2+ permeability, kinetics) and
pharmacological properties (affinity, desensitization) of the
receptor [73, 74]. These receptors are present throughout
the brain, and are often found at somatodendritic locations,
where they influence the excitability of the cell. However,
just as NMDARs, nAChRs can also be found at presynaptic
terminals in several brain regions, where they directly
modulate excitatory glutamatergic transmission [75–81].
Most of these presynaptic nAChRs contain α7 subunits [77]
and are thereby highly Ca2+ permeable [82], ideally suited to
modulate the release of synaptic vesicles.

Activation of presynaptic nAChRs can induce synaptic
plasticity [78]. In the ventral tegmental area (VTA) of
the mesolimbic dopamine system, which is involved in
reward processing, glutamatergic synapses on dopaminergic
neurons can undergo LTP when presynaptic activation
is paired with postsynaptic activation, similar to cortical
glutamatergic synapses [78, 83]. Stimulation of presynaptic
nAChRs on these synapses by nicotine also induced LTP
when this activation coincided with postsynaptic activity
[78]. The amount of LTP that was induced correlated with
the level of increase in excitatory synaptic transmission
induced by nAChR activation. These effects on synaptic
transmission were insensitive to TTX, indicating that the
nAChRs involved are located on, or close to the presynaptic
terminals. Both changes in excitatory synaptic transmission
and nicotine-induced LTP were mediated by α7 subunit-
containing nAChRs. Nicotine-induced LTP of glutamatergic
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inputs to DA neurons depended on NMDAR activation,
which required postsynaptic depolarisation to remove the
Mg2+ blockade. This depolarisation could be provided by
the postsynaptic nAChRs on the dopamine neurons. It was
recently shown that pre- as well as postsynaptic nAChRs in
the VTA are involved in increasing glutamatergic synapse
function, and initiating glutamatergic synaptic plasticity
[84], which may be an important, early neuronal adaptation
in nicotine reward and reinforcement.

nAChRs can also modulate the rules for STDP, from
locations further upstream than the presynaptic terminal
[22]. In L5 pyramidal neurons of mouse medial prefrontal
cortex (mPFC), pairing presynaptic and postsynaptic activity
at 5 ms intervals induced a long-term strengthening of
glutamatergic inputs [22]. When nAChRs were stimulated
with nicotine, tLTP was eliminated and a depression of
the excitatory inputs was observed. This nicotinic modu-
lation of plasticity was abolished by inhibitors of GABA
type A (GABAA) receptors, indicating the effects of nico-
tine were due to its actions on presynaptic interneurons.
Different types of GABAergic interneurons found in the
PFC L5 express nAChRs on their somas that activate
these neurons when nicotine is present. Thereby, nAChR
stimulation enhanced GABAergic inputs to L5 pyramidal
neuron dendrites, resulting in reduced Ca2+ entry during
action potential back-propagation from the soma [22, 85].
Increasing dendritic action potential propagation by burst-
like stimulation of the pyramidal neuron in the presence
of nicotine could restore postsynaptic Ca2+ to levels com-
parable to those seen in the absence of nicotine, and
restored STDP as well, indicating that strong postsynaptic
stimulation could overcome the nicotinic modulation. Thus,
activation of nAChRs expressed by mPFC interneurons
that inhibit dendrites can alter the rules for induction of
STDP.

In mouse hippocampus, timing-dependent plasticity can
be modulated through a similar recruitment of inhibition by
nAChRs on presynaptic interneurons [86]. nAChR activity
could bidirectionally modulate plasticity, and the sign of
synaptic change was critically dependent on the timing
and localisation of nAChR activation. In CA1 pyramidal
neurons, pairing high-frequency stimulation (HFS) of Schaf-
fer collaterals with postsynaptic depolarisations resulted in
short-term potentiation (STP) of these synapses [86]. With
mAChRs blocked by atropine, a puff of ACh in dendritic
regions of the cell during plasticity induction boosted STP
into LTP [86]. This effect was attributed to stimulating
postsynaptic α7 subunit-containing nAChRs. If, however,
the ACh puff was aimed at a neighbouring connected
interneuron, the same protocol could no longer induce
STP. Moreover, stimulating nAChRs on nearby interneurons
during a stronger plasticity induction protocol, capable of
inducing LTP in control conditions, converted LTP into
STP [86]. This demonstrates that timing and localization of
nAChR activity in the hippocampus can determine whether
LTP will occur or not. Although the authors did not further
investigate the mechanisms underlying the blockade of
plasticity by interneuronal nAChR activation, it is tempting
to speculate that the resulting increase in inhibitory input

reduces postsynaptic Ca2+ signals in CA1 pyramidal neurons
in a similar manner as it does in L5 neurons of the
mPFC [22]. Plasticity induction by HFS does not involve
back propagating action potentials, but increased inhibition
may reduce the activation of postsynaptic voltage-dependent
channels such as NMDARs and VGCCs that would otherwise
be activated and promote synaptic potentiation.

Synaptic plasticity is critically important for cognitive
function. Synaptic plasticity in the hippocampus has been
associated with memory formation and synaptic plasticity
in the PFC has been directly associated with attention
and working memory [87]. Activation of nAChRs alters
processes of synaptic plasticity in cortical and hippocampal
neuronal networks. By altering Ca2+ dynamics during active
dendritic signalling in apical dendrites, nAChRs may affect
communication between cell body and distal synapses. This
potentially could affect information processing in cortical
neuronal networks. Alternatively, nAChRs may provide neu-
ronal networks with the option to locally modulate synaptic
plasticity, allowing a particular neuron or a particular
synapse to respond differently than the average of the
surrounding circuitry [86].

By what sources of ACh are presynaptic nAChRs acti-
vated? Endogenous cholinergic signals occur at multiple
timescales, ranging from seconds to minutes [88]. Anatom-
ical evidence shows that in rodent and human neocortex
cholinergic nerve terminals establish classical synapses with
closely apposed presynaptic and postsynaptic structures
[89, 90], but direct physiological evidence for functional
cholinergic synaptic transmission in the neocortex is lack-
ing. In hippocampus, fast synaptic currents mediated by
cholinergic transmission and α7 subunit-containing nAChRs
have been observed in interneurons, but not pyramidal
neurons [91]. Slow, tonic modes of ACh release may act
on neurons in a diffuse manner, although ACh is rapidly
broken down by the substantial levels of acetylcholinesterase
in the neocortex [92]. Whether rapid phasic ACh changes
act directly or in a diffuse manner is not known. Recently
it was shown that in the interpeduncular nucleus high-
frequency (20–50 Hz) stimulation of ACh neurons even-
tually generates postsynaptic nAChR-mediated responses
via volume transmission [93, 94]. Regardless, the findings
above suggest that during fast or slow ACh signalling
the rules for STDP may be altered for shorter or longer
time.

4. Potential Interplay between Presynaptic
Ionotropic Receptors in STDP

Synapses can express multiple presynaptic ionotropic recep-
tors that affect synaptic function and different types of
ionotropic receptors can interact at the presynaptic level. For
instance, activation of presynaptic ionotropic purinergic P2X
receptors potentiates glutamate release due to the activation
of α7-containing nAChRs coexisting on rat neocortex glu-
tamatergic terminals [95]. Considering the involvement of
preNMDARs and presynaptic nAChRs in STDP, it would be
interesting to examine whether these two species of receptors
may also be found at the same synaptic terminals and if so,
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whether a similar interplay between nAChRs and NMDARs
may occur. Direct evidence for coexpression of presynaptic
nAChRs and NMDARs is to our knowledge limited to one
study on rat primary cortical cultures. There, axonal α7
nAChRs were found to modulate preNMDAR expression,
implicating presynaptic α7 nAChR/NMDAR interactions in
synaptic development and plasticity [96].

Evidence for co-expression of these receptors in postnatal
animals is indirect. Firstly, in rat striatum, corticostri-
atal glutamate projections contain presynaptic α7 subunit-
containing nAChRs that upon stimulation elicit glutamate
release [97]. Through microdialysis studies it was shown
that NMDARs could enhance glutamate release as well
in this area, which the authors suggested was due to
activation of preNMDARs on cortico-striatal nerve endings
[31]. Secondly, in rat hippocampus, presynaptic α7 subunit-
containing nAChRs have been reported to exist on excitatory
presynaptic terminals [98], where they increase spontaneous
and evoked glutamate release [99]. These could well be
the same synapses as where transmitter release-modulating
preNMDARs have been reported on a number of occasions
[33–35]. Finally, in the neocortex where the preNMDAR-
dependent forms of tLTD described above were observed,
presynaptic nAChRs have also been reported [100]. Thus,
several candidate synapses exist for co-expression of presy-
naptic NMDARs and nAChRs.

Co-expression of these presynaptic ionotropic receptors
could have several distinct, though not mutually exclusive,
consequences for STDP. Firstly, since presynaptic nAChRs
promote LTP, but preNMDARs control LTD, there is the
potential for an exciting competition to take place between
potentiation and depression mechanisms at the presynaptic
terminal. It must be noted, however, that all examples given
of presynaptic nAChRs promoting LTP are non-cortical
(hippocampus, VTA) and LTD promoting preNMDARS are
cortical. Secondly, a synergistic interplay could take place.
The most notable similarity between nAChRs and NMDARs
is that they are both permeable to Ca2+. In fact, upon
activation, α7 subunit-containing nAChRs permit a Ca2+

influx that rivals that of NMDARs [82]. The important
difference with NMDARs is, however, that nAChRs do not
have the voltage-dependent Mg2+ block. So, activation of
nAChRs at resting membrane potentials directly leads to
Ca2+ influx without the need for depolarisation. At depo-
larized potentials (>0 mV), however, an Mg2+-dependent
inward rectification takes place at nAChRs that restricts the
flow of current to very low levels [82, 101]. In that sense,
activity of nAChRs and NMDARs may complement each
other, acting at more or less distinct ranges of membrane
potentials.

Thirdly, a direct interaction by which the activity of one
receptor affects the other may exist. If NMDARs and nAChRs
are expressed at the same synaptic terminal, local intracel-
lular Mg2+ levels may lead to direct interaction between
nAChRs and NMDARs; activation of NMDARs can result
in a substantial increase in the intracellular concentrations
of free Mg2+ [102]. This particularly affects α7 subunit-
containing nAChRs, which have stronger Mg2+-dependent
inward rectification than β2 subunit-containing nAChRs

[101]. Therefore, at depolarized potentials, the increased
Mg2+ levels following NMDAR activation can act to inhibit
nAChRs and limit further Ca2+ influx through α7 subunit-
containing nAChRs. This crosstalk may represent a means by
which rapid rise in intracellular Ca2+ concentrations via acti-
vation of NMDARs and nAChRs can be tightly controlled,
so that intracellular Ca2+ overloading is avoided [103]. Such
control over Ca2+ signals may be very important for plasticity
processes and indeed, a coregulation of postsynaptic
intracellular Ca2+ levels by NMDARs and α7-containing
nAChRs to control synaptic plasticity has been proposed
[104].

The inverse, nAChRs affecting the activity of NMDARs,
is also possible, albeit indirectly via intracellular signalling
pathways. It has been shown that α7-containing nAChRs
can activate calcineurin (PP2B), a Ca2+-sensitive enzyme,
that when activated can lead to a reduction of the NMDAR-
mediated current decay time [105]. By controlling the activ-
ity of PP2B, nAChRs can regulate NMDAR transmission and
synaptic plasticity [103, 105, 106]. Also, Ca2+ signals initiated
by somatic or postsynaptic nAChRs have been found to
specifically reduce the amplitude of postNMDAR-mediated
currents through a Ca2+-calmodulin-dependent process
[107]. Having two routes through different ionotropic
receptors towards plasticity modulation could endow the
synapse with the ability to have different learning rules for
different modes of processing, for example, in the presence
or absence of ACh.

5. Conclusion

Presynaptic ionotropic receptors control and modulate
activity-dependent synaptic plasticity. Activation of these
presynaptic receptors provides synapses with flexibility in the
temporal rules for synaptic strengthening and weakening.
Thereby, the presence or absence of specific neurotrans-
mitters can create windows during which specific timing
of neuronal activity will lead to synaptic changes or not.
For instance, Hebbian plasticity is enhanced by behavioral
relevance and attention, particularly in adults. Attentional
gating of plasticity may be provided by neuromodulators
such as ACh released in cortex by basal forebrain inputs.
In addition, in barrel cortex, whisker map plasticity in
S1 and other areas requires ACh, and pairing of whisker
stimuli with ACh application drives receptive field plasticity
[108]. This suggests that presynaptic ionotropic receptors
may fundamentally gate or modify Hebbian learning rules
during appropriate behavioral contexts. It will be inter-
esting to learn from future research whether other types
of presynaptic ionotropic receptors besides NMDARs and
nAChRs are involved in controlling and shaping the rules for
STDP.
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[41] P. J. Sjöström, G. G. Turrigiano, and S. B. Nelson, “Neocorti-
cal LTD via coincident activation of presynaptic NMDA and
cannabinoid receptors,” Neuron, vol. 39, no. 4, pp. 641–654,
2003.

[42] R. I. Wilson and R. A. Nicoll, “Endogenous cannabinoids
mediate retrograde signalling at hippocampal synapses,”
Nature, vol. 410, pp. 588–592, 2001.

[43] V. Di Marzo, A. Fontana, H. Cadas et al., “Formation
and inactivation of endogenous cannabinoid anandamide in
central neurons,” Nature, vol. 372, pp. 686–691, 1994.

[44] V. Di Marzo, D. Melck, T. Bisogno, and L. De Petrocellis,
“Endocannabinoids: endogenous cannabinoid receptor lig-
ands with neuromodulatory action,” Trends in Neurosciences,
vol. 21, no. 12, pp. 521–528, 1998.

[45] R. Corlew, Y. Wang, H. Ghermazien, A. Erisir, and B.
D. Philpot, “Developmental switch in the contribution of
presynaptic and postsynaptic NMDA receptors to long-term
depression,” The Journal of Neuroscience, vol. 27, no. 37, pp.
9835–9845, 2007.

[46] V. A. Bender, K. J. Bender, D. J. Brasier, and D. E. Feldman,
“Two coincidence detectors for spike timing-dependent plas-
ticity in somatosensory cortex,” The Journal of Neuroscience,
vol. 26, no. 16, pp. 4166–4177, 2006.

[47] D. E. Feldman and M. Brecht, “Map plasticity in somatosen-
sory cortex,” Science, vol. 310, no. 5749, pp. 810–815, 2005.

[48] R. S. Zucker and W. G. Regehr, “Short-term synaptic
plasticity,” Annual Review of Physiology, vol. 64, pp. 355–405,
2002.

[49] J. M. Christie and C. E. Jahr, “Dendritic NMDA receptors
activate axonal calcium channels,” Neuron, vol. 60, no. 2, pp.
298–307, 2008.

[50] J. M. Christie and C. E. Jahr, “Selective expression of ligand-
gated ion channels in L5 pyramidal cell axons,” The Journal
of Neuroscience, vol. 29, no. 37, pp. 11441–11450, 2009.

[51] A. Banerjee, R. M. Meredith, A. Rodrı́guez-Moreno, S. B.
Mierau, Y. P. Auberson, and O. Paulsen, “Double dissociation

of spike timing-dependent potentiation and depression by
subunit-preferring NMDA receptor antagonists in mouse
barrel cortex,” Cerebral Cortex, vol. 19, no. 12, pp. 2959–2969,
2009.

[52] C. Rosenmund, P. Legendre, and G. L. Westbrook, “Expres-
sion of NMDA channels on cerebellar Purkinje cells acutely
dissociated from newborn rats,” Journal of Neurophysiology,
vol. 68, no. 5, pp. 1901–1905, 1992.

[53] H. Monyer, N. Burnashev, D. J. Laurie, B. Sakmann, and P.
H. Seeburg, “Developmental and regional expression in the
rat brain and functional properties of four NMDA receptors,”
Neuron, vol. 12, no. 3, pp. 529–540, 1994.
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3 Departamento de Farmácia, Universidade Estadual do Centro Oeste, Simeão Camargo de Sá 03, 85040-080 Guarapuava, PR, Brazil
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Encoding for several memory types requires neural changes and the activity of distinct regions across the brain. These areas receive
broad projections originating in nuclei located in the brainstem which are capable of modulating the activity of a particular
area. The histaminergic system is one of the major modulatory systems, and it regulates basic homeostatic and higher functions
including arousal, circadian, and feeding rhythms, and cognition. There is now evidence that histamine can modulate learning in
different types of behavioral tasks, but the exact course of modulation and its mechanisms are controversial. In the present paper
we review the involvement of the histaminergic system and the effects histaminergic receptor agonists/antagonists have on the
performance of tasks associated with the main memory types as well as evidence provided by studies with knockout models. Thus,
we aim to summarize the possible effects histamine has on modulation of circuits involved in memory formation.

1. Introduction

The initial step in the formation of a new memory is the
acquisition of information related to that particular trace,
coming from external stimuli (sensory input arising from
subject-environment interaction) or from internal repre-
sentations (cognition and emotion) [1–5]. This acquisition
phase is referred to as learning. After the subject learns,
information must be stored either for a brief or a long
period of time. While that information remains stored, it
can be accessed by the process known as retrieval. Memory,
thus comprises the processes responsible for retention and
retrieval of learned experience [5, 6]. Short-term memory
retention (defined in minutes or hours) may be converted to
long-term retention (defined in days, weeks, or even years) by
a specific sequence of events called consolidation which starts
immediately after the acquisition phase [1, 3–7]. Finally,
as time passes, even the most consolidated memories may
disappear, a process called forgetting [8].

Not all information reaching the central nervous system
(CNS) is stored. Most inputs do not pass the acquisition
phase, because they are filtered out by attentional and
emotional mechanisms [1, 7–9]. Only a few inputs selected
for acquisition and retention are consolidated in long-
term memories, and many of the latter are forgotten. Only
memories relevant for cognition, emotionally more salient,
more focused by attention or associated to stronger sensory
input will actually persist. In this context, forgetting may also
be seen as a filter, since it only affects memories previously
selected to persist by emotional and attentional filters. Thus,
the brain systems responsible for learning and memory have
a mechanism for preventing information overload [5, 8, 10].

Most CNS functions may be modulated so as to be
activated or deactivated, accelerated or slowed down, and
enhanced or diminished, but the exact course of action is
determined by the needs relevant for a particular moment
[10]. Memory is no exception to this rule and can thus be
modulated by experiences occurring about the time when
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it is learned, consolidated, or retrieved [7]. The major
modulatory systems are composed of diffusely spread fiber
bundles that reach a broad area in the CNS. These fibers
originate from nuclei in the brainstem, diencephalon, and
basal forebrain. They act by means of several neurotrans-
mitters, including acetylcholine, noradrenaline, dopamine,
serotonin, and histamine [7, 11–13].

Histamine is involved in the control of several behavioral
and neurobiological functions such as the sleep-wake cycle,
water intake, motor activity, and nociception [13, 14]. His-
tamine is known to decrease calcium-dependent membrane
conductance in the hippocampus [15], to increase neuronal
excitability [16], and control high-frequency oscillations [17,
18], and it also facilitates NMDA glutamatergic receptor-
mediated responses [19]. However, the part histaminergic
circuits play in mnemonic systems is complex. Histamine
seems to have different effects in distinct brain regions
and may have modulatory effects that differ according to
memory type. The evidence indicating the exact role of
histamine in learning processes and memory consolidation
is still controversial. In particular, the action of the receptor
subtypes and how they affect key circuits related to a specific
memory system is not well understood.

Here, we will first present a short review of the anatomy,
biochemistry, and physiology of the histaminergic system
and synaptic plasticity. Then, we will summarize pharmaco-
logical studies and other evidence that aims to identify the
possible role of histamine in the modulation of brain regions
pertaining to circuits involved in processing several types of
memories.

2. Anatomy of the Histaminergic System

Here, we highlight the key aspects of the anatomy of
the histaminergic system. For more details, the reader is
encouraged to see [20–23]. Figure 1 presents the main
projections of histaminergic neurons in the rat brain.

In vertebrates, neurons that produce histamine are
located in the tuberomammillary nucleus (TMN), which
is part of the posterior hypothalamus [14, 21]. The main
afferent projections to the TMN come from the infralimbic
cortex, lateral septum, preoptical nucleus, and neuronal
groups in the brainstem [23, 24].

The final target of histaminergic fibers varies slightly
across species, but they reach almost the entire CNS. There
are moderate-to-dense histaminergic nerve terminals in
the cerebral cortex, amygdala, substantia nigra, striatum,
hippocampus, and thalamus [20–22]. As a result of these
broad projections, histamine receptors are distributed widely
in the CNS.

3. Histamine Metabolism and
Neuronal Turnover

In neurons, histamine is synthesized from the amino acid L-
histidine, which is transported from the extracellular into the
intracellular space by the L-aminoacid transporter located
in the cell membrane. Once in the cytoplasm, L-histidine is

decarboxylated by the enzyme histidine decarboxylase, with
histamine as the end product of the reaction. This newly
synthesized histamine is transported into synaptic vesicles by
the vesicular monoamine transporter 2 (VMAT-2). Action
potentials that reach the axonal endings trigger the fusion
of the vesicles with the presynaptic membrane, releasing
histamine in the synaptic cleft [13, 14].

In the extracellular space, histamine is methylated by
enzyme histamine methyltransferase in the postsynaptic
membrane and glial cells. The end product of this methy-
lation reaction is telemethylhistamine, a metabolite that has
no histaminergic activity. Since this amine does not have a
high-affinity reuptake mechanism, methylation is the main
mechanism for inactivation of released histamine [13, 14].
The turnover rate of neuronal histamine is high, and its
half-life (which is about 30 minutes in basal conditions) can
change rapidly in response to neuronal activity. Turnover rate
increases when subjects experience stressful events such as
forced immobilization or a foot shock [21].

The control of histamine synthesis and release is medi-
ated by H3 type autoreceptors that are located in the
soma and axonal endings of the histaminergic neurons
[25]. Histamine release may also be regulated by inhibitory
M1 muscarinic receptors [25–27], α2 adrenergic receptors
[26, 28, 29], 5-HT1A serotonergic receptors [30], κ opioid
receptors [26, 31] and galanin receptors [26], or facilitatory μ
opioid receptors [32]. In vivo experiments have shown nitric
oxide to inhibit histamine release in the hypothalamus [33].

The circadian rhythm of histamine release coincides
with changes in the firing pattern of histaminergic neurons
occurring during the sleep-wake cycle [14, 33]. TMN his-
taminergic neurons resemble a pacemaker activity pattern:
they fire action potentials at a slow frequency (<3 Hz).
Electrophysiological recordings of these neurons in cats
showed their activity increased during wake time, and
decreased or was completely absent during sleep [14, 34, 35].
However, histamine release can follow a faster ultradian
rhythm correlated to the delta and theta bands in electroen-
cephalographic recordings [14, 36].

4. Histaminergic Receptors

In the nervous system of vertebrates most histaminergic
axonal endings (varicosities) are not in close contact with
postsynaptic sites [37]. This causes histamine to have a
diffuse action pattern which is similar to other biogenic
amines [14].

To date, histamine effects are known to be mediated by
four distinct types of receptors (H1 to H4) coupled to G
proteins and several associated second messengers. Figure 1
shows their distribution across the rat brain. H1, H2, and
H3 receptor types are expressed mainly in nervous tissues,
and H4 type in peripheral tissues like bone marrow and
leukocytes. Generally, H1 and H2 receptors excite or poten-
tiate excitatory impulses [14, 37–39], while H3 activation
mediates autoinhibition of TMN neurons and inhibits the
synthesis and release of histamine or other neurotransmitters
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Figure 1: Main histaminergic projections and histamine receptor distribution in the rat brain. The shapes mark the main sites where each
receptor subtype is located. In areas that have more than one receptor subtype, the shape with the biggest size indicates which is predominant.
Acc: nucleus accumbens; Amy: amygdala, Hipot: hypothalamus, Str: striatum, SN: substantia nigra.

such as glutamate, acetylcholine, and noradrenaline [14, 40,
41].

The H1 receptor is a protein with 486–491 amino acid
residues and is encoded by a gene without introns [14, 42].
It is coupled to the activation of the Gq/11 protein, which
activates phospholipase C (PLC) [13]. Thus, the intracellular
effects of H1 receptor activation are mediated by lipid
second messengers related to intracellular calcium stores.
Downstream signaling pathways are involved in synaptic
plasticity. This receptor has been identified in the cortex,
hippocampus, amygdala, hypothalamus, thalamus, striatum,
and cerebellum [43].

The H2 receptor is also encoded by a gene without
introns and is a protein with 358-359 amino acid residues
[14, 44, 45]. It is coupled to the Gs protein, which stimulates
adenylate cyclase and, subsequently, protein kinase A (PKA)
[13]. This receptor is mainly found in the basal ganglia,
amygdala, hippocampus, and cortex. H2 receptor activation
also provokes downstream signaling cascades, which are able
to mediate functional and structural changes in synapses, as
in the case of the PKA pathway [46].

The H3 receptor has several isoforms [47, 48] and is
a protein with 326–445 amino acid residues. The isoforms
originate in the expression of a single gene through the
alternative processing of mRNA (splicing). The intracellular
effects of this receptor start with the activation of the
inhibitory Gi/Go protein and the subsequent inhibition
of adenylate cyclase [13]. The H3 receptor is found in
histaminergic neurons as an autoreceptor, and its intra-
cellular inhibitory actions control histamine synthesis and
release [25, 49–51]. This receptor subtype can also regulate
the release of acetylcholine, dopamine, GABA, glutamate,
noradrenaline, 5-HT, and tachykinins by means of this

presynaptic mechanism [14, 40, 41, 52–54]. The H3 receptor
also participates in the activation of the MAPK signaling
pathway [48]. Its mRNA is found in several types of neurons
and has been identified in rats mainly the cerebral cortex,
the hippocampus, tenia tecta, nucleus accumbens, caudate
putamen, thalamus, amygdala, cerebellum, vestibular nuclei,
and some hypothalamic nuclei [55]. The actual location
of the receptor protein may be very distant from the cell
bodies that express mRNA, and the major brain sites where
binding activity takes place are the cerebral cortex, amygdala,
nucleus accumbens, caudate putamen, globus pallidus, and
substantia nigra [55].

5. Histamine and Synaptic Plasticity

Long-term potentiation (LTP) is considered the main
demonstration of synaptic plasticity. It was first described
in the hippocampus, a brain region directly involved in the
formation of several memory types [10, 56–58]. It consists
of the lasting enhancement of the postsynaptic response
following a high-frequency afferent stimulation. This is seen
as an increase in the excitatory postsynaptic potential evoked
by a single stimulation pulse when compared to the response
evoked before the high-frequency stimulation [57]. There
is evidence that this form of synaptic enhancement is also
present in other regions of the cerebral cortex, especially
during early developmental stages [59]. LTP has several
characteristics that make it a strong candidate for the cellular
mechanism responsible for long-term memory storage (see
[59] for a more detailed review about this matter).

Among the several mechanisms that are jointly respon-
sible for LTP, the activation of the glutamatergic NMDA
receptor plays a central role in both the induction and
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maintenance of most LTP types [59]. The calcium influx in
the postsynaptic dendritic spine leads to the activation of
several signaling cascades, notably the calcium/calmodulin-
dependent protein kinase II (CaMKII), the protein kinase
A (PKA), the protein kinase C (PKC), and the mitogen-
activated protein kinase (MAPK). Their final course of
action is the activation of transcription factors like CREB,
which control the synthesis of the proteins required for the
maintenance of the increased postsynaptic response [59–62].

This process may be modulated by histamine [63].
LTP was facilitated by histamine in the CA1 area of rat
hippocampal slices, since it could be induced with a weak
tetanic stimulation when histamine was added to the bath,
and this effect persisted even in the presence of H1 and
H2 receptor antagonists. It was then demonstrated that
histamine or its major metabolite, 1-methylhistamine [64],
may enhance NMDA induced response and subsequently
hippocampal LTP by means of direct channel activation by
binding to the polyamine site [14, 65, 66].

Regarding the effects of histamine on LTP, H1 receptor
activation has been shown to reduce the blockage of the
NMDA receptor channel mediated by the ion Mg2+, by
activating PKC, which leads to increased activation of the
glutamatergic receptor [67]. In addition, as already pointed
out, histamine can also directly activate the NMDA receptor
by binding to the polyamine modulatory site present in this
receptor [19, 68]. Binding is pH sensitive and is restricted
to the NR1/NR2B subunits of the NMDA receptor [64].
Furthermore, H1 receptor activation leads to the synthesis of
postsynaptic retrograde messengers, such as nitric oxide and
arachidonic acid, which might be responsible for presynaptic
modifications that occur after LTP induction [14, 41]. As an
example of the possible involvement of this receptor in LTP,
H1 receptor knockout mice showed impaired LTP induction
in the CA1 region of the hippocampus [68].

As mentioned above, the H2 receptor is a potent stimula-
tor of the cAMP signaling pathway, which is necessary for the
late phase of NMDA receptor-dependent LTP [69] and for
LTP expression in giant hippocampal mossy fiber synapses
[70]. H2 receptors can also increase ionic currents generated
by the activation of the NMDA receptor, through blockage of
calcium-dependent potassium channels [71], and possibly by
mediating the phosphorylation of the NMDA receptor itself
by PKA [72]. LTP induction in the hippocampus was also
impaired in H2 receptor knockout mice [68].

The effects might change across different brain regions.
H3 receptors can reduce the release of several neurotrans-
mitters, including glutamate, which might affect synaptic
plasticity in hippocampus and striatum [40, 73]. In dentate
gyrus, for instance, H3 receptor activation hinders synaptic
transmission and reduces paired-pulsed facilitation, which
is a short-term form of synaptic plasticity [74]. In the CA3
region of the hippocampus, histamine promotes synchro-
nized bursts of action potentials [75], an activity pattern that
is known to be a physiological stimulus for the occurrence
of LTP in the CA1 region [76]. In the CA1 region, when
Ca2+ levels are low and Mg2+ levels are high, histamine
causes a lasting potentiation of neuronal excitability, which
is mediated mainly by H2 receptor activation and the PKA

signaling pathway, with H1 and NMDA receptors having a
modulatory role in that downstream cascade.

Thus, histamine can enhance LTP through at least three
different mechanisms: H1 receptors favor LTP by increasing
intracellular levels of Ca2+ and subsequent PKC activation,
both required for LTP induction, the effects of the H2
receptors are mediated by cAMP/PKA signaling pathway
activation, which is involved in the maintenance of LTP,
and finally, the NMDA receptor can be directly activated by
histamine binding to the polyamine site, which can modulate
both LTP induction and maintenance [14, 65, 66].

6. Histamine and Memory

6.1. Systemic Administration of Histamine and Memory Per-
formance. The first approach to elucidate the possible role
of histamine on memory systems consisted in the systemic
administration of several drugs that mimic or counteract
the action of histamine and its receptors. These studies are
summarized in Table 1.

6.1.1. Memory Impairment. There is a considerable body
of work on the role of histamine in models of memory
impairment induced by systemic administration of antago-
nists of the neurotransmitters acetylcholine and glutamate,
most notably using the muscarinic receptor antagonist
scopolamine or the NMDA receptor antagonist MK-801. The
reversal of memory deficit produced by systemic administra-
tion of histamine in these models of memory impairment
was evaluated in several behavioral tasks (see Table 1 for
references).

The evidence suggests that this reversal comes about
as a result of the interplay between the histaminergic and
cholinergic systems. It is known that both cholinergic and
gabaergic projections of the septum to the hippocampus are
important in generating hippocampal theta rhythm [100,
101]. It has been demonstrated that histamine can activate
gabaergic neurons in the septohippocampal pathway, by
binding to the H1 and H2 receptors [102]. Furthermore,
electrical stimulation of TMN has been shown to increase
acetylcholine (ACh) release in the hippocampus [103], and
intraseptal infusions of histamine also enhance hippocampal
ACh release [104]. Thus, histamine can regulate the hip-
pocampal electrical activity and induce ACh release in the
hippocampus in physiological states. The improvement seen
in scopolamine-induced deficits might be mediated by such
modulation of the septohippocampal pathway.

6.1.2. Physiological Context. Systemic studies that investigate
the impact histamine has on memory in a physiological
context show the effect to differ with respect to the behavioral
paradigm, and thus the memory type, and most studies, deals
with the direct manipulation of a single histamine receptor
(Table 1).

In aversive tasks like inhibitory avoidance, the systemic
administration of an H3 receptor antagonist improves
performance (see Table 1 for references). These studies have
used ligands with varying degrees of potency, bioavailability,
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and affinity for studying species receptor [105]. While
some studies used classical ligands now classified as inverse
agonists (like thioperamide and clobenpropit, which have
nonspecific actions, notably on the 5-HT3 serotonergic
receptor and α2C adrenergic receptor [105]), studies employ-
ing ligands with a different chemical structure and with more
selectivity and affinity to the H3 receptor showed similar
memory enhancing effects. By contrast, the administration
of an H3 receptor agonist impairs performance [96], and
both non-specific ligands like RAMH (also active on nora-
drenergic receptors) and imetit (also active on serotonergic
receptors) and the more selective ligand immepip produced
similar memory impairment effects. Together, these data
highlight the possible role of H3-mediated modulation on
aversive learning.

On the other hand, the administration of an H1 receptor
antagonist has produced different results for aversive mem-
ory tasks [97, 98]. It must be noted, though, that there is an
age difference in the experimental subjects. The expression
pattern of the histamine receptor subtypes alters with age
in rodents. Since the H1 receptor has the most widespread
changes in density [106], this might account for the opposite
effect. Finally, the alkylamine chlorpheniramine used in the
study also has nonspecific actions, notably the inhibition
of noradrenaline and serotonin reuptake, which could also
account for the reported effects [107, 108]. Although there
are some differences between passive and active avoidance
tasks regarding learning (active avoidance involves multitrial
learning task, while passive avoidance is singletrial, the latter
being more suitable to pharmacologically dissect the role
of certain receptors or signaling pathways), the only study
that evaluated first generation and the more selective second
generation H1 blockers using active avoidance showed that
those nonspecific effects might indeed play a role in the
evaluation of the action of H1 receptors on aversive memory:
although all the compounds impaired learning, the extent
of the impairment seems to be greater for the nonspecific
compounds [98].

The results of systemic studies are contradictory regard-
ing the effect the histaminergic system has on spatial memory
tasks such as the water maze (Table 1). The administration
of a histamine precursor did not produce any effects, while
the administration of an H3 receptor agonist improved
performance [99]. This may be explained by the fact that
the H3 receptor is also found on neurons that release other
neurotransmitters, thus improvement could be mediated by
the regulation of other systems involved in spatial learning,
such as the dopaminergic system [109, 110], and not only
by increasing the synaptic availability of histamine. Another
explanation would be that the H3 agonist RAMH ligand is
not specific to histamine and may also have affinity for other
aminergic receptors [105].

6.2. Transgenic Models. Recent studies have used transgenic
models to try to identify the role of histamine and each
receptor subtype on memory processes. These studies are
summarized in Table 3.

There is evidence that the lack of the histamine decar-
boxylase enzyme produces changes in the performance of
some memory tasks although the course might also differ
with respect to memory type. In the water maze task, spatial
memory has been shown to be both hindered and improved
in histamine decarboxylase knockout mice (Hdc −/− mice)
[111, 112] though these differences may be influenced by the
gender base used in the models. Thus, although the evidence
provided by the transgenic models shows that histamine
participates in the modulation of at least some memory
systems, the exact course of its actions remains unclear.

Knockout models for H1 and H2 receptors, on the other
hand, have shed more light on the physiological role of
histamine in learning. They act negatively on the learning of
aversive tasks but facilitate spatial and discriminative ones.
Interestingly, the only study that addresses the role of the
three histamine receptors in a Barnes-maze task showed that
the lack of an H3 receptor improves memory. The absence
of presynaptic autoinhibitory receptors might potentiate the
action of histamine in postsynaptic H1 and H2 receptors,
which also modulated the memory associated with this
particular task (see Table 3 for references).

An important factor in the interpretation of studies with
knockout models is that the inactivation of the genes of
interest is not restricted to an area or specific part of the
circuits involved, and thus, these effects are likely to reflect
the overall action of histamine or its receptors. Maybe studies
using temporally and spatially restricted knockout models
could clarify the role of histamine in each brain site leading
to a better understanding regarding how it modulates circuits
responsible for processing different memory types.

6.3. Intracerebroventricular (ICV) Administration of His-
tamine and Memory Performance. The administration of
histamine or its receptor agonists/antagonists in the ventric-
ular system is a more convenient way to study the role of
histamine in the CNS than peripheral administration, since
some ligands might be more prone to cross the blood-brain
barrier, and there is less potential for peripheral side effects.
In Table 3, we have summarized the studies that employ
this delivery route in attempting to address the role of the
histaminergic system.

Histamine had facilitatory actions in social learning,
since its ICV infusion improved, while the inhibition of
its synthesis hindered the performance. Also, pharmacolog-
ical stimulation with the potent and selective H3 agonist
immepip led to impaired performance in learning the task,
while the use of the inverse agonist thioperamide facilitated
it. The role of the other receptor types is not addressed, and
thus, the H3 receptor response and histamine effect might be
due to the regulation of other neurotransmitter systems.

Conversely, the findings of studies that used tasks
based on learning an aversive memory are controversial.
Studies that employed a passive avoidance task showed
either improvement or impairment of the task following
ICV administration of histamine [120–124], but the doses
administered varied: 1–10 ng/rat of histamine improved
performance, while 20 μg/rat impaired it. EC50 of the H3
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Table 2: Knockout mice models and memory performance.

Behavioral task Knockout type Effect on memory Reference(s)

Water maze∗ Hdc −/− ↓ [111]

Water maze Hdc −/− ↑ [112]

Object recognition∗ Hdc −/− Unaffected [111]

Nonreinforced episodic object
memory

Hdc −/− ↓ [112]

Contextual fear conditioning Hdc −/− ↑ [113]

One-trial passive avoidance Hdc −/− ↑ [111]

Open field (habituation) Hdc −/− Unaffected [114]

Inhibitory avoidance KO H1−/− Unaffected [115]

Conditioned place preference KO H1−/− ↓ [116]

Radial-maze task KO H1−/− ↓ [117]

Auditory and contextual fear
conditioning

KO H1−/− ↑ [68]

Auditory and contextual fear
conditioning

KO H2−/− ↑ [68]

Object recognition KO H1−/− ↓ [68]

Object recognition KO H2−/− ↓ [68]

Barnes maze KO H1−/− ↓ [68]

Barnes maze KO H2−/− ↓ [68]

Barnes maze KO H3−/− ↑ [118]

Motoric long-term memory KO H1−/− ↓ [119]

Episodic and procedural
memory

KO H1−/− ↓ [119]

∗
This work was done using female mice.

Hdc: histidine decarboxylase.
H1, H2, H3: histaminergic receptor type.

receptors are at least one order of magnitude lower than
H1 and H2 receptors [13], and thus, the low concentration
might be causing a mainly H3-based response, thus acting
negatively on the histaminergic system, which would explain
the reported improvement in aversive memory. Since H1 and
H2 receptor blockage also improved the memory for the
same task, this would corroborate the inhibitory actions of
histamine in aversive learning [122–124].

The findings of two studies employing the active avoid-
ance paradigm were also contradictory [127, 135], but the
study that showed memory improvement was found with
the use of aged rats, which might account for the reported
contradictory effects. Finally, there is controversy regarding
the role of the H1 receptor in the active avoidance task,
since it was shown that this could either inhibit or facilitate
performance in active avoidance tasks [127, 132].

The ICV administration of compounds that act on
the histaminergic system is less studied in spatial memory
and object recognition or discriminative memory types.
Histamine reverses the impairment induced by NMDA
antagonists in a radial maze task [130]. The activation of
both glycine and polyamine sites can act synergistically
in memory function [136], and thus, histamine might
compensate the deficit through direct action on the NMDA
receptor. However, in a physiological context, the blockage of
histamine synthesis [131] or lack of the gene that encodes

the H1 receptor impaired performance in the radial maze
[117], while H1 receptor inactivation improved the memory
in the water-maze task [134]. Methodological particularities
of these tasks that rely on spatial memory might explain
this differential effect. H1 receptor activation facilitated
learning the object recognition task, and this is in agreement
with studies that used knockout models (Table 3). The
brain areas involved are slightly different for spatial and
discriminative tasks, with spatial memory depending mainly
on the hippocampus, while discriminative memory relies on
other cortical areas, such as the perirhinal cortex [137–139].
Thus, the different roles the H1 receptor seems to have in
spatial and recognition memory might rely on those distinct
anatomic requirements, since the density of H1 receptors is
different in the cortex and the hippocampus.

6.4. Administration of Histamine into the Hippocampus and
Memory Performance. The hippocampal formation is com-
posed of three subregions: the Ammon’s horn, the dentate
gyrus, and the subiculum. The Ammon’s horn is further
divided into the subfields CA1–CA4. These subregions are
connected to form a closed-loop circuit with the adjacent
entorhinal cortex (EC). Neurons from the layer II of the
EC project to the dentate gyrus and the CA3 subfield,
while neurons from layer III project directly to CA1. The
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Table 3: Intracerebroventricular administration of drugs that act on the histaminergic system and memory performance.

Species Behavioral task Histaminergic modulator
Lesion or pharmacological

induced memory
impairment

Effect on
memory

Reference(s)

Rat Passive avoidance Histamine ↑ [120, 121]

Rat Passive avoidance Histamine ↓ [122–124]

Mouse Passive avoidance Histamine Lithium (i.p.) ↑ [125]

Rat Active avoidance Histamine ↑ [126]

Rat Active avoidance Histamine ↓ [127]

Rat Active avoidance Histamine
Bilateral hippocampectomy

(dorsal hippocampus)
↑ [128]

Rat Active avoidance Histamine alpha-FMH (i.p.) ↑ [126]

Rat Habituation in open field Histamine ↑ [121]

Rat Social memory Histamine ↑ [129]

Rat Social memory Histidine ↑ [129]

Rat Social memory alpha-FMH ↓ [129]

Rat Radial maze Histamine

N-methyl- d-aspartate
(NMDA) receptor glycine

site antagonist
(7-chlorokynurenic acid)

i.c.v

↑ [130]

Rat Radial maze alpha-FMH ↓ [131]

Rat Passive avoidance
H1 receptor antagonist

(chlorpheniramine)
↑ [122]

Rat Passive avoidance
H1 receptor antagonist

(pyrilamine )
↑ [124]

Rat Passive avoidance
H2 receptor antagonist

(cimetidine)
↑ [123, 124]

Mouse Passive avoidance
H2 receptor agonist
(4-methylhistamine)

↓ [90]

Rat Active avoidance
H1 receptor agonist

(2-methylhistamine and
2-thiazolylethylamine)

↓ [127]

Rat
Step-through active

avoidance
H1 receptor agonist
(2-methylhistamine)

↑ [132]

Rat
Step-through active

avoidance

H1 receptor antagonist
(pyrilamine or

diphenhydramine)
↓ [132]

Rat Social memory
H3 receptor agonist

(immepip)
↓ [129]

Rat Social memory
H3 receptor antagonist

(thioperamide)
↑ [129]

Rat Object recognition
H1 receptor agonist

[2-(3-(trifluoromethyl)-
phenyl)histamine]

↑ [133]

Rat Water maze
H1 receptor antagonist

(chlorpheniramine)
↑ [134]

alpha-FMH: alpha-fluoromethylhistidine (inhibitor of histamine decarboxylase)
i.p. intraperitoneal
i.c.v intracerebroventricular.

projections from the EC are known as the perforant pathway.
Neurons from the DG project to the CA3 subfield, through
the mossy fiber pathway. CA3 neurons make synapse with
neurons from the CA1 region through the Schaffer collateral
pathway. Finally, to close the loop, the CA1 region neurons
project to the layer V of the entorhinal cortex [148, 149].

The superficial entorhinal layers receive input from other
cortical areas and the olfactory bulb. The CA1 area is
the main output of the hippocampus, which is directed
mainly to the EC, which act as a hub to other cortical
areas. The hippocampus can also project to subcortical
areas, mainly through subiculum. Among the subcortical
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Table 4: Intrahippocampal administration of drugs that act on the histaminergic system and memory performance.

Species Hippocampal site Behavioral task Histaminergic modulator Effect on memory Reference(s)

Rat1 Dorsal Inhibitory avoidance Histamine ↑ [140]

Rat2 Ventral One-way active avoidance Histamine ↓ [141–143]

Rat Dorsal One-way active avoidance Histamine Unaffected [143]

Rat2,3 Dorsal Eight-arm radial maze Histamine ↑ [78]

Rat4 Intrahippocampal Radial maze Histamine ↑ [80]

Rat Dorsal Inhibitory avoidance
H2 receptor agonist

(dimaprit)
↑ [140]

Rat5 Ventral Active avoidance
H3 receptor antagonist

(clobenpropit)
↑ [144]

Rat Dorsal
Contextual fear

conditioning
H2 receptor agonist

(amthamine)
↑ [145]

Rat Dorsal
Contextual fear

conditioning
H3 receptor agonist

(RAMH)
↑ [145]

Rat3 Dorsal Eight-arm radial maze
H3 receptor antagonist

(clobenpropit)
↑ [146]

Rat Dorsal Three-panel runway
H1 receptor antagonist

(pyrilamine)
↓ [147]

RAMH: (R)-(−)-alpha-methylhistamine
1Effect reverted with concomitant administration of the H2 receptor antagonist ranitidine
2Effect reverted with concomitant administration of the H1 receptor antagonist pyrilamine
3Impairment induced using intrahippocampal injection of MK-801
4Impairment induced using intraseptal injection of muscimol
5Impairment induced using intrahippocampal injection of scopolamine.

Table 5: Administration of drugs that act on the histaminergic system into the amygdala and memory performance.

Species Amygdala site Behavioral task Histaminergic modulator
Effect on
memory

Reference(s)

Rat Basolateral Active avoidance Histamine ↓ [144]

Rat Basolateral
Contextual fear

conditioning

H3 receptor antagonists
(ciproxifan, clobenpropit

and thioperamide)
↓ [154]

Rat Basolateral
Contextual fear

conditioning
H3 receptor agonists

(RAMH or Immepip)
↑ [144, 155]

Rat Basolateral
Contextual fear

conditioning
H3 receptor agonist

(proxifan)
↑ [156]

RAMH: (R)-(−)-alpha-methylhistamine.

input to the hippocampus are projections from the septum,
amygdala, thalamic nuclei, diagonal band of Broca, the
basal nucleus of Meynert, the tuberomammillary nucleus,
the ventral tegmental area, the raphe nuclei, and the locus
coeruleus. Finally, the connectivity of the hippocampus to
other structures differs with respect to its dorsoventral axis
[148–150].

The hippocampus is central in spatial memory tasks
[56], and the NMDA receptor plays an important role in
this type of learning [151]. The impairment in radial maze
learning induced by the NMDA receptor antagonist MK-801
could be reversed by the direct administration of histamine
in the hippocampus [78]. Since the blockage of the H3
receptor in this structure had a similar effect and the reversal
was hindered by the administration of an H1 receptor
antagonist [78], the observed improvement might be due
to the increased synaptic availability of histamine and its
binding to postsynaptic H1 receptors [78]. The modulation

of the excitability of hippocampal cells through the H1 and
H2 receptors [13] and the direct activation of the NMDA
receptor through the polyamine site [65, 66] are possible
mechanisms to mediate the observed effects.

The inhibition of the septum or the administration of
scopolamine cause memory deficits that are reversed by his-
tamine or the H3 receptor antagonist clobenpropit (Table 4).
Together with the mechanisms described for the modulation
of the septohippocampal pathway [102], histamine seems to
locally regulate ACh release in the hippocampus.

The hippocampus is also required for learning aversive
tasks like inhibitory avoidance and contextual fear condi-
tioning [10, 152]. There is a possible anatomical dissociation
within this region regarding the effects of histamine on
aversive tasks, since in the dorsal hippocampus histamine
seems to facilitate both fear conditioning and passive avoid-
ance through the H2 receptor, while in the ventral area, it
has inhibitory effects on active avoidance through the H1
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receptor (Table 4). The extent to which the methodological
peculiarities of each aversive paradigm play a role in this
dissociation remains unclear. In addition, there is evidence
that the hippocampus has a functional segmentation in its
dorsoventral axis, with spatially distinct molecular domains
and subdomains [150]. This might lead to differences in
receptor density or downstream signaling pathways that
together could account for the observed results.

Thus, the mechanisms that mediate the effects seen in
this area may result from the interplay of histamine with
cholinergic and other aminergic systems, direct activation
of the glutamatergic system through the NMDA receptor, or
by cellular downstream cascades activated from a particular
receptor, with a possible overall combination of one or more
mechanisms [13, 153] that altogether could account for
discrepancies and differential involvement of histamine in a
particular memory task.

6.5. Administration of Histamine into the Amygdala and
Memory Performance. The amygdala is a complex mass of
gray matter that comprises multiple and distinct subnu-
clei and is richly connected to nearby cortical areas that
constitute the amygdala circuitry. The amygdala contains
three functional subdivisions, each one having a unique
set of connections with other regions of the brain. The
medial group of subnuclei has extensive connections with
the olfactory bulb and the olfactory cortex. The basolateral
group, which is especially large in humans, has major
connections with the cerebral cortex, especially the orbital
and medial prefrontal cortex. The central and anterior group
of nuclei is characterized by connections with the brainstem
and hypothalamus and with visceral sensory structures, such
as the nucleus of the solitary tract. For more details about the
general organization of the amygdala anatomy circuitry, see
[157].

Previous studies have clearly identified the amygdala as
a key brain structure for acquisition and storage of several
memory types, first among them, fear memory. Classical
fear conditioning is a powerful behavioral paradigm that has
been widely studied in amygdala nuclei and mainly in the
basolateral amygdala nucleus (BLA), which have been shown
to participate in the learning and memory consolidation
mechanism [158]. These findings are consistently supported
by a large number of studies using different experimental
paradigms and measures of aversive memory [158, 159]. In
addition, the amygdala also modulates fear-related learning
in the other brain structures, such as the cortex and the
hippocampus [160].

The studies that investigate the modulatory effects of his-
tamine in the BLA are summarized in Table 5. Electrophysi-
ological studies in rat brain slices revealed that histamine can
have bidirectional effects on excitatory synaptic transmission
in BLA depending on the blockage of H3 receptors: the
excitatory postsynaptic potential was depressed in the pres-
ence of histamine alone but increased when the H3 receptor
antagonist thioperamide was added to the preparation [161].
Behavioral models, however, are better suited to study such
effects, since the slice preparation lacks afferent and efferent

projections. Few behavioral studies have evaluated the role of
histamine in amygdala.

Evidence using the fear conditioning task with pharma-
cological agonists/antagonists showed that blockage of the
H3 receptors has inhibitory actions, while their activation
improves the expression of fear memory. It has been shown
that the modulation of ACh release in amygdala through the
H3 receptor participates in this modulation, since rats that
received the infusion of H3 receptor antagonists in the BLA
at similar concentrations to those that affected fear memory
had a significant reduction in the spontaneous release of
ACh [154]. New approaches using transgenic models agree
with the inhibitory role for histamine in fear memory, since
the lack of H1 and H2 receptors improves memory for this
task, and mice with reduced levels of histamine due to lack
of histamine decarboxylase also have improved performance
although the inactivation was not restricted to the BLA
(Table 3). Along with pharmacological data, this suggests
that these inhibitory effects might also be mediated by the
H1 and H2 receptors.

7. Conclusion

Together, these studies suggest that the manipulation of
the central histaminergic system affects behavioral responses
during several learning and memory processes. However, the
results are often contradictory and do not establish whether
the overall action of histamine on the memory system is
either facilitatory or inhibitory. Methodological issues, such
as time and the methods used in the administration of the
compounds under scrutiny as well as the parameters related
to the behavioral task under evaluation need to be taken
into consideration. Furthermore, in view of the opposite
effects that the activation of the different histamine-receptor
subtypes has on memory due to the variability of cellular
action, the final course of action of histamine in a network
is not predictable.
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Dopamine, acetylcholine, and serotonin, the main modulators of the central nervous system, have been proposed to play important
roles in the execution of movement, control of several forms of attentional behavior, and reinforcement learning. While the
response pattern of midbrain dopaminergic neurons and its specific role in reinforcement learning have been revealed, the role of
the other neuromodulators remains rather elusive. Here, we review our recent studies using extracellular recording from neurons
in the pedunculopontine tegmental nucleus, where many cholinergic neurons exist, and the dorsal raphe nucleus, where many
serotonergic neurons exist, while monkeys performed eye movement tasks to obtain different reward values. The firing patterns of
these neurons are often tonic throughout the task period, while dopaminergic neurons exhibited a phasic activity pattern to the
task event. The different modulation patterns, together with the activity of dopaminergic neurons, reveal dynamic information
processing between these different neuromodulator systems.

1. Introduction

Reinforcement learning algorithms, originally proposed in
the machine learning field, successfully explain various types
of adaptive behavioral changes, including the simple classical
and operant conditioning of animals [1–6] as well as the
complex social and economic behavior of humans [7]. Dur-
ing the reinforcement learning process, subjects choose a
behavior that is expected to yield the maximal reward and
then revise this prediction on the basis of the reward pre-
diction error, which is the difference between the pre-
dicted and actual reward [8]. Numerous neurophysiological
studies have shown that midbrain dopaminergic neurons,
located in the substantia nigra pars compacta (SNc) and
ventral tegmental area (VTA), encode the reward prediction
error signal [1, 9–12]. Dopaminergic neurons exhibit phasic
burst firing in response to external stimuli and rewards, and

the response magnitude alters throughout the course of
learning to match the reward prediction error signal [8].
Furthermore, the firing rate of dopaminergic neurons reflects
the predicted reward value, which includes the possible
reward magnitude, probability of reward delivery, and time
delay for receiving the reward [10, 13, 14]. These dopamin-
ergic neurons project to the striatum and cerebral cortices,
and the release of dopamine in the projection sites induces
synaptic plasticity that corresponds to the revision of reward
prediction [6, 15–17] (see Figure 1, red arrows).

Although a large body of experimental evidence has re-
vealed the firing pattern of midbrain dopaminergic neurons
and its specific role in reinforcement learning, there is con-
siderable debate about the signal properties of these neurons.
First, it was suggested that dopaminergic neurons transmit
different types of signals that are related to salient or aversive
events [18–22]. Second, in addition to phasic burst firing,
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Figure 1: Simplified cortico-basal ganglia circuitry with dopamin-
ergic, cholinergic, and serotonergic innervation. The main cortico-
basal ganglia circuit is highlighted by the dashed rectangle and
the gray-shaded boxes. Midbrain dopaminergic neurons receive
inhibitory input from basal ganglia nuclei and project to the
striatum and cerebral cortices. The PPTN and DRN interact with
dopaminergic neurons and basal ganglia nuclei. Here, we consider
only the major routes by which the basal ganglia and neuromodula-
tors are interconnected. NAc: nucleus accumbens, SNr: substantia
nigra pars reticulate, GP: globus pallidus, VP: ventral pallidum,
SNc: substantia nigra pars compacta, VTA: ventral tegmental area,
DRN: dorsal raphe nucleus, PPTN: pedunculopontine tegmental
nucleus.

a tonic firing pattern has also been observed in dopaminergic
neurons [23, 24]. It was suggested that, in the tonic firing
mode, dopaminergic neurons maintain a baseline concen-
tration level of dopamine that is vital for motivational
behavioral control and to enable the normal functions of
the neural circuits. One key issue that remains unclear is the
property of the input signal to the dopaminergic neurons.
Therefore, several essential elements of reinforcement learn-
ing are unsolved, that is, the mechanism for the computation
of the reward prediction error and the mechanism for
value formation from the interaction of different kinds of
information such as the quantity, certainty, and timing of the
reward.

Recent pathophysiological and pharmacological studies
have suggested that there are mutual interactions between
dopamine and other neuromodulators, including acetyl-
choline, serotonin, and noradrenaline [18, 25–29]. Together
with the dopaminergic system, these neuromodulators are
proposed to play an important role in gating movement,
controlling several forms of attentional behavior [30], and
the reinforcement process [28, 31]. The cholinergic pedun-
culopontine tegmental nucleus (PPTN) and laterodorsal
tegmental nucleus (LDT) feed strong excitatory input to
midbrain dopaminergic neurons and are reciprocally con-
nected with various basal ganglia nuclei [32] (see Figure 1,
green arrows). Additionally, the dorsal raphe nucleus (DRN)
is the principal source of serotonergic innervation to the
basal ganglia and dopaminergic neurons of rodents [33–
37] and primates [38, 39] (see Figure 1, blue arrows). The
noradrenergic locus coeruleus (LC) has widely distributed

ascending projections to the neocortex [40]. The neurons for
these different neuromodulators are plausible candidates as
the source of input to dopaminergic neurons and also play
an important role in the reinforcement process in parallel
with dopaminergic neurons; however, their activity during
motivated behavioral tasks remains rather elusive. Thus, in
order to understand the network mechanisms underlying
reinforcement learning and motivational behavioral control,
it is important to elucidate the nature of the signals relayed
from the neurons in these principal nuclei of neuromodula-
tors.

We recently recorded the extracellular spike activity of
PPTN and DRN neurons in behaving monkeys [41–45]. In
this paper, we will compare the activity of neurons in the
PPTN/DRN while monkeys performed eye movement tasks
to obtain different reward values. We first summarize the
growing literature on the PPTN/DRN in relation to the do-
paminergic system (Section 2), we then discuss our recent
single-unit recording studies from the PPTN/DRN in behav-
ing monkeys (Section 3), and then finally assess the possible
mechanisms for reward prediction error computation and its
interaction with the motivational signal (Section 4). In short,
PPTN and DRN neurons encode the reward prediction and
actual reward signals, while dopaminergic neurons encode
the reward prediction error signal. The firing patterns of
PPTN/DRN neurons are often tonic and sustained through-
out the task period, they start shortly after the presentation of
the fixation target and are sustained throughout the waiting
period and saccade phase until reward delivery, while do-
paminergic neurons exhibit a phasic burst to the task event.
The reward prediction signals of PPTN/DRN neurons are
intermingled with the signals for task motivation.

2. Interactions between PPTN, DRN, and
Dopaminergic Neurons

2.1. Anatomy: Reciprocal Interactions. The PPTN and DRN
are heterogeneous nuclei in terms of their neurotransmitters.
While the PPTN is the major source of cholinergic projec-
tions in the brainstem [46]; it also contains glutamatergic
and GABAergic [47–52] as well as dopaminergic [53] and
noradrenergic [54] neurons. The DRN is the major source
of serotonin in the brain [55], but it also contain neurons
with GABA, dopamine, noradrenaline, substance P, and
acetylcholine [56].

There are reciprocal anatomical connections between the
PPTN, DRN, and dopaminergic systems (Figure 1). Neurons
of the PPTN abundantly project to midbrain dopaminergic
neurons in the SNc and VTA [57–60]. In rodents, the
rostral PPTN projects to the SNc, while the caudal PPTN
projects to the VTA [25, 61]. Dopaminergic neurons in the
SNc project back to PPTN neurons and excite or inhibit
them [62–64], even though the dopaminergic input to
PPTN neurons is low compared with the massive cholinergic
innervation of dopaminergic neurons. The PPTN also has
reciprocal connections with the serotonergic DRN [65–
67] and noradrenergic LC [30] monoamine systems. DRN
neurons also project to midbrain dopaminergic neurons in
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the SNc and VTA [33, 36, 68], while dopaminergic neurons
also project back to the DRN [69–72].

The PPTN and DRN also have reciprocal interactions
with basal ganglia nuclei. The PPTN has massive reciprocal
connections with the subthalamic nucleus, globus pallidus,
and substantia nigra [73, 74]; thus, it was recently proposed
to form a part of the basal ganglia [32]. The DRN projects to
the basal ganglia, that is, the striatum, globus pallidus, and
substantia nigra [34, 35], as well as to the cerebral cortex and
limbic structures [56].

2.2. Possible Role of the PPTN/DRN in Controlling the Activity
of Dopaminergic Neurons. The PPTN is one of the strongest
sources of excitatory input for dopaminergic neurons [75].
PPTN neurons make glutamatergic and cholinergic synaptic
connections with dopaminergic neurons [51, 76, 77]. The
main effect of acetylcholine on the activity of dopaminergic
neurons seems to be excitatory. In rats, electrical stimulation
of the PPTN induces a time-locked burst of dopaminergic
neurons [24, 78], while chemical or electrical stimulation
of the PPTN increases the release of dopamine in the
striatum [79–81]. Furthermore, dopaminergic neurons are
dysfunctional following excitotoxic lesioning of the PPTN
[82]. Other experiments have revealed the receptor level
mechanisms underlying the burst firing of dopaminergic
neurons induced by acetylcholine from the PPTN and LDT
[25, 83, 84]. The burst firing of dopaminergic neurons
depends on glutamatergic and cholinergic input [25, 85,
86]. Acetylcholine acts through nicotinic and muscarinic
receptors to depolarize dopaminergic neurons and alter their
firing pattern [87–90]. Thus, PPTN neuronal activity and
acetylcholine provided by PPTN neurons can facilitate the
burst firing of dopaminergic neurons [25] and appears to
do so via muscarinic [91, 92] and nicotinic [90, 93–95]
acetylcholine receptor activation.

Conversely, serotonin can exert either excitatory or in-
hibitory effects on the activity of midbrain dopaminergic
neurons, depending on the subtypes of serotonergic recep-
tors present and the location of the dopaminergic neurons
[96]. The main mechanism controlling its action seems
to be inhibition by serotonergic 2C/2B receptors [97–100];
however, several serotonergic receptor subtypes facilitate
dopamine release [101]. In addition to the direct effect of
serotonin via its receptors on dopaminergic neurons, it can
also modulate their activity indirectly by modifying GABAer-
gic and glutamatergic input to the VTA and SNc [102, 103].

2.3. Possible Role of the PPTN/DRN in Reinforcement Learn-
ing. The interactions between the neuromodulator systems
are classically associated with wakefulness/sleep control, pos-
tural control, and several neuropsychiatric disorders [27, 66,
104, 105].

In addition to these numerous functional roles, recent
studies have suggested that the PPTN is critically involved in
various reinforcement processes [106–110]. Lesioning of the
PPTN before operant training disrupted the acquisition of
the self-administration response, while lesioning after train-
ing did not [111, 112]. Lesioning, stimulation, and reversible

inactivation of the PPTN impaired the performance in
several conditioned task behaviors, but they did not change
simple behavior, including locomotion, feeding, and lever
pressing [113–115].

Similarly, several lines of evidence suggest that the entire
raphe or serotonin regulates motivated behavior [28, 31,
116–123]. The depletion of serotonin induces impulsive
behavior, which might reflect a deficit of the valuation sys-
tem. The systemic or local depletion of serotonin renders an
animal likely to choose a small but immediate reward rather
than a large but delayed reward [124–131]. The human
DRN was activated when subjects learned to obtain large
future rewards [119]. Long-lasting DRN activity may also
have other functions because impulsivity has been associated
with other serotonin-related behavioral tendencies such as
aggression [132, 133] and obsession [134].

3. Responses of PPTN/DRN Neurons in
Two-Valued Reward Saccade Tasks

Thus, abundant anatomical, electrophysiological, and phar-
macological studies of slice and whole animal preparations
indicate that PPTN/DRN neurons provide mutual inputs
to dopaminergic neurons and basal ganglia nuclei and play
an important role in reinforcement learning. However, the
precise mechanism by which PPTN/DRN neurons cause
these effects is unknown, partly because only a few studies
have examined the activity of PPTN/DRN neurons during
motivated behavioral tasks.

Classically, electrophysiological studies of PPTN neurons
have shown their relationship with the sleep-wake cycle and
locomotion [30]. Further, in a pioneering study of operant
conditioned cats, PPTN neurons relayed either a reward or
salient event signal by phasic firing [135]. A recent study in
rats showed that the reward-related activity of PPTN neurons
was affected by changes in the reward context [136]. Other
studies have reported that PPTN neurons encoded the
sensory or motor rather than reward information of task
events in rats [137] and monkeys [138].

For DRN neurons, electrophysiological studies have main-
ly focused on the sleep-wake cycle and motor behavior [139],
and recent studies in rats reported that DRN neurons showed
transient changes in activity to sensorimotor events, includ-
ing reward [140] and aversive foot shocks [141]. Recent
studies in rats also reported that the efflux of serotonin was
enhanced [142], and the tonic firing of DRN neurons was
increased [143] while rats waited for a reward, which was re-
lated to their waiting behavior.

To examine the role of the PPTN/DRN in reward pre-
diction error computation and adaptive behavioural control,
we recorded the extracellular spike activity of PPTN, DRN,
and putative dopaminergic neurons in monkeys performing
saccade tasks to obtain a juice reward [41–45]. We used
two-valued reward saccade tasks, that is, visually-guided
and memory-guided saccade tasks, which are comparable
to those used for electrophysiological recordings from basal
ganglia nuclei and dopaminergic neurons. In the visually-
guided saccade task, the animal maintained fixation on
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a central fixation target, and, immediately after the periph-
eral target appeared, it made a horizontal saccade. In the
memory-guided saccade task, the animal made a saccade to
a flashed target location after some delay.

To examine (1) the effect of the predicted reward value
and (2) the effect of error in reward prediction on neuronal
activity, we made two modifications to the tasks. First, in
order to examine the effect of reward prediction, we made
these saccade tasks two valued so that the reward magnitude
(large or small) was cued by the property of the visual
target (shape or location) in each trial. For recordings from
PPTN neurons [42], the reward magnitude was cued by the
shape of the initial central fixation target (Figure 2(a), square
or circle). For recordings from DRN neurons and putative
dopaminergic neurons in the SNc [44, 45], the location of
the saccade target (left or right) was associated with large or
small rewards, respectively (Figure 2(b)). In these conditions,
the monkeys learned the relationship between the property
of the cue and the reward magnitude, and the behavior of the
monkeys was influenced by their expectation of the reward
value.

Second, in order to examine the effect of the reward
prediction error which was the difference between the actual
given reward and the predicted reward, we changed the
contingency between the cue property and the reward value.
Specifically, the cue property (either fixation target shape or
saccade target location) and the reward value contingency
was constant for more than 20 consecutive trials, called
a block. Because of the block design, once a block was
started, the animal knew which cue property generated
the largest reward, even before cue presentation. Then the
contingency between the cue property and the reward value
was switched without any additional cue; therefore, the
animal only received an unexpected reward magnitude on
the very first trial after contingency reversal.

For extracellular recording, the locations of the PPTN
and DRN were estimated using magnetic resonance imaging
and later verified histologically. Details of recording sites of
the PPTN and DRN are shown in Figure 1 of Okada et al.
[42] and Figure 1 of Nakamura et al. [44], respectively. Cor-
rect placement of the recording electrode was also confirmed
by monitoring the neuronal activity in the surrounding
structures, including the superior and inferior colliculi. For
recordings from PPTN neurons, high-frequency tonic fiber
activity in the cerebellar peduncle, close to the PPTN, was
used as a landmark. For recordings from the DRN, which has
a more medial location than the PPTN, the trochlear nucleus
is the most prominent landmark in monkeys [144].

To record from putative dopaminergic neurons, we
searched in and around the SNc. Dopaminergic neurons
were identified by their irregular and tonic firing at
∼5 spikes/s with broad spike potentials. The recording sites
were estimated using magnetic resonance imaging and later
verified histologically. In this experiment, we focused on
those dopaminergic neurons that responded to reward-
predicting stimuli with phasic excitation.

As noted above, although the PPTN and the DRN are
centers of cholinergic and serotonergic neurons; respectively,
they also contain neurons with other neurotransmitters. This

Large reward

Small reward

FT on ST on Saccade

FT-shape reward

(a)

Large reward

Small reward

ST onFT on Saccade

ST-location reward

(b)

Figure 2: Schematic diagrams for the two-valued reward saccade
tasks. (a) The reward magnitude was cued by the shape of the initial
central fixation target (square or circle) for recordings from PPTN
neurons. (b) The location of the saccade target (left or right) was
associated with large or small rewards, respectively, in recordings
from DRN neurons. FT: fixation target, ST: saccade target.

heterogeneity poses a challenge to relate electrophysiological
studies of PPTN/DRN neurons to their neurochemical
identity. It was suggested that there are 2 types of neurons in
slice preparations of the rat PPTN that generated broad and
brief action potentials [145]. Recent extracellular recording
studies also reported neurons that generated broad and
brief action potentials; however, they exhibited a unimodal
distribution and could not be classified into groups [41, 138].
For the DRN, previous studies estimated that a substantial
proportion of DRN neurons are serotonergic: ∼30% in rats
[146], 70% of medium-sized DRN neurons in cats [55,
147], and 70% in humans [148]. Note that, in addition to
serotonin, the DRN includes neurons with many kinds of
neurotransmitters such as GABA, glutamate, and dopamine
[56]. However, there are no reliable electrophysiological cri-
teria (such as the baseline firing rate, spike shape, and spiking
regularity) to identify the neurotransmitter of the recorded
neuron. Therefore, we studied all well-isolated neurons in
the PPTN/DRN whose activity changed during saccade tasks,
rather than choosing neurons with specific electrophysiolog-
ical properties.

3.1. Neuronal Activity of the PPTN. We recorded the extracel-
lular spike activity of PPTN neurons during the performance
of the two-valued saccade tasks in monkeys [42]. These tasks
were comparable to those used in recordings from basal
ganglia nuclei and dopaminergic neurons in which the shape
of the fixation target (square or circle) indicated the reward
magnitude (large or small, Figure 2(a)). We recorded a popu-
lation of PPTN neurons that exhibited significant responses
to one or more task events, including reward delivery, visual
stimulus presentation, and saccade execution (153/185,
83%). The responses showed a rich variety of patterns: some
exhibited a phasic response to task events, others exhibited
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tonic changes in activity throughout the trial, and we also
observed a combination of these phasic and tonic responses.

In this section, we will describe the activity modulation
of PPTN neurons for (1) the prediction of reward magnitude,
(2) motivation to perform the task, and (3) actual reward
magnitude. In short, two groups of PPTN neurons showed
reward magnitude-dependent response modulation. A sub-
set of neurons exhibited increased activity around the time
of the onset of the fixation target that was sustained until
the end of the trial, with a significant dependency on the
magnitude of the predicted reward (fixation target neurons,
Section 3.1.1), while the other neurons exhibited a phasic in-
crease in activity only around the time of reward delivery,
with a significant dependency on the reward magnitude of
the current reward (reward delivery neurons, Section 3.1.3).
All of these observed features of PPTN neuronal activity are
suitable for its possible role in reward prediction error comp-
utation and appropriate action selection in a given situation.

3.1.1. Effect of the Predicted Reward Value on the Activity of
PPTN Neurons. A subset of PPTN neurons exhibited in-
creased activity around the time of the onset of the fixation
target that was sustained until the end of the trial, with a
significant dependency on the magnitude of the predicted
reward (fixation target neurons, N = 30, Figure 3). Figures
3(a) and 3(b) show raster displays and spike density func-
tions for a representative fixation target neuron. This neuron
showed elevated firing throughout the trial that was greater
when the cued reward was large; compare the red raster lines
and traces (large reward) with the blue ones (small rewards).
Differences in the responses to the large and small reward
cues generally began to emerge at ∼100 ms after the cue was
presented. These differential responses extended throughout
the working memory period following the offset of the
fixation target/cue and lasted until, and even after, reward
delivery (green bars), and they were almost unaffected
by other task events, such as the onset of the peripheral
saccade target (black bars) and the saccade to the saccade
target (black triangles). Note that there were nondifferential
responses before the onset of the fixation target, presumably
in anticipation of its appearance. In the next section, we
will discuss the relationship between these nondifferential
responses and the monkeys’ motivation to perform the
task. We used multiple analytical approaches, including
receiver operating characteristic (ROC) analysis, mutual
information, and correlation analyses, and all analyses
consistently proved the dependency of the neuronal activity
on the magnitude of the predicted reward [42]. Because
some fixation target neurons maintained these differences
in response even after reward delivery, we also tested their
response to free-reward delivery, in which the large reward
was given unexpectedly during the intertrial intervals. All of
the tested fixation target neurons were totally unresponsive
to free-reward delivery, consistent with the view that these
neurons encode the predicted reward value instead of the
actual reward or reward prediction error signals.

The tonic modulations in activity during the task period,
as shown in the example neuron in Figures 3(a) and 3(b),

were commonly observed in the PPTN neurons (N =
86, Figures 3(e)–3(g)). After fixation target onset, but be-
fore reward delivery, approximately one-third of fixation
target-responsive PPTN neurons showed significant reward-
dependent modulation, with most of the neurons firing
more strongly for large- than small-reward trials (N = 30,
Figure 3(g)). There was a small population of neurons that
showed a weak negative reward magnitude dependency in
which the response was smaller during the large-reward trials
(N = 6). For each neuron, the changes in activity during the
task period tended to increase and be sustained during large-
and small-reward trials but was greater during large-reward
trials, thus leading to the differences in activity between the
two reward conditions (Figures 3(e) and 3(f)).

Further insights were obtained by recording the activity
in a contingency reversal paradigm, in which the meaning
of the fixation target/cue was suddenly reversed during
neuronal recording (Figures 3(c) and 3(d)). As a result of
contingency reversal, there was a discrepancy between the
predicted and actual reward, at least during the first trial,
and we examined the trial-by-trial responses of the fixation
target neurons around the contingency reversal period. The
responses of the fixation target neurons during the fixation
target period and the subsequent working memory period
clearly reflected the contingency reversal with a delay of
one trial. In the first reversed contingency trial, the animals
could not predict the correct reward magnitude because
they were unaware of the contingency reversal, and the
target/cue and working memory period responses did not
immediately follow the contingency reversal. The net result
was that, by the second trial after contingency reversal, the
cue predicting the larger reward was again associated with
the higher discharge rate (i.e., one-trial learning).

3.1.2. Correlation of Fixation Target Response with Behav-
ioral Performance. As shown above, a population of PPTN
neurons showed tonic activity changes throughout the task
period, and a subset showed reward value-dependent activity
modulation. We then examined the relationship between the
task- and reward-related modulations.

The population-averaged normalized activity of PPTN
neurons is shown in Figure 4, separately from the reward-
related modulation patterns. As shown by the normalized
activity modulation of each neuron in Figure 3, reward
value-dependent and -independent neurons showed elevated
activity during the task period. The correlation between the
neuronal activity and reward value was significant for re-
ward value-dependent neurons, peaked after the presenta-
tion of the fixation target and was sustained during the
task period (Figure 4(c), black trace). Conversely, there was
almost no correlation for reward value-independent neurons
(Figure 4(d), black trace).

The increase in activity started even before the onset of
the fixation target, presumably in anticipation of its appear-
ance. Interestingly, the responses of the reward magnitude-
independent neurons during the precue period were iden-
tical to those of the reward magnitude-dependent fixa-
tion target neurons (Figures 4(a) and 4(b)). To test whether
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Figure 3: Activity of fixation target neurons of the PPTN for the saccade task. (a, b) A rastergram and peritask event spike density function
for the activity of a representative fixation target neuron over 10 successive trials, aligned to the onset of the fixation target. The red and blue
rasters (a) and traces (b) indicate large and small reward trials, respectively. In (a), the green squares and circles indicate fixation target onset,
the black bars indicate the onset of the saccade target, the black triangles indicate saccade onset, and the green lines indicate the times at which
the large (3 bars) and small (1 bar) rewards were delivered. (c) Responses of fixation target neurons to fixation target (squares and circles)
presentation (mean response of 200–600 ms after fixation target onset, fixation target/cue period) after reversal of cue-reward contingency.
The left panel shows the large-to-small reward reversal, and the right panel shows the small-to-large reward reversal. Large-reward trials are
indicated by the dark gray bars, while small-reward trials are indicated by the clear areas. Shown are the mean and standard error of the
mean (SEM) of the normalized neuronal activity for the nth trial after contingency reversal. The asterisks (∗) indicate the activity that was
significantly different from the activity during the last 5 trials of the block with the reversed contingency (P < 0.01, Mann-Whitney U test).
(d) Similar to (c) but for the responses after fixation target offset (working memory period, 200–600 ms after fixation target offset). (e–g) The
activity of each fixation responsive neuron is presented as a row of pixels (n = 86). (e, f) Changes in the neuronal firing rate from baseline are
compared in the large- (e) and small- (f) reward trials. The color of each pixel indicates the ROC value based on the comparison of the firing
rate between a control period just before fixation onset (400-ms duration) and a test window centered on the pixel (100-ms duration). Warm
colors (ROC > 0.5) indicate increases in the firing rate relative to the control period, whereas cool colors (ROC < 0.5) indicate decreases in
the firing rate. (g) Changes in reward-dependent modulation. The ROC value of each pixel was based on the comparison of the firing rate
between the large- and small-reward trials. Warm colors (ROC > 0.5) indicate higher firing rates in the large-reward trials than in the small
ones. In these 3 panels (e–g), the neurons have been sorted in order of their ROC values for the reward prediction effect during the task
period. FTon: fixation target onset; STon: saccade target onset; RWon: reward onset. (Modified from [42].)
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Figure 4: Correlations between PPTN neuronal responses with reward value and task performance. (a, b) Population spike density function
of reward magnitude-dependent (a) and -independent (b) fixation target-responsive neurons averaged for large- (red) and small- (blue)
reward trials, aligned to fixation target onset, saccade target onset, and reward delivery. The spike density is the population average
normalized for the peaks of the individual neurons. The thick lines indicate the mean normalized activity, and the light-shaded areas are ±
1 SEM. (c, d) Correlation coefficient (absolute value) plots of the neuronal responses shown in (a) and (b) with the reaction time to fixate
upon the fixation target (purple) and the reward magnitude (black). The horizontal dotted red line indicates the significance level (P = 0.05)
of the correlations. FT: fixation target, ST: saccade target, RD: reward delivery. (Modified from [42].)

the PPTN neurons encoded the motivation to fixate on the
target, we analyzed the relationship between the activity
during the precue period and the reaction time to fixate upon
the initial fixation target (RTft).

Now, if the neurons encoded motivation in an integrated
manner, then the neurons that showed reward value-de-
pendent modulation should also show behavioral perfor-
mance dependency, whereas neurons that showed no reward
value dependency should also show no behavioral perfor-
mance dependency. Conversely, if the neurons encoded the
motivation to fixate on the target and the motivation to get
the reward in an independent manner, then there should be
no systematic relationship between behavioral performance
dependency and reward value dependency.

The neuronal activity was correlated with RTft in a time-
dependent manner in the reward magnitude-dependent

and -independent neuronal groups. This correlation became
significant during the precue period, peaked shortly after
the presentation of the fixation target, and declined back to
baseline during the cue period (Figures 4(c) and 4(d), pur-
ple trace). Altogether, the reward magnitude-independent
neurons shared the component for the response correlation
related to the anticipation of cue onset with the reward
magnitude-dependent neurons. This finding indicates that
the reward magnitude-independent neurons signal the early
component of the motivational drive to fixate on the fixation
target in an almost equal manner to that of the reward
magnitude-dependent fixation neurons.

3.1.3. Effect of the Received Reward Value on the Activity of
PPTN Neurons. Another group of PPTN neurons exhib-
ited a phasic response to reward delivery, with a significant



8 Neural Plasticity

dependency on the magnitude of the delivered reward (re-
ward delivery neurons, N = 15). In contrast to the tonic
activity of the fixation target neurons, the reward delivery
neurons exhibited a transient response, reaching a peak dis-
charge rate shortly after reward delivery and then rapidly
declining back to baseline (Figures 5(a) and 5(b)); these
were almost unresponsive during the target/cue and working
memory periods. In the trial with a larger reward, the dis-
charge rate of the transient response reached a higher peak
at a slightly later time and took a few hundred milliseconds
longer to decay back to baseline than during the small-
reward trials. Similar to the fixation target neurons, approx-
imately half of the reward delivery neurons showed small
nondifferential responses, even before reward delivery, pre-
sumably in anticipation of the timing of the reward.

After actual reward delivery, approximately half of the
reward-responsive PPTN neurons showed significant posi-
tive-reward-dependent modulation and fired more strongly
during large- than small-reward trials (15/35, Figures 5(e)–
5(g)). There was a small population of neurons that showed
a weak negative-reward-magnitude dependency (N = 5).
For each neuron, the changes in activity after reward delivery
tended to increase during the large- and small-reward trials.

During the contingency reversal paradigm, there was a
discrepancy between the predicted and actual reward. The
responses of the reward delivery neurons changed immedi-
ately after the contingency reversal, so that larger rewards
were still associated with larger neuronal responses, even
on the first trial in which the monkeys predicted the small
rewards (Figure 5(c)). Therefore, the reward delivery neu-
rons convey information about the magnitude of the actual
given reward, regardless of the monkeys’ prediction. We also
tested the responses to free-reward delivery, and all of the
tested reward delivery neurons responded briskly to the task-
and free-reward delivery. The fact that the reward delivery
neurons responded to the task and free rewards, given in
either an expected or unexpected manner, suggests that
reward delivery neurons encode the actual reward magni-
tude. This is fundamentally different from the reward re-
sponse of dopaminergic neurons that exhibited burst firing
only to an unexpectedly given reward and showed no re-
sponse to the fully predicted reward (reward prediction error,
see also Figure 8) [9, 149].

Overall, two different groups of PPTN neurons encode
the reward prediction and actual reward signals, both of
which are necessary for the computation of the reward
prediction error signal in dopaminergic neurons. The reward
prediction signal is encoded by the sustained tonic firing of
one group of PPTN neurons (Figure 3) and is sometimes
intermingled with the task motivation signal (Figure 4). The
actual reward signal is encoded by the phasic response of the
other group of PPTN neurons (Figure 5).

3.2. Neuronal Activity of the DRN. We also recorded extra-
cellular spike activity from the neurons in the monkey DRN
during the two-valued saccade tasks [44, 45]. The tasks
were comparable to those used for the PPTN recordings,
except that the location of the saccade target (left or right)

indicated the reward magnitude (large or small, Figure 2(b)).
We observed that, like PPTN neurons, DRN neurons also
exhibited tonic changes in activity that would be ideal to
encode sustained aspects of motivated behavior such as the
predictive state of the upcoming reward. Detailed analyses
indicated that a group of DRN neurons did indeed keep track
of the predicted and/or given reward value.

3.2.1. Effect of the Predicted and Received Reward Value on
the Activity of DRN Neurons. DRN neurons exhibited task-
related activity that was modulated by the reward value.
Figure 6(a) shows a representative example. The neuron
exhibited an increase in activity after the onset of the fixation
point (FPon) followed by regular and tonic firing until
reward onset. The activity further increased after the onset
of a large reward but ceased after the onset of a small reward
and lasted for more than 800 ms after reward onset. A subset
of neurons, an example of which is shown in Figure 6(b),
exhibited the opposite pattern; that is, the neuron showed
small reward-dominant post-reward activity that lasted until
the start of the next trial. In some neurons, reward value-
dependent modulation was also observed during the delay
period, before reward onset, presumably reflecting the mon-
keys’ prediction of the reward. The neuron in Figure 6(b)
exhibited stronger delay activity during small-reward trials
than during large-reward trials, but only when leftward
saccades were required. However, note that such directional
selectivity was relatively rare among DRN neurons, and
many neurons showed reward value-dependent modulation
regardless of the direction of the saccade.

The reward-dependent modulations in activity before
and after reward delivery, as shown in the example neu-
rons in Figure 6, were commonly observed in DRN neurons
(Figure 7). After target onset, but before reward delivery,
approximately one-quarter of all analyzed DRN neurons
showed significant reward-dependent modulation, with
most of the neurons firing more strongly for large than small
reward trials (Figure 7(c)). After reward delivery, more than
40% of neurons exhibited reward-dependent modulation,
with half of them preferring large rewards and the other half
preferring small rewards.

Note that there was a notable difference in the reward-
dependent modulation between the pre- and postreward
periods. For each neuron, the changes in activity during
the prereward period, compared with the baseline activity,
tended to be in the same direction during large- and small-
reward trials but tended to be greater during large-reward tri-
als, thus, leading to differences in the activity between the two
reward conditions (Figures 7(a) and 7(b)). On the contrary,
the changes in activity during the postreward period, com-
pared with the baseline activity, tended to be in the opposite
direction. For example, for the neuron shown in Figure 6(a),
the prereward activity increased compared with the baseline
during large- and small-reward trials. However, the postre-
ward activity increased during large-reward trials, but it was
inhibited during small-reward trials. Such a distinct effect on
modulation indicates a different source for the modulation
of DRN neuronal activity before and after reward delivery.



Neural Plasticity 9

Reward delivery neurons

(a)

0

50

Sp
ik

es
/s

0 1000 ms

Large reward

Small reward

Time from reward

(b)

0 10 0 10
0

0.8

M
ea

n
re

sp
on

se
(n

or
m

al
iz

ed
)

n= 11

∗

∗

Large→ small Small→ large|

Postreward period

(c)

Regular task
Free reward

Time from RD
500 ms

0
0

1

M
ea

n
re

sp
on

se
(n

or
m

al
iz

ed
)

(d)

Large reward
Decrease Increase

0.1 0.3 0.5 0.7 0.9

10

20

30

FT
on

ST
on

RW
on

(e)

Small reward
Decrease Increase

0.1 0.3 0.5 0.7 0.9

10

20

30

FT
on

ST
on

RW
on

(f)

Reward e ect

0.1 0.3 0.5 0.7 0.9

10

20

30

FT
on

ST
on

RW
on

1000 ms

Large→ smallSmall→ large

(g)

Figure 5: Activity of reward delivery neurons of the PPTN for the saccade task. (a, b) A rastergram and peritask event spike density function
for the activity of a representative reward delivery neuron over 10 successive trials, aligned to reward delivery. (c) Responses of the reward
delivery neurons to reward delivery of large and small rewards after the reversal of cue-reward contingency. (d) Population response of
reward delivery neurons to free (black) and large (red) rewards. The responses represent the average firing rate normalized for the peak
responses of the individual neurons (n = 9). The thick lines indicate the mean normalized activity, and the light-shaded areas are ± 1 SEM.
(e–g) The activity of each reward-responsive neuron is presented as a row of pixels (n = 35). (e, f) Changes in the neuronal firing rate from
baseline are compared in the large- (e) and small- (f) reward trials. (g) Changes in reward-dependent modulation. In these 3 panels (e–g),
the neurons have been sorted in order of their ROC values for the reward effect during the postreward delivery period. FTon: fixation target
onset; STon: saccade target onset; RWon: reward onset. (Modified from [42].)

While recording from DRN neurons, the contingency be-
tween the target position and reward value was fixed during
one block of trials but was then reversed with no external
cue. This allowed us to examine how the monkeys’ perfor-
mance and neuronal activity changed to the new position-
reward contingency. The saccadic reaction times changed

quickly after the reversal of the position-reward contingency
(Figure 8(a)). We, therefore, examined the time course of
the changes in the mean normalized firing rates for DRN
neurons (400–800 ms after reward onset) and for the putative
dopaminergic neurons (0–400 ms after reward onset) as a
function of the trial number after reversal.
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Figure 6: Activity of two example DRN neurons for the saccade task. For each neuron, (a) and (b), the rasters and histograms for the leftward
and rightward saccades are shown separately. The changes in their firing rates are shown by the peritask event spike density function at the
top. The activity in the large- and small-reward trials is shown in red and blue, respectively. The data are shown in 3 sections: the left section
is aligned to the time of fixation point onset (FPon), the middle section is aligned to target onset (TGon) and fixation point offset (FPoff),
and the right section is aligned to reward onset (RWon). Note that the reward offset (RWoff) applies only to the large-reward trials. The
black dots indicate saccade onset (SACon), and the light blue dots indicate reward onset and offset. (Modified from [44].)

There was a striking difference between the DRN neurons
and dopaminergic neurons in their postreward activity. The
activity of DRN neurons faithfully followed the size of the
reward (Figure 8(b), left and middle). In other words, DRN
neurons reliably coded the value of the received reward
whether or not it was expected. In contrast, the activity of the
dopaminergic neurons only changed transiently during the
first trial and, thereafter, returned to a level close to baseline
activity (Figure 8(b), right). Specifically, dopaminergic neu-
rons decreased their postreward activity for large-to-small
reward reversals and increased their activity for small-to-
large reversals. These transient changes in postreward activity
represent the “reward prediction error,” which is the differ-
ence between the value of the predicted (e.g., small reward)
and the actual rewards (e.g., large reward). This progression
in the postreward activity of dopaminergic neurons is con-
sistent with the findings of other studies [9, 149]. Thus,

the results indicate that DRN neurons encode the actual re-
ward value and not the reward prediction error.

3.2.2. Coding of the Task Reward Value in the DRN. As
shown in Figure 6, the response of the DRN neurons often
took the form of tonic activity changes throughout multiple
task phases. Such type of activity would be ideal to encode
sustained aspects of motivated behavior such as the state of
expectation for the upcoming reward.

To test this hypothesis, we analyzed the relationship be-
tween the tonic activity during the fixation period and the
differential responses to reward cues and actual rewards.
Note that during the fixation period (before target onset),
the exact reward value the animal would receive for that
trial was as yet unknown (Figure 2(b)). However, the overall
value of the behavioral task would be between the large- and
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Figure 7: Population activity of DRN neurons. The activity of each neuron is presented as a row of pixels (n = 84). (a, b) Changes in the
neuronal firing rate from baseline are compared in the large- (a) and small- (b) reward trials. The color of each pixel indicates the ROC value
based on the comparison of the firing rate between a control period just before fixation onset (400-ms duration) and a test window centered
on the pixel (100-ms duration). Warm colors (ROC > 0.5) indicate increases in the firing rate relative to the control period, whereas cool
colors (ROC < 0.5) indicate decreases in the firing rate. (c) Changes in reward-dependent modulation. The ROC value of each pixel was
based on the comparison of the firing rate between the large- and small-reward trials. Warm colors (ROC > 0.5) indicate higher firing rates
during the large-reward trials than during the small ones. In all panels (a–c), the neurons have been sorted in order of their ROC values for
the reward effect during the postreward (400–800 ms) period (c). FPon: fixation point onset, TGon: target onset, FPoff: fixation point offset,
RWon and off: reward onset and offset. (Modified from [44].)

small-reward value, which may be expressed by the neu-
ronal firing rate during the fixation period. Now, if the
neurons encoded behavioral tasks primarily in terms of
their reward value throughout a trial, then the neurons that
were excited during the fixation period should preferentially

be excited by the reward cues and the actual reward, whereas
the neurons that were inhibited during the fixation period
should be preferentially inhibited by the reward cues and
the actual reward. On the contrary, if the neurons encod-
ed the information (including the reward value) during
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Figure 8: Changes in the reaction times and activity of DRN and putative dopaminergic neurons with reward contingency reversal. The
reaction times (a) and normalized neuronal activity during the postreward period of DRN (400–800 ms after reward onset) and putative
dopaminergic neurons (0–400 ms after reward onset) are plotted. In (b), the data are shown for DRN neurons with a large-reward preference
(left), DRN neurons with a small-reward preference (middle), and putative dopaminergic neurons (right). Error bars, SEM. (Modified from
[44].)

the fixation period and after the reward cue and reward deliv-
ery in an independent manner, then there should be no sys-
tematic relationship between the fixation and reward-related
activity.

The population-averaged normalized activity of DRN
neurons is shown in Figure 9 and separately for neurons with
positive (Figure 9(a)), negative (Figure 9(b)), or no signifi-
cant reward signals (Figure 9(c)) in response to reward deliv-
ery. Neurons with positive-reward signals for reward delivery
(stronger activity for a large reward than for a small reward)
had elevated activity during the fixation period (Figure 9(a)).
If the large-reward target appeared, their activity was elevated
further, whereas if the small-reward target appeared, they
returned to near the baseline. Neurons with negative-reward
signals (stronger activity for a small reward than for a large
reward) had suppressed activity during the fixation period
(Figure 9(b)). If the large-reward target appeared, their
activity was further suppressed, whereas, if the small-reward

target appeared, they returned to near the baseline. Neurons
with no significant reward signals had a tendency for phasic
responses to the fixation and saccade targets and slightly
elevated activity during the fixation period (Figure 9(c)).
Further analyses revealed that neurons with stronger task
coding, that is, changes in their fixation period activity, also
had stronger reward coding, that is, different activity between
the large- and small-reward trials. Collectively, such equiva-
lent changes in activity between the fixation and postreward
periods suggest that the level of DRN activity continually
tracks the predicted value.

4. Circuit Mechanisms for the Computation of
the Reward Prediction Error Signal

4.1. Summary of the Response Patterns of PPTN/DRN Neu-
rons. Here we summarize and compare the temporal activity
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Figure 9: Population-averaged activity of DRN neurons separated by their reward signals in response to the outcome. (a–c) Normalized
activity is shown for the memory-guided saccade task (MGS, left) and visually-guided saccade task (VGS, right), shown separately for
positive-reward neurons (a, top), negative-reward neurons (b, middle), and no-outcome response neurons (c, bottom). The colors indicate
the average of all trials (black), large-reward trials (red), and small-reward trials (blue). The neurons were sorted into these categories on the
basis of significant reward discrimination after outcome onset (gray bar on the x-axis; P < 0.05, Wilcoxon rank-sum test). The histograms
below (c) show the reward discrimination for each neuron, with the colors indicating positive-reward neurons (red) and negative-reward
neurons (blue). For the plots of normalized activity, the activity of each neuron was normalized by computing its ROC area versus baseline
activity during the intertrial interval. The thick lines indicate the mean normalized activity, and the light shaded areas are±1 SEM. (Modified
from [45].)

patterns of the dopaminergic, PPTN, and DRN neurons to
the presentation of the reward-predicting cue and reward
delivery in the two-valued reward task (Figure 10).

In the earlier phases of the trial, the reward-predicting
cue was presented. The dopaminergic neurons then exhibited
a phasic burst of activity. The magnitude of their response

was correlated with the predicted reward value, such that
greater firing occurred in response to more valuable cues
(Figure 10(A)) [150]. In contrast, a group of PPTN neu-
rons exhibited an increase in activity to reward cue pre-
sentation, and this activity was sustained throughout the
task period. Some neurons showed stronger activity when
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Figure 10: Schematic drawing of the activity changes of dopamin-
ergic, PPTN, and DRN neurons for the two-valued saccade task.
Cue and reward indicate the timing of reward-cue presentation
(either fixation target shape or saccade target location) and large-
and small-reward delivery, respectively. The colors indicate the
responses in the large-reward trials (red) and small-reward trials
(blue) and the responses of neurons with no significant reward
modulation (black). (A) Dopaminergic neurons exhibited phasic
burst firing to a reward-predictive cue and an unexpected reward
(dashed lines). (B, D) Two different groups of PPTN neurons ex-
hibited a tonic reward prediction response (B) and a phasic actual
reward response (D). (C) PPTN neurons with no significant reward
modulation often exhibited tonic activity during the task period. (E,
G) DRN neurons exhibited correlated central fixation and reward
modulation, preferring either larger (E) or smaller rewards (G).
(F) DRN neurons with no significant reward modulation often
exhibited a phasic response to target presentation.

the predicted reward was larger (Figure 10(B)), while others
did not show any reward magnitude-dependent modula-
tion (Figure 10(C)). Both types of neurons showed behav-
ioral performance-related modulation, even before cue on-
set. Similar to the PPTN, a group of DRN neurons also
showed stronger activity for larger-reward-predicting cue
(Figure 10(E)). In addition, another group of DRN neurons
exhibited the opposite firing pattern, that is, decreased activ-
ity for cue predicting a larger reward (Figure 10(G)). Unlike
the PPTN, the DRN neurons with no significant reward
modulation showed phasic responses to target presentation
and slightly elevated activity during the fixation period
(Figure 10(F)).

In the later phases of the trial, the monkeys received a
juice reward. The dopaminergic neurons now exhibited a
phasic burst or pause in activity immediately after cue-re-
ward contingency reversal, in which the reward value was
larger or smaller than expected, respectively, (Figure 10(A),
dashed line). The PPTN neurons that showed tonic firing

to the cue ceased firing around the time of reward delivery
(Figures 10(B) and 10(C)) and were totally unresponsive to
an unpredictably given reward. A different group of PPTN
neurons, which did not modulate their activity in response
to the cue, now exhibited a phasic burst to reward delivery
(Figure 10(D)), and the response magnitude was correlated
with the given reward value. Tonic-firing DRN neurons also
showed a prolonged modulation of activity after reward
delivery (Figures 10(E) and 10(G)). The reward-related
modulation tended to be correlated with the modulation
in activity during the fixation period. Notably, the changes
in activity for large and small rewards tended to be in
the opposite direction; for example, the postreward activity
increased during large-reward trials, but it was inhibited
during small-reward trials or vice versa. When there was a
reward prediction error, just after cue-reward contingency
reversal, the response of the reward delivery neurons of the
PPTN (Figure 10(D)) and DRN (Figures 10(E) and 10(G))
faithfully followed the actual magnitude of the reward.

Some limitations of these extracellular recording studies
in monkeys have to be considered. First, the PPTN and
DRN are heterogeneous nuclei and contain various kinds
of neurons. In our current experiments, however, the neu-
rochemical identity of the recorded neurons was hard to
determine. To date, we have not found a significant rela-
tionship between the firing pattern of the neurons and their
neurophysiological characteristics, such as spike width, firing
regularity, and recording site. Second, the PPTN/DRNs have
massive reciprocal interconnections, not only with dopamin-
ergic neurons but also with other brain areas; thus, the firing
patterns of the neurons could be either input or output
signals. While we found several types of representation, that
is, tonic fixation and phasic reward modulation of PPTN
neurons and positive and negative reward modulation of
DRN neurons, the organization of these circuits and their
interactions are hard to understand. With due consideration
given to these methodological limitations, we believe that the
present study contributes to our understanding of the role
of neuromodulator systems in reinforcement learning and
motivational behavioural control.

4.2. PPTN/DRN Neurons Relay the Tonic Reward Prediction
Signal. A prominent feature of PPTN/DRN neuronal activ-
ity is its tonic modulation pattern, and these tonic firing
patterns during the task period resemble the short-term
memory of the reward prediction for the current trial.
Computational models [151–155] of dopaminergic neuronal
firing have noted similarities between the response patterns
of dopaminergic neurons and the well-known learning algo-
rithms, especially temporal difference reinforcement learn-
ing algorithms. However, there has been considerable debate
regarding the circuit mechanisms underlying reward predic-
tion error computation [154].

The temporal difference model uses fast-sustained excita-
tory reward prediction and delayed slow-sustained inhibitory
signals in dopaminergic neurons to produce an onset burst to
the cue followed by offset suppression to the reward. Previous
studies have suggested that there are several structures that
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might send the tonic inhibitory reward prediction signals to
dopaminergic neurons, such as the striosome [154, 155] and
ventral pallidum [156]. However, the crucial missing link
between the learning algorithm and the reported neuronal
activity is the excitatory tonic input to dopaminergic neu-
rons, which resembles the memory of the predicted reward
value maintained until the actual reward delivery. The clas-
sical model supposed that the neurons in the striatum (the
striosome) might provide both signals via direct and double-
inhibition mechanisms to dopaminergic neurons. Our
present findings suggest that a group of PPTN/DRN neurons
could send a direct tonic excitatory component to dopamin-
ergic neurons. How are these tonic signals from PPTN/DRN
neurons converted to the phasic signals observed in the
dopaminergic neurons? The simple and algorithm-matched
model is the summation of the excitatory and inhibitory
tonic signals, as follows. When the reward cue is presented,
dopaminergic neurons receive a fast-sustained excitatory
reward prediction signal, which we proposed, and a delayed
slow-sustained inhibitory signal from the basal ganglia.
DRN neurons can play either an excitatory or inhibitory
role because the excitatory and inhibitory types of neurons
are present, and serotonin exerts excitatory and inhibitory
effects via several subtypes of serotonergic receptors [96].
As a result of summation, dopaminergic neurons exhibited
transient excitatory and inhibitory signals timed at reward
cue presentation and reward delivery, respectively. An alter-
native model for the computation suggests that the temporal
differentiation of the tonic reward prediction signal, which
increases at reward cue presentation and falls around the
time of reward delivery, may produce the phasic signals of
dopaminergic neurons. During the reward delivery phase,
the inhibitory transients are summed with the excitatory
actual reward signals by the other group of PPTN neurons,
which we proposed, for the computation of the reward
prediction error; thus, dopaminergic neurons produce no
response when the reward prediction matches the actual one
[14, 157].

Recent studies have emphasized the potential importance
of the lateral habenula and rostromedial tegmental nucleus
for the inhibition of dopaminergic neurons [158, 159]. Neu-
rons in the lateral habenula are inhibited by a reward-pre-
dicting stimulus, but fire following a nonreward signal [160].
These structures are other possible candidates for the com-
putation of the reward prediction error and are also inter-
connected with the PPTN and the DRN [65].

4.3. PPTN/DRN Neurons Relay the Task Motivation Signal.
In addition to the reward prediction signal, an overlapping
group of PPTN/DRN neurons showed task motivation-
related activity modulation. The majority of PPTN neurons
exhibited a tonic increase in activity regardless of its reward-
related modulation. This tonic increase in activity occurred
even before reward cue presentation, and part of these
responses showed a significant dependency on the monkeys’
performance of the task, such that stronger activity is
observed during a good-performance epoch than during a
poor-performance epoch. The recruitment of the PPTN in

motivational control concurred with previous studies [30,
114, 161]. Conversely, task-related changes in DRN neurons
included excitation and inhibition of activity. Furthermore,
the reward-related modulation tended to be correlated with
the initial task-related modulation, such that neurons with
elevated activity exhibited stronger activity for a large reward
than for a small reward. This observation suggests that DRN
neurons encode correlated task and reward information,
while PPTN neurons encode these signals independently.

4.4. PPTN/DRN Neurons Relay the Actual Reward Signal. In
the reward delivery phase, PPTN and DRN neurons encode
the “actual reward signal,” while dopaminergic neurons
encode the “reward prediction error signal.” The actual
reward signal is necessary information to compute the error
between the predicted and actual reward; however, there
are several differences between the actual reward signals of
PPTN and DRN neurons. First, in the PPTN, two different
groups of neurons encode the reward prediction and actual
reward signals, while an overlapping group of DRN neurons
encode both signals. Thus, PPTN neurons exhibited phasic
burst firing only to reward delivery and were almost silent
during the task period, while DRN neurons exhibited tonic
firing both before and after reward delivery. Second, the
actual reward responses of PPTN neurons were phasic, while
DRN neurons exhibited a tonic modulation pattern that
was sometimes sustained until just before the next trial.
Third, PPTN neurons exhibited an increase in firing to large-
and small-reward delivery, while DRN neurons exhibited an
opposite response to these rewards.

These observations suggest that PPTN neurons encode
a simple reward value, while DRN neurons encode rather
more complex information. The correlated coding of task
and reward signals by DRN neurons might be matched with
the reported relationship of serotonin to impulsive behavior.
One hypothesis is that DRN neurons integrate task-related
reward prediction signals and actual received reward signals
and have a role in time discounting for future rewards.
A recent study in rats also reported that DRN neurons
increased tonic firing while the rats waited for a reward, and
this was related to the rats’ waiting behavior [143]. Another
hypothesis is that the actual reward signal of DRN neurons
might be biased by the possible reward value for a rather
long time scale (across blocks of trials). As shown above,
even when the delivered magnitude of the reward was as
predicted, some DRN neurons showed a decrease in firing
to small-reward delivery; thus, DRN neurons might encode
the error between the actual reward and the average of all
possible options for rather a long time scale. Such patterns of
relative reward value coding would be useful in comparing
and selecting reward options, including reward value and
time delay for receiving a reward.

Overall, the activity patterns of PPTN and DRN neurons
were different from those of dopaminergic neurons, which
are well known as the reward prediction error signal. Fur-
thermore, the reward prediction and actual reward signals
of PPTN/DRN neurons, which we proposed, are necessary
signals for the computation of the reward prediction error
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and the appropriate action selection in a given situation.
The different modulation patterns of the PPTN and DRN,
together with the activity of dopaminergic neurons, reveal
dynamic information processing between these different
neuromodulator systems.
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[114] H. Condé, J. F. Dormont, and D. Farin, “The role of the
pedunculopontine tegmental nucleus in relation to condi-
tioned motor performance in the cat. II. Effects of reversible
inactivation by intracerebral microinjections,” Experimental
Brain Research, vol. 121, no. 4, pp. 411–418, 1998.

[115] J. A. Ainge, T. A. Jenkins, and P. Winn, “Induction of c-
fos in specific thalamic nuclei following stimulation of the
pedunculopontine tegmental nucleus,” European Journal of
Neuroscience, vol. 20, no. 7, pp. 1827–1837, 2004.

[116] P. P. Rompre and E. Miliaressis, “Pontine and mesencephalic
substrates of self-stimulation,” Brain Research, vol. 359, no.
1-2, pp. 246–259, 1985.

[117] M. Diotte, C. Bielajew, M. Miguelez, and E. Miliaressis, “Fac-
tors that influence the persistence of stimulation-induced
aversion,” Physiology and Behavior, vol. 72, no. 5, pp. 661–
667, 2001.

[118] Z. H. Liu and S. Ikemoto, “The midbrain raphe nuclei medi-
ate primary reinforcement via GABA(A) receptors,” Euro-
pean Journal of Neuroscience, vol. 25, no. 3, pp. 735–743,
2007.

[119] C. S. Tanaka, K. Doya, G. Okada, K. Ueda, Y. Okamoto, and
S. Yamawaki, “Prediction of immediate and future rewards
differentially recruits cortico-basal ganglia loops,” Nature
Neuroscience, vol. 7, no. 8, pp. 887–893, 2004.

[120] P. Dayan and Q. J. M. Huys, “Serotonin in affective control,”
Annual Review of Neuroscience, vol. 32, pp. 95–126, 2009.

[121] R. D. Rogers, A. J. Blackshaw, H. C. Middleton et al., “Tryp-
tophan depletion impairs stimulus-reward learning while
methylphenidate disrupts attentional control in healthy
young adults: implications for the monoaminergic basis of
impulsive behaviour,” Psychopharmacology, vol. 146, no. 4,
pp. 482–491, 1999.



20 Neural Plasticity

[122] N. D. Daw, S. Kakade, and P. Dayan, “Opponent interactions
between serotonin and dopamine,” Neural Networks, vol. 15,
no. 4–6, pp. 603–616, 2002.

[123] S. R. Chamberlain, U. Müller, A. D. Blackwell, L. Clark, T.
W. Robbins, and B. J. Sahakian, “Neurochemical modulation
of response inhibition and probabilistic learning in humans,”
Science, vol. 311, no. 5762, pp. 861–863, 2006.

[124] M. A. Wogar, C. M. Bradshaw, and E. Szabadi, “Effect of
lesions of the ascending 5-hydroxytryptaminergic pathways
on choice between delayed reinforcers,” Psychopharmacology,
vol. 111, no. 2, pp. 239–243, 1993.

[125] D. Brunner and R. Hen, “Insights into the neurobiology of
impulsive behavior from serotonin receptor knockout mice,”
Annals of the New York Academy of Sciences, vol. 836, pp. 81–
105, 1997.

[126] A. A. Harrison, B. J. Everitt, and T. W. Robbins, “Central 5-
HT depletion enhances impulsive responding without affect-
ing the accuracy of attentional performance: interactions
with dopaminergic mechanisms,” Psychopharmacology, vol.
133, no. 4, pp. 329–342, 1997.

[127] S. Mobini, T. J. Chiang, A. S. A. Al-Ruwaitea, M. Y. Ho,
C. M. Bradshaw, and E. Szabadi, “Effect of central 5-
hydroxytryptamine depletion on inter-temporal choice: a
quantitative analysis,” Psychopharmacology, vol. 149, no. 3,
pp. 313–318, 2000.

[128] S. Mobini, T. J. Chiang, M. Y. Ho, C. M. Bradshaw, and E.
Szabadi, “Effects of central 5-hydroxytryptamine depletion
on sensitivity to delayed and probabilistic reinforcement,”
Psychopharmacology, vol. 152, no. 4, pp. 390–397, 2000.

[129] C. A. Winstanley, J. W. Dalley, D. E. H. Theobald, and T.
W. Robbins, “Fractionating impulsivity: contrasting effects
of central 5-HT depletion on different measures of impulsive
behavior,” Neuropsychopharmacology, vol. 29, no. 7, pp.
1331–1343, 2004.

[130] C. A. Winstanley, D. E. H. Theobald, J. W. Dalley, R. N.
Cardinal, and T. W. Robbins, “Double dissociation between
serotonergic and dopaminergic modulation of medial pre-
frontal and orbitofrontal cortex during a test of impulsive
choice,” Cerebral Cortex, vol. 16, no. 1, pp. 106–114, 2006.

[131] F. Denk, M. E. Walton, K. A. Jennings, T. Sharp, M. F. S.
Rushworth, and D. M. Bannerman, “Differential involvement
of serotonin and dopamine systems in cost-benefit decisions
about delay or effort,” Psychopharmacology, vol. 179, no. 3,
pp. 587–596, 2005.

[132] P. T. Mehlman, J. D. Higley, I. Faucher et al., “Low CSF 5-
HIAA concentrations and severe aggression and impaired
impulse control in nonhuman primates,” American Journal
of Psychiatry, vol. 151, no. 10, pp. 1485–1491, 1994.

[133] A. M. Van Erp and K. A. Miczek, “Aggressive behavior, in-
creased accumbal dopamine, and decreased cortical sero-
tonin in rats,” Journal of Neuroscience, vol. 20, no. 24, pp.
9320–9325, 2000.

[134] T. R. Insel, J. Zohar, C. Benkelfat, and D. L. Murphy, “Sero-
tonin in obsessions, compulsions, and the control of aggres-
sive impulses,” Annals of the New York Academy of Sciences,
vol. 600, pp. 574–586, 1990.
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We will discuss some of the current issues in understanding plasticity in the sensorimotor (SM) cortices on the behavioral,
neurophysiological, and synaptic levels. We will focus our paper on reaching and grasping movements in the rat. In addition,
we will discuss our preliminary work utilizing inhibition of protein kinase Mζ (PKMζ), which has recently been shown necessary
and sufficient for the maintenance of long-term potentiation (LTP) (Ling et al., 2002). With this new knowledge and inhibitors
to this system, as well as the ability to overexpress this system, we can start to directly modulate LTP and determine its influence
on behavior as well as network level processing dependent at least in part due to this form of LTP. We will also briefly introduce
the use of brain machine interface (BMI) paradigms to ask questions about sensorimotor plasticity and discuss current analysis
techniques that may help in our understanding of neuroplasticity.

1. Introduction

Neuroplasticity refers to the ability of neurons, neural
circuits, and the brain itself to be modified and to reorganize
both physically and functionally. This includes, but may not
be limited to, changes in the strength of synaptic connec-
tions, the formation and elimination of synapses, dendrites,
and axons as well as changes in the synaptic vesicular pool
and content. Recent findings have shown that the sensorimo-
tor cortex is very dynamic and is involved not only in motor
learning, but also possibly in cognitive events as well [1–6].
An obvious demonstration of the plasticity within the senso-
rimotor cortices are the changes in neurophysiological prop-
erties following injury, for an extensive review please see [7].
Besides injury, there is a growing body of research indicating
plasticity in the sensorimotor regions that occurs at different
times during sensorimotor learning, from in vitro, in vivo,
to behaving animals experiments [8–11]. Plasticity can be
induced via several sources, including activity-dependent,
use-dependent, or persistent stimulation [9, 12–14].

The sensorimotor cortices appear to encode several types
of movement-related parameters, ranging from muscle acti-
vation patterns to body kinematics and or dynamics to name
a few [15–21]. During sensorimotor learning, the relation-
ship between neural firing and these parameters can be chan-
ged via some form of neuroplasticity. One such change is an
apparent rotation in the neurons preferred direction (PD)
of movement [22, 23], which is simply the direction of
hand motion that the given neuron encodes preferentially.
This type of modulation has been seen not only with real
reaching movements, but also is currently a topic of intense
research in the BMI community [24–26]. In addition to
changes in PD, there have been reported changes in the
number of significantly modulated cells at different phases of
adaptation and learning [27, 28] as well as changes in neural
firing variability associated with increased sensorimotor
performance [29].

Generally, sensorimotor cortical plasticity is considered
to be divided into two main components [30, 31]: (1) chan-
ges in the somatotopy of sensorimotor areas induced either
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Figure 1: The rat reach-grasp-retrieve (RGR) task. The rat is
allowed to make one controlled reach for the food pellet seen at
position 1. The rat must reach through a slot that is large enough
for his hand, but not his mouth or whiskers. The rat must then walk
to the back of the chamber where they may receive a second food
pellet. Walking to the back of the cage is necessary in order for a
new food pellet to be placed at position 1.

by injury, amputation, or learning of a skilled sensorimotor
task, such as the reach, grasp, and retrieve (RGR) task for
monkeys [12] and rodents [2] that may be coupled with
changes to the dendritic and synaptic structures [32, 33]; (2)
plasticity within the network induced by microstimulation
that changes the field potentials [34]. At the behavioral level,
sensorimotor learning is also divided into two components,
early and late phases, the former having usually a steeper
learning rate. In this paper, we will discuss mostly data
provided by the rat model, but we will also include some
primate work relevant to the development of BMI as a new
tool for exploring sensorimotor learning.

2. Rat Sensorimotor Cortex and Associated
Neuroplasticity

It is not surprising that most of our knowledge pertaining
to sensorimotor changes in long-term potentiation (LTP),
long-term depression (LTD), morphological changes to the
synaptic substrate, and in general neuroplasticity comes from
rodent studies that we will now review with our focus on
results from the rat reach to grasp and retrieve (RGR)
paradigm. The RGR paradigm is a simple task that has been
used for more than half a century to investigate sensorimotor
learning, control, and performance. In short, rats are allowed
to make reaching movements through a small slit that their
hand and arm can fit through, but that their face and
whiskers cannot (see Figure 1). It is believed that this task
relies heavily on their sense of olfaction to pinpoint the target
food item [35]. There are several variants of this task, but in
general, the rat is allowed to make a single reaching attempt
through the slot for a small food pellet that sits in a small
well on a shelf at the front of the behavioral chamber. After
this reaching attempt, the food pellet may be removed to
encourage the rat to make controlled reaches. After the reach,
the rat must walk to the back of the chamber to start a new
trial at which time another food pellet is placed on the shelf
at the front of the box [36]. This ensures that the rat resets its
stance before making the next reaching movement. Thus, this
task involves both an explicit component, which is to walk to

the back to start a new trial, and implicit components, which
would be the procedural sensorimotor learning, which leads
to the formation of a sensorimotor memory that is expressed
as an increase in performance proficiency on the task.

2.1. Changes in LTP, LTD, and the Synaptic Dynamic Range.
Over time rats learn to increase their proficiency on this
reaching task that is often tracked as a percentage of success-
ful trials, where a success is often described as when the rat
makes a single reaching attempt, grasps the food pellet, and
consumes the pellet. In a series of papers published by the
group lead by John Donoghue involving the work of Hess
and Rioult-Pedotti as well as others, we learned that there
are several changes to the level of LTP, LTD, and the overall
dynamic range of synaptic plasticity in the sensorimotor
cortex that are induced after learning on this reaching task.

2.1.1. GABAergic, Cholinergic, and Dopaminergic Innervation
of M1 and Neuroplasticity. In one of their early papers
on this subject [37], the authors demonstrated that one
could induce LTP via theta burst stimulation (TBS) at the
horizontal inputs to M1 in layers II/III, but this induction
required the transient pre-TBS application of the GABA-
A receptor antagonist bicuculline methiodide (bic). It was
noted that this LTP could be enhanced if two stimulating
electrodes were used simultaneously within the range of
about 1 mm from the recording site within these same layers.
This paper was conducted utilizing a slice preparation. In
this early work, these changes in horizontal connections
were viewed in light of sensorimotor cortical map plasticity
that has been previously reviewed [30, 38]. In the following
years, these authors described a series of experiments aimed
at determining the rules of potentiation in the motor
cortex of the rat [39–44]. They determined that they could
also induce LTP in layers II/III by using a paired TBS
protocol of the vertical pathway in conjunction with the
horizontal pathway [40]. In 1999, these authors furthered
our knowledge by showing that paired, or associative TBS
in layer I and layers II/III, could also induce LTP without the
application of pharmacological agents. They determined that
this was reliant on cholinergic receptors as bath application
of muscarinic blockers prevented LTP induced via paired
layer I and layers II/III TBS. In fact they found that this paired
stimulation in the presence of atropine caused LTD not only
at the layer II/III horizontal responses, but also at layer I [44].

The importance of cholinergic inputs to the motor
cortex on sensorimotor learning of this RGR task have more
recently been shown in vivo as well [45, 46]. In this recent
work, the researchers used injections of the immunotoxin
192-IgG-saporin (SAP) to decrease the intrinsic cholinergic
inputs either globally or specifically within the motor
cortices. They noted that there was a decrease in the rate of
learning the RGR task when SAP was injected into the motor
cortex or into the nucleus basalis/substantia innominata
during the early phase of learning, which for their purposes
was training days 1–4. In addition, the overall performance
for the SAP groups was lower than the control groups.
However, during the late phase of learning/performance,
there was no significant difference between the learning rates
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of the SAP and control groups. These authors also noted that
the animals lacking their normal cholinergic innervation did
not have a learning associated caudal motor cortical map
expansion as seen in the control animals.

In addition to M1 synaptic plasticity being modulated,
or gated by GABAergic and Cholinergic innervation, it has
been shown that dopaminergic inputs from the ventral
tegmental area also play a role in gaiting LTP induced
during learning of the RGR task in the rat [47, 48]. In
this work, it was noted that the dopaminergic input was
only necessary for the learning phase of this task and that
once the animals had learned the task, that dopaminergic
depletion in M1 did not decrease performance. Along with
changes in performance on the RGR task the authors showed
that LTP induction in the slice preparation was altered via
D1 and D2 receptor blockers, decreasing the amount of
LTP that could be induced in the presence of the GABA
antagonist bic, and that LTP induced after one TBS was
already at the LTP limit of this preparation versus controls
that could undergo even more LTP over a period of several
TBS stimulations [47]. In addition to these results, they
show in [47, Figure 1.A] what appears to be a significant
decrease in learning/performance on the task due to a lack
of noradrenergic terminals in M1, although according to the
authors this did not reach significance even though all 6 data
points for this group’s learning curve were lower than their
respective counterparts from the control group. This may
indicate that this modulatory neurotransmitter system also
plays some small role in gating the amount of LTP that can
take place in the rat’s M1.

2.1.2. Behaviorally Induced Synaptic Plasticity Changes. The
previous section dealt with changes in synaptic plasticity,
or neuroplasticity, generally in the in vitro preparation and
we now move onto a set of papers that proved that this
type of plasticity could be induced and related to changes in
performance on the RGR task [10, 34, 49]. In the first of these
papers, the authors demonstrated that after learning the RGR
task for 3–5 days that the evoked field potentials in M1 on
the trained hemisphere, that is, the hemisphere contralateral
to the arm used for the RGR task were larger than on the
untrained hemisphere of the same rats [34]. Again, these
field potentials were recorded from layers II/III in brain slices
made from the trained animals. They also noted that the
amount of LTP that could be further induced from this
new baseline field potential amplitude in the trained side
was less than that in the untrained hemisphere. Thus, the
dynamic range of plasticity had been shifted. In essence,
the trained side was near its ceiling of LTP already. This
last point was then followed up on in a subsequent paper
where they showed that not only was the amount of LTP
inducible on the trained hemisphere near its ceiling, but the
amount of LTD that could be induced was increased, and
in a manner suggesting that the plasticity dynamic range
stayed the same [49]. In 2007, they continued this work when
they reported on how the plasticity range and its baseline
would change over time with and without continued practice
on the RGR task [10]. They found that the range would
stay about the same over time, on the order of 23 days
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Figure 2: Taken from [10] with permission. Shown are the results
from control animals (Ctrl), short task performance on the RGR
task (STP, 3–6 days), extended task performance (ETP, 23–105 days)
and short task performance followed by two months (STP + 2 mts).
The trained (tr) hemisphere and the untrained (untr) hemisphere
are shown for each group. The y-axis is the evoked field potential
with LTP and LTD coded for by gray (LTP) or white (LTD). Note the
change in the baseline and range after both the extended training as
well as the short-task performance followed by two months.

to months, but that the whole distribution would shift to
higher field amplitudes, such that the new baseline would sit
about in the middle of the plasticity range, with slightly more
LTP induction possible than LTD via electrical stimulation
protocols (see Figure 2). Thus, at this new point, the amount
of LTP that could be induced in the trained hemisphere
would increase and no longer be at its ceiling as in the earlier
work (Figure 2, STP group). Likewise, the amount of LTD
that could be induced would decrease as compared to the
early phase changes just after learning. These changes thus
keep the learning induced increase in the field potentials of
the network, but the absolute amplitude of the network can
now go even higher, that is further LTP can be induced.

After the initial discovery that LTP was in fact associated
with the increased performance on the RGR task, Monfils
and Teskey tested whether the electrophysiological results
would hold true in the in vivo setting as the previous electro-
physiological studies were all in vitro slice preparations [50].
Previous work [51–53] had determined some of the criteria
that could lead to electrophysiologically induced LTP and
LTD in the neocortex in the chronic rat preparation, which
has been previously reviewed [54]. Monfils and Teskey’s
results demonstrated that during the steep-learning curve
phase there was an increase in the late component of the
population response in the caudal forelimb region of M1
contralateral to the arm used. In this work, they called
the initial phase of the learning curve, where there was no
obvious learning and almost no reaching attempts phase one
(days 1–4), phase two was the steep area of the curve where
learning/(increase performance) was taking place (days 5–
8), and phase three was after the rats had reached an
asymptotic performance level (days 9–15) (see Figure 3).
Clearly, different authors use different protocols for their
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Figure 3: Taken from [50] with permission. The upper left panel shows the number of reaching attempts made on the RGR task over days
between the skilled and the unskilled reaching groups, with the associated learning curve for the skilled group shown below it. The upper
right panel shows the related changes in the late phase of the evoked field potential over the three phase of learning. Note the linear relation-
ship between the learning curves acquisition slope on the y-axis of the bottom right panel and the area under the late phase field potential.

rat training and the slight differences in the reaching tasks
used as well as the stimulation procedures make direct
comparisons slightly difficult.

Contrary to the results from the previous in vitro studies
the increase in field potential was only seen during the
steep learning phase. They termed these changes in the
field potential learning-related potentiation as opposed to
LTP and LTD that they would also test via high and
low frequency stimulation of the corpus collosum [50].
In agreement with the previous in vitro work, they noted
that there were persistent differences in the amount of
LTP and LTD that could be induced between the trained
and nontrained hemispheres from the same rat. Specifically,
the amount of LTP that could be induced was higher in
the ipsilateral untrained hemisphere than the contralateral
with the expected opposite effect on LTD, which is a larger
induced LTD on the contralateral side compared to the
ipsilateral.

There are several differences between this Monfils and
Teskey in vivo study and the previous in vitro studies
[10, 34, 49] that we summarize here. First, the obvious,
the in vitro studies used slice preparations which do not
necessarily represent the system as it was before slicing,
which is known to induce changes in the neural substrate.
Secondly, LTP in these studies was induced in conjunction
with the application of a GAGAa antagonist bic to allow LTP
induction with TBS on a short timescale. All field potential
test stimulation in the in vitro studies was done within 1 mm
of the recording electrode in layers II/III, whereas in the in
vivo work electrophysiologically induced LTP was induced
over the course of days via TBS in the corpus collosum. Thus
some of the differences seen between these two bodies of
work could be the sites of stimulation during the test stimuli
evoking the field potentials that were then used to determine
LTP and LTD in addition to the aforementioned differences.
With more and more labs interested in such neuroplasticity
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Figure 4: Figure and Figure legend taken and modified from [72] with permission. (a) shows the average percentage of successful reaches for
both control and ZIP groups during initial learning and relearning after injection into the sensorimotor cortex. After reaching asymptotic
levels of success, the animals were injected with either saline or ZIP. After 4 days rest, the animals were tested on the reaching task. Following
the initial decline in performance to naive levels, the ZIP-injected rats relearned the task, and there was no significant difference between the
initial learning and the relearning curves of the ZIP-injected rats (b); ANCOVA P = 0.80, slope; P = 0.35, y intercept). This suggests that
there were no significant memory savings or damage to the cortex due to the injections, as also indicated from the lack of change in the control
animals’ performance after-injection. Histological analysis of brain sections indicates the spread of ZIP did not extend into subcortical
regions, but encompasses several areas involved in skilled reaching including M1, M2, and S1 limb regions, see (Figure 3(b)) from [72].

and the prevalence of awake chronic recordings in the rat we
hope it is a short period of time before some comprehensive
work is conducted rigorously trying to bridge the gap
between these studies.

2.1.3. Synaptic Changes and Map Expansion. There are
several recent publications on changes that take place to the
synaptic substrate during sensorimotor learning [33, 48, 55],
and as previously mentioned on changes in the sensorimotor
map [7, 30, 31, 56]. Thus, here we will only focus on points
that relate this information to the rat RGR task and the pre-
viously mentioned results in the above sections. One of the
first studies using the RGR task and demonstrating dendritic
changes due to this sensorimotor learning to our knowledge
was the work of [32]. Since this work, there have been many
articles discussing changes in the synaptic structure induced
via motor tasks other than the RGR task in the cerebellum
[57] sensorimotor cortex [58], as well as after using the
RGR task [2]. Kleim and his colleagues have conducted
much of the work investigating changes in synaptogenesis,
angiogenesis, and map plasticity utilizing the rat reaching
task and other sensorimotor learning tasks [2, 58–67].

In essence, a summary of this work is as follows and has
been previously reviewed [56, 68]. Skilled motor learning,
but not simply motor activity leads to changes in the
somatosensory map as well as synaptogenesis [2, 58, 60].
Skilled reaching is also associated with increases in LTP
as compared to simple unskilled reaching movements
[50]. In addition, motor skill acquisition is necessary for
sensorimotor map changes to occur [66], and these changes
occur after changes in the synaptic substrate, which in turn

is preceded by changes in gene expression associated with
such skill acquisition [58].

2.1.4. Erasure of LTP and Its Influence. Recently, a con-
stitutively active protein kinase C isoform (Mζ) has been
described as necessary and sufficient for the maintenance of
LTP [69]. The behavioral relevance of this enzyme (PKMζ)
and the associated LTP has been demonstrated in a series of
studies [70–72]. Using the pseudosubstrate of PKMζ , zeta
inhibitory peptide (ZIP), PKMζ-dependent LTP was inhib-
ited, and with it, explicit, hippocampal-dependent spatial
memories [70], as well as cortically dependent taste aversion
memories [71]. In our preliminary work, we bilaterally
injected ZIP into the sensorimotor cortex of rats trained to
an asymptotic level of success on the RGR task (Figure 4(a))
[72]. Post-ZIP injections, the rat’s performance declined to
prelearning baseline (Figure 4(b)). Importantly, the rats did
not forget the basic structure of the task, as they continued
to walk to the back of the cage in order to initiate a new trial.

There are many open questions we are currently work-
ing on in order to increase our understanding of these
preliminary observations. However, this work demonstrated
that after ZIP injections, the rats performance on the RGR
task declined to at least their initial naı̈ve level, and that
subsequent relearning had the same rate as the initial
learning, implying no savings of the previous memory.
Additionally, the results argue against significant cortical
damage that would result in a slower learning rate as the
damaged region would reorganize in order to regain the
previous functionality, or as a different brain region would
compensate for the damaged area. Based on preliminary
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video analysis, the difficulty the rats encountered seemed to
be in the grasping, rather than reaching, implying that this is
the phase of the movement which leads to the most LTP and
changes in synaptogenesis. The receptive field properties in
S1 may also have been disrupted and may have participated
in performance decline. If so, then changes in receptive
field properties may be an integral part of sensorimotor
memory, further implying that learning and memory of
skilled movement require plastic changes in primary sensory
and motor areas. In pursuit of this idea, we will continue
this work in both the rat and the monkey utilizing a com-
bination of electrophysiological and behavioral techniques
to determine the role that PKMζ-dependent LTP plays in
somatosensory and motor cortical processing, receptive field
structure, motor map structure, synaptogenesis post-RGR
learning, and performance on the RGR task.

2.2. The Brain Machine Interface as a New Tool for Probing
Sensorimotor Plasticity. Brain-machine interfacing (BMI)
is a rapidly developing field of neuroscience/biomedical
engineering that may serve as a new tool to better understand
neuroplasticity on a network level. The operation of closed
loop BMIs depends on neural decoding from populations
of neurons and on the subject’s adaptation to the output
of the BMI. To date, most of this feedback has come via
the visual system viewing either movement of a computer
courser [73–75] or of robotic actuators [76, 77]. The subject’s
brain then learns the relationship between its intended
output movement and the subsequent real output from the
BMI. We believe that just as with normal sensorimotor
learning the brain is building up an internal representation,
or internal model, of this relationship. Due to the fact
that with a BMI the causal relationship between neural
activity and actuator motions is explicitly defined by a
decoder/experimenter, it is possible to directly investigate
the origin and functional implications of adaptation related
changes in the neural dynamics and physical substrate.
Contrary to traditional methods used in motor plasticity and
motor-learning research, such as in vivo induction of LTP
and LTD, or even the RGR task, BMI technology provides
a new paradigm to research synaptic and neural plasticity
in awake behaving conditions with the added constraint of
a defined subpopulation of the brain and a defined output
transformation.

2.2.1. Plasticity during Learning to Control BMIs. As BMIs
create a direct causal relationship between neural activity
and actuator motions, it is possible to directly investigate
the origin and functional implications of adaptation related
changes in the neural dynamics. The groups lead by
Andrew Schwartz and Jose Carmena have presented beautiful
experiments demonstrating how the neurons modulate and
reorganize after BMI learning takes place [24–27, 78–80]. In
an early set of experiments, Carmena et al. demonstrated that
the control of the external actuator via manual control, that
is, when the monkey is using its own arm and musculature,
and brain control, which is under BMI control, showed
different motor learning and control strategies [78]. These
authors and several other groups now have noted that the

neural activity has different dynamics under brain control
and manual control [27]. The preferred direction for many
neurons shifted significantly between BMI control and man-
ual control. This change in PDs may be due to a mismatch
that occurs as the monkey stops moving their arms during
BMI control, which means that the normal proprioceptive
feedback that would be coming into these brain regions is no
longer correlated with the endpoint being controlled, such as
the computer courses or robotic hand. This idea was taken
to action by Nicolas Hatsopoulos’s team [81]. In this work,
they noted an increased performance on the BMI when the
arm was moved passively via an exoskeletal robotic system in
an attempt to keep the proprioceptive feedback in alignment
with the visual feedback of the BMI controlled courser. The
robotic system used was rather compliant though and further
improvements may be seen once this is taken care of and with
extended practice on the system. This work is yet another
example of how the BMI paradigm can be used to test certain
hypothesis on the motor control system and study neural
network plasticity associated with learning on such systems.

Zacksenhouse et al. showed that during the period the
animals were learning to use a BMI to control reaching
movements, neurons showed both rapid and stronger plastic
changes after the monkeys started operating the BMI.
The enhanced modulations were not correlated with the
kinematics of the movement [25, 27, 28, 82, 83]. The initial
enhancement in firing rate modulations declined gradually
with subsequent training in parallel with the improvement
in behavioral performance. By introducing a perturbation
to a BMI paradigm, Jarosiewicz et al. examined how cells in
the network reorganized during a BMI learning process, and
they found a functional network reorganization after BMI
learning [24]. Depending on the decoder’s used, such as for
velocity or joint torques [21], and the BMI tasks used, plas-
ticity in the motor cortex might occur differently [25, 82].
Conceivably, sophisticated decoding algorithms could affect
or impede subsequent improvement of the BMI control in
dynamic environments using intrinsic brain plasticity and
adaptation. Still yet other decoders are being developed
that learn themselves via reinforcement learning, which then
leads to a situation where there are two learning entities, the
monkey for instance and the computational agent [84]. This
type of system can then be used to further study neuralplas-
ticity due to such group learning. By fixing a linear decoder,
Ganguly and Carmena further explored how the network
reorganized on a timescale across multiple days [25]. They
showed that the performance of the BMI can be improved
with learning and significant neural plasticity in M1 was
observed. Finally, a new cortical map for the neuroprosthetic
representation emerged [25], which can be considered the
development of an internal model of the BMI system.

Fetz and colleagues conducted some of the earliest work
along the lines of BMIs proving that given simple feedback
of a neurons activity via a speaker monkeys could learn
to differentially modulate the activity for reward [82, 85].
Although in those early studies they did not have the current
luxuries we have that allow us to record from hundreds
of electrodes simultaneously to follow the network level
changes that were associated with the animals learning.
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Current BMI work is clearly looking into such neural
plasticity these days, and it is only a mater of time before it
is mixed with pharmacological studies, such as the ZIP work
we presented, in order to determine the role that LTP plays
within the different brain regions during such learning.

2.2.2. Plasticity during Adaptation to a Locomotor BMI.
Except for the instrumental conditioning of a voluntary task,
BMIs could also be used in simple task such as adaption
to augmenting their locomotion. BMIs were first proven to
be a possibility in rats, whose motor cortical cells could be
modulated to control a robot arm [86]. In order to examine
neural modulation during adaptation to a BMI that was
mechanically coupled to the users body, Song and Giszter
presented a novel BMI using neural discharges in the hind
limb region of the motor cortex in rats during locomotion to
control a robot attached at the pelvis [28]. In this work, they
tested how cells adapted when rats experienced (a) normal
control locomotion, (b) “simple elastic loads” (a downward
pelvic load produced by the robot on locomotion without
any BMI neural control), and (c) “BMI with the elastic load”
(in which the BMI neural control could counter this load).
They found that firing rates increased in both the loaded
conditions compared to baseline. Mean phases of discharging
cells in the step cycle shifted significantly between BMI and
the simple load condition. Furthermore, in BMI mode, over
time the neural network’s correlation increased. Loading
alone showed none of these effects. The BMI changes in rate
and correlation to force persisted or increased over repeated
trials. These results show that rats have the capacity to use
motor adaptation and motor learning to fairly rapidly engage
hindlimb/trunk coupled BMIs in their locomotion. Motor
cortical learning or adaptation may not be evoked during
simpler locomotion tasks in line with previous natural
locomotion studies [58].

2.2.3. Plasticity during Microstimulation in Close Loop BMI.
Instead of creating a direct link between firing rate and
external actuators in the traditional BMI, a new close-loop
BMI paradigm could also shape neural firing by electrically,
or optogenetically, stimulating in sensory or motor cortical
areas to provide sensory feedback for motor control. By using
a similar in vivo cellular conditioning protocol: using spikes
detected from one neuron to trigger an electrical stimulator
to stimulate another neuron after proper delay, Jackson et al.
demonstrated in vivo that neurons in motor cortex are very
plastic and could be modulated following Hebb’s learning
rule under natural behavioral conditions [87]. In essence
they formed an artificial link between one neuron that was
being recorded from and a second electrode that would
then be microstimulated through some short period of time
(∼5 msec), after a spike was recorded on the recording
electrode. They found that after persistent conditioning the
motor output induced via microstimulation (MiSt) at the
recording electrode site shifted to the motor output caused by
MiSt at the second electrode position. By using the same type
of MiSt protocol as Jackson et al., Rebesco et al. examined the
functional connectivity at the network level not by tracking
changes in the MiSt-induced motor output, but rather

via putative connections and correlations between several
recording and stimulating electrodes. They found that func-
tional connections between neurons in sensorimotor cortical
networks can be changed and reorganized after persistent
spike timing dependent stimulation [88]. Parallel to the
electrical stimulation, optogenetic stimulation techniques
have recently been tested as well. Specific neuronal types
can be activated or inhibited, and thus opens up possibilities
for modulating neural circuits with high levels of precision,
for review see [89]. In essence, we can now further study
what factors are involved in sensorimotor cortical synaptic
plasticity in a variety of ways previously not possible. Rather
than simply stimulating modulatory nuclei such as the
ventral tegmental area or the nucleus bacillus we can record
from these regions and pattern stimuli in the sensorimotor
cortex in relation to their outputs, and so forth. Thus, a
host of new possibilities opens up when using BMIs to probe
neuroplasticity in the network.

2.3. Analysis Tools. Neural modulation of single cells during
motor adaptation and motor learning is commonly analyzed
by using peristimulus time histograms (PSTH), modulation
depth, modulation strength and preferred direction, and
so forth. While the power of the brain’s computation lies
strongly in its connections, to understand the function of
neuronal circuits and systems, it is essential to characterize
the connections between individual neurons [90, 91]. The
cross-correlation, coherence, and joint peristimulus time
histogram (JPSTH) methods have been used to test for
coupling or correlation between pairs of cells in traditional
neurophysiology [92, 93]. Besides the above commonly used
methods, model-based methods have recently been used
to characterize the strength and dynamics of putative con-
nections between neurons. Granger causality is promising
for continuous signals, and mutual information or transfer
information for point processes, which have been used in
computational neuroscience for analyzing spiking neural
systems [94, 95].

However, plasticity can also be demonstrated at the net-
work level, such as the map reorganization discussed previ-
ously. In many brain areas, each neuron receives input from a
large population, with the advance of the large-scale simulta-
neous recording; new analysis methods have been proposed
and strengthen our ability to understand these mechanisms.
Generalized linear models (GLMs) provide a framework
based on the point process representation of the spike trains.
The GLM attempts to predict a neuron’s activity based not
only on its own activity and the activity of other neurons,
but also on external inputs. By combining a Kolmogorov-
Smirnov (KS) statistical analysis for the goodness of fit in
each model, it can be expanded to neural networks and
provides a powerful tool for neural network functional
connectivity analysis [96–99]. The power of the GLM also
lies in the fact that once the parameters have been estimated
from the training dataset, the model can be used to predict
the spiking activity of each neuron from testing dataset [99].
A new state space GLM is able to capture neural dynamics
of individual cells at different time scales [100, 101]. To deal
with a nonunique solutions of GLMs, a variety of techniques
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Figure 5: Sketch of the GLM-based plasticity analysis.

including the regularization method, Bayesian approach,
calculation of the maximum a posteriori (MAP), and
modulated poisson or renewal methods are used to estimate
functional connectivity of spike train ensembles [102, 103].

The procedures for analyzing neural modulation based
on GLM models are shown in Figure 5. Graph theory can
be applied to analyze the connection maps [104]. Although
GLMs have been used to analyze neural dynamics from both
individual cells and the functional connection in a network
[97, 98, 100, 101], advanced analysis tools may be necessary
for larger scale nonlinear neural dynamic analysis and mod-
eling [90]. Understanding the patterns of neural network
changes may be essential in order to provide a detailed
picture of how the motor cortex is involved in normal motor
adaptation and neural plasticity during motor learning. It
is worth noting that the connections or connectivity maps
constructed from these types of approaches only suggest
connectivity and certainly do not prove it.

3. Conclusion

In this brief paper, we have discussed some of the recent
neurophysiological and behavioral work over the past few
decades that indicate the relevance synaptic plasticity plays
in the sensorimotor cortex for sensorimotor learning in the
RGR task. There is now a good deal of evidence that the
sensorimotor cortices remain rather plastic throughout life,
even if these brain regions seem more resistant to plasticity
as compared to other areas such as the hippocampus.
Within the sensorimotor cortex plasticity appears to be
gated by modulatory systems such as the dopaminergic and
cholinergic systems. In addition, learning occurs on at least
two clear timescales, the short term, on the order of trials
to days, where the learning curve is very steep, and on a
longer timescale where learning is much slower. Associated
with these two timescales may be changes to the physical
substrate, such as synaptogenesis and remodeling of synaptic
spines that may allow the system to undergo even further
learning in the future.

The advancement of simultaneous multiple electrode
recordings, BMI technology, and optogenetics combined
with our growing knowledge of the molecular machinery
involved in synaptic plasticity, and new pharmacological
agents capable of interfering with this machinery are provid-
ing new experimental tools to research sensorimotor plas-
ticity and motor learning. In addition to new experimental
tools, new mathematical methods may be necessary as well
to allow us to fully elucidate how information processing
and memory storage capacities of neural networks lead to

changes in performance. With our increased understanding
of neural reorganization, we could drive function-enabling
plasticity and prevent function-disabling plasticity. Thus,
this knowledge can be directed toward functional improve-
ment and open up a new dimension in the care of the
neurologically impaired patients. Our first push toward
this goal involves the use of the PKMζ inhibitor ZIP to
alleviate focal hand dystonia and other neural plasticity-
related disorders such as chronic pain, which has recently
been alleviated via ZIP [105].
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Neurons in the Primary Motor Cortex (MI) are known to form functional ensembles with one another in order to produce
voluntary movement. Neural network changes during skill learning are thought to be involved in improved fluency and accuracy
of motor tasks. Unforced errors during skilled tasks provide an avenue to study network connections related to motor learning.
In order to investigate network activity in MI, microwires were implanted in the MI of cats trained to perform a reaching task.
Spike trains from eight groups of simultaneously recorded cells (95 neurons in total) were acquired. A point process generalized
linear model (GLM) was developed to assess simultaneously recorded cells for functional connectivity during reaching attempts
where unforced errors or no errors were made. Whilst the same groups of neurons were often functionally connected regardless
of trial success, functional connectivity between neurons was significantly different at fine time scales when the outcome of task
performance changed. Furthermore, connections were shown to be significantly more robust across multiple latencies during
successful trials of task performance. The results of this study indicate that reach-related neurons in MI form dynamic spiking
dependencies whose temporal features are highly sensitive to unforced movement errors.

1. Introduction

The primary motor cortex (MI) is a cortical region that
is responsible for encoding a large repertoire of voluntary
movements [1], and the specific role of MI neurons in the
production of reaching movements is currently a topic of
detailed investigation [2]. During the production of skilled
voluntary movements such as reaching, MI is thought to
organize into networks of task-related neurons that mediate
the production of the motor task. It has been proposed
that two or more neurons displaying statistically significant
covariation in their spiking patterns, sometimes referred to
as a “spiking association”, constitute evidence of network
activation [3]. Whilst the presence of significant spiking
associations between two neurons, does not necessarily

indicate a direct anatomical connection, it does suggest that
some form of direct, reciprocal, or common connection may
be influencing the firing of both neurons and is referred
to as a “functional connection” instead [3]. It is thought
that functional connections between MI neurons may allow
neurons sharing common involvement in a movement to link
together different elements of a task in order to produce the
desired movement [4–6]. The incidence of significant spiking
associations between reach-related neurons has been shown
to increase dramatically with the onset of the reaching task,
as compared with periods of postural maintenance [7–9].

There is emerging evidence to suggest that the prevalence
of spiking associations in MI may also be influenced by
the morphological properties of the cells involved. A recent
study has shown that during reaching, fast spiking (FS)
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neurons were significantly more likely to display task-related
spiking associations than regular spiking (RS) neurons in
MI [10]. Furthermore, inhibitory interneurons in MI have
been shown to interact with pyramidal cells in order to
appropriately shape their patterns of task-related firing
during reaching [11, 12]. This may suggest that the temporal
features of neural circuits in MI may influence pyramidal cell
output and, thus, task performance.

Unforced errors during a skilled reaching task may
be related to changes in neural activity and interactions
occurring in the motor cortex. Comparison of network
interactions during errors and those without provides an
avenue to study critical variables in neural interactions.
Here, we observe unforced errors occurring in a natural
(and unpredictable) manner during multiple trials of a
learned reaching task. Within a statistical framework based
on the point process generalized linear model (GLM), we
evaluate the differences in functional connectivity between
simultaneously recorded groups of MI neurons when the
outcome of task performance varies.

2. Materials and Methods

2.1. Recording Neuronal Data. The experiments were ap-
proved by the Animal Ethics Committee of the University
of Western Australia, and the NH&MRC (National Health
and Medical Research Council of Australia) guidelines for
the use of animal in experiments were followed throughout.
Methods of task training and performance, implantation
of microwires in the motor cortex, and recording spike
activity have been detailed in previous studies [7, 8].
Briefly, two adult cats were trained to perform reaching
and withdrawal movements using either forelimb to retrieve
food pellets placed between 2 upright Perspex barriers
spaced 4 cm apart. The animals were trained in task per-
formance for several months prior to the implantation of
the microwires, until the ratio of successful to unsuccessful
trials plateaued for at least one month. Only after this
level of stabilisation in performance was observed, were
the animals considered prepared for recording. The ratio
of successful to unsuccessful trials remained stable across
the duration of the experiments in each animal, further
confirming that motor learning was not taking place during
the experiments. Following the completion of behavioural
training, general anaesthesia was induced by intramuscular
injections of ketamine (6.6 mg/kg), xylazine (0.66 mg/kg),
and pentobarbitone (15 mg/kg) and maintained with half the
above doses of ketamine, xylazine, and pentobarbitone per
hour. PTFE-coated Platinum-Iridium microwires (0.025 mm
in diameter, California Wire Company, USA, impedance
0.5–1 MΩ at 1000 Hz) were implanted into the cortex to a
depth of about 1.5 mm in forelimb or hindlimb represen-
tations of MI (identified by intracortical microstimulation,
ICMS). A 32-channel amplifier (X100, PGA32 amplifier,
Multichannel Systems, Germany) and several 8-channel
preamplifiers (MPA8-1, Multichannel Systems, Germany)
were used to record neural activity from up to 24 microwires
simultaneously on a computer using MC card and MC

rack with a filtering frequency band of 200 Hz–10 kHz
(Multichannel Systems, Germany). Activity in each channel
was digitized at 25 kHz (sample interval 40 μs). An analogue
trigger was concurrently recorded with the neural data and
was used to separate periods of neural activity occurring
during task performance from periods of continuous raw
data acquisition. Analogue trigger signals occurred when the
animal’s reaching forelimb deformed a laser beam and were
used to isolate a 3-second epoch of neural data: starting 1.5
second before and finishing 1.5 second after each trigger
signal. The same software also allowed the identification
of spike activity in each channel using threshold detectors,
window discriminators, and spike waveform analysis. Frame-
by-frame video analysis was used to identify five different
stages of task performance within these 3-second epochs;
“background”, “premovement”, “reaching”, “withdraw”, and
“feed” (for a detailed description see [7]). After a set of
task trials the animal was trained to sit quietly for 3–5
minutes, and spike activity was also recorded during this
period (control period). During control periods no food was
expected or given, and animals were observed to be alert. The
time stamps of spike events in each channel, for each trial
were then exported to MATLAB (MathWorks, Natick, Mass,
USA).

In this study, each task trial was classified as either
“successful” or “unsuccessful” depending on whether or not
the animal was able to reach the food pellet and cover
it with its paw in one smoothly performed attempt, as
determined by video analysis. The reaching task that was
chosen for these experiments is known to have a high
degree of intrasubject reliability with regard to movement
kinematics and time taken for task performance [7, 13–15].
Similarly, the paw movement used to secure the food pellet
in this study is a highly refined skill in cats and has been
performed in a stereotyped manner on repetition [16, 17].
Our experimental paradigm utilized a Faraday cage (in order
to decrease electrical noise) for all recording sessions. The
animals adopted a comfortable posture on entering the
cage, and due to limited space, each set of reaching trials
was performed with the body in a similar initial posture
and orientation. The food pellet was placed in the same
starting position by the experimenters across each set of
trials, and the trajectory of the animal’s paw movements was
analyzed in the coronal and horizontal planes using frame-
by-frame video analysis in MATLAB (MathWorks, Natick,
Mass, USA), in order to monitor the kinematic properties of
“successful” and “unsuccessful” attempts at the reaching task.
The time stamps of spike activity during task performance
were exported to Neuroexplorer software (Nex Technologies,
USA), and Peri-Event Time Histograms (PETHs) were used
to calculate mean spiking rate during the different stages of
task performance in order to identify task-related neurons.
Standard ANOVA was used to determine if neural firing
rate was significantly modulated during the different stages
of task performance compared to “background” periods. In
order to be included in this study, isolated neurons were
required to show significant firing rate modulation during
one or more of the task stages, compared to the baseline
firing rate. Thus, only “task-related neurons” were included



Neural Plasticity 3

in this study, and they were recorded from both forelimb
and hindlimb regions of MI contralateral to the reaching
forelimb.

2.2. Histological Location and Classification of Neurons. A
description of the experimental data used in our study is
summarized in Table 1. In the present study, we have selected
simultaneous ensemble neuron recordings from 2 animals
and 8 independent datasets. The selection criterion ensured
that at least 9 neurons were simultaneously recorded in the
datasets that were used. All successful recording sites were
found to be located in lamina V of MI (cytoarchitectonic area
4γ) upon histological analysis [7].

In the past, different studies have successfully classified
regularspiking (RS) and fastspiking (FS) neurons based on
their baseline firing rates and spike durations [12, 18–21].
With some exceptions, RS and FS cells have been reliably
identified as pyramidal cells and inhibitory interneurons,
respectively [22–25]. In this study, “baseline firing rate” was
defined as the average firing rate of a neuron during control
periods (when the animal was sitting quietly) (Figures 1(a)
and 1(b)). Analysis of spike duration was performed using
the “Spike2” software package (CED, Cambridge, UK), and
spike duration was determined using the distance between
the two troughs of the action potential (Figure 1(c)), so
as to avoid inaccuracies that may arise from difficulties
in determining the point of initial deviation from the
baseline that has been previously reported [19]. When the
information about the baseline firing rate of each of the
neurons was added to its corresponding spike duration
information and plotted, two clear populations became
evident (Figure 1(d)). In the present study, RS neurons
were more commonly recorded (58/95) than FS neurons
(37/95). Based upon the selection criteria, RS neurons had
a baseline firing rate (mean ± SD: 8.5 ± 3.6 spikes/s) that
was significantly lower than (P < 0.001, rank-sum test) that
of the FS neurons (mean ± SD: 22.7 ± 9.6 spikes/s). More
recent studies in the primate have also discussed the presence
of another class of RS neuron that fires at high frequencies,
but still displays the spike duration characteristics of a typical
RS neuron [12]. Evidence of this type of cell was not seen in
this study, and this may be as a result of a smaller sample size
of neurons.

2.3. Point Process Generalized Linear Models. The cross-
correlogram and joint peristimulus time histogram (JPSTH)
are standard nonparametric methods for analyzing the
spiking associations between two neurons [26–28]. However,
these nonparametric tools have some drawbacks: first,
correlation-based analysis is limited to second-order spike
count statistics, which is inadequate for neural spike trains;
second, these methods are nonparametric and there is no
model validation or goodness-of-fit tests for the data; third,
these two methods cannot reveal changes of functional
connectivity at fast timescales; fourth, their ability to detect
inhibitory spiking associations is limited. To model and
quantify the neural interactions among ensemble MI neu-
rons in this study, we used the parametric tool of point

Table 1: Summary of experimental data in the present study.

Dataset
Number of trials
(succ/unsucc)

Number of
neurons
(RS/FS)

Forelimb/Hindlimb

Animal 1

1 42 (21/21) 13 (8/5) 7/6

2 50 (26/24) 15 (10/5) 9/6

3 31 (15/16) 15 (7/8) 10/5

4 35 (16/19) 11 (5/5) 6/4

Animal 2

5 37 (26/11) 10 (6/4) 6/4

6 60 (32/28) 10 (7/3) 7/3

7 42 (27/15) 9 (8/1) 6/3

8 35 (24/11) 12 (6/6) 6/6

process GLM [29, 30]. The point process GLM is a powerful
and established statistical tool for modelling extracellularly
recorded neural spiking activity, from either single units
or networks of isolated cells [30–33]. The main advantage
of using a parametric model to characterize neural spiking
data is to have a compact model representation of the
data and to have the ability to assess data (e.g., variability,
comparison between different groups) based on statistical
inference (e.g., maximum likelihood estimation, bootstrap
analysis) [34, 35]. In the present study, motivated from
previous analysis [31], we used the point process GLM to
identify the functional connectivity among ensemble neu-
rons during different experimental conditions (background
versus reaching, successful versus unsuccessful reaching
trials). The computational goal of the study was to make
a quantitative comparison between these data using the
presented GLM framework. Statistical tests were then used to
draw conclusions regarding the significance of our findings
for hypothesis testing based on the extracted model statistics
[35].

Let c = 1, . . . ,C denote the index of a multivariate
(C-dimensional) point process. For the cth point process
(which corresponds to cth neuronal firing pattern in the
C-dimensional neuronal population vector space), let Nc(t)
denote the counting process up to time t, and let dNc(t)
denote the indicator variable, which equals to 1 if there is
a spike at time t and 0 otherwise. Therefore, multiple neural
spike trains are characterized by a multivariate point process
dN1:C(0 : T). Mathematical background on point process
theory can be found in [36].

In modelling the neural spike train point process, the
conditional intensity function (CIF) is used to characterize the
instantaneous firing probability of a spiking event [34, 36]:

λc(t | Ht) = lim
Δ→ 0

Pr{Nc(t + Δ)−Nc(t) = 1 | Ht}
Δ

, (1)

where Ht denotes all of ensemble neuronal firing history
and any other information (sensory/motor covariates, field
potentials) up to time t. If the bin size Δ is sufficiently small
(in the present experiment we set Δ = 1 ms to assure there
is at most 1 spike in each bin), the product λc(t | Ht)Δ
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Figure 1: Classification of neurons. Two representative PETHs (bin size 100 ms) illustrating typical neural firing rates during control periods
in RS (a) and FS (b) neurons, note the lower mean firing rate in the RS neuron. Spike waveform analysis was also performed on these neurons
(c), and differences in spike duration between the averaged waveforms of isolated RS (black) and FS (red) neurons were easily identifiable.
When spike duration was plotted against baseline firing rate for all of the neurons recorded from both animals, two distinctly separate clusters
emerged (d). Based upon the previously established extracellular criteria, neurons were then classified as either RS (black) or FS (red).

approximately equates the probability of observing a spike
within the interval [t, t + Δ):

Pr{Nc(t + Δ)−Nc(t) = 1 | Ht} ≈ λc(t | Ht)Δ. (2)

Here for simplicity of joint likelihood analysis of ensem-
ble spike trains, we restrict ourselves to the cases where∑C

c=1 dNc(t) ≤ 1 at any time t that is, no joint firing is allowed
in the continuous-time setting (in the case of discrete-time
setting, no joint firing is allowed at the finest temporal
scale under consideration). Let αc denote the unknown
parameters in the parametric form of function {λc}. In the
point process GLM framework, we express the CIF in the
following log-linear form [31]:

log λc(t) ≡ log λc(t | αc,Ht) = αcx(t) =
d∑
j=0

αcjxj(t)

= αc0 +
C∑
i=1

K∑
k=1

αci,kxi,t−k,

(3)

where dim(αc) = d + 1 (where d = C × K) denotes total
number of parameters in the augmented parameter vector
αc = {αc0,αci,k}, and x(t) = {x0, xi,t−k}, where x0 ≡ 1 and
xi,t−k denotes the spike count from cell i at the kth time-
lag history window. Here, exp(αc0) (unit: spikes/s) can be
interpreted as the baseline firing rate of neuron c. Depending
on the algebraic (positive or negative) sign of coefficient αci,k,
exp(αci,k) can be viewed as a “gain” factor (dimensionless,
>1 or <1) that influences the current firing probability of
neuron c from the spike count fired by another neuron i at
the previous kth time lag. We can further define the mean
excitatory-plus-inhibitory (E + I) ratio, averaged across K
lags, as

ratio = 1
K

K∑
k=1

C∑
c=1

C∑
i=1

#
{∣∣∣αci,k∣∣∣
 0

}
C(C − 1)

, (4)

where
 denotes “significantly greater than 0”.
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Let θ = {α1, . . . ,αC}, where dim(θ) = C(1 + d).
By assuming that conditional to spiking history of neu-
ronal populations, the ensemble neuronal spike trains
are mutually conditionally independent (Note that this is
not to be confused with assuming that the spike trains
or neurons are mutually statistically independent), the
continuous-time log-likelihood of all observed spike train
data {dNc(0 : T)}Cc=1 is written as [31, 34]

L(θ) =
C∑
c=1

L(αc)

=
C∑
c=1

{∫ T

0
−λc(t | αc)dt +

∫ T

0
log λc(t | αc)dNc(t)

}
.

(5)

By discretization of (5), we also obtain the discrete-time
log-likelihood function, in which the integration will be
replaced by a finite sum. From (5) it is clear that—L(θ) is
convex with respect to (w.r.t.) each λc as well as αc (because
of the log-linear form in (3)). In addition, the index c is
uncoupled from each other in the network log-likelihood
function, which implies that we can optimize the function
separately for each spike train observations dNc(0 : T) once
the parametric form of λc(t) is specified. For simplicity, we
will drop off the index c at λc and αc when no confusion
occurs.

2.4. Regularisation, Goodness of Fit, and Model Selection. To
address the “sparse spiking data” problem (which refers to
fitting certain cells with a low mean firing rate and small
number of trials), we use a penalized maximum likelihood
estimation method in order to avoid overfitting [37]. The
basic idea of regularization is to impose certain constraints or
priors on the parameters, which optimize the out-of-sample
performance. Specifically, we aim to maximize following
penalized log-likelihood function, denoted by Lp(α) [32]:

Lp(α) =
∫ T

0
−λ(t | α)dt +

∫ T

0
log λ(t | α)dN(t)− ραTQα,

(6)

where ρ > 0 denotes a regularization parameter, and
Q denotes a user-defined, positive semidefinite matrix.
Different choices of matrix Q lead to different regularization
solutions. As a special case, when Q = I (identity matrix), the
standard “ridge regression” is recovered. Further discussion
regarding the choice of a smoothing operator for matrix Q is
detailed in [37]. The regularization coefficient ρ was selected
by leave-one-out cross-validation, and the optimization can
be efficiently implemented by the conjugate gradient method
[37]. Since the optimization problem is convex, the final
estimate is globally optimal.

Upon convergence of the optimization algorithm (using
the criterion that the iteration stops when the log-likelihood
change in two subsequent updates is less than 10−4), the
goodness of fit of the point process model is evaluated
based on the Time-Rescaling Theorem and Kolmogorov-
Smirnov (KS) test [34]. In the model described in (3),

we have assumed that the number K (i.e., the number of
spiking history windows) is defined. In practice, this number
is unknown and needs to be determined using a model
selection procedure. The major issues faced with model
selection relate to the length of past spiking history that
is required and the choices of window size and window
number. In our experiment, we minimized the Bayesian
information criterion (BIC) to select the window number.
The BIC attempts to find a suboptimal tradeoff between the
model size and the log-likelihood:

BIC = −2L(α) + d log l, (7)

where d = dim(α) denotes the size of the unknown
parameters, and l denotes the total number of 0/1 binary
samples. BIC is derived by taking the second-order Taylor
expansion around the log posterior such that it avoids the
model and parameter integration during model selection
[38]. Window size is typically chosen in such a way that
the most recent windows use a small bin size, followed
by gradually increasing bin size (the choice of log scale of
window bin size roughly accounts for exponentially decaying
dependence on preceding spike counts). The maximum
length of spiking history was tested from 30 ms up to 120 ms
(since the reaching period only lasted about 700 ms), but in
many cases it was found that a shorter history length (e.g.,
40–60 ms) is sufficient for achieving a good KS statistic and
lower BIC, suggesting that a compact model is preferred in
model fitting.

For small or sparse spiking data sets, our simulation
studies have confirmed that the regularization imposed on
penalized maximum likelihood estimate often significantly
improves the goodness of fit of the model (Data not shown;
see [39]).

2.5. Identifying Functional Connectivity. Functional connec-
tivity between simultaneously recorded neurons shall be
defined in this paper as the statistically significant spiking
dependence of one cell on the other. Upon completing the
statistical inference, we obtain the penalized maximum
likelihood estimate (MLE) of parameter (denoted by α̂ of
the point process GLM. Let E[·] denote the mathematical
expectation operator, and let

Σ = −E
[

∂2L

∂α̂∂α̂T

]−1

≈
⎧⎨⎩
T/Δ∑
t=1

[
∇λt∇λtT Δ

λt
− ∇

2λt
λt

(dN(t)− λtΔ)

]⎫⎬⎭
−1

(8)

denote the negative Hessian matrix of the log-likelihood
estimated from the ensemble samples, where ∇λt = ∂λt/∂α̂
and ∇2λt = ∂2λt/∂α̂∂α̂T denotes the first- and second-
order partial derivatives of the CIF with respect to α̂ at a
discrete-time index t, respectively. From the property of MLE
it is known that Σ approximates the inverse of the Fisher
information matrix; in addition, under the regularity condi-
tion and large sample assumption, the MLE asymptotically
follows a multivariate Gaussian distribution [34, 38]: α̂ ∼
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Figure 2: Kinematic analysis of task performance. Frame-by-frame analysis was performed using MATLAB in order to create two
dimensional trajectory traces for the reaching movement in the coronal and horizontal planes. The coordinates were derived by locating
the central point of the animal’s reaching paw at each separate frame of video footage (a). In (b), the results of trajectory analysis for dataset
4 are displayed for successful (top) and unsuccessful (middle) trials. The red arrow inside the successful trajectory trace indicates the direction
of the reaching motion, and the final trajectory trace (bottom) is the result of overlaying the successful and unsuccessful traces. Note the
clear similarity in the trajectory paths of the successful and unsuccessful trials, but the slight difference at the end of the reach phase of the
movement (circled) created by a second (or occasionally third) attempt at grasping the food pellet during unsuccessful trials. Finally, an
example of frame-by-frame analysis that was performed at the end of the reaching stage (as the food pellet was secured) that allowed for the
classification of trials as either unsuccessful (c) or successful (d). Note the slightly prolonged ending of the reach stage in “(c)” as the animal
needs to make another attempt to grasp the food pellet; while at similar frames in “(d)”, the commencement of the withdrawal stage had
already begun.

N(α,Σ), from which we can further derive the 95% Wald
confidence bounds of each element in α (i.e., α̂i ± 1.96Σ1/2

ii ).
Provided that any of the coefficients are significantly different
from zero, or their 95% Wald confidence intervals are not
overlapping with 0, we conclude that the estimated nonzero
coefficients are significant, and the “connection” between
two cells at a certain time-lag is either excitatory (positive) or
inhibitory (negative). Unlike cross-correlation, the pairwise
spiking dependence is directional and asymmetric in our
statistical models, and the spiking dependence between A→
B and B→A is not necessarily the same. Therefore, for C
ensemble neurons, there are possibly (C2 − C) directions
(excluding C self-connections) between all neuron pairs.

In summary, our point process GLM network analysis
consists of several steps: (i) model selection and model
determination based on the penalized maximum likelihood
estimation, plus model goodness-of-fit tests, (ii) determi-
nation of statistically significant nonzero GLM coefficients
(algebraic sign and total number) at different time lags,

(iii) repeat the analysis for different experimental conditions,
(iv) use of statistical tests to make quantitative comparison
between different experimental conditions.

3. Results

3.1. Evaluation of Errors in Reaching. Once fully trained,
the amount of time taken for the animals to perform
each stage of task performance remained rather stable over
several weeks to months before recording began, and this
phenomenon has been described in a previous study [7].
A reaching trial was defined as “unsuccessful” if the animal
was unable to close its paw over the offered food pellet at
the end of the “reach” stage of task performance in a single
smooth attempt. Unsuccessful attempts at task performance
were clearly evident on video analysis and typically required
no more than two extra attempts at securing the pellet.
Each rapid correction after an initial unsuccessful attempt
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involved abduction and retraction of the shoulder and flex-
ion of the elbow in order to lift the forelimb off the ground,
followed by an obligatory protraction and adduction of the
shoulder and extension of the elbow in order to repeat the
terminal period of the “reach” stage of task performance. A
trace of the animals’ paw trajectory during task performance
was created (Figures 2(a) and 2(b)) in order to assess any
major differences in limb trajectory that may have occurred
leading up to the error in securing the food pellet. No
major difference in the trajectory traces of successful and
unsuccessful trials could be detected in the trajectory traces
of either animal as they reached towards the food pellet.
However, the rapid movement corrections that occurred
following unsuccessful attempts at securing the pellet were
clearly distinguishable from the trajectory analysis (circled
region in Figure 2(b)). Corrections to the movement pattern
were implemented rather quickly, with another grasping
attempt completed within 40–60 ms of the preceding one
(Figures 2(c) and 2(d)); A statistically significant increase
in the length of time taken to perform the “reach” stage of
task performance was observed during unsuccessful trials in
both animals (P < 0.05, Student’s t-test; Table 2). A slight
decrease was also observed in the length of time taken to
perform the withdrawal stage of task performance during
unsuccessful trials in both animals, but this trend was not
seen to be significant. Animal 2 was also seen to have a much
higher rate of successful task performance than Animal 1, but
the recordings used in this study were taken over a period of
1 month, and the animals’ success rates remained unchanged
throughout.

3.2. Cortical Location of Successfully Recorded Neurons. Upon
histological analysis, successful recording sites were all
subsequently found to be located in the primary motor area
(cytoarchitectonic area 4γ; [7]) in the anterior or posterior
sigmoid gyri or in the rostral or caudal lip of the cruciate
sulcus and in the deeper layers of the cortex (Lamina
V). Many of the unsuccessfully implanted microwires were
subsequently found to be located in the white matter; no
spike activity could be recorded through these electrodes
and neither was any movement evoked by ICMS. We also
distinguished between recording sites in the rostral (r4γ)
and caudal (c4γ) subdivisions of the primary motor area,
separated by the cruciate sulcus, in our analysis [40–43]. In
the present study, 95 neurons were identified from successful
recording sites in r4γ (57/95) and c4γ (38/95). The majority
of these neurons were recorded from sites that evoked
forelimb (59/95) movements during ICMS sessions, and RS
(58/95) neurons were more commonly seen than FS (37/95)
neurons.

3.3. Fitting a Point Process GLM from Spiking Ensemble
Neurons. Model-based inference was used to characterise the
functional connectivity of ensemble neurons using the point
process GLM [29, 30, 44]. Based on our model selection
criterion, in Dataset-1 we selected 9 firing history windows
(up to preceding 40 ms) that include the spike counts in
the past 1∼3, 4∼6, 7∼9, 10∼12, 13∼15, 16∼20, 21∼25, 26∼

Table 2: Mean duration ± SE (ms) at each stage of task
performance across trials for two animals during successful and
unsuccessful trials.

Number of
trials

Duration (ms)

Premovement Reach Withdraw

Animal 1

Succ. 78 136 ± 11 317 ± 15 507 ± 14

Unsucc. 80 131 ± 13 372 ± 18 475 ± 17

Animal 2

Succ. 109 156 ± 16 606 ± 11 812 ± 24

Unsucc. 65 162 ± 12 682 ± 14 772 ± 21

30, and 31∼40 ms, respectively. In this dataset there are 13
× 9 spiking history windows (i.e., each cell contributes 9
preceding windows of spike counts), and dim(α) is 118 for
the point process GLM.

Assuming stationary model statistics across trials, unless
stated otherwise, all trials in each dataset were used to fit
the point process GLM. The selected history windows for the
remaining cases were given as follows.

Dataset 2: [1∼3, 4∼6, 7∼9, 10∼12, 13∼15, 16∼20,
21∼25, 26∼30, 31∼40, 41∼50].

Dataset 3:[1∼3, 4∼6, 7∼9, 10∼12, 13∼15, 16∼20,
21∼25, 26∼30, 31∼40].

Dataset 4: [1∼3, 4∼6, 7∼9, 10∼12, 13∼15, 16∼20,
21∼25, 26∼30, 31∼40].

Dataset 5: [1∼3, 4∼6, 7∼9, 10∼12, 13∼15, 16∼18,
19∼21, 22∼24, 25∼30, 31∼40].

Dataset 6: [1∼3, 4∼6, 7∼9, 10∼12, 13∼15, 16∼18,
19∼21, 22∼24, 25∼30, 31∼40].

Dataset 7: [1∼3, 4∼6, 7∼9, 10∼12, 13∼15, 16∼20,
21∼25, 26∼30, 31∼40].

Dataset 8: [1∼3, 4∼6, 7∼9, 10∼12, 13∼15, 16∼20,
21∼25, 26∼30, 31∼40].

In each case, an efficient optimisation procedure was
applied for inferring the parameters of point process GLM,
followed by goodness of fit assessment. Amongst a total
of 95 × 4 = 380 model fittings (95 cells, 4 conditions:
background/reaching, succ/unsucc), nearly 73% of cases fit
very well with our point process GLM using a network
likelihood model; that is, their KS plots fell within the 95%
confidence intervals. When the confidence bound criterion
was relaxed to 90%, the ratio of significance increases to
92%. This suggests that the point process GLM that was
selected for use in this analysis characterized our neuronal
spike train data rather well. For each cell, the size of unknown
parameters in the network likelihood model varies from
118 to 151, which points at a relatively compact parametric
model. Cells with less satisfactory fitting results may be as
a result of a number of factors, such as: (i) the model is
not sufficient to capture a long-range spiking dependence
due to its compact size, or (ii) if the target cell’s spiking
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Table 3: The mean (E + I) connectivity ratio and the number of inferred significant neuronal associations (including self-interaction) in
three cell-type subcategories in 8 datasets. The first two numbers in each column show the prevalence of connected neuronal pairs as a
fraction of the total number of possible connections during unsuccessful and successful (in brackets) trials, respectively. The numbers in
square brackets in the last 3 columns indicate the numbers of all possible pairwise neuronal associations (including self-interaction) for
different data sets. Two neurons are said to interact if their pairwise connection coefficients at any time lag are significantly different from
0. Note that in order to compute the fraction of significant neuronal interactions in the three cell-pair subcategories, we need to divide the
listed raw numbers by the respective numbers in the square brackets in each group.

Dataset Condition Mean (E + I) ratio Ratio of significant neuronal interactions

RS-RS RS-FS FS-FS

1 Background 0.08 (0.07) 0.3 (0.28) [64] 0.38 (0.35) [80] 0.88 (0.88) [25]

reaching 0.09 (0.12) 0.61 (0.63) 0.4 (0.41) 0.96 (1)

2 Background 0.45 (0.46) 0.27 (0.29) [100] 0.24 (0.24) [100] 0.6 (0.64) [25]

reaching 0.49 (0.61) 0.6 (0.64) 0.24 (0.27) 0.68 (0.68)

3 Background 0.26 (0.24) 0.02 (0.02) [49] 0.05 (0.08) [112] 0.25 (0.3) [64]

reaching 0.29 (0.47) 0.31 (0.35) 0.2 (0.2) 0.47 (0.42)

4 Background 0.52 (0.49) 0.32 (0.24) [25] 0.24 (0.2) [50] 0.8 (0.76) [25]

reaching 0.59 (0.72) 0.6 (0.64) 0.44 (0.44) 1 (1)

5 Background 0.56 (0.74) 0.19 (0.44) [36] 0.29 (0.44) [48] 0.81 (1) [16]

reaching 0.62 (0.79) 0.36 (0.64) 0.25 (0.44) 0.81 (0.94)

6 Background 0.48 (0.53) 0.18 (0.2) [49] 0.19 (0.24) [42] 0.78 (0.89) [9]

reaching 0.56 (0.86) 0.77 (0.77) 0.5 (0.5) 1 (1)

7 Background 0.14 (0.27) 0.03 (0.05) [64] 0.13 (0.31) [16] 1 (1) [1]

reaching 0.19 (0.48) 0.2 (0.3) 0.19 (0.25) 1 (1)

8 Background 0.14 (0.27) 0 (0.08) [36] 0.08 (0.18) [72] 0.69 (0.92) [36]

reaching 0.16 (0.26) 0.03 (0.08) 0.1 (0.25) 0.81 (0.89)

activity is being too heavily influenced by uncontrollable
factors such as unrecorded neuronal spiking activity or
strong firing modulation in response to motor variables,
the model may not be able to predict the cell’s spiking as
accurately. The latter would appear most likely, since an
experimental extension of the spiking history length did not
result in any significant improvement in model fitting. Once
model goodness-of-fit was established, we may infer and
compare statistics extracted from the statistical model [44,
45]. Extracted model-based statistics, once being identified
statistically significant, will then be used to characterize
the difference between distinct experimental conditions
(background versus reaching, succ versus unsucc; Table 3).

3.4. Spiking Associations Specific to Different Cell Group
Pairings. In order to examine the incidence of functional
connectivity between different cell types during differ-
ent behavioural conditions, a classification according to
neuronal subtype (RS-FS, RS-RS, FS-FS) was made, and
incidence of spiking associations within these three groups
was computed. Two cells are considered to have a directional
interaction if one or more of the GLM coefficients associated
with the selected history windows return a statistically
significant nonzero result. To make a fair comparison of
the incidence of neuronal associations between the different
cell pairings, the raw number of significant associations was
divided by the number of all possible pairings that were
tested for evidence of association to obtain the ratio of
neuronal interactions (summarised in Table 3). Analysis of

the eight datasets showed that during background periods,
spiking associations between FS-FS pairs were the most
common, followed by RS-FS and RS-RS pairs. During task
periods, spiking associations were still most commonly seen
between FS-FS pairs however, RS-RS became the next most
commonly seen, followed by RS-FS pairs.

To quantify and compare these differences between suc-
cessful and unsuccessful trials, we conducted the paired rank-
sum test. It was found that during the reaching period, the
median fraction values between RS-RS and FS-FS (unsucc:
P < 0.001; succ: P < 0.006), RS-FS and FS-FS (unsucc:
P < 0.001; succ: P < 0.006), and RS-RS and RS-FS (unsucc:
P < 0.006; succ: P < 0.006) cell pairings, all reached statistical
significance. Thus, while significant differences were seen in
the prevalence of spiking associations between different cell
groups, these findings were not different when successful and
unsuccessful trials were compared.

Spiking associations were more commonly observed
during task periods (compared with background periods)
in all three of the cell pairings investigated (RS-FS, RS-
RS, FS-FS), a finding that was consistent regardless of trial
success (Table 3). Furthermore, when the animal’s behaviour
changed from postural maintenance (background) to task
performance, the incidence of significant spiking associa-
tions detected in RS-RS, RS-FS, and FS-FS cell pairings
increased by 356%, 53%, and 12%, respectively during suc-
cessful trials, and during unsuccessful trials, these numbers
were 346%, 71%, and 22%, respectively. However, these
numbers shall be treated carefully since there is a high
degree of variability among different data sets. These findings
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indicate that the onset of a voluntary movement such as
target reaching is accompanied by a dramatic increase in the
prevalence of neuronal interactions between pairs of putative
excitatory neurons. However, despite this proportionately
large increase in the number of RS-RS associations, spiking
relationships between FS neurons still remain the most
commonly seen during reaching.

3.5. Factors Affecting the Incidence of Neuronal Interactions.
A global quantitative assessment of the results reported
in Table 3 was conducted, considering multiple factors all
together. We used a multiway ANOVA to test whether the
means of several groups are equal. The incidence of func-
tional connectivity between different cell groups (RS-RS, RS-
FS, FS-FS), task outcomes (successful versus unsuccessful),
and periods (background versus reaching) were considered
as three potential factors (denoted by g1, g2, g3, resp.), and
those factors were tested (together as well as individually) to
see if they reached significance across all datasets. A random-
effects three-factor ANOVA revealed that only two factors
(cell group and period) reach statistical significance, and the
result is summarized in Table 4.

It should be pointed out that although the skill factor
did not reach significance in the ANOVA test, it did not rule
out the possibility that only a subset of ensemble neurons
were responsible for causing errors in the grasping motion.
Inclusion of all neurons might make it difficult to reveal the
“significance” of performance-related encoding specific to
certain cells.

3.6. Overall Incidence and Strength of Significant Spiking
Associations. Based on the selected model, we can compute
the mean connectivity ratio at different time lags to char-
acterize the time-dependent spiking associations detected
amongst simultaneously recorded neurons. This ratio was
defined as the total number of significant nonzero (positive
or negative) coefficients detected against the total number of
neuronal pairs assessed across all finite discrete time lags and
normalised by the number of time lags and was called the
mean (E + I) connectivity ratio (4). In the previous section,
the fraction of detected neuronal interactions was reported
across cell groups and behavioural conditions. However,
computation of the mean (E+I) connectivity ratio allows for
further insight into the nature of the detected connectivity, as
it provides quantitative information about how the strength
and incidence of the significant nonzero coefficients vary
across multiple time windows.

The mean (E+I) connectivity ratios in the “background”
and “reaching” epochs are summarized for all datasets in
Table 3 (third column), and the ratio values vary between
0.07 and 0.86 under different conditions. The mean (E + I)
connectivity ratios were seen to increase significantly during
successful (0.54 ± 0.26) compared with unsuccessful (0.37 ±
0.21) trials during task periods, indicating that the incidence
of overall spiking association was affected by the success of
task performance (P < 0.001, paired rank-sum test). During
successful trials, the mean (E+I) connectivity ratio increased

Table 4: Summary of multiway ANOVA.

Source Sum Sq. d.f. Mean Sq. F Prob > F

Cell group (g1) 3.7087 2 1.8543 54.29 1e − 8

Task outcome (g2) 0.0506 1 0.0506 1.48 0.2270

Period (g3) 0.5797 1 0.5797 16.97 1e − 4

Error 2.6981 79 0.0342

Total 7.0371 83

significantly during task performance (0.54 ± 0.26) com-
pared with the background period (0.38 ± 0.21) (P <
0.001, paired rank sum test). Interestingly, this was not seen
during unsuccessful trials, where no significant difference
could be detected between the mean (E + I) connectivity
ratio during background (0.33 ± 0.19) and task performance
(0.37 ± 0.21). Therefore, while we have shown that the onset
of reaching was accompanied with a significant increase
in spiking associations between simultaneously recorded
neurons during both successful and unsuccessful trials, these
data suggest that the spiking associations detected during
unsuccessful trials are less robust than those seen during
successful trials.

Figure 3 allows for the separate observation of excitatory
and inhibitory connections as they occur over the different
time history windows during background and reaching
periods. This particular study uses a novel method of net-
work analysis that allows for the examination of inhibitory
spiking associations with unprecedented accuracy. Whilst
inhibitory connections are slightly less common than exci-
tatory connections, there is a consistent ratio of excitatory
to inhibitory functional connectivity. In order to measure
this, an excitatory-to-inhibitory (E : I) ratio was constructed,
which measured the total number of excitatory connections,
divided by the number of inhibitory connections detected
in each dataset during both the background and reaching
conditions. This differs from the mean E + I connectivity
ratio, which measures the average number of excitatory
and inhibitory connections during these conditions. Inter-
estingly, although we showed a significant increase in the
mean E + I connectivity ratio between reaching compared
with background periods, the E : I ratio remains constant
throughout background (1.11 ± 0.22) and reaching (1.11 ±
0.11). This suggests that although there is significant increase
in the prevalence of functional connections with the onset
of reaching, the balance of excitation and inhibition remains
the same. Similarly, the E : I ratio remained stable during
successful (1.11 ± 0.11) and unsuccessful trials (1.1 ±
0.19) despite a significant difference in their mean E + I
connectivity ratio, suggesting that this specific E : I ratio
may be a fairly robust ratio that is observed during normal
cortical function.

3.7. Dynamic Changes in Spiking Associations during Errors
in Reaching. When all datasets used in this study were con-
sidered, the median values measuring the incidence of sig-
nificant spiking associations between pairs of simultaneously
recorded neurons did not reach statistical significance (P >
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Figure 3: Illustrations of excitatory (red, top row) and inhibitory (blue, bottom row) functional connectivity among 15 ensemble MI
neurons (Dataset-3) recorded from the left cerebral hemisphere of one of the animals during the background (a) and reaching (b) stages
of successful task trials. Circles and squares represent the RS and FS cells, respectively. Uni- or bidirectional arrow indicates directional
statistical dependence between cells, with solid/dashed lines representing excitatory/inhibitory connections. The numbers above each panel
of connectivity maps indicate the different spiking history windows that were selected to detect the associations. Note the significant increase
in both inhibitory and excitatory spiking associations that occurred during reaching when compared with background, and different pairs
of neurons are involved in functional interactions during different behavioural conditions.

0.05, rank-sum test) when a comparison was made between
the successful and unsuccessful behavioural conditions.

However, this method also makes an assessment of
how influential different, brief windows (3–10 ms) of the
trigger neuron’s firing history are on the firing of the target
neuron. This allows for an observation of the dynamics of
functional connections between two neurons at different
latencies. When comparing the spiking associations between
pairs of neurons during successful and unsuccessful task
trials, it was observed that the spiking dependence that was
inferred between the trigger neuron and the target neuron
was quite different during different history windows, in
terms of either being statistically significant nonzero or their
excitatory/inhibitory effects. In some cases, the coefficient
trace over history time lags would be completely reversed
between trials of differing success (e.g., see the coefficient
traces of two representative pairs of neurons illustrated
in Figure 4(a)). The difference of their firing patterns is
deemed to be statistically significant, as indicated by the
95% confidence bounds in the estimates). This suggests that
the timing and dynamics of (some, if not all) neuronal
interactions between task-related neurons have a role in
leading to successful task performance. This phenomenon
was observed in all subtype pairings and across all datasets.
To test against the null hypotheses that the observed

differences in spiking associations occurred due to overfitting
of our model, or were simply observed by chance, we also
carried out two follow-up procedures as sanity checks for
our data. To test for overfitting, we randomly split the
number of trials used in the analysis into half for both
the successful and unsuccessful groups and recomputed
the GLM coefficients. The procedure was repeated for 20
Monte Carlo runs, and the mean (and standard error
of the mean, SEM) coefficients are shown in Figure 4(b).
Comparing Figures 4(a) and 4(b), a high degree of positive
correlation of the estimate can be observed, implying that
model overfitting was not an issue in our analysis. In order
to confirm that the observed differences did not occur due
to chance, we randomly shuffled the trial IDs amongst the
succ/unsucc groups (so that each group contained equal
numbers of both successful and unsuccessful trials) and
repeated the same analysis. The mean/SEM estimates of the
coefficients are shown in Figure 4(c). Comparing Figures
4(a) and 4(c), it is obvious that the coefficients estimated
from shuffled trials are not significantly different from zero,
and the results with mixed task performance trials appear
almost identical (Figure 4(c), between the upper and lower
panels). This confirms that the differences observed in the
spiking associations between the neuron pairs showed in
Figure 4(a) did not occur by chance and were in fact related
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Figure 4: Continued.
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Figure 4: Two representative examples of estimated GLM coefficients {αi,k} (shown in vertical axis, dimensionless) of cell pair interactions
between unsuccessful and successful trials during reaching movement. Positive/negative coefficients represent excitatory/inhibitory effects.
Notation c → d denotes the directional spiking dependence from trigger cell c to target cell d. The shaded areas around the curve indicate
the 95% confidence intervals of the estimated coefficients. Only those coefficients whose 95% confidence intervals do not overlap with
zero are identified as significant connections. In the two examples displayed (Dataset-1), the cells numbered 3, 8, and 9 were classified as
two FS neurons and a RS neuron, respectively. (a) Estimated GLM coefficients using complete (21 + 21) trials. (b) Estimated coefficients
averaged from 20 Monte Carlo runs using only half of (11 + 11) trials (shaded bars show the standard error of the mean). (c) Estimated GLM
coefficients averaged from 100 Monte Carlo runs using shuffled successful/unsuccessful trial ID.

to the differences in the outcome of task performance. These
findings indicate that while the general incidence of spiking
associations between neuronal pairs may remain stable, more
finely tuned temporal features of these associations may
affect the outcome of task performance. At present, we must
rely on visual inspection in order to identify differences
in coefficient traces. Thus, it remains difficult (without
subjective judgement) to quantify the degree to which two
coefficient traces are different. For this reason, we do not yet
have a summary statistic for the datasets analysed here.

3.8. Changes in Spiking Associations Were Not Related to
Changes in Single Unit Activity. Only task-related neurons
were included in these analyses, and although it is beyond

the scope of this particular study to discuss single unit
activity modulation during task performance in detail, it
is important to point out that there was no observable
relationship between single unit activity and the variation
seen in the spiking associations described in this study. Single
neuron spiking modulation during task performance was
studied during successful and unsuccessful task trials. In
approximately 40% of cells (data not shown here), there was
no significant difference in the timing or frequency of spiking
rate modulation when successful trials were compared with
unsuccessful trials. The remainder of cells showed differences
between the two behavioural conditions that varied from
slight temporal variances, to clear differences in spiking
frequency. However, the observed differences in spiking
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associations were seen in similar proportions regardless of
whether or not neurons showed observable differences in
single unit responses between successful and unsuccessful
trials.

4. Discussion

4.1. What Do Spiking Associations Tell Us? This study utilized
a point process GLM method in order to infer functional
connectivity between cells that displayed significant levels
of covariation in their spiking patterns. However, it is
important to establish that in this particular study, only
cells recorded from different microwires were considered for
network analysis. Given the distance between recording sites
(>1 mm), it is unlikely that detected functional connections
were a result of direct anatomical connections. Further
evidence to support this inference is the fact that associations
detected between RS-RS pairs were often inhibitory and
FS-FS pairings were often excitatory. Therefore the most
probable explanation for these spiking associations is that
functionally connected cells are receiving input from a
common source in order to drive their discharge, a concept
that has been proposed by studies in the past [5–7]. It has
been well established that MI receives strong inputs from
many cortical [46] and subcortical [47] sources that are
involved in the planning and preparation of motor tasks. It
is possible that inputs from these regions are responsible for
the rapid increase in spiking associations that we see during
reaching. Simultaneous recordings of other cortical motor
areas with MI would be a worthwhile future experiment in
order to confirm this hypothesis.

4.2. More Spiking Associations Were Detected during Reach-
ing Than Background. The majority of studies that iden-
tify covariation in spiking patterns amongst MI neurons
exclusively investigate periods of task performance, while
fewer studies have considered network properties during
premovement periods [48]. The current study investigated
the prevalence and nature of spiking associations that
occurred both during the task and the period of time
prior to movement onset (background period) in order to
evaluate whether differences in movement accuracy were
predictable in interactions occurring prior to movement
onset. Spiking associations between neurons during task
performance were more common than during background
periods, as has been described in previous studies [7, 9].
The observed increases in spiking associations during task
performance were seen in all cell subtype pairings, but most
markedly in RS-RS pairs, suggesting that a larger proportion
of pyramidal cells establish spiking associations with one
another during the performance of a skilled movement.
Despite the rapid increase in RS-RS associations seen during
task performance, the findings of this study indicate that
in MI, FS neurons were significantly more likely than RS
neurons to establish spiking associations with other neurons.
Increased prevalence of coincident spiking activity amongst
FS neurons has been previously observed in both intracellu-
lar [49, 50] and extracellular [19, 51] studies in nonmotor

areas of the cortex. During both background and reaching
periods FS-FS couplings were proportionately the most
commonly seen, followed by RS-FS and RS-RS, a finding
similar to what has been described in layer V neurons in the
prefrontal and somatosensory cortices [18, 52]. Interestingly,
the outcome of task performance did not significantly affect
the prevalence of detected spiking associations in either
background or reaching periods, suggesting that regardless of
trial success, similar networks of neurons are being recruited
during performance of the reaching task. However, a novel
aspect of our methodology allowed for the computation
of the mean (E + I) connectivity ratio. The results of this
calculation indicated that during successful trials, detected
functional connections were significantly stronger and more
consistent across multiple history windows than during
unsuccessful trials. This suggests that the performance of
inaccurate movement patterns may be a result of less robust
transmission of the input that is reaching and driving the
activities of MI neurons.

4.3. Balance of Excitation and Inhibition in MI. Previous
studies have shown significant increases in the prevalence
of spiking associations between background periods and
periods of task performance [7, 9]. However, this is the
first study to show that this finding is not limited to
excitatory associations, but also involves a proportionately
similar increase in inhibitory functional connections. Corti-
cal neurons are known to receive a specific ratio of excitatory
and inhibitory inputs in order to control their discharge
frequency and timing [53]. This balance of inputs can be
disrupted by a number of factors such as induction of
anesthesia [54] or pathology [55, 56]. Since the methods used
in this study allowed for the accurate detection of inhibitory
connections as well as excitatory connections, we found that
an animal shifting its behaviour from postural maintenance
to target reaching is not a sufficient stimulus to disrupt the
balance of excitatory to inhibitory interactions influencing
the activities of MI neurons.

4.4. Trial Success Affects the Timing of Detected Spiking Asso-
ciations. When a significant spiking association is detected
between simultaneously recorded cells, this does not nec-
essarily infer coincident spiking. Rather, the firing of a
reference neuron may influence the firing of a target neuron
many milliseconds later, introducing the concept of spiking
associations at different latencies. Studies have shown that
when neurons develop spiking associations, any latency in
the detected association will remain stable to millisecond
precision across many presentations of the same stimulus
[57]. The present study shows that spiking associations
occurring between the same neurons have significant differ-
ences in their temporal features depending on whether task
performance is successful or unsuccessful. Thus, movement
errors may occur due to abnormal neural interactions within
MI which are probably related to abnormal inputs to MI
neurons from other cortical and subcortical regions.
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5. Conclusions

This is the first study to investigate the effect of unforced
movement errors made during performance of a reaching
task on the nature of functional connectivity between
multiple neurons located in MI. The major findings of
this work infer that many network interactions do not
change between motor behaviours (e.g. ratios of excitatory
and inhibitory interaction). However, errors in reaching
are associated with significant disruption of the strength,
duration, and timing of functional connections. This has
implications for our understanding of the dynamic nature of
the networks involved in motor learning in MI.
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The motor system has the ability to adapt to environmental constraints and injury to itself. This adaptation is often referred to
as a form of plasticity allowing for livelong acquisition of new movements and for recovery after stroke. We are not sure whether
learning and recovery work via same or similar neural mechanisms. But, all these processes require widespread changes within the
matrix of the brain. Here, basic mechanisms of these adaptations on the level of cortical circuitry and networks are reviewed. We
focus on the motor cortices because their role in learning and recovery has been investigated more thoroughly than other brain
regions.

1. Introduction

From the first steps as a baby to learning the use of a
cane in senescence, the human motor system is challenged
to acquire novel movement sequences thus enabling a
versatile interaction with the environment. Especially at
higher age, the integrity of the motor system is threatened.
Ischemic brain injury, the major cause of disability in adults
[1], affects the motor cortices, their descending pathways,
the basal ganglia, or the cerebellum typically leading to
a hemisyndrome with motor and sensory deficits affecting
arm, leg, and face of one side. After such injury the motor
system can reorganize itself to enable partial, sometimes
complete recovery of motor function. Apart from acute
stroke treatment (e.g., thrombolysis therapy) that intents to
prevent the ischemic lesions, neurorehabilitation is the only
therapeutic option to reduce disability once infarction is
manifest.

Motor learning, recovery after stroke, and neurore-
habilitation all depend on the plasticity of neurons and
circuits within the motor system. In general, neuroplasticity
is defined as the ability of the brain to change its struc-
ture and/or function in response to internal and external

constraints and goals [2]. This review focuses on three
distinct conditions inducing plasticity: (1) skilled de novo
learning of novel movement sequences in healthy individu-
als, (2) “spontaneous” (i.e., without any specific training or
intervention) cortical reorganization after ischemic injury,
and (3) coincidence of “spontaneous” reorganization and
relearning of skilled movement sequences with a neuroreha-
bilitative training in the injured brain.

The motor system consists of cortical (primary and
secondary motor areas) and extracortical areas (basal ganglia
and cerebellum). Furthermore, a close interaction with
sensory systems (e.g., the primary somatosensory cortex, S1)
is a prerequisite for proper movement execution and motor
learning [3, 4]. The observation that movement learning
requires protein synthesis in M1 reflecting a plastic storage
mechanism [5, 6] highlighted this region as the most likely
candidate where motor memories are stored [7]. As its role in
learning and recovery has been investigated more thoroughly
than other brain regions, this paper will focus on M1.

The purpose of this paper is to provide a comprehensive
overview of plasticity phenomena in the motor cortex during
motor skill learning, recovery after injury, and rehabilitation-
induced restoration of functional recovery.
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2. Motor-Learning-Related Cortical Plasticity

2.1. Network Plasticity in M1: Learning-Induced Changes in

Motor Maps

2.1.1. The Motor Map Illustrating the Somatotopic Organiza-
tion of M1. Neurons within the primary motor cortex are
organized in assemblies that share similar input and output
properties to control specific movements over different joints
and muscle groups [8]. Therefore an assembly projects to
several spinal motoneuron pools [9, 10]. To enable orches-
trated multijoint movement sequences, different assemblies
are interconnected via horizontal intracortical projections
that can spread across several millimeters [9]. Discrete move-
ments and body parts are represented multiple times and
are intermingled with representations of related movements
or parts forming a complex mosaic pattern. Nevertheless,
the primary motor cortex contains a rough somatotopic
organization on a larger scale that is highly preserved across
species [11], although a fair overlap exists among contiguous
representations [12]. This global arrangement can be visual-
ized by direct and transsynaptic electrical stimulation of layer
V primary motor neurons using intracortical or epidural
microstimulation (ICMS or EMS) [13]. The resulting “motor
map” reflects the output pattern of M1. Although the largest
body of evidence related to M1 organization on microlevel
is derived from studies in nonhuman primates [8, 14], basic
features should also be applicable to rodents [14, 15].

2.1.2. Map Changes in Response to Motor Learning. Rats that
were trained to retrieve a food pellet show an enlargement
in the representation of digits and wrist in the caudal
motor cortex [16]. The overall size of the whole forelimb
remained unchanged because the enlargement of the distal
forelimb occurred at the expense of the proximal forelimb
representation. Similarly, squirrel monkeys learning a small
object retrieval task have expanded finger representations in
the contralateral M1 at the expense of wrist and forearm
representations [17]. When digit training is stopped and
wrist training started, this expansion is reversed in favor
of the wrist representation. Learning-induced enlargement
of limb representations was also observed in humans [18].
The contralateral digit representation in M1 as measured by
transcranial magnetic stimulation (TMS) was significantly
enlarged after learning a finger sequence on the piano.

Taken together, expansion of motor cortex representa-
tions during movement training is characterized by: (1)
being specific for the trained skill and not induced by
motor activity that does not involve learning. In rats, simple
lever pressing [16], reaching for an unattainable pellet [19],
strength training [20], or reaching without grasping and
retrieving [21], did not induce motor map changes. In squir-
rel monkeys, taking food pellets out of large instead of small
wells failed to change M1 somatotopy [22]. (2) The area of
enlargement is confined to the cortical area controlling the
trained body part. (3) The degree of expansion is correlated
with learning success [21]. (4) Finally, map plasticity seems
to be essential for successful motor learning. If map plasticity

is suppressed, for example, by damaging cholinergic afferents
to cortex, learning a reaching task becomes less efficient [23].

In summary, the causal relationship between motor
cortex map plasticity and motor learning is highly plausible.

2.1.3. Are Learning-Dependent Map Changes a Substrate for
Motor Engrams? However it cannot be excluded that subtle
map changes occur earlier during skill acquisition, a map
enlargement measurable by ICMS requires several days and
sufficient movement repetitions to develop [19, 24]. In rats,
the expansion of forelimb representation emerged between
days 7 and 10 at a time when performance had plateaued
[19]. Because map changes are present after the skill was
successfully acquired, they could be a reflection of the
motor engram [7]. But, after training is discontinued, the
expansion is quickly reversed [21]: after 8 days of rest, the
representation of the trained forelimb assessed by epidural
microstimulation reverted to baseline although the motor
skill was retained. If map changes are a substrate of this
memory, they should actually persist for as long as the skill is
remembered. Therefore, transient representational changes
may not be reflections of a motor memory trace but may
instead indicate the “learning mode” of the system in which
storage processes are possible. This mode is reversed once
learning has taken place. As an alternative hypothesis, the
map enlargement could reflect an intermediate storage of
the motor memory trace within M1 that is transferred to
different cortical or subcortical brain regions during a later
consolidation process.

In contrast to this hypothesis, increased movement-
related M1 activation has been reported using functional
magnetic resonance imaging, and this increase was main-
tained after training ended [25]. But changes in movement-
related activation are fundamentally different than alter-
ations in evoked movements in response to cortical stimu-
lation: movement-related activation reflects neuronal pop-
ulations in control of a movement, and the constituents
of these populations change during training. In contrast,
results of stimulation mapping depend on the organization
of cortical output pathways and on cortical excitability. While
the stimulus in measuring movement-related activation is
physiological, cortical electrical stimulation is not. Therefore,
movement-related activation may be a better surrogate
marker for the motor memory trace.

2.2. Mechanisms Underlying Map Reorganization and Encod-

ing Motor Memory

2.2.1. Learning-Induced Structural Plasticity within M1. The
functional adaptation in M1 that accompanies motor skill
learning depends on restructuring of M1 microcircuitry. In
rats trained to reach, pyramidal neurons (PMN) in layers
II/III and V have enlarged dendritic fields [26, 27]. This
enlargement of dendritic surface is accompanied by an
increase in the number of synapses per neuron in layer
V PMNs suggesting that learning promotes synaptogenesis
[19]. In transgenic mice that express yellow fluorescent pro-
tein (YFP) in PMNs, learning-induced synaptic remodeling



Neural Plasticity 3

was observed by imaging layer II/III dendritic branches
during and after reach training [28]. Formation and elim-
ination of spines, the postsynaptic elements of excitatory
synapses in cortex, were documented using two-photon
microscopy. Two phases of learning-induced synaptogenesis
were distinguished: (1) an early phase of increased spine
formation that begins 1 hour after the first training session
and lasts up to 4 days (skill acquisition phase), and in which
spine density in layer II/III dendritic branches increases and
(2) a delayed phase (skill maintenance phase, day 5 to 16)
of increased spine elimination, returning spine density to
baseline levels. The magnitude of spine formation during
the early phase was correlated with learning efficacy. Spines
that were formed in this phase became stabilized and were
still detectable long after training ended. Overtraining of the
same task did not induce further spine turnover, but training
a new task did. Interestingly, spines that have been generated
during the first task were preserved while training the second
task. Altogether, these data suggest that motor learning is
associated with rapid but lasting synaptic reorganization.
Such structural changes do not occur randomly within the
M1 circuitry but are confined to a subset of neurons directly
related to a novel motor experience [29] and may represent a
footstep of the motor memory trace.

2.2.2. Alterations of Synaptic Weights. Apart from spine
and synapse formation, alterations in electrophysiological
properties of M1 neurons may contribute to learning-related
network reorganization. Likely, long-lasting alterations of
synaptic efficacy such as long-term potentiation (LTP) or
long-term depression (LTD) are functional correlates of
learning-induced plasticity. Both can be induced in M1 in
vitro [30] and in vivo [31]. Rioult-Pedotti and coworkers
showed that motor skill learning is associated with LTP-
like synaptic plasticity in rats. Acquisition of a reaching
task induced a long-lasting increase in synaptic strength in
horizontal connections of layer II/III in the M1 forelimb
representation contralateral to the trained paw. No changes
of synaptic efficacy were detectable in the hindlimb represen-
tation [32]. After five days of training, the ability to induce
LTP within these connections was partially occluded while
LTD increased, suggesting that motor learning expended the
capacity of LTP formation [33]. Several weeks after the train-
ing ended, layer II/III connections remained strengthened
whereas the ability to form LTP and LTD was restored to
pretraining levels [34].

Similar results were obtained in an in vivo animal
model (rat) introduced by Monfils and Teskey [35]. In rats
learning a reaching task, an enhancement in polysynaptic
efficacy within transcallosal efferents to the M1 forelimb
representation contralateral to the reaching forelimb was
found while task performance improved (day 5–8). Fur-
thermore, repeated high- and low-frequency stimulation
induced less synaptic potentiation and more depression in
the hemisphere contralateral to the trained forelimb when
compared with the ipsilateral hemisphere. In contrast to the
in vitro studies [33], strengthening of synapses decayed after
a few days and vanished at plateau performance (beyond

day 8). As the authors hypothesize [35], this difference
may be explained by the fact that in vitro stimulation
affects exclusively layer II/III horizontal pathways whereas
stimulation of the corpus callosum in vivo produces a
generalized unspecific activation of synapses in multiple
cortical layers.

2.3. Summary. Based on the present studies performed in
rodents, it is possible to extract a rough timescale that reflects
several milestones of motor learning-induced plasticity in
M1 at different levels (Figure 1). As a limitation of this
scheme, it has to be recognized that most of the cited studies
focus only on single time points during the learning process,
and certain differences in training intensity and training
duration between the learning paradigm (reaching task) have
to be taken into account. Nevertheless, it allows a conclusion
of some basic principles of learning-induced plasticity in
M1.

(1) Structural modifications and modulation of synaptic
weights precede the reorganization of motor maps,
suggesting that morphological changes and alter-
ations of connectivity within the M1 microcircuitry
form the basis of plastic changes at the network
level expressed as an enlargement of motor maps.
In line with this hypothesis is the finding that LTP
induction produces an expansion of the M1 forelimb
representation and of PMN dendritic trees [36]. Vice
versa, inducing LTD by low-frequency stimulation
of transcallosal projections produces a decrease in
dendritic length and spine density in layer III and V
of M1 [37].

(2) Learning-induced plasticity within M1 follows a
biphasic course as an initial “trophic” phase is
followed by a period of maturation: after a period
of enhanced spine formation some spines are elim-
inated and spine turnover returns to baseline levels.
The ability to form LTP is restored in synapses
of horizontal corticocortical connections. Enlarged
cortical representations retract to pretraining size.

(3) Motor memory may be encoded in primary motor
cortex: some of the newly generated synapses that
have functional relevance for the learned movement
are preserved, and synaptic transmission within
horizontal connections remains strengthened. Motor
memories may be stored through better connectivity
among neurons across M1 to orchestrate the sequen-
tial activation of spinal motoneuron pools enabling
the execution of movement sequences.

3. Cortical Plasticity during Recovery after
Ischemic Stroke

3.1. Motor Maps Reorganize after Ischemic Stroke and Sub-
sequent Rehabilitation. The reorganization of motor maps
after brain lesions was studied in squirrel monkeys [38]. After
lesioning approximately 30% of the digit representation in
M1 the animals recovered “spontaneously”, that is, without
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Figure 1: Schematic timescale of plasticity in M1 of rodents at different levels induced by a skilled reaching task. PMN: pyramidal motor
neuron; LTP: long-term plasticity.

any specific training. After one month, the digit represen-
tation in the damaged hemisphere was decreased in size by
more than 50%. After 4 months, the reduction was still
25%. This shrinkage was accompanied by an enlargement of
the representations of elbow and shoulder. Thus, even small
ischemic lesions to M1 induce a profound reorganization of
the cortical network in the peri-infarct cortex.

The shrinkage of the hand representation was prevented
by rehabilitative training [39]. This training consisted of
restricting the use of the unimpaired hand thereby enforc-
ing the use of the affected hand, a therapy that evolved
into the constraint-induced movement therapy (CIMT)
that has shown effectiveness in humans [40]. The effect
of rehabilitative training depended on its timing [41]. If
training was started one month after lesioning, shrinkage
of the cortical hand territory occurred despite training.
These results indicate the existence of a critical time window
during the first weeks after an ischemic stroke in which
“spontaneous” reorganization in the M1 network takes place
and can be externally influenced by a neurorehabilitative
training. But, despite these effects on cortical somatotopy,
training did not influence hand function: monkeys that

recovered without specific training had similar deficits to
trained animals [38].

In rat models, training impacted functional recovery as
well. Rats trained daily in a reaching task after stroke showed
a significantly better functional recovery than untrained
animals [42]. Training effects were largest when training was
started early [43]. That training improved recovery in rats
but not in monkeys likely has methodological reasons (lesion
size and testing of motor function).

In humans with a cortical or subcortical stroke (on
average 2 months after stroke) the representation of the
abductor digiti minimi muscle (ADM) measured with TMS
was smaller in the lesioned hemisphere as compared with
the contralateral hemisphere or with healthy controls [44].
After 8–10 weeks of rehabilitative training according to the
Bobath approach, the ADM representation enlarged again.
The enlargement correlated with the improvement of hand
motor function (Canadian Neurological Scale hand score of
0.43 before and 0.9 after therapy).

In summary, ischemic strokes cause reorganization in
M1 networks of the peri-infarct cortex and beyond. At least
in animal models, this reorganization takes place within
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Figure 2: Timescale illustrating the milestones of axonal sprouting within the PIC after a photothrombotic cortical stroke in rats.

the first four weeks after a stroke was induced. Within this
dynamic remodeling phase, the network is especially sensi-
tive to therapeutic interventions suggesting the occurrence of
synergistic effects on plasticity when training coincides with
lesion-induced (spontaneous) reorganization [45].

3.2. Structural Plasticity in the Peri-Infarct Cortex (PIC).
Structural changes within the cortical microcircuitry have
been examined in the area adjacent to the lesion, the peri-
infarct cortex (PIC). This region seems to be particularly
important for functional recovery. In humans movement-
related activation of PIC in fMRI is correlated with good
outcome [46].

3.2.1. Dendritic Remodeling and Synaptogenesis in the PIC.
In mice, apical dendritic arbors in layer V PMN in PIC
close to the ischemic lesion showed extensive remodeling
in the form of dendritic tip growth and retraction [47].
Gain and loss of dendritic branches was balanced, and
no significant differences of total dendritic length were
observed. Interestingly, the degree of dendritic remodeling
was smaller with greater distance from the infarct border:
there, dendritic arbors were reduced within the first three
months after stroke [48]. After photothrombotic stroke in
mice, spine density was initially decreased by 38% in the
PIC at 24 hours [49]. Subsequent assessments showed an
increased spine turnover rate in apical dendrites of layer V
PMN that reverted to baseline after 6 weeks.

In summary, structural changes in dendrites occur in the
PIC with their maximum close to the infarct border. In the
vicinity of the lesion an initial loss of spine density is followed
by increased dendritic remodelling and synaptic turnover.
The shrinking of dendritic trees distant to the lesion may be a
consequence of a lesion-related reduction in afferent signals.
This phenomenon resembles the model of diaschisis [50],
describing (dysfunctional) effects of focal brain injuries on
remote areas, for example, caused by neuronal deafferenta-
tion or redistribution of blood perfusion [50].

3.2.2. Axonal Sprouting in the PIC. The modifications of
neural circuitry are not limited to synapses and dendrites.
Novel axons are formed as well [51]. In the intact adult
brain, axonal sprouting is usually inhibited by three different
classes of inhibitory proteins [52]: extracellular matrix
proteins forming perineuronal networks (e.g., tenascin and
chondroitin sulfate proteoglycanes), myelin-associated pro-
teins (e.g., NogoA and myelin-associated glycoprotein), and
developmentally associated growth-cone inhibitory proteins
(e.g., molecules of the ephrin and semaphorin classes).

Around the infarct core apoptotic cell death and gliosis
dominate [53]. Within this region of the gliotic scar, both
growth-promoting and inhibitory genes are overexpressed
[54]. At greater distances from the infarct, in the area
surrounding the scar, inhibitory perineuronal networks
degrade due to inflammatory processes and free radical
formation, thereby facilitating axonal sprouting [45]. In
this area, growth-promoting genes are upregulated, and
inhibitory genes are downregulated [54]. Thus, the PIC
can be subdivided into a gliotic scar region surrounded
by a growth-permissive zone [45, 54, 55]. In this growth-
permissive zone a defined cascade of genes becomes induced
after stroke enabling the formation of new axonal projections
(Figure 2). This pattern of gene expression seems to be spe-
cific for reorganization after stroke and differs from axonal
growth during development or recovery from peripheral
nerve injury.

The temporal sequence of these events depends on age
[56]: in aged rats, growth-promoting genes are expressed
later, and growth-inhibiting genes are expressed earlier than
in younger animals. Such differences in gene expression and
patterns of remodeling may be the reason for the worse
outcomes of elderly stroke survivors.

3.2.3. Does Synaptic Plasticity Occur in the PIC? If and to
what extent long-term synaptic plasticity like LTP and LTD
contributes to network reorganization after stroke is still
unresolved. Hagemann and colleagues reported enhanced
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LTP in the perilesional zone around a photothrombotic
lesion to primary somatosensory cortex (S1) [57]. Neurons
in the PIC are more excitable after a stroke because
NMDA-receptor expression is upregulated [58] and GABA-
A-receptors are downregulated [59]. Reducing inhibition
by blocking GABA-A-receptors is usually a prerequisite for
the induction of LTP in vitro. Therefore increased cortical
excitability might be a plausible explanation for facilitated
LTP in the PIC.

3.3. Poststroke Plasticity Beyond the Peri-Infarct Cortex
(PIC). Beyond the PIC other brain regions are involved
in poststroke reorganization. Three months after lesion-
ing the M1 hand representation (>50% destruction) of
squirrel monkeys, ICMS revealed an enlargement of the
hand representation of the ventral premotor cortex (PMv);
the magnitude of enlargement was proportional to the
shrinkage of the M1 hand area [60]. In contrast, smaller
infarctions (<50% destruction of the hand representation)
that caused only mild deficits in the affected limb lead
to shrinkage of the PMv hand representation [61]. The
PMv is intensely interconnected with M1. Functionally, it is
thought to contribute to sensory guidance of movements as
well as movement preparation [8]. The PMv is involved in
recovery processes after brain lesions in monkeys [62] and
stroke patients [63]. Movement-related activation in PMv
is increased after rehabilitative training that improves arm
function [64]. These findings suggest that PMv contributes
to recovery if M1 reorganization is not possible—as it is the
case after large lesions.

Postlesional reorganization occurs not only within PMv
but also in its connections with other cortical regions. Neu-
roanatomical tracing five months after stroke showed new
projections between PMv and S1 [65]. These connections
may compensate for interrupted S1-to-M1 projections. New
PMv-S1 fibers may improve the functional coupling between
sensory and motor systems.

Larger strokes comprising the distal forelimb represen-
tation in M1 and the premotor cortex in squirrel monkeys
resulted in severe motor deficits. These deficits recovered
only partially [66]. ICMS revealed an expansion of the
hand representation in the supplementary motor cortex
(SMA). The amount of expansion was proportional to
lesion size and was positively correlated with postlesional
recovery. The SMA contributes to the control of posture, to
initiation and execution of limb movements as well as to the
synchronization between M1 regions in both hemispheres
[8]. Bilateral activation of SMA in an fMRI study was
associated with good recovery after stroke [67].

In summary, these studies show that secondary motor
areas are involved in remodeling processes initiated by lesions
to M1. Although this remodeling shows a correlation to
functional recovery, the question of a causal relationship
remains unanswered.

The changes described above all occur in the ipsilesional
hemisphere but the contralesional hemisphere undergoes
reorganization as well. In rats, dendrites of PMN expand
in layer V of the contralesional M1. This expansion is

followed by dendritic pruning [68]. The growing of dendrites
is accompanied by synaptogenesis [69]. These structural
modifications may be the consequence of compensatory
overuse of the unimpaired limb [70]. In humans, fMRI
or PET studies revealed an activation of the contralesional
hemisphere predominantly in the first days to weeks after
a stroke [71, 72]. However, in individuals with good
recovery, brain activation during paretic limb movement
shifts towards the ipsilesional hemisphere. Persistence of
contralesional activation is related to poor recovery [72, 73].
But, bilateral arm training evokes contralesional premotor
activation which is associated with a good therapy response
[64]. Therefore, the functional role of the unlesioned hemi-
sphere after stroke and its contribution to recovery are still
unresolved. It may be that temporary involvement of the
contralesional hemisphere is necessary during an early stage
of recovery.

3.4. Implications for Clinical Practice. After an ischemic
stroke affecting M1, profound reorganization occurs around
the infarct as well as in remote areas of cortex within both
hemispheres. Such reorganization is accompanied by partial
or complete recovery of motor function. Structural changes
like axonal sprouting, dendritic remodeling, and synapse
formation occur—at least in animal models—during the
first weeks after infarction. During this critical time window,
reorganization processes can be influenced and optimized by
training. In consequence, spontaneously occurring plasticity
should be exploited by starting rehabilitation as early as pos-
sible. But also late after stroke (>6 months), reorganization
is still possible, and functional recovery occurs in almost all
individuals in response to intense training [64, 74]. Certain
areas of cortex like PMv and SMA are able to remodel
and thereby compensate for lesions in M1. It remains to
be elucidated which patterns of reorganization occur when
other areas of the brain or all sensory and motor cortices are
damaged.

4. Do De Novo Learning and Relearning
Movement Sequences during Rehabilitation
after Stroke Depend on Similar Mechanisms?

As discussed above, de novo motor-learning-induced alter-
ations on the level of microcircuitry (dendrites and synapses)
and network reorganization (motor maps) in the intact
M1 are well examined, emphasizing that this structure
plays a plausible role for the storage of newly acquired
motor memories. For the relearning of movement sequences
after an ischemic stroke, corresponding data are lacking.
Currently, one assumes that de novo motor learning requires
more or less similar plastic modifications like relearning
during rehabilitation [75]. However, obvious differences
exist between both conditions: given that M1 is a key
structure for the storage motor engrams, it is poorly
understood where and how novel motor memory is stored
in the injured brain, especially when M1 is damaged or
underwent a lesion-induced reorganization. Furthermore,
relearning movement sequences may be hindered by an
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interference of “residual” elements of previously stored
memory traces [76] or dysfunctional spontaneous reorga-
nization patterns [77]. Therefore, it seems premature to
consider de novo motor learning as an appropriate model
for rehabilitation-induced recovery. Further studies investi-
gating rehabilitation-induced plasticity on the cellular and
network level are required to decide if knowledge from motor
learning can be transferred to optimize neurorehabilitation
strategies or if completely different concepts have to be
developed.
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Sequential activation of neurons that occurs during “offline” states, such as sleep or awake rest, is correlated with neural sequences
recorded during preceding exploration phases. This so-called reactivation, or replay, has been observed in a number of different
brain regions such as the striatum, prefrontal cortex, primary visual cortex and, most prominently, the hippocampus. Reactivation
largely co-occurs together with hippocampal sharp-waves/ripples, brief high-frequency bursts in the local field potential. Here, we
first review the mounting evidence for the hypothesis that reactivation is the neural mechanism for memory consolidation during
sleep. We then discuss recent results that suggest that offline sequential activity in the waking state might not be simple repetitions
of previously experienced sequences. Some offline sequential activity occurs before animals are exposed to a novel environment
for the first time, and some sequences activated offline correspond to trajectories never experienced by the animal. We propose
a conceptual framework for the dynamics of offline sequential activity that can parsimoniously describe a broad spectrum of
experimental results. These results point to a potentially broader role of offline sequential activity in cognitive functions such as
maintenance of spatial representation, learning, or planning.

1. Introduction

Reactivation of neural activity in the hippocampus was first
studied in 1989 by Pavlides and Winson [1]. The authors
recorded spiking activity of place cells, hippocampal neurons
that are selectively active in restricted regions of space [2].
After determining the so-called place field of a particular

neuron, they either allowed the animal to run through the
place field (exposure condition) or prevented the access to
it (nonexposure condition). As a consequence, the place cell
was active in the exposure condition, but inactive in the
nonexposure condition. Intriguingly, the activity level of cells
during subsequent sleep reflected their earlier activity level
during exploration, showing that place cells are reactivated
during sleep. Following this finding, investigators first stud-
ied pairs [3, 4] and then larger ensembles of place cells
[5, 6]. These studies reveal that place cells are activated in a
consistent sequential order both during rapid eye movement
(REM) sleep [5] and during slow-wave sleep (SWS) [6].
Moreover, the order during sleep matches the order in which

the same cells were active during the preceding run on a lin-
ear track. This phenomenon is therefore called replay. During
SWS sleep, reactivation largely co-occurs with hippocampal
sharp-waves/ripples (SWR), brief (�80 ms) high-frequency
bursts (100–250 Hz) that appear in the local field potential
(LFP) in the hippocampus [7–9]. Nevertheless, it remains
unclear whether all SWRs are accompanied by replay events
and vice versa.

Since the rodent hippocampus is required for learning
about new places [10], as well as sequences of nonspatial
items [11], it was suggested early on that reactivation might
be involved in learning. Specifically, reactivation is thought to
be a neural mechanism for consolidation, a process through
which memories gradually become independent of the hip-
pocampus [12]. It has been suggested that memories are
initially stored in the hippocampus and then gradually trans-
ferred to neocortical areas through reactivation in a two-
stage process [13, 14].

In this paper, we discuss three classes of experimental
findings and their associated functions. First, mounting
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evidence suggests that reactivation during sleep plays a
functional role in consolidation. Second, more recently,
reactivation has been observed during the awake state, which
differs in intriguing ways from sleep reactivation. Third,
recent results suggest that sequential neuronal activation
during offline states is not always a replay of sequences
previously driven by sensory stimuli [15, 16]. We introduce
the term “offline sequential activity (OSA)” to refer to
sequential neural activation that is not apparently driven
by sensory stimuli. “OSA” is meant to be a catch-all term
that potentially includes several types of activity such as
replayed sequences, sequences that are not repetition of pre-
viously experienced sequences, sequences with a functional
relevance, and those without one. We suggest a conceptual
framework for the dynamics of OSA that can explain many
experimental findings in the three classes of the reviewed
phenomena.

2. The Link between Reactivation during
Sleep and Consolidation

Consolidation can be defined as “a process that transforms
new and initially labile memories encoded in the awake state
into more stable representations that become integrated into
the network of pre-existing long-term memories. Consoli-
dation involves the active re-processing of fresh memories
within the neuronal networks that were used for encoding
them. It seems to occur most effectively off-line, [· · · ] so
that encoding and consolidation cannot disturb each other
and the brain does not hallucinate during consolidation”
[17]. This view of consolidation would strongly suggest
that it takes place during sleep, as others have suggested
before [18, 19]. Here, we review the mounting experimental
evidence that reactivation during sleep plays an important
role in the process of consolidation.

2.1. Memory Performance Is Linked with SWRs and Reactiva-
tion. The most direct lines of evidence for a role of reactiva-
tion in consolidation are the correlations between memory
performance, on the one hand, and SWRs and reactivation,
on the other hand. Axmacher et al. [20] presented epilepsy
patients with sequences of pictures (landscapes and houses)
while recording LFP in the hippocampus and rhinal cortex
with standard macro electrodes. The number of successfully
recalled items after an≈1 h nap is correlated with the number
of rhinal, though not hippocampal, SWRs. Dupret et al.
[21] showed in rats that the number of reactivation events
is correlated with the number of new goal locations that
animals can successfully retrieve. These results provide only
a correlation between memory performance and reactivation
or SWRs, so they do not show that reactivation and/or SWRs
are causally driving consolidation.

To show a causal relationship, Girardeau et al. [22] and
Ego-Stengel and Wilson [23] interrupted reactivation in rats
during sleep. The authors detected the onset of SWRs in the
LFP and, upon detection, stimulated the commissural fibers,
which bilaterally connect the hippocampi. Such stimulation
can suppress CA3 activity, and thus the propagation of

replay sequences. Stimulated animals show a small, but
significant, memory deficit relative to controls. The residual
learning can be explained perhaps by incomplete SWR
detection (detection rate approx. 85%), thus allowing some
replay events to occur and to potentially drive residual
consolidation [22]. It is also possible that some replay events
are not accompanied by SWRs and, therefore, cannot be
detected by the methods used in these studies. A careful study
of the exact relationship between replay events and SWRs has
yet to be done.

Even though the deficit in stimulated animals is some-
what small, the results show a clear impairment of memory
consolidation due to the suppression of SWRs.

2.2. Spiking during Reactivation Can Drive Synaptic Plasticity.
We next turn our attention to the mechanism by which
reactivation might drive consolidation. The most discussed
possibility is that experience of a sequence leads to replay
them then drives plasticity, which in turn strengthens the
memory of the replayed experience. This chain of arguments
can be evaluated at several points. For one, we would
expect that more experience (either recent [24, 25] or total
experience [3, 13]) leads to more replay. Indeed, sleep replay
seems to depend on repeated sequential experiences [25].
The rates of SWRs and reactivation increase with the number
of repetitions and the regularity of the behavior in both CA1
and CA3. O’Neill et al. [26] showed that the more time
animals spent within the overlap of two place fields, the more
the corresponding place cell pair are reactivated during sleep.

Next, we consider whether reactivation could drive
synaptic plasticity. Spiking in CA1 pyramidal cells during
SWRs is locked to the cycle of the ripple [7], and thus
highly similar to tetanic stimuli frequently used to induce
long-term potentiation (LTP) in experimental settings [27].
Moreover, spikes fired by neuron pairs in a SWR fall within
a time window of tens of milliseconds, consistent with spike-
timing-dependent plasticity (STDP) [28–30]. Hence, spiking
during reactivation clearly has the properties to drive LTP
and STDP.

It has been claimed that replayed sequences are com-
pressed in time by a factor of about 20 relative to the
sensory-driven sequences [6, 31]. This apparent compression
is, however, an analysis artifact, when spiking during SWRs
is compared to the average time it takes the animal to move
between the place fields. A better reference are perhaps the
firing sequences generated during exploration due to theta
phase precession [32]. Phase precession has been observed
in individual passes through a cell’s place field [33] and,
therefore, can generate neural sequences on the order to tens
of milliseconds.

2.3. Reactivation Occurs in Several Networks throughout the
Brain. Since consolidation presumably involves the transfer
of information to neocortical areas, reactivation should be
observed in brain regions outside of the hippocampus.
While most work on reactivation was done in the hip-
pocampus, reactivation was also observed in several other
brain structures. First evidence of neocortical reactivation
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was demonstrated in pairwise correlations during SWS [34].
In the primary visual cortex (V1) and the neighboring
secondary visual cortex, Ji and Wilson [35] found that
firing sequences evoked by awake experience are replayed
during SWS. Similarly to hippocampal place cells, the firing
activity of V1 cells is tied to specific locations within the
environment; however, spiking of V1 cells is probably driven
by local visual, rather than spatial, cues.

Replay was observed in prefrontal cortex (PFC) in
transient episodes during SWS [36, 37]. These sequences are
compressed in time compared to the average activity during
behavior as it is in the hippocampus, but with a factor of 6 to
7 [36]. However, it remains unclear whether a phenomenon
similar to phase precession in the hippocampus could
explain the apparent compression in prefrontal cortex.

Furthermore, SWR and reactivation were also observed
in the ventral striatum during SWS after a task on a track (T
maze or triangular track) where rewards were present [38–
40]. The striatal reactivation does not seem to decay across
40 min of sleep after the task and is associated with short time
intervals after ripple onset [38, 39]. However, in contrast to
replay in the hippocampus, this reactivation does not appear
during REM sleep and seems to be a sparse phenomenon in
the sense that a minority of firing units (coding for the track
exploration) are reactivated.

Finally, SWR-like events were recorded in the rhinal
cortex of humans by [20], in the entorhinal cortex of rats
[41], and in the LFP in cortical sensorimotor and association
areas 3, 4, 5, 7, 17, 18, and 21 of cats [42].

2.4. SWRs and Reactivation Are Coordinated between Neo-
cortex and Hippocampus. To transfer information from the
hippocampus to neocortical areas, activity in different brain
regions has to be coordinated. Hippocampal SWRs are
presumed to be means for information exchange between
the hippocampus and neocortical areas during consolidation
[13]. While a coherent picture of these interactions is lacking,
many pieces of the puzzle have emerged. For instance, the
occurrence of prefrontal sleep spindles and that of SWRs are
correlated [43], as are SWR-like events in rhinal cortex and
hippocampus [20].

A number of studies have focused on the neocortical up
and down states that occur during SWS and in anesthetized
animals. Up states are characterized by depolarized mem-
brane potentials and high neural activity and down states
by hyperpolarized membrane potentials with little spiking
activity [44, 45]. SWRs in the hippocampus apparently
appear more frequently during down states, particularly near
the transition from the down to the up state [46–48]. A
potential coupling mechanism might be the strong synchro-
nization between the membrane potential of hippocampal
interneurons and up-down transitions in neocortical LFP
[49]; however, up-down states have not been found in the
hippocampus itself [35, 50]. Consistent with the hypothesis
that different neocortical areas need to be coordinated during
consolidation, up-down transitions are correlated across
different neocortical sites [51] as well as between cortical
areas and hippocampal subareas [50].

The synchronization across brain regions extends to
spiking activity as well. Ji and Wilson [35] observed that
during SWS there are distinct periods of low and high spiking
activity in both hippocampus and V1. The authors called
periods of high activity frames and suggested that frames
correspond largely to cortical up states although they could
not be sure due to the lack of membrane potential recordings
[35]. The results suggest that frames in the hippocampus
and V1 are synchronized as well as replay sequences in the
two areas. Frames appear to be involved in the generation of
SWRs since hippocampal frames are frequently followed by
SWRs about 30 ms later.

Furthermore, hippocampal SWRs are associated with
reactivation of neurons in PFC [37, 52] and in ventral
striatum [38, 40], which receives direct inputs from CA1 and
subiculum [53]. Hoffman and McNaughton [54] studied cell
pairs in different neocortical areas of nonhuman primates
during a visual task and subsequent sleep. They found
that the patterns of correlations during the task phase is
reactivated during sleep. Finally, the number of reactivation
events is correlated with the density of up-down states [55].

In addition to suggesting correlations between areas, the
simple information transfer view implies that information
flows from the hippocampus to the other brain regions.
Consistent with this expectation, the hippocampus appears
to lead the ventral striatum [40] and prefrontal cortex [37].
Some evidence, however, point to a flow of information
in the opposite direction. Sirota et al. [46] showed that
neuronal bursts in somatosensory cortex trigger SWRs in the
hippocampus, Hahn et al. [49] suggested that prefrontal up-
down states influence the probability of replay events in the
hippocampus, and Ji and Wilson [35] showed that frames
in V1 lead the hippocampal frames by 50 ms. These exper-
imental observations suggest that the interactions between
hippocampus and other brain regions during consolidation
is more complex than the simple view. Interactions might
be bidirectional and the direction might change dynamically
throughout the consolidation process [37].

2.5. Reactivation Occurs in Several Different Species. Since
memory consolidation is believed to be a general principle of
memory storage, we would expect that a similar mechanism
underlies consolidation in different species. Indeed, there is
much evidence for SWRs and reactivation in species other
than rodents.

Recordings obtained from epileptic patients reveal SWR-
like events in the LFP in the human parahippocampus [56],
hippocampus, and rhinal cortex [20]. In these studies, SWRs
occur only during slow wave sleep or quiet rest with eyes
closed and are not observed during the active awake state.
Interestingly, single units in the human hippocampus appear
to represent spatial locations not unlike place cells in rodents
[57]. In nonhuman primates (rhesus macaques), SWRs were
observed in the hippocampus and neighboring structures
[58]. The authors suggest that SWRs originate mainly in
CA1, like they do in rats. Reactivation was observed in
the macaque motor, somatosensory, and posterior parietal
cortices but not in prefrontal cortex [54]. SWR-like events
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were detected in the LFP of other mammalian brain regions
such as cat cortex [42] and rabbit hippocampus [59].

Finally, replay has been observed in at least one nonmam-
malian system: area RA of songbirds [60]. The sequential
activity of sensorimotor neurons during sleep matches
their activity during daytime singing when they drive song
production.

3. Reactivation during the Awake State and
Its Enhancement

Consolidation occurs during sleep, so the popular argument
goes, because then the brain is not burdened by stimulus-
driven neural activity that could interfere with the network
restructuring during consolidation. Similarly, the initial
assumption was that reactivation only occurs during sleep
[3, 4, 8]. However, Kudrimoti et al. [61] later reported that
reactivation occurred in the awake state, too. O’Neill et al.
[62] showed that the hippocampal network during the awake
state is simultaneously driven by both internal dynamics and
sensory inputs. The latter result was found in exploratory
SWRs (eSWRs), which the authors defined as SWR that
occur during brief periods of rest, that is, within 2.4 s of theta
activity, which ceases when the animal remains stationary
[62].

3.1. Accounting for the Special Properties of Awake Reacti-
vation. During the awake state, SWRs are also frequently
accompanied by sequential activation of place cells [24, 63,
64]. However, these sequences exhibit a fascinating difference
to reactivation during sleep. Some sequences of activation
during quiescent periods are reversed as compared to the
sequence during run [24]. It is remarkable that this stunning
experimental observation had been predicted by Buzsáki
[13] based on a moving-threshold model. In this model,
place cells receive subthreshold inputs even when the animal
is located far away from its apparent place field. During
SWRs, the threshold for spiking is lowered gradually. As the
threshold drops, one place cell fires spikes first, the cell that
receives the strongest subthreshold excitation, that is, the one
with a place field closest to the animal’s current location.
As the threshold is lowered further, cells with progressively
weaker excitation, that is, cells with place fields further and
further away, fire spikes, generating a neuronal sequence.
When place fields are unidirectional, the moving-threshold
model predicts sequences in both the forward and reverse
order.

While Foster and Wilson [24] originally reported awake
replay in the reverse order, later studies reported awake replay
in both the forward and reverse directions on a linear track
[64, 65], and in an open environment [63]. When the animal
pauses in-between runs along the linear track, forward
replay is observed mostly just before a run, suggesting an
anticipation of the run [64]. On the other hand, reverse
replay is observed just after a run was completed, suggesting
a mechanism that uses the information about the outcome
of the run to correct the preceding action.

The moving-threshold model made a second important
prediction: replay is initiated at the animal’s current location.
There is indeed a tendency for awake replay to be initiated
at or modulated by the animal’s current location [62–64].
However, it seems that awake replay can be initiated at
remote locations on the track [65] and may correspond to
a different track altogether [66]. Furthermore, the fun-
damental assumption of the moving-threshold model are
challenged by recent intracellular recordings [67, 68]. These
studies suggest that there is no subthreshold excitatory inputs
to place cells distant from their spiking place field.

The experimental evidence on awake replay is not unam-
biguous. While reactivation is observed in PFC, it apparently
does not appear in rest periods that are not classified as SWS
[36, 37]. It also remains controversial whether to include
SWRs-like events that are observed while the animal is
running at significant speeds [62, 69].

What might be the functional role of awake reactivation?
This role could be very different from sleep reactivation and
possibilities include planning, modifying neural represen-
tations, attention, motion, and memory retrieval. Alterna-
tively, awake and sleep replay might serve a similar function:
consolidation. If consolidation set in only after the animal
had fallen asleep, perhaps hours later, intervening neural
activity might overwrite the information about the cells’
activity during behavior. This problem could be circum-
vented by starting the process of consolidation immediately
after the experience [70]. If this were the case, we would
expect that reactivation was increased by factors that are
known to correlate with memory demand or performance.
We briefly review the available evidence in the following, and
refer the reader to Carr et al. [70] for more detail.

3.2. Ripple-Associated Activity Enhanced by Novelty. To study
memory formation and/or consolidation we need to examine
neural activity when new associations are learned. While
some earlier studies found SWR-associated reactivation
following exposure to a novel environment [6, 61], they
did not compare the neural representations of novel and
familiar locations. Foster and Wilson [24] reported that it
is easier to observe reactivation of novel linear tracks than
of familiar tracks; that is, P values indicating the statistical
significance of replay were lower after exposures to novel
environments than after exposure to familiar environment.
This result suggests that there is a difference between the
reactivation of novel and of familiar environments, but
it does not point to the source of the difference. We,
therefore, studied SWR-associated neural activity, while rats
alternated between a familiar and a novel arm in an eight-
arm maze [69]. Place cells that represent the novel arm show
significantly increased activity during SWRs as compared
to cells representing the familiar arm. Furthermore, spiking
of novel arm cells during SWRs have a higher temporal
precision and significantly more SWRs occur when the
animal is located in the novel arm. At the same time, spiking
activity as a function of spatial location and theta phase
is less regular in the novel arm. We, therefore, proposed
that enhanced SWR-associated activity drives the formation
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Figure 1: The dynamics of offline sequential activity (OSA) as
a function of exposure. This schematic summarizes the results
of many reactivation studies in novel and familiar environments.
(a) The number of OSA within a day increases with the length
of exposure (solid line segments). At the same time, the level of
OSA decreases across days as the animal becomes familiar with
a novel environment (dashed line). Δr represents the amount of
intrinsic OSA (Δr = 0 implies that OSA are purely reactivation
of prior sensory-driven sequences). The grey-shaded regions are
compressed, and the dynamics within these regions is omitted here
for clarity. They are shown in the next panel. (b) Dynamics of
OSA within one day. The solid lines are based on experimental
observations. The dashed lines represent different hypotheses about
the unknown dynamics of OSA between the end of the exposure
and the beginning of the sleep phase.

of precise spatiotemporal representations [69]. Interestingly,
in this context, the number of goal-associated eSWRs in a
spatial task is correlated with memory performance [21].

Enhanced replay of memory traces during SWS due
to learning was also observed in the hippocampus, neo-
cortex, putamen and thalamus [71] although there are
methodological concerns with their data analysis [72]. Other
studies also reported an increase in SWRs during sleep
after exposure to novelty in an association task [73] and a
spatial discrimination experiment [74]. Here, learning seems
to increase the number of hippocampal SWRs during the
first hour of postlearning SWS. Rats that did not learn the
discrimination during the training session do not show any
change in the number of SWRs.

At this point, one might wonder how it is possible that
reactivation increases with time spent in the environment,
as discussed in the previous section, and decreases with
familiarity, as discussed here. We illustrate how both trends
can occur at the same time in a schematic representation of
the potential dynamics of reactivation (Figure 1). Each solid
line segment in Figure 1(a) shows that reactivation within a
day increases with the duration of exposure; however, the
heights of the solid line segments decrease with each day
of exposure before reaching an asymptote. To be consistent
with our argument in the next section, we already use the
more general term offline sequential activity (OSA), which
also includes replay (Figure 1).

3.3. Reactivation Is Enhanced by Reward and Affective State.
Reward and affective state are known to influence memory
formation [75–78]. We would, therefore, expect that reward

and affective state also change reactivation. In most experi-
ments, animals are rewarded for their performance to drive
learning. Once the task is learned, the reward is obtained
consistently, leaving few unrewarded trials to analyze. By
switching the reward contingency mid-session without a
signal to the animal, recent experiments were able to induce
a period with a significant number of mistakes leading to
unrewarded trials [39, 79]. CA3 place cells are more active
during SWRs following rewarded trials as compared to
unrewarded trials [79]. The enhancement is associated with
the reward location: cells with place fields near the reward
locations have more enhanced reactivation than others [79].
This enhancement could allow the animal to learn the
relationship between the path and the outcome. The goal
(or a reward location) is a particularly important location.
Indeed, the formation of the goal’s spatial representation
and its reactivation is correlated with learning [21]. These
results are compatible with an earlier observation that place
fields gradually shift towards prospective reward locations
over multiple trials of a T maze alternation task [80].

As during sleep, reactivation associated with reward
during quiet wakefulness is not only observed in the
hippocampus, but also in the ventral striatum [39], known
to be involved in reward anticipation [81]. The striatal
reactivation generally occurs after the hippocampal replay
[40].

Together, these observations show that factors known to
be correlated with memory performance also influence OSA
in different brain regions, underscoring the potential role of
awake reactivation in memory consolidation.

4. A New Type of Offline Sequential
Activity (OSA)?

In the following, we discuss sequential neural activity that
occurs during offline states, but that is not necessarily replay
of previously experienced sequences. To emphasize this pos-
sibility, we use the term “offline sequential activity (OSA)”
for internally generated neuronal sequences during offline
states, that may or may not be replay of previously sensory-
driven sequences.

4.1. Offline Sequences That Do Not Seem to Be Reactivation.
Gupta et al. [15] investigated the relationship between expe-
rience and content of OSA in CA1 cells. They trained rats
to run in a two-choice T maze with two return loops. After
the second choice, the animals either turned left or right and
then completed the loop to returned to the starting location.
Animals had to run forward on the left or the right loop or
alternate between the two in a block design. At any given
stage of the experiment, animals had, therefore, experienced
certain parts of the maze more or less recently. Gupta et
al. [15] then analyzed the distribution of intervals between
experience and replay events. The distribution is inconsistent
with replay of the most recent or the accumulated experience,
but is consistent with experience-independent replay. To
explain the discrepancy with previous studies, the authors
suggested that “. . . the increase in replay with experience
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seen in these earlier studies [25, 26] may be due to general
experience in the environment rather than the experience of
particular trajectories.” In other words, the x-axis in Figure 1
is “time spent in the test environment”, not the amount of
specific experience such as the number of repetitions of a
particular trajectory.

A further decoupling between OSA and experienced
sequences emerged. Although the animals were mostly
prevented from running in the reverse direction, a similar
number of forward and reverse replay events was found
[15]. Moreover, shortcut sequences were observed during
replay that do not correspond to any previously experienced
sequence. The animals were prevented from crossing directly
between the left and right loops, yet, a significant number of
such OSA occurred.

One issue with this study is that animals had experienced
the environment in its entirety, even if they had not experi-
enced those particular trajectories that were replayed, thus
making it at least possible that the animal had mentally
explored all trajectories that were replayed [82]. These objec-
tions were overcome by a recent experiment in mice that
found preplay [16]. CA1 firing sequences recorded during
periods of awake rest are correlated with sensory-induced
sequences in an environment experienced only later. The
OSA were observed both in forward and in reverse order.

A potential interpretation is that preplay emerges from
the network structure, that is, sequences preexist in the net-
work structure and are recruited for encoding new memories
[16]. This hypothesis is supported by a recent suggestion
that the cellular properties of hippocampal cells predict
which cells will become active in a novel environment [67].
The Δr in Figure 1 denotes the amount of intrinsic OSA.
Δr = 0 would imply that there are no intrinsic OSA, that
is, that OSA are always reactivation of prior sensory-driven
sequences. The results of Dragoi and Tonegawa [16] indicate
a significant nonzero Δr. Figure 1 also illustrates how this
preplay, or intrinsic OSA, might have been missed so far, even
though several studies have looked at reactivation before and
after novel experience [6, 24, 61, 64]. These studies presumed
that any correlation between run and presleep are spurious
and thus have to be subtracted from the correlation between
run and postsleep [72]. For instance, in the exploration
of a familiar environment, Kudrimoti et al. [61] found
that the pairwise correlations during SWS preceding run
are significantly related to those during run. They then
proceeded to substract this presleep-run correlation from
the postsleep-run correlation for the analysis of reactivation.
In addition, correlation-based measures probably lack the
statistical power to detect the effect of the relatively small
number of significant preplay events [16]. In summary, the
most recent results suggest that the level of OSA is not
driven by the specific sensory experience and OSA does not
correspond to previously experienced sequences.

4.2. Possible Functions for Awake Offline Sequential Activity.
We next turn to the question what function OSA might
serve, when the OSA is not a repetition of previous activity.
We previously suggested that SWR-associated activity might

drive the formation of spatial representation in novel envi-
ronments, since SWR-associated activity is enhanced while
spatio-temporal spiking is less organized [69]. Consistent
with this view, Gupta et al. [15] suggest that the function
of forward and reverse replay is to establish and maintain
representations of the environment, rather than to replay
specific recent experience, since the level of OSA appear to be
driven by the familiarity to the environment, and not by the
amount of sensory-driven neural activity during behavior.
These suggestions are consistent with the idea of maintaining
cognitive maps [83, 84].

As preplay occurs before the exploration task, we believe
it to be consistent with the notion of planning [65, 85].
Hopfield [82] proposed a model that could support this
function. This model, based on the continuous attractor
model of Samsonovich and McNaughton [86], includes a
hippocampus-like network and allows for mental explo-
ration of trajectories never actually experienced. The goal of
this mental exploration could be trajectory planning, that is,
finding the optimal path between two locations.

OSA are indeed often observed before choosing a
trajectory in spatial tasks or before obtaining a reward; it
might, therefore, play a role in predicting the reward loca-
tion and ingestion [38], possibly through a reverse replay
phenomenon [64]. Johnson and Redish [87] suggest that the
sequential activity of hippocampal neurons seem to represent
future situation rather than recent experience.

Other suggestions focus on the function of OSA in mem-
ory and are not explained by the above-cited studies. Dragoi
and Tonegawa [16] propose that preplay may facilitate future
learning when “a new experience is introduced with multiple
steps of increasing novelty”. The presence of OSA could allow
for the integration of novel information into a network of
older memories. In other words, the sequences would be
naturally present in the neural network and would be utilized
during a learning experience to store new memory traces.

4.3. Sleep Offline Sequential Activity Revisited. The recent
results on awake OSA, and the wide range of possible
functions that they suggest, call for a reconsideration of sleep
OSA. We began our paper with a review of the mounting
evidence for the link between reactivation and consolidation.
In our view, this link is still the best supported by experi-
mental evidence. However, new possibilities for sleep OSA
have opened up and a few nagging question have not been
answered so far.

For example, we do not know if sleep OSA is only
replaying previous experience. Dragoi and Tonegawa [16]
showed preplay during “sleep/rest” periods. We do not know
whether preplay occurs during the awake or sleep state or
both. Given that many results on awake OSA were only
revealed through careful analysis after they were initially
overlooked, it seems worthwhile to reexamine sleep OSA
in similar ways. Analyses of OSA in both sleep and the
awake state in one and the same experiment are needed to
determine whether sleep and awake OSA are fundamentally
different, aside from the fact that the latter occurs in the
reverse order, too. In this vein, the conflicting reports that
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replay is independent of experience [15] and that replay
reflects the amount of previous exposure [25, 26] might be
explained by the fact that the first study was conducted in the
awake state and the other two in sleep.

While there is much evidence that sleep OSA is involved
in consolidation, the link is not exclusive in either direction.
On the one hand, sleep OSA in the hippocampus might not
be the sole, or even the main, mechanism of consolidation.
In fact, the number of rhinal, but not hippocampal, SWRs is
correlated with subsequent memory performance in a study
conducted in humans [20]. In rats, consolidation is only
partially impaired when reactivation in the hippocampus is
suppressed by stimulation [22, 23]. In addition to technical
explanations for the residual learning discussed above, it is
also possible that replay is only one of several mechanisms
involved in consolidation. Other potential mechanisms for
consolidation include neuronal synchronization [88, 89],
and nonsynaptic plasticity phenomena [90, 91].

In the other direction, consolidation might not be the
only function of sleep OSA. For example, a computational
modeling study of neocortical-hippocampal interaction
found that replay might aid the formation of semantic mem-
ories and be necessary for the continued maintenance of
episodic memories [92]. This result lends support to the
multiple memory trace hypothesis that suggests that episodic
memories never become fully independent of the hippocam-
pus [93].

Finally, it remains unclear how exactly replay drives
consolidation. We do not know, for instance, whether replay
strengthens synaptic weights or weakens recently established
synaptic connections. Rasch and Born [94] proposed, for
instance, that memory traces were transiently destabilized by
reactivation to allow for their stabilization and integration
into preexisting long-term memories. Similarly, Mehta [95]
suggested that reactivation erases memory traces to create a
clean slate for future memories. In rat hippocampal slices
that are able to spontaneously produce SWRs, Colgin et
al. [96] observed that LTP is impaired probably due to the
presence of SWRs. These suggestions are consistent with the
broader hypothesis that the main purpose of sleep is synaptic
downscaling to restore encoding capabilities of the network
[97].

5. Conclusion

We have reviewed many of the exciting and important
findings about reactivation and replay and proposed that
they are part of a larger class of phenomena, which we termed
OSA. Recent findings suggest that some instances of awake
OSA do not repeat sequences that were previously driven by
sensory inputs, suggesting that awake OSA is not necessarily
a memory trace. We proposed a conceptual framework that
parsimoniously accounts for the major known features of
the dynamics of OSA. Mounting evidence suggests that
sleep reactivation is involved in consolidation although more
work is needed to establish the precise mechanisms and to
what extend consolidation is driven by OSA versus other
mechanisms. By contrast, the functional role of awake OSA
and nonreplay OSA are much less clear.

The ubiquity of OSA highlights the ability of biological
neural networks to internally generate sequential activity. As
such, the mechanism that generates OSA might be related
to mechanisms that generate internal dynamics on different
timescales and in different neural systems. We name only a
few examples here: internally generated sequences at time
scales of seconds in the hippocampus [98], free recall of
movie sequences [99], working memory maintenance [100],
and internal dynamics in sensorimotor learning [101, 102].

We close this paper by pointing out significant gaps in
our understanding of OSA dynamics. The schematic shown
in Figure 1(a) is only a rough guess. In particular, it is
unknown how strongly the network is driven by novelty
(dashed curve) versus exposure time in one session (solid line
segments), since these two effects have never been studied
in the same experiment. Moreover, OSA during the period
after exposure, but before sleep sets in, remains unexplored
(dashed curves, Figure 1(b)). Activity during this intervening
period could simply store the accumulated memory for later
consolidation or already be part of the consolidation process.
In conclusion, we think that we have only seen the proverbial
tip of the iceberg when it comes to OSA. So stay tuned.

Glossary

Consolidation: Memory process by which memories
gradually become independent of the
hippocampus

Frames: Periods of high activity in V1 and the
hippocampus believed to correspond
largely to cortical up states [35]

eSWR: Exploratory sharp wave/ripple.
Occurs during brief periods of rest,
within 2.4 s of theta activity [62]

Exposure: Occurs when the animal is placed in
an environment and is allowed to
explore the environment

Offline state: Behavioral state during which the
animal is asleep or resting quietly

OSA (offline Sequential activation of neurons
sequential activity): during offline states. A catch-all term

that includes activity with or without
a functional relevance

Reactivation: Offline activation of neurons that
were active together during earlier
exploration

REM: Sleep stage characterized by rapid eye
movements

Replay: Sequential activation of (>2) neurons
during offline states in the same
order as previously observed during
active exploration

SWR: Sharp wave/ripples. Sharp waves:
large deflections in the unfiltered
LFP; ripples: brief (�80 ms)
high-frequency (100–250 Hz) bursts
in the LFP
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SWS: Slow wave sleep. Sleep stage
characterized by slow oscillations in
the EEG.
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and E. Düzel, “Theta-coupled periodic replay in working
memory,” Current Biology, vol. 20, no. 7, pp. 606–612, 2010.



Neural Plasticity 11

[101] S. Cheng and P. N. Sabes, “Modeling sensorimotor learning
with linear dynamical systems,” Neural Computation, vol. 18,
no. 4, pp. 760–793, 2006.

[102] S. Cheng and P. N. Sabes, “Calibration of visually guided
reaching is driven by error-corrective learning and internal
dynamics,” Journal of Neurophysiology, vol. 97, no. 4, pp.
3057–3069, 2007.



Hindawi Publishing Corporation
Neural Plasticity
Volume 2011, Article ID 960389, 11 pages
doi:10.1155/2011/960389

Review Article

Ripples Make Waves: Binding Structured Activity and
Plasticity in Hippocampal Networks

Josef H. L. P. Sadowski, Matthew W. Jones, and Jack R. Mellor

MRC Centre for Synaptic Plasticity, School of Physiology and Pharmacology, University of Bristol,
University Walk, Bristol BS8 1TD, UK

Correspondence should be addressed to Josef H. L. P. Sadowski, josef.sadowski@bristol.ac.uk

Received 15 April 2011; Revised 14 June 2011; Accepted 23 June 2011

Academic Editor: Christian Leibold

Copyright © 2011 Josef H. L. P. Sadowski et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Establishing novel episodic memories and stable spatial representations depends on an exquisitely choreographed, multistage
process involving the online encoding and offline consolidation of sensory information, a process that is largely dependent on
the hippocampus. Each step is influenced by distinct neural network states that influence the pattern of activation across cellular
assemblies. In recent years, the occurrence of hippocampal sharp wave ripple (SWR) oscillations has emerged as a potentially
vital network phenomenon mediating the steps between encoding and consolidation, both at a cellular and network level by
promoting the rapid replay and reactivation of recent activity patterns. Such events facilitate memory formation by optimising the
conditions for synaptic plasticity to occur between contingent neural elements. In this paper, we explore the ways in which SWRs
and other network events can bridge the gap between spatiomnemonic processing at cellular/synaptic and network levels in the
hippocampus.

1. Introduction

The hippocampus is known to play a critical role in acquiring
new episodic memories [1]. The cellular and molecular
mechanisms believed to underlie these processes are well
characterised and are thought to rely on activity-dependent
changes in synaptic transmission which persist for extended
periods of time and can be modelled experimentally by
the induction of long-term potentiation (LTP) or long-term
depression (LTD) [2, 3]. The former is expressed as an
increase in the mean magnitude of excitatory postsynaptic
potential (EPSP) following stimulation whereas the latter
results in an attenuated EPSP. Hebbian plasticity mecha-
nisms, which require repeated and persistent stimulation of
the postsynaptic target by the presynaptic cell, are thus able
to couple neural elements representing stimuli associated in
time and space [4]; the experience-dependent modification
in the connectivity of specific neural ensembles is thought
to represent the formation of a memory trace [5]. The
step between experience and memory is dependent on how
structured neural activity—sequences of spiking reliably

linked to particular events in past or present behaviour—is
able to modify the connectivity patterns of neural circuits.

Once initiated in the recurrent networks of the hip-
pocampus, newly formed memory traces are fragile and
vulnerable to decay and interference [6]. Hence, it is assumed
that, following encoding, a process of consolidation must
take place in order to stabilise the memory for long-
term storage. Neuropsychological data suggest that during
consolidation, memory traces become distributed across
the hippocampus and connected to areas of the neocortex
[7]. The distribution of connectivity patterns across these
regions is not well understood, but it is proposed that a
transient oscillatory coupling between interconnected neural
ensembles is required [8].

In recent years, hippocampal sharp wave ripples (SWRs)
have been implicated in the process of memory consolidation
[9–11]. Ripples are commonly thought to originate in the
CA3 region of the hippocampus and propagate via the
Schaffer Collaterals (SC) to CA1 and beyond into entorhinal
cortex (EC) [12]. However, recent work in transgenic mice
has shown that ripples can be observed in CA1 in the absence
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Figure 1: Proposed means of online encoding of spatial trajectories in the rat hippocampus. Place cells in CA3 and CA1 exhibit partial or
entire place field overlap. During exploration, hippocampal networks undergo strong 4–7 Hz theta modulation. Overlapping CA3 place cells
fire sequentially within the same theta cycle, establishing the conditions necessary for synaptic plasticity to occur between CA3 cell assemblies
associated in time and space. Synaptic plasticity could also take place between CA3 and CA1 place cells with the same receptive field as both
would fire near simultaneously and are anatomically coupled via the Schaffer collateral to CA1 pathway.

of SC input, thus some ripples may be driven by input from
layer III of the EC via the temporoammonic (TA) pathway
or generated intrinsically in CA1 [13]. Described by some
as the most synchronous network event in the brain, SWRs
entrain large populations of CA3/CA1 neurons into transient
but very high frequency oscillations, around 200 Hz in rats
but significantly lower in the SC knock-out mice [13, 14].
As a consequence of these high frequency oscillations, near
coincident spiking activity between individual elements of
the recurrent CA3 network or collateral CA3-CA1 connec-
tions occurs on a compressed timescale during the ripple
envelope [15]. Such accelerated patterns of correlated activity
could provide the optimum conditions for NMDA receptor-
dependent plasticity to take place.

Investigations into spike-timing-dependent plasticity
(STDP) have revealed the importance of the timing and
organisation of pre- and postsynaptic spiking in determining
the direction and magnitude of synaptic plasticity. Inducing
reliable STDP has been shown to require bursting of pre- and
postsynaptic events within a narrow window of opportunity
[16–19]—conditions that can be met most efficiently during
SWRs. Hence, ripples may be a vital component of the con-
solidation process by promoting synaptic plasticity within
cell assemblies involved in structured neural activity.

Several other factors are also known to have direct impact
upon plasticity outcomes within neural networks, including
the presence of neuromodulators. The local release of
specific neuromodulators such as dopamine, acetylcholine,
serotonin, and norepinepherine during different brain states
may have a powerful influence over the electrophysiological
properties of cells within specific neural networks. For exam-
ple, in the hippocampus, the neurotransmitter acetylcholine
is known to be released during exploratory behaviour and
REM sleep, having dramatic effects on the firing properties

of pyramidal cells in CA3 and CA1 [20, 21]. This in turn may
alter correlated spike activity and therefore the induction of
synaptic plasticity. Hence, it is likely that the neural network
mechanisms of memory consolidation are constrained by the
plasticity potential of activity patterns occurring within a
range of oscillatory envelopes and brain states [22].

The hippocampus is likely to remain a key battleground
for conflicting theories of spatial and mnemonic processing.
However, as we begin to disentangle the most complex and
dynamic aspects of hippocampal physiology, we may begin
to appreciate the way in which this region could support
multiple cognitive functions with considerable mechanistic
overlap at the cellular and network level. This paper aims to
explore how our developing understanding of hippocampal
network phenomena such as SWRs and their impact upon
synaptic plasticity could provide a theoretical framework
to predict links between neural activity associated with
spatial processing and the consolidation of recently acquired
episodic information.

2. Online Encoding of Spatial Information

Rodents provide a reliable and widely applicable model
for learning and memory that has played an important
role in determining the functions of the hippocampus. The
location-specific firing of CA3 and CA1 pyramidal (place)
cells provides a means of relating online behaviour to
the activity of discrete neural assemblies [23–25]. During
exploratory behaviour, Cartesian paths can be mapped onto
the sequential firing of a series of place cell units with over-
lapping place fields [26–28] (Figure 1). The dominant model
of spatial memory in the hippocampus suggests that the
firing of spatially (and therefore temporally) proximal place
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Figure 2: Patterns of activity reflecting spatial exploration during the online state are recapitulated during offline epochs including quiet
waking immediately following activity, REM sleep, and slow wave sleep. The greatest degree of temporal overlap in firing patterns occurs
between cells with overlapping place fields.

cells facilitates the online encoding of spatial and episodic
memory by promoting plasticity between sequentially active
units and ultimately the formation of a memory trace [29,
30]. Over time, individual traces can be integrated into a
cohesive, abstract representation of the spatial environment.
In conjunction with other location- and orientation-tuned
assemblies in entorhinal cortex, spatial maps within the
hippocampus could be used for a raft of navigational
functions [31].

Epochs during which exploration of a spatial environ-
ment takes place are dominated by a robust theta frequency
modulation of network activity in the rodent hippocampus
[32, 33]. The firing of place cells with respect to the phase
of the theta cycle changes as the animal moves through a
place field, thus theta phase precession provides a means
of encoding spatial location independent of firing rate [34].
The degree of spatial overlap between place fields means in
any given location the sequential firing of multiple place
cells can be compressed into a single theta cycle and their
relative order maintained [35]. The coupling of place cell
firing across time and space by theta modulation therefore
provides an opportunity for synaptic plasticity to take place
during periods of online exploration.

So at which particular synaptic sites might this plasticity
take place? The connectivity patterns of the hippocampus
suggest that the only region where coactive place cells may
be directly synaptically coupled may be the densely recurrent
networks of CA3; though the true connectivity ratio of this
region is not known, some estimates place it around 1 : 10
[36–38]. CA1 pyramidal cells make few direct axodendritic
synapses with other CA1 pyramidal cells [39] but do receive
robust innervation from CA3 via the SC, from EC via
the TA pathway, and from the CA2 region. An attractive
scheme would be one in which replicate traces could be
transposed to multiple regions after first being established
in the autoassociative networks of CA3. Though direct
monosynaptic connections exist between CA3-CA1 as well as
CA1-EC and EC-CA3, it seems unlikely that plasticity taking
place at these sites contributes to the encoding of spatial
or episodic information in the same way as autoassociative
connections in CA3. Nevertheless, plasticity at these sites

could be contributing to complementary aspects of spatial
and episodic encoding and supporting the rapid acquisition
role of CA3 [40].

One model, which emphasises the role of local network
modifications within CA3 during spatial encoding, is cog-
nitive graph theory [41]. Graph theory suggests that dur-
ing exploration potentiated pathways between sequentially
activated place cells are established. When navigating from
one place to another, CA3 is simply searched for the path of
least resistance between two place nodes to provide the most
efficient route. Despite being perhaps the most widely held
working model for CA3 function within spatial processing,
cognitive graph theory has little empirical support at a
cellular and synaptic level [41, 42]. Indeed, the suggestion
that synapses coupling CA3 cells with overlapping place fields
can be potentiated during waking exploration has yet to be
tested. Tentative support for graph theory can be drawn from
work demonstrating that activity recorded from pairs of CA1
place cells or CA3 and CA1 place cells with overlapping place
fields is capable of inducing LTP at Schaffer colateral-CA1
synapses in vitro [43]. Interestingly, LTP was induced only
when the cholinergic agonist carbachol was present in the
bath solution, thus mimicking the cholinergic tone present
during waking behaviour.

3. Offline Consolidation and
Trace Stabilisation

The consequences of online neural activity may only be
of transitory importance before a secondary process of
consolidation and trace stabilisation takes place during
offline epochs that are rest and sleep [5]. The mechanism
potentially driving this process at a network level is the
reactivation of firing patterns observed in recent behavioural
episodes. This reactivation can be considered a “replay” if the
pattern of activation occurs in the same temporal sequence as
observed during behaviour (see Box 1 of [44] for discussion).
The remote replay and reactivation of such waking firing
patterns during sleep is a reliably observed phenomenon
[45–47] (Figure 2). Replay during sleep has been observed
during both REM and non-REM sleep [48, 49], as well as



4 Neural Plasticity

Table 1: Studies showing the reactivation and replay of waking activity patterns in the hippocampus during a range of behavioural and brain
states.

Paper Activity pattern Brain state
Predicted levels of

acetylcholine
Network

oscillations
Behavioural
paradigm

Wilson and McNaughton [46] Place cell reactivation SWS Low SWRs Four arm tracks

Skaggs and McNaughton [45]
Sequential place cell
reactivation

SWS Low SWRs Triangular track

Nádasdy et al. [61] Place cell replay SWS Low SWRs Wheel running

Louie and Wilson [48]
Remote forward place
cell replay

REM High Theta Circular track

Lee and Wilson [49]
Remote forward place
cell replay

SWS Low SWRs Linear track

Foster and Wilson [50]
Local reverse place cell
replay

Awake High SWRs Linear track

Diba and Buzsáki [51]
Local forward and
reverse place cell replay

Awake High SWRs Linear track

Csicsvari et al. [79]
Local reverse place cell
replay but reduced
remote replay

Awake High SWRs
Exploration in
rectangular box.

Karlsson and Frank [80]
Local and remote
forward replay

Awake High SWRs “E”-shaped maze

during periods of waking immobility [50, 51] (Table 1). In
both cases, waking sequences are replayed at a much faster
rate than that observed in the online state, and often in
reverse order. Though these examples of replay occur in the
hippocampus, the phenomenon has been observed in several
brain regions including the ventral striatum and prefrontal
cortex [52, 53]. It is not yet clear whether these instances
of replay reflect a broader network of structures involved
in mnemonic processing or downstream epiphenomena,
though hippocampal replay appears to lead replay elsewhere
[52, 54].

It is thought that such sleep-mediated reactivation is a
vital step in the memory consolidation process [55, 56]. A
key sleep state as far as spatial and episodic memory con-
solidation is concerned is deep non-REM, slow wave sleep
(SWS). Specific olfactory or auditory cues paired with visual
stimuli during learning can selectively strengthen memory
for those stimuli if presented during subsequent slow wave
sleep [57, 58]. The presentations of the olfactory cues
lead to increased hippocampal activation during the sleep
epochs, suggesting that the cues could promote reactivation
of newly acquired memory traces, indicating a link between
trace reactivation and memory consolidation during SWS.
More importantly, this period of sleep also sees the highest
concentration of hippocampal SWRs [59], with overall ripple
density linked to learning experience [11, 60]. Together this
suggests that ripple-related reactivation might have an active
role in coordinating the process of offline consolidation.

Both forward and reverse replays are observed dur-
ing periods of waking immobility following exploratory
behaviour [50, 51]; it is possible that these events may
fulfil a similar function to replay during SWS in assisting
consolidation. However, taken as occurring during online
epochs, these instances of replay could reflect other aspects

of information processing such as strengthening behaviour-
reward associations or decision-making. As it stands, func-
tional differences between sleeping and waking replay remain
to be established.

Spike sequences during ripples occur on a timescale
approximately 20 times faster than the rate at which animals
move through a sequence of place fields [61]; similar com-
pressed timescale firing sequences occur during locomotion
as a consequence of phase precession [35]. Spiking over these
timescales would place sequential pre- and postsynaptic
activity within the STDP window for LTP, establishing the
conditions necessary for plasticity to take place and memory
traces to be strengthened or transferred. Despite meeting
the temporal requirement for STDP, replay during SWS
may have some notable disadvantages for inducing plasticity,
the most relevant being the reduced level of cholinergic
tone [62]. Cholinergic innervation of CA1 and CA3 is
achieved through the release of acetylcholine from septo-
hippocampal cholinergic neuron terminals. Acetylcholine
activates multiple cholinergic receptors including muscarinic
receptors that serve to facilitate NMDA receptor opening
during synaptic transmission via the inhibition of calcium-
activated potassium channels [63, 64]. The net effect is to
prolong and increase Ca2+ transients in the postsynaptic
cells and promote the induction of synaptic plasticity.
Without the presence of cholinergic tone, place cell activity
recorded during the waking state fails to induce plasticity
[43]. The question remains whether the degree of temporal
compression during ripple-associated replay is sufficient to
compensate for the attenuated levels of cholinergic tone and
induce plasticity. Alternatively, ripple-associated replay may
fail to drive plasticity in the hippocampus in the absence
of cholinergic innervation but may still drive plasticity in
coupled neocortical regions. In addition the occurrence of
eSWRs during exploratory behaviour in the presence of
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elevated cholinergic tone may permit online plasticity and, in
some cases, negate the need for further offline consolidation
[65].

The low cholinergic tone present in SWS may also be a
vital requirement for SWR generation. Though the precise
mechanism through which SWRs are triggered is unclear, it
is proposed that their generation in CA3 is dependent on
the release of cholinergic suppression of excitatory feedback
synapses on recurrent CA3 connections, thus allowing the
synchronous depolarisation of the pyramidal cell population
in the region [66]. This idea is supported experimentally
by the finding that deafferentation of the hippocampus in
vivo leading to the complete loss of cholinergic input results
in enhanced SWR occurrence [67–70]. Furthermore, the
occurrence of SWRs has also been observed in hippocampal
slice preparations that necessarily lack substantial cholinergic
input [71, 72].

Though levels of acetylcholine are strongly linked to
current behavioural and therefore neural network states,
it does not act alone in modulating the activity of the
hippocampus. Other neuromodulators such as serotonin,
norepinepherine, and dopamine may all have important
roles in regulating plasticity processes involved in spatial and
episodic encoding/consolidation. Though their respective
effects on membrane properties and synaptic transmis-
sion in vitro have been explored [73–76], their effects on
hippocampal plasticity are less well known. However, it
has been shown that the facilitation of LTP in vivo by
environmental novelty is dependent on the activation of
D1/D5 receptors [77], suggesting that dopamine may play an
important mechanistic role in the encoding phase at least.
As to serotonin and norepinepherine, both have been linked
to stress-memory interactions and could serve to modulate
encoding and consolidation processes as a result of mood or
arousal [78].

4. Online Trace Reactivation

Following the identification of SWR events as a key player in
offline consolidation processes, the occurrence of hippocam-
pal SWRs during waking epochs is now under increased
scrutiny. The so-called eSWRs are known to occur at brief
pauses in locomotion as an animal navigates between points
in an arena [65, 81]. Their occurrence in such locations
has been correlated with both the reactivation of place
cell assemblies coding for previously visited locations and
subsequent spatial memory performance [82]. These data are
some of the first to link reactivation and SWR occurrence
with improved behavioural performance, complementing
studies that demonstrate impaired performance following
ripple disruption during slow wave sleep [9, 10]. Though
eSWRs can be regarded as occurring during offline epochs
while the animal pauses, their presence in the active waking
state serves to blur the boundaries between online and offline
processing. However, it should be stressed that eSWRs have
so far been linked to reactivation of specific neural assemblies
but not necessarily replay of extended sequences. By contrast,
reverse replay and forward preplay do occur during SWRs

during extended periods of immobility following linear track
running [50, 51]. Hence, slightly longer pauses during track
runs could reveal replay of recent place cell activity during
eSWR envelopes.

Rather than promoting the consolidation of memory
traces representing discreet behavioural episodes, it has been
suggested that eSWR could be facilitating the spatial process-
ing functions of the hippocampus by helping to establish
(and remap existing) place cell assemblies [82, 83]. The
reactivation of neural assemblies previously active at other
spatial locations may serve to bind novel and existing spatial
features within a cohesive place representation. Interestingly,
there seems to be a clear dissociation in the functions of CA3
and CA1 to this end; whereas reactivation and reorganisation
of place cell assemblies has been observed in CA1, the same
has not been observed in CA3 [84]. One suggestion is that
CA1 assemblies are able to remap and reorganise rapidly
to incorporate new spatial and object information while
CA3 provides a more stable representation of the spatial
environment.

5. Common Network Mechanisms for
Spatial and Episodic Encoding

Links between the proposed functional roles of ripple-
associated replay in episodic consolidation and spatial pro-
cessing remain murky and ill defined. Episodic encoding
demands the binding of complex spatial and goal-oriented
information with a temporal framework. Spatial processing
involves establishing a stable internal representation of the
environment by integrating information across multiple
behavioural episodes; this internal representation may sub-
sequently be used to contextualize memories for single
episodes. Episodic and spatial processes may be facilitated
independently by synaptic plasticity driven by structured
network activity. Nonetheless, it is clear that a substantial
degree of mechanistic overlap exists between the two pro-
cesses at a fundamental level. In both instances, ripple-
associated replay and reactivation establish conditions that
are favourable for plasticity to take place between neural
elements associated in time and space. So intertwined are
the spatial and episodic functions of the hippocampus that
dissociating their respective mechanisms at a neural network
level may be highly challenging. Indeed, it may be almost
impossible to separate the encoding of what an animal saw
and did at a particular location. The current in vivo data do
however give us an insight into the mechanistic tools that
are in play within hippocampal networks during on/offline
consolidation epochs. It is therefore essential that we assess
how these activity patterns, present during different epochs
and oscillatory envelopes, influence plasticity process at the
cellular and synaptic level. Drawing meaningful conclusions
from such experiments requires us to frame such findings
in the context of a realistic working model for hippocampal
network function.

Theoretical interpretations of hippocampal network
functions are manifold [29, 85–88], and it is beyond the
scope of this paper to propose yet another. However, it
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is worth demonstrating how emerging evidence on ripple-
related replay could promote plasticity processes within
functionally defined sites and states within the hippocampus.
Cognitive graph theory makes explicit the need for Cartesian
paths to be initially encoded within the recurrent networks of
CA3 during online epochs. This is supported by the finding
that selective CA3 NMDA receptor knock-out mice which
lack plasticity at recurrent CA3 synapses show impaired
Morris Water Maze performance and CA1 place cell spatial
tuning under spatially novel conditions [40, 89, 90]. Assum-
ing encoding requires an elevation in the synchronicity of
firing across distinct neural ensembles in CA3, consolidation
could require such a pattern of activity to be transposed to
other regions of the hippocampus and wider cortex within a
relatively short space of time.

During offline epochs, the occurrence of SWRs initiates a
widespread, high-frequency oscillation of the CA3 and CA1
networks. The traces established during the online encoding
period in CA3 are thought to organise activity within discreet
neural assemblies in CA1 [91]. It is proposed that only
those assemblies that have been organised during the online
encoding process are able to fire with the degree of coherence
required to induce further synaptic plasticity between their
component elements. Likewise noncontingent neural firing
producing longer pre- to postsynaptic latencies may lead
to LTD between nonassociated elements, thereby increasing
the overall signal to noise ratio between the trace to be
consolidated and general network activity. This process is
likely to lead to both the short-term in situ strengthening
of the memory trace in CA3 and the possible propagation
of organised firing patterns to distinct anatomically coupled
neural networks in CA1. Thus, the expression of structured
neural activity across CA1 place cell assemblies may arise
through direct synaptic connections from the “roots” of the
memory trace in CA3. Following such a process, synaptically
coupled CA3 and CA1 cells would begin to exhibit a degree
of spiking overlap within the same place field. Consequently,
this connection could represent two aspects of hippocampal
function in both remapping and consolidation. To this
end, the Schaffer collateral pathway may be responsible
for updating spatial representation as well as transferring
behaviourally associated activity patterns during ripple-
related replay [92].

Though the CA1 is, in effect, acting as a readout
layer for CA3, its rich connectivity patterns with cortical
regions would enable it to act as a relay station during
memory consolidation [93]. CA1’s capacity to connect
hippocampal outputs with neocortical structures [94] sug-
gests that neural activity in this region may play a key
role in driving extrahippocampal plasticity processes, with
the subiculum acting as a relay station capable of mod-
ulating downstream projections [95, 96]. The coupling of
hippocampo-cortical oscillations has been observed dur-
ing some behaviours [97, 98], raising the possibly that
rhythmic hippocampocortical interactions could be a means
of transposing activity patterns from one structure to
another with functional consequences. Though the latter
study looks at the coherence of theta rhythmic activity,
the occurrence of SWRs in the hippocampus has been

correlated with increased sleep spindle activity [99, 100].
It has also been demonstrated that activity patterns recoded
in vivo during sleep spindles are capable of inducing
synaptic plasticity in cortical slice preparations [101]; thus,
ripples and spindles may be interacting functionally to drive
extrahippocampal consolidation processes. Communication
between the hippocampus and cortex may also be driven
in the opposite direction, with neuronal burst in deep
cortical layers triggering discharges relating to SWRs in the
hippocampus [102].

6. Preplay: Mnemonic Planning or
Network Priming?

Many network models of hippocampal function assume
that the neural assemblies are naive and receptive to the
encoding of novel spatial and episodic memories. However,
in reality hippocampal networks are far from naive and are
constantly employed in the representation and encoding of
numerous streams of information. Emerging evidence raises
the possibility that encoding and consolidation may take
place following the priming of a recipient neural assembly.
The recent discovery of “preplay” activity, where specific
sequences of place cell firing patterns seen during a spatial
task are shown to be active in the same sequence immediately
prior to the behaviour, suggests this may be the case [103].
This striking finding can be rationalised in a number of
ways; either an animal constructs forward plans relating to
future behaviour, or the hippocampus is able to identify
neural assemblies which are available to encode new spatial
information. Though the latter seems far more plausible, it is
unclear how this process takes place and whether this could
represent a mechanism used to search for and prime free
capacity within the hippocampal network. At a synaptic level,
such activity could serve to bias plasticity mechanisms within
specific cell assemblies, making them more receptive to
changing patterns of activation. Alternatively such patterns
could emerge merely as a consequence of prior plasticity.

7. Reconsolidation and Remapping

So far, we have considered how hippocampal circuitry,
network oscillations, and structured neural activity could
take part in an integrated scheme of spatial/episodic memory
encoding and consolidation. In isolation, stored engrams
represent little more than patterns of potentiated connec-
tivity between associated neural stimulus representations.
Not all of these engrams will be entirely novel, and many
episodes will possess a large degree of featural overlap
with existing memories. Therefore, the process of updating
and reconsolidating previously stored information is bound
inextricably with the process of creating new memories and
spatial representations. In this sense, replay and reactivation
of waking activity patterns may be as important in loosening
existing representation as firming up novel ones. In this
section, we discuss how replay and reactivation could
facilitate the updating of existing episodic memories and the
reconfiguration of place cell mappings in the hippocampus.
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Mounting evidence from humans support the prevail-
ing hypothesis that updating existing memories requires
the reactivation and transient destabilization of previously
stored memories [104–106]. During this period of “reconsol-
idation”, memories once again become vulnerable and liable
to interference [107, 108]. However, the risk of potential
interference and degradation is much lower if memories
are reactivated during SWS than wakefulness as both the
level of external input and cholinergic tone in hippocampal
networks are lower [22]. Replay during sleep could pro-
mote both the safe reactivation of existing hippocampus-
dependent memories and the effective incorporation of
newly acquired information. While reconsolidation is taking
place, hippocampal-cortical connectivity is reestablished
[109], yet it is unclear whether the coupling of the two net-
works represents the retrograde flow of existing information
back to the hippocampus where it can be integrated with
novel traces, or whether it represents the downstream flow
of updated patterns to the cortex. The pattern of excitation
produced by SWRs during SWS suggests that the latter may
be the more likely scenario.

Whilst the destabilisation and interference caused by
waking reactivation may be undesirable in the context
of long-term autobiographical memory consolidation, the
opposite may be the case for spatial navigation [110]. Precise
navigational capabilities may depend upon the ability to
build accurate spatial representation of the environment.
Place cells may be a key component of the neural mech-
anisms set up to facilitate this. Omnidirectional place cell
firing characteristics can be established relatively rapidly fol-
lowing entry into a novel spatial environment [23, 27, 111].
However, following a change in the spatial configurations
of the environment, place cells may be forced to remap
to the new surroundings. In such a scenario, it would be
desirable for cell assemblies to be reactivated and primed for
reorganisation.

Replay during sleep may provide the ideal opportunity
for hippocampal place units to remap and update their
spatial representations. During remapping, place cells in CA3
and CA1 representing the same area of Cartesian space must
adapt to the new configurations, a process thought to involve
LTP within and possibly between cell assemblies in the two
regions [112]. However, evidence suggests that CA3 and
CA1 remapping occurs sequentially and not simultaneously,
with CA3 exhibiting much more rapid spatial reorganisation
[93, 113]. The transferral of accurate, stable, and updated
spatial representation from CA3 place cells to their CA1
counterparts is a process that is likely to involve plasticity at
Schaffer collateral synapses. This process could be driven by
the propagation of activity from CA3 to CA1 during SWRs
(or waking eSWRs), though it remains uncertain whether the
different stages of the remapping procedure take place during
on or offline epochs. Novel lines of investigation could
involve analysing plasticity processes induced by patterns
of CA3 and CA1 cell activity recorded before, during, and
after spatial remapping or the effect of NMDA receptor
antagonists on CA1 place field stability.

8. The Role of REM

With such a large proportion of the network level investi-
gation of hippocampal function currently focused on the
role of SWS and SWRs, the part played by REM sleep is
often neglected. REM is characterised by strong hippocampal
theta power and relatively high levels of cholinergic tone.
Though extended periods of remote hippocampal replay
have been observed during REM sleep [48], the temporal
compression of firing sequences is much less than that seen
during SWS, only 1.5 times faster than that seen in waking
sequences compared with 20-fold increase in SWS. However,
there is little evidence to suggest that REM sleep plays an
active role in the consolidation of long-term episodic or
spatial memories [114]. No immediate deficit in declarative
memory performance has been observed following REM
sleep deprivation, but experience-dependent activity follow-
ing procedural learning has been observed during REM sleep
[55], suggesting that REM replay may have a complementary
role to SWS in memory consolidation. REM sleep in
humans also coincides with episodes of dreaming, when
autobiographical, emotional [115], and procedural elements
of past experience can be recalled in an unstructured and
abstract fashion. The occurrence of dreaming and procedural
consolidation in REM sleep has led to the suggestion that
REM reactivation may be involved in the processing and
integration of memory traces, enabling them to be recalled
fluently and used flexibly during conscious thought and
activity [108, 116–119]. Such a process is unlikely to require
the encoding of extended behavioural sequences but could
utilise plasticity processes in coupling sequences coactivated
during dream states and strengthen feature overlap between
related episodes.

9. Disrupted Sleep and
Memory Processing in Disease

As a clear picture of the network mechanisms of memory
formation emerges, it is important to ask how they may be
disrupted in the disease states. It is clear that sleep has a vital
role in memory consolidation by establishing the appropriate
brain states for secure replay and reactivation to take place.
Hence, the very structure of sleep itself determines how
information is processed in the offline state. Sleep disorders
and sleep disruption are common symptoms seen in a wide
range of neurological and psychiatric conditions such as
schizophrenia [120]. Changes in the structure of sleep and
particularly reduced slow wave sleep and spindle activity are
reliably observed in schizophrenic patients [121, 122], such
deficits may contribute to the cognitive impairment seen in
some individuals. Whether this relates to or results in altered
synaptic plasticity in these diseases remains to be established.

10. Conclusions

Activity within hippocampal networks is highly dynamic, yet
these networks support the storage of stable and accurate
representations of our environment and experiences. Driving
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these changing patterns of plasticity are both externally
generated behavioural inputs and internally generated net-
work oscillations. The ongoing interaction between these two
factors results in the pattern of activity that can be observed
in vivo as structured firing of pyramidal cell populations. The
plasticity processes induced as a result provide the basis of
learning and memory.

The transition between structured activity and lasting
memory trace remains poorly understood, but detailed
observation of the key cellular and network phenomena pro-
vides an insight into the underlying mechanisms of episodic
memory and spatial processing. What was considered to
be a two-stage process involving clear distinctions between
encoding and consolidation is now known to be much more
dynamic and multilayered. The evidence reviewed above
suggests a scheme in which online exploratory activity leads
to rapid changes in the patterns stored in the recurrent
networks of CA3 though the induction of synaptic plasticity
between place cells. High cholinergic tone during phases of
exploration ensures that plasticity is reliably induced. Pauses
in exploration allow eSWR to occur and permit the rapid
reactivation and remapping of CA1 place cell assemblies.
During extended periods of rest and inactivity, recent
patterns of place cell activity are replayed in reverse order,
strengthening newly potentiated pathways between overlap-
ping CA3 place cells. Subsequent slow wave sleep allows
patterns of connectivity established in CA3 to be transferred
to CA1 and neocortex during SWR-associated replay events.
Replay within high-frequency oscillatory envelopes over-
comes the inhibitory effect on synaptic plasticity imposed by
low levels of cholinergic tone. Intervening REM epochs allow
newly consolidated information to be bound within existing
mnemonic representations and permit further consolidation
in conditions of elevated cholinergic innervations.

Though the conceptual framework outlined above is
tentative and does not capture all of the available evidence, it
highlights the key role played by SWR in binding the multiple
aspects of hippocampal physiology involved in the encoding
and consolidation of spatial and episodic memory.
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[33] G. Buzsáki, “Theta oscillations in the hippocampus,” Neuron,
vol. 33, no. 3, pp. 325–340, 2002.

[34] J. O’Keefe and M. L. Recce, “Phase relationship between
hippocampal place units and the EEG theta rhythm,” Hip-
pocampus, vol. 3, no. 3, pp. 317–330, 1993.

[35] W. E. Skaggs, B. L. McNaughton, M. A. Wilson, and C. A.
Barnes, “Theta phase precession in hippocampal neuronal
populations and the compression of temporal sequences,”
Hippocampus, vol. 6, no. 2, pp. 149–172, 1996.

[36] C. Bernard and H. V. Wheal, “Model of local connectivity
patterns in CA3 and CA1 areas of the hippocampus,”
Hippocampus, vol. 4, no. 5, pp. 497–529, 1994.

[37] B. A. MacVicar and F. E. Dudek, “Local synaptic circuits in rat
hippocampus: interactions between pyramidal cells,” Brain
Research, vol. 184, no. 1, pp. 220–223, 1980.

[38] R. Miles and R. K. S. Wong, “Excitatory synaptic interactions
between CA3 neurones in the guinea-pig hippocampus,”
Journal of Physiology, vol. 373, pp. 397–418, 1986.

[39] J. Deuchars and A. M. Thomson, “CA1 pyramid-pyramid
connections in rat hippocampus in vitro: dual intracellular
recordings with biocytin filling,” Neuroscience, vol. 74, no. 4,
pp. 1009–1018, 1996.

[40] K. Nakazawa, L. D. Sun, M. C. Quirk, L. Rondi-Reig, M.
A. Wilson, and S. Tonegawa, “Hippocampal CA3 NMDA
receptors are crucial for memory acquisition of one-time
experience,” Neuron, vol. 38, no. 2, pp. 305–315, 2003.

[41] R. U. Muller, M. Stead, and J. Pach, “The hippocampus as a
cognitive graph,” Journal of General Physiology, vol. 107, no.
6, pp. 663–694, 1996.

[42] D. Marr, “Simple memory: a theory for archicortex,” Philo-
sophical Transactions of the Royal Society of London B, vol. 262,
no. 841, pp. 23–81, 1971.

[43] J. T. R. Isaac, K. A. Buchanan, R. U. Muller, and J. R. Mellor,
“Hippocampal place cell firing patterns can induce long-term
synaptic plasticity in vitro,” Journal of Neuroscience, vol. 29,
no. 21, pp. 6840–6850, 2009.

[44] M. F. Carr, S. P. Jadhav, and L. M. Frank, “Hippocampal
replay in the awake state: a potential substrate for memory
consolidation and retrieval,” Nature Neuroscience, vol. 14, no.
2, pp. 147–153, 2011.

[45] W. E. Skaggs and B. L. McNaughton, “Replay of neuronal
firing sequences in rat hippocampus during sleep following
spatial experience,” Science, vol. 271, no. 5257, pp. 1870–
1873, 1996.

[46] M. A. Wilson and B. L. McNaughton, “Reactivation of
hippocampal ensemble memories during sleep,” Science, vol.
265, no. 5172, pp. 676–679, 1994.

[47] J. O’Neill, T. J. Senior, K. Allen, J. R. Huxter, and J. Csicsvari,
“Reactivation of experience-dependent cell assembly patterns
in the hippocampus,” Nature Neuroscience, vol. 11, no. 2, pp.
209–215, 2008.

[48] K. Louie and M. A. Wilson, “Temporally structured replay
of awake hippocampal ensemble activity during rapid eye
movement sleep,” Neuron, vol. 29, no. 1, pp. 145–156, 2001.

[49] A. K. Lee and M. A. Wilson, “Memory of sequential
experience in the hippocampus during slow wave sleep,”
Neuron, vol. 36, no. 6, pp. 1183–1194, 2002.

[50] D. J. Foster and M. A. Wilson, “Reverse replay of behavioural
sequences in hippocampal place cells during the awake state,”
Nature, vol. 440, no. 7084, pp. 680–683, 2006.
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Place and grid cells are thought to use a mixture of external sensory information and internal attractor dynamics to organize their
activity. Attractor dynamics may explain both why neurons react coherently following sufficiently large changes to the environment
(discrete attractors) and how firing patterns move smoothly from one representation to the next as an animal moves through space
(continuous attractors). However, some features of place cell behavior, such as the sometimes independent responsiveness of place
cells to environmental change (called “remapping”), seem hard to reconcile with attractor dynamics. This paper suggests that the
explanation may be found in an anatomical separation of the two attractor systems coupled with a dynamic contextual modulation
of the connection matrix between the two systems, with new learning being back-propagated into the matrix. Such a scheme could
explain how place cells sometimes behave coherently and sometimes independently.

1. Introduction

The hippocampal place cells are thought to collectively
form a representation of space, known as a “cognitive
map” [1], because of their spatially localized firing, which
occurs in patches known as place fields (Figure 1(a)). One
source of spatial inputs to place cells is the entorhinal
grid cells, one synapse upstream, whose activity forms a
regular array of firing fields [2] suggestive of an intrinsic
odometric (distance-measuring) process, which may convey
metric information to place cells and allow them to position
their place fields accurately in space [3]. The place and
grid cells are an excellent model system with which to
study the formation and architecture of cognitive knowledge
structures.

Place and grid cells use external environmental cues
to anchor their activity to the real world, as evidenced
by the fact that their activity appears bound to the local
environmental walls [2, 4, 5] and reacts to changes in the
environment [6]. However, firing patterns are then stabilized
and maintained by internal network dynamics so that activity
can be self-sustaining and coherent across the network.
These internal dynamics are often considered to arise
from the operation of attractor processes [7–9], which are
processes that arise from mutually interconnected neurons
that collectively have a tendency to find stable states. Two

kinds of attractors have been proposed to explain place cell
behavior: discrete and continuous. The purpose of this paper
is to review the evidence for these two attractor types in the
hippocampal network and then to explore a phenomenon
that cannot be easily accounted for by attractors, known as
partial remapping. Finally, a model will be described that
may be able to explain how both attractor dynamics and
partial remapping can co-exist in the same network.

1.1. Attractors and Place Cell Remapping. One of the earliest
and most striking observations concerning the place cell
representation was the way that the cells can suddenly
and collectively alter their activity from one pattern to
another, a process known as remapping ([6] Figure 1(b)).
This phenomenon led to proposals that the pattern of
activity arises from cooperative activity among all involved
place neurons, perhaps exerted via the recurrent synapses in
the highly interconnected CA3 network [8]. The attractor
hypothesis built upon earlier ideas that the hippocampal
CA3 network functions as an autoassociative memory [10–
12]. Attractor networks are a special case of autoassociative
memory, and an attractor’s defining characteristic is the
existence of stable states, caused by the mutual excitation
of neurons within the network, towards which the system
gravitates when it is sufficiently close.
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Figure 1: (a) Activity of a CA1 place cell, recorded as a rat foraged for rice grains in a 60 cm-square box for four min. The top plot shows
the raw spikes (black squares) superimposed on the path of the rat as it (grey line), and the bottom plot shows a contour plot of firing rate,
shown in 20% gradations (black = the peak 20% region). (b) Examples of remapping from two cells in CA1, as a box was changed from
black to white. Cell 1 remapped by changing the location of its firing field, while Cell 2 remapped by switching its field off. (c) Evidence
for discrete attractors in CA1, adapted from [9]. As an environment was incrementally “morphed” between more circle-like and more
square-like (visible as the slightly lengthening corners as the diagrams go from left to right), the cells abruptly and coherently (all together)
changed their activity. (d) Cross-sectional attractor landscape for a discrete attractor. The stable states of the system are the hollows into
which the system (analogous to a rolling ball) settles and from which it resists perturbation. (e) A continuous attractor which does not resist
perturbations but moves smoothly from one state to an adjacent one.

The process of moving towards and settling into a stable
state is what is meant by “attractor dynamics”. Anatomical
and physiological observations of place cells suggest the
operation of two kinds of attractor dynamics: discrete and
continuous. Discrete attractor dynamics enable the system to
resist small changes in sensory input but respond collectively
and coherently to large ones, while continuous dynamics
enable the system to move smoothly from one state to the
next as the animal moves through space [7]. These two
attractor systems clearly must either be colocalized on the
same neurons or else be separate but interacting, since one
accounts for the population of place cells active at a given
moment and the other for the progression of activity from
one set to the next as the animal moves. One possibility,
discussed later, is that the source of the discrete attractor
dynamics may lie in the place cell network itself [7–9, 14],
and the continuous dynamics may originate upstream in the
entorhinal grid cell network [15].

In a discrete attractor network, the possible states are
clearly separable, and when the system moves from one state
to another, it seems to do so abruptly. The separate states
of a discrete attractor are often conceptualized as hollows
in an undulating energy landscape (Figure 1(d)) into which
the system (represented as a ball) tends to gravitate (i.e., to
be attracted to). The hollows, also called basins, are low-
energy states, but to move from one hollow to the next, the
ball requires a substantial perturbation: a small push will not
cause it to change basins/states. The states are imprinted onto
the network by appropriate modulation of the connection
strengths between the neurons in the network [16]. Place
cell remapping was initially conceptualized as being a sudden
transition of the place cell network from one state to the next
following the large perturbation arising from environmental
change [17], an idea that has been very influential.

Experimental evidence for attractor dynamics in the
place cell network was initially provided by observations of
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remapping, but stronger evidence came from a study by
Wills et al. [9], who showed that incremental changes in
the squareness or circularity of an enclosure would produce
no change in place cell activity until the cumulative changes
became sufficiently great, at which point the whole system
would suddenly switch to the other pattern (Figure 1(c)).
Interestingly, attractor dynamics do not seem to be invariable
observations: for example, they were not seen by Leutgeb et
al. [18], who found, by contrast, that gradual transformation
of environment shape induced gradual transition of firing
patterns from one shape to the other. Such differences in
network behavior may be accounted for by the “attractor
landscape”—the exact distribution of the imaginary hills and
valleys in the attractor state-space—which may have been
sculpted by the past experience of the animal, via processes
described below.

Attractor properties derive from the pattern of recurrent
synaptic connections, and attractor networks can learn new
information, presumably by Hebbian synaptic plasticity
occurring in these connections [16]. In support of this
notion, the place cell network is highly plastic, as evidenced
by the propensity for its synapses to display changes in
strength, either upwards (long-term potentiation; LTP) or
downwards (long-term depression; LTD), in response to
activity patterns in its afferents [19]. Exactly what this
plasticity is for is still unresolved, but one hypothesis has
been that one function is for the system to discover for
itself the different states the environment can take and to
represent this by different states (also called “charts” [7]) in
the discrete attractor landscape [14]. Place cells do indeed
have the capacity to acquire different representations of an
environment that was previously represented by a single state
[20, 21], an observation which is consistent with this idea.

The attractor architecture allows for comparison of
incoming sensory information with stored information in
the network. The incoming information effectively places the
attractor network in a state that is nearer to or further from
an attractor basin. When presented with an altered state of
an environment (e.g., an office with the furniture rearranged
or a familiar field covered in snow), the system compares its
stored representations with the current observed state and
makes a decision about whether the current state is the same
environment after minor changes (pattern completion), or
a different environment requiring a new representation
(pattern separation). The decision comprises movement of
the system to the nearest stable state. Whether or not the
system opts to separate (move to an adjacent basin) or
complete (return to the previous basin) the pattern, the
cells should all act coherently by virtue of the attractor
architecture. Experimental evidence for pattern completion
in the CA3 hippocampal network was provided by Nakazawa
et al. [22] who found that partial presentation of a set
of environmental cues (analogous to placing a ball at the
edge rather than the centre of an attractor basin) triggered
spontaneous retrieval of the full activation pattern.

The other property characteristic of place cells is the way
that a given activity pattern can smoothly move from one
to the next as an animal moves through space. This smooth
movement has also been ascribed to attractor dynamics

in a recurrent network, but instead of a discrete attractor
in which the state jumps from one pattern to the next,
it is thought instead to comprise a “continuous attractor”
around which the activity moves smoothly [7, 17]. A
continuous attractor can be conceptualized as movement of
the imaginary ball across a smooth surface rather than a hilly
landscape (Figure 1(e)). The “attractors” in this network are
no longer the possible states of the network in the whole
environment, but rather the activity patterns that pertain
across the active cells when the animal is at one single place
in that environment [17]—any neuron that is supposed to
be part of this state, at that place, will tend to be pulled into
it and held there by the activity of the others to which it is
connected. Continuous attractors were originally postulated
in order to explain the dynamics of the upstream head
direction cells [23]. For place cells, the one-dimensional
“ring” attractor of the head direction cell model has been
extended to two dimensions [7].

1.2. Partial Remapping: A Challenge for Attractor Hypotheses.
One problem with the notion of attractors in the hippocam-
pal network is that under some situations, place cells fail to
act coherently. This phenomenon, which is known as partial
remapping [24], occurs when an environmental change
causes some cells to remap and others to maintain their firing
patterns unaltered. It is frequently observed when partial
changes are made to an environment such that some cues
change while others do not [13, 24–26]. Partial remapping is
rarely addressed in models of remapping, perhaps because
it is not seen in the more typical experimental paradigms
involving large environmental changes and also perhaps
because of the theoretical difficulties it introduces. Partial
remapping is difficult for an attractor model to explain [27],
because the defining feature of attractors is the coherence
of the network behavior and partial remapping represents a
degree of incoherence.

It is possible to circumvent this problem by supposing
that under some situations attractors can fragment into
submaps (or “maplets” [28]) so that some of the neurons
(the ones that did not remap, say) belong to one attractor
system and the others (the ones that did remap) to a second
one. However, in a study of bidimensional contextual remap-
ping [13], we found that the attractor could break down
even further. Here, contextual stimuli were varied across two
stimulus dimensions, color and odor, and cells were found to
respond essentially arbitrarily to the different combinations.
This is shown in the examples in Figure 2, in which the
recording environment, a square box, could be varied in
either color (black or white) and odor (lemon or vanilla). The
cells in this example have clearly responded as individuals
to these changes. Even with these limited environmental
changes, the five cells shown here would require five attractor
maplets, since no two cells have remapped in quite the same
way. Once it becomes necessary to propose as many attractors
subsystems as there are neurons, the attractor concept starts
to lose its explanatory power.

One way to rescue the attractor hypothesis is to suppose
that perhaps attractors are normally created in the place cell
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Figure 2: Fragmentation of attractors. The figure shows the firing fields of five simultaneously recorded cells from the experiments described
in [13] that were recorded as rats were exposed to four different contexts comprising pairwise combinations of a color (black or white) and
an odor (lemon or vanilla). The most straightforward version of the attractor hypothesis would predict that when remapping occurs, all cells
should remap together. However, it can be seen here that in the lemon box (top panels), when the color was changed from black to white,
then cell 1 did not remap while the remaining cells did—cell 2 by shifting its field, cell 3 by switching on a field, and cells 4 and 5 by switching
off their fields. When the box was vanilla, however, then cells 1 and 3 responded by remapping, cells 2 and 4 did not fire at all in either vanilla
condition, and cell 5 switched off its field. Thus, each cell seemed to act independently and not as part of an attractor, bound to the others.
Furthermore, each cell reacted to a combination of color and odor—the response to odor change was conditional upon what the color of the
box was, and vice versa.

system, but our experiment created a pathological situation
in which the ability of the network to discover attractor
states was thwarted by the way in which context elements
were explicitly decorrelated so that no two always occurred
together. Perhaps, partial remapping is a reflection of a
broken attractor system—one in which the neurons act
independently because their ability to act cohesively was
disrupted by the fragmented nature of the environments we
created. An alternative possibility is that partial remapping
is a normal reflection of simultaneous encoding of both
similarities and differences in two contexts [29]. However,
regardless of whether partial remapping reflects a pathology
in the discrete attractor network in the hippocampus or is a
normal reflection of configural encoding, its existence poses
an interesting conundrum, because although the discrete
attractors appear to have fragmented, the continuous attrac-
tor dynamics seem intact: activity can still move smoothly
from one set of neurons to the next even though some of
the neurons seem to belong to one subnetwork and some
to another, and partial remapping to a new environmental
configuration may have thrown up a combination of place
fields that has never occurred before. It seems that fragmen-
tation of the discrete attractor networks has not interrupted
the continuous attractor dynamics. The discussion below
reviews evidence that this may be because the continuous
and discrete attractors are in different networks, with the
continuous attractor dynamics residing in the network in

entorhinal cortex [15] and the discrete attractor landscape
resulting from plasticity processes in the dentate-CA3 net-
work in hippocampus. The discrete dynamics—the shift of
a given place cell from one pattern to another—will be
explained as the result of contextually modulated switching
in the entorhinal-hippocampal connections.

1.3. The Grid Cells. The entorhinal grid cells, upstream
of the place cells in dorsomedial entorhinal cortex, were
discovered by Hafting et al. in the Moser lab [2]. The
firing of grid cells is spatially localized, but firing fields
from a given cell are multiple and occur in evenly spaced
arrays of circular fields arranged in a hexagonal close-packed
configuration (which happens to be the most efficient way
of tiling a plane with circles). Grid cells have a number of
interesting features which make them plausible candidates
for the long-postulated continuous attractor system that
underlies place cell activity and the ability of place cells
to update their activity in response to movement [31]. To
begin with, they are always active in any environment, like
head direction cells but unlike place cells. Also, as far as we
know, closely colocalized (and possibly also more distant)
cells having the same grid scale maintain the same relative
firing field locations, regardless of the absolute location with
respect to the world outside. This suggests the operation of
intrinsic network dynamics, in which activity is modulated
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by movement of the animal in any direction but reinforced
by intrinsic connections in the grid cell network itself.

How is this network activity conveyed to place cells? The
spatial nature of grid cell firing makes these cells natural
candidates to underlie place field formation, but the issue
of how the grid cell activity patterns are converted into
place fields is not yet resolved. Evidence suggests that there
is a high convergence from grid cells to dentate granule
cells, CA3 cells, and CA1 cells: for example, de Almeida et
al. estimated that each granule cell receives around 1200
synapses from grid cells [32]. Importantly, grid fields occur
at different spacings at different dorsoventral levels, and a
place cell receives inputs from a variety of different scales
[33]. However, modeling shows that even when multiple
grid scales converge, this number of grids impinging on
a single neuron results in a cell being activated uniformly
across the whole environment. Even when the gain of the
inputs is turned down so that the place cell only becomes
active at the peaks of this drive, the resulting activity hotspots
occur in a highly regular, multipeaked symmetrical array that
does not resemble real place fields [34]. One way around
this problem is to produce some kind of inhomogeneity
or chunking of the grid cell inputs so that the resulting
pattern becomes lumpy and more likely to produce a small
number of fields [32]. This can be done by increasing the
sparseness of the network [35], varying orientation and
spatial phase [34], adding phase precession [36], grouping
the inputs according to spatial phase [37], or adding feedback
inhibition and varying synaptic strengths [32]. The resulting
patterns have something of a resemblance to dentate granule
cell place fields, which are multipeaked, like grid fields,
but irregular like place fields, and intermediate in sparsity
between grid and place fields [38]. Such schemes do not,
however, account for some features of place cell activity, such
as why fields tend to be elongated near walls [39], and so
clearly, some additional factor is needed to fully account for
place field morphology. This will not be addressed further
here, however.

Having established a basic possible connectivity between
grid and place cells and also that the grid cells are the
likeliest source of the continuous attractor dynamics in the
system, the question now is how the continuous attractor
dynamics of the place cells can be explained as the animal
moves around. This is relatively straightforward: because
the activity of place cells derives from the grids, then as
the grid cell activity rises and falls with locomotion, so too
should the drive onto the place cells, with the irregularity
resulting from a combination of the multiple scales and
(perhaps) the chunked inputs. Because the place cells inherit
the attractor dynamics from the grid cells and not from each
other, it therefore does not matter if the place cell network is
disrupted by partial remapping.

1.4. “Remapping” in Grid Cells. Like place cells, grid cells
change their firing patterns following environmental change
[2, 30], but the exact nature of the remapping is different.
As mentioned above, grid cells are always active, so they
do not switch fields on and off as place cells do. Nor do

(a)

EC

HPC

Environment 1 Environment 2

(b)

Figure 3: (a) Data adapted from Fyhn et al. [30] showing how
grid fields remap (translate and rotate) following movement of
the rat from one room to another. (b) Schematic illustration of
remapping following environmental change, in grid cells and place
cells. EC: entorhinal cortex, HPC: hippocampus. Sets of grid cells
(represented here by two offset grid arrays, with one grid dark grey
and the other light grey) project to place cells and generate a set of
place fields. When the environment changes, the grid cells remap (in
this case, with a translation and a rotation). Note that the two grid
cells, although they have altered their absolute firing positions, have
maintained the same relative positions with respect to each other.
The place cells also remap, with, in this example, two cells switching
fields off, two switching them on and one shifting its field to a new
location in the enclosure.

they, as far as is known, modulate their rates in a rate-
remapping fashion, like place cells do in some situations
[21, 40]. Rather, their “remapping” consists of translation
and/or rotation of fields (Figure 3). In the first systematic
study of grid cell remapping by Fyhn et al. [30], large changes
to the environment, such as moving the animal to a new
room, caused both translation and rotation, while small
changes (changing the enclosure but not the room) did not
cause remapping at all. Interestingly, the large changes were
accompanied by place cell “global” remapping (reshuffling
of the map), while small changes were associated only with
rate remapping. Rate remapping occurs when the response
of a place cell to a change in context is to increase or decrease
the intensity of the place field without switching on or off
completely [21, 40].

Following environmental change, the grid cells seem to
act coherently, inasmuch as any sufficiently large change
seems to cause the firing fields to shift en masse [2, 30]. This
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poses some problems for models of place field generation:
if the grid cells are, as popularly supposed, the basis for place
field generation, then how can the heterogeneity of place field
remapping be accounted for by the apparent homogeneity of
grid cell remapping?

Place field heterogeneity takes two forms. The first is
that during complete remapping, some cells switch their
fields on or off and some cells shift their fields (Figure 3(b)).
The resulting pattern has, as far as we can determine, no
relationship to the original and the map looks to have been
randomly regenerated. Thus, the fields alter their position,
or their very existence, with respect to each other. Since
attractor dynamics arise from the connections between the
neurons in the map, this means the original attractor, if
it were located in the intrahippocampal connections, must
have been disrupted. As discussed above, the solution to
this problem may be that the continuous attractor dynamics
reside in the grid cell network and not the place cell network.

While this could explain the continuity of continuous
attractor dynamics across a change in environment, it still
does not explain the place field response of rearrangement
of fields, because mere rotation and translation of a grid
array should cause simple rotation and translation of the
place field array, which clearly does not happen. Fyhn et al.
[30] suggested two ways around this problem: first, perhaps
there is modularity in the grid cell population such that
the whole population does shift, or second, perhaps the
grid pattern shifts to a point far away on an imaginary,
infinite grid field array, which would result in the place fields
effectively shifting and rotating by such a large amount that
the resulting place field pattern is one that did not previously
occur in the enclosure. We have put forward an alternative
explanation, outlined in the next section.

The other kind of heterogeneity is the partial remapping
discussed above, where some cells respond to a particular
environmental change, while others do not (Figure 2). This
seems harder to explain by grids, because if the grid cells
are the drivers of place cell activity, then how can partial
remapping occur? Do grid cells remap partially? There are
no published data to support this yet, but evidence so far
suggests that the grid cells mostly tend to act coherently
[2, 30]. It may be, however, that grids are not really as
homogeneous as has been assumed and that they can in
fact remap independently, and thus become dislocated with
respect to each other. This seems unlikely however.

The other, perhaps more plausible possibility is that
the mapping between the grid cells and place cells can be
dynamically modulated so that following an environmental
change, the population of grid cells that drives a particular
place cell becomes altered. We have previously proposed
that such modulation could occur by means of concurrently
active contextual inputs-the inputs that tell the system that
the environment has changed [13, 37, 41, 42]. This model
is described, below, and an outline provided of how it may
explain how the homogeneous and always-present pattern
of grid cell activity can translate to the heterogeneous and
sometimes-present activity of place cells.

2. The Contextual Gating Model

In 2008 we presented a “contextual gating” model of
grid-cell/place-cell connectivity that may explain how the
heterogeneous and seemingly individualistic behavior of
place cells might arise from the relatively homogeneous and
coherent activity of grid cells [37]. Figure 4 illustrates the
basic model, comprising a set of grid cells projecting to place
cells in hippocampus in order to drive the formation of place
fields. Converging onto these same cells are a set of inputs
conveying information about context, such as whether the
box is black/white or lemon/vanilla as in the example given
earlier. The function of these context inputs is to interact
with the spatial inputs from the grid cells and decide which
of the spatial inputs “get through” and can drive the granule
cell. Figure 4(a) shows a schematic of the synaptic matrix
arising from the intersection of the context inputs and spatial
inputs. This matrix transforms the uniform and coherent
pattern of grid cell activity into the discrete and cell-specific
patterns seen in dentate gyrus. Thus, the contextual inputs
have “gated” the spatial inputs.

Figure 4(b) shows the model at the single neuron level.
The figure shows a hypothetical hippocampal neuron, in
this case a dentate granule cell, which integrates convergent
spatial and contextual information in its dendrites. The
schematic illustrates how inputs from medial and lateral
entorhinal cortex converge, in the dentate gyrus, onto the
same set of granule cells, with the grid cell inputs arriving
from medial entorhinal cortex (MEC) and terminating
on the middle portion of the dendritic tree, and inputs
carrying contextual information arriving from the lateral
entorhinal cortex (LEC) and terminating in the outer part
of the dendritic tree. (There are also feedback inputs from
the dentate-CA3 network arriving via the commissural-
associational network, which terminate in the proximal
dendrites, as discussed later.) In our model, the basic unit of
computation is a branch of the dendritic tree, which receives
both spatial and contextual inputs and is able to integrate
these. Interestingly, the idea that a dendritic branch could be
a unit of processing is one that is gaining increasing support
in the experimental literature [43].

The figure illustrates how, using this model, complete
remapping can be explained as follows: when the context
changes, now a different set of context inputs is active and
these gate a different set of spatial inputs, driving a different
branch of the granule cell dendritic tree, and thus generating
a different spatial pattern of activity. If the change to the
environment is large, then there is a massive change in the
pattern of context inputs which would affect all the grid cell
inputs to all the place cells, causing a complete remapping.
For smaller changes, some of the inputs to the place cell
would alter, and some would stay the same—depending on
how big these changes were the cell might retain its original
place field. Similarly, rate remapping can be explained by
a change of the facilitation level of the context inputs to
the grid cell ones. This change could be either up or down,
consistent with real data. Importantly, different cells are able
to be modulated independently, also consistent with real data
[38].
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Figure 4: The contextual gating model of place field generation. (a) Place cells receive inputs from grid cells of varying scales (shown by
the small versus large circles in the units). The connections are intercepted by convergent contextual inputs which facilitate (or perhaps
inhibit) the grid cell inputs and thus determine which grid cells actually drive the place field. In this way, constant activity from the grid
cells is converted into context-specific activity in the place cells. When the context is changed, the matrix of activated synaptic connections
alters—if this is sufficiently large then a new pattern of grid cells will drive the place cell to fire differently (completely remap); if it is small,
the cell will still fire in the same place, but perhaps with a different rate (rate remap). (b) A schematic of the context gating model at the
single-cell level, showing how the contextual inputs in the distal dendrites terminate on the same branch of the dendritic tree as some of the
spatial (grid cell) inputs. In the black box (left), the context inputs signalling that the box is black interact synergistically with a subset of the
spatial inputs, producing the field seen in the black box below; when the box is white (right), a different branch of the dendrite is depolarised
and a different set of spatial inputs facilitated.

The most important feature of the contextual gating
model is that it can explain partial remapping. Even if activity
in the grid cell sheet continues at the same level (with or
without translation/rotation remapping), and with the same
spatial relationship between the field arrays of individual
cells, the model allows for independent tuning of individual
cells, meaning that an environmental change is able to affect
some cells but not others.

We have modeled this contextual gating proposal [37]
by simulating networks of grids of varying scales which
project to granule cells, and then altering the connection to
each granule cell in a context-dependent manner. The model
possesses a number of important features. First, in order

to generate realistic-looking dentate granule fields, which
could, in turn, produce realistic CA3 fields, we needed to
introduce some kind of chunking of the inputs, for reasons
discussed earlier. We accomplished this by grouping the
inputs according to spatial phase (“offset”) so that grid
cells having overlapping grid fields would be more likely to
coterminate on a particular branch of a granule cell dendrite,
in “offset clusters”. Each dendritic branch, possessing grid cell
inputs with an above-average tendency to overlap in a region
of the environment, formed the computational unit of the
network. The clustering of the grid cell inputs in this way
helped to avoid uniform activation across the environment,
and with appropriate choice of grouping parameter, we were
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Figure 5: (a) Schematic of the proposed clustering of grid cell inputs to a granule cell dendritic tree, together with convergence of clusters
of contextual inputs (in this case, the context elements from the experiments described in [13]). Some of the context elements (in this
case, white and vanilla) coterminate on the same dendritic branch, and thus gate the same set of grid cells, accounting for the configural
behaviour of place cells that are able to respond by, for example, generating a different place field for white-vanilla than for any of the
other environments, like cell 1 in Figure 2. ((b)—(d)) Dentate gyrus subfield remapping, obtained both via modelling ((b); [37]) and from
experimental data ((c); [38]). The modelling data in (b) reflect the effects of progressively changing the contextual inputs that facilitate the
drive from grid cells to place cells and reveal that this has the effect of progressively shifting activation from some subfields to others. The
plots in (c) show that this effect is also seen in the real data. (d) Modelling data showing production of partial remapping in simulated CA3
neurons following the contextual dentate remapping shown in (b). Cells whose fields shifted location are shown by the rectangular outlines.

able to produce granule cell activation that occurred in
only a few places in the environment, consistent with the
multipeaked irregular place fields in the data from Leutgeb
et al. [38].

Next, we introduced contextual modulation of the kind
discussed above so that a given cluster of entorhinal inputs—
that is, those terminating on one branch of the cell’s dendritic
tree—could only drive the granule cell if the appropriate
contextual inputs were also active and terminating on that
same dendritic branch. By switching context inputs (and
hence dendritic branches and their associated inputs) on
and off, we mimicked the effect of placing a rat in different
environments. By steadily (rather than abruptly) varying the
degree of contextual variation, we were able to cause the
simulated granule cells to progressively change their firing
patterns (Figure 5). Interestingly, both the model data from
our simulation and the real data from Leutgeb et al. show

the same effect, which is that rather than producing on-off
remapping as is typical with place cells, we saw a gradual
refocusing of the subfields of a set of granule cells. Thus,
as the context was progressively altered (by varying the
contextual drive in the simulation, or by slowly “morphing”
the environment in the real experiment), it was possible to
slowly shift activity from one subfield to another within the
granule cell field cluster. A similar effect has subsequently
also been reported by Rennó-Costa et al. who explored the
effect quantitatively [44]. These gradual changes translated
into place field remapping in a simulated downstream CA3
network (Figure 5(c)).

Our model can explain other features of place cell
activity. One example is rate remapping, which could be
accounted for in the contextual gating model by supposing
that rather than altering the contextual inputs completely,
and switching in a new set of grids, the environmental
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change merely decreases the intensity of the inputs coming
in, and thus weakens the synergistic interaction between the
contextual and spatial inputs.

The model can also explain partial remapping in the
place cells, downstream from the granule cells. By generating
simulated CA3 fields from the granule cells, we found a
predominance of unitary fields, which closely resemble real
place fields (although, as mentioned earlier, they lack some
notable features such as conformation to wall contours). By
changing the contextual inputs, we showed that some CA3
fields did not change while others remapped (Figure 5(c)).

2.1. Conditional Remapping. There is one other phenom-
enon which the contextual gating model can potentially
explain, although we have yet to model it with our simulated
grid cells, and that is conditional remapping, which is remap-
ping to changes in one contextual stimulus that depends on
what other(s) may also be present. An example of conditional
remapping was given earlier in the discussion of the two-
element context experiments ([13] and Figure 2), in which
the response to a change in (say) color depended on the
odor that was present, and vice versa. In this experiment, not
only did the place cells act independently, they also acted as
though they “knew” which color and odor belonged together
in order to produce a given field. Theoretical considerations
show that this could not occur if the context elements
terminated independently on the place cell: they must be
integrated somewhere upstream of the cell, possibly in its
dendrites. The contextual gating model that we originally
formulated [42] suggested a convergence, upstream of the
place cells, between spatial inputs and contextual inputs,
which is where the integration could occur, forming a
combined associative input that could be thought of as
“configural” (i.e., combining stimulus elements together).
With the subsequent discovery of grid cells, this model was
able to be given more specific detail [37]: in the updated
version, the integration can occur at the place where the
context elements converge, which in our model is in the
dendritic tree of a dentate granule cell. By this view, context
elements converging in entorhinal cortex from different
sensory modalities come to coterminate on the same part of
the dendritic tree (Figure 5(a)) and are able to act together to
gate the same set of grid cell inputs. An illustration of how
this might occur is shown in Figure 6.

2.2. Learning Discrete Attractor States. From the foregoing,
we can see how it is that the continuous attractor dynamics
in the place cell population can survive partial remapping—
the attractor dynamics are actually generated in the upstream
grid cells, which do not fragment when contexts are frag-
mented. Thus, although new place fields occur in the hybrid
context states, the underlying generators—the grids—are
unchanged. It is worth noting that although this scheme
does not require grid cells to have remapped, they likely do
also remap to even nonspatial contextual changes [45]—but
whether or not they remap, the attractor hypothesis supposes
that grids having the same scale will maintain their relative
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Figure 6: Extension of the context gating model to account
for the learning of new combinations of contextual inputs and
new attractor states. As well as the contextual and spatial inputs
shown in Figure 4, there are also feedback connections from
the commissural associational fibre system, which retrogradely
depolarise the dendritic tree (shading). In those dendritic branches
that also are receiving anterograde contextual depolarisation (solid
black dendrite), the depolarisation reaches a level that allows
synaptic plasticity to take place. In the example shown here, a
weak context input (lemon) is paired with a strong context element
(“white”) together with back-propagating dendritic depolarisation
(shown by arrows). This level of depolarisation drives two kinds of
plasticity—LTP at the weak, conjunctively active “lemon” synapse,
and homeostatically scaling LTD at the other active context inputs
(including “white”). Now, that dendritic branch will depolarise
only following the conjunction of white and lemon. The collective
processing of the context elements by the granule cell population
will shape the feedback patterns from the commissural association
system and allow refinement of the granule cell responsiveness to
future contextual situations.

firing locations, thus preserving the continuous attractor
dynamics.

The situation with the discrete attractors requires one
more level of explanation. We have proposed that the discrete
attractor states arise as a result of switching in and out
of combinations of grids, but we have also noted that
evidence suggests that these attractor states are learned by the
dentate-CA3 network, and indeed that one function of the
hippocampus might be to discover the set of attractor states
that best corresponds to the states the environment can exist
in.

How can attractor states, discovered by the dentate-
CA3 autoassociative network as a result of experience, act
to shape the switching profiles upstream in the entorhinal-
hippocampal connections? The implication is that there
must be some kind of back-propagation from the dentate-
CA3 system to the dendritic tree in which the proposed
contextual gating occurs. It is suggested here that this back-
propagation could occur within the granule cells themselves,
since depolarization can travel retrogradely into the den-
drites [43, 46]. Dentate gyrus neurons receive substantial
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back-projections from the CA3 autoassociative network via a
rich set of commissural associational inputs which terminate
on the proximal branches of the granule cell dendrites ([47],
Figure 4(a)). Also, spikes that have been generated in granule
cells are able to back-propagate into the dendrites and thus
alter both the degree of depolarization and also the likelihood
of synaptic plasticity there [43, 46]. An illustration of how
this back-propagation might occur at the single-cell level is
shown in Figure 6, in which retrograde depolarization from
the commissural associational network facilitates LTP of a
weak context input onto a branch of the dendritic tree, and
compensating homeostatic LTD in other synapses so as to
keep drive onto the cell constant. This also illustrates the
process of configural context formation discussed earlier.

The injection of network information, via the commis-
sural-associational pathway, means that attractor states that
have been formed and learned by the dentate-CA3 network
can feed back into the entorhinal hippocampal connections,
where the switch between patterns occurs. Thus, the attractor
basins that have been formed by the dentate-CA3 network
can act, in principle, to shape themselves by enhancing the
connections from active incoming context inputs back in the
dendrites of those same cells.

3. Conclusion

This paper has described continuous and discrete attractor
dynamics in the hippocampal formation and proposed a
mechanism for the interaction between the two attractor
systems. The continuous attractor may be located in the
entorhinal grid cell network, and it allows the smooth
transition from one set of active place cells to the next as the
animal moves around. The location of this attractor outside
of the place cell network itself allows an explanation for
why the continuous dynamics are preserved even when the
place cells partially remap. The discrete attractor landscape
arises initially from the mapping between entorhinal cortex
and hippocampus, by virtue of context-mediated selection
of a unique subset of grid cell afferents onto each place
cell. Contextual gating can explain a number of phenomena
such as rate remapping, partial remapping of place cells
even when grid cells do not remap, and also conditional
remapping in which the response to one contextual stimulus
depends on the presence of another. By this view, the discrete
attractor landscape is sculpted within the hippocampal place
cell network, but the jump in state that occurs following
large environmental changes arises upstream of the place
cells, in the entorhinal hippocampal connections and (in
situations where grid cells themselves remap) beyond. New
basins in the place cell attractor landscape feed into this
connectivity matrix via back-propagation of depolarization
into the dendritic tree. In this way, incoming contextual
inputs help the place cell network discover and learn the
appropriate attractor landscape, and the resultant plasticity,
in turn, shapes how the contextual inputs modulate the
grid-cell/place-cell connections, and thus the place field
remapping dynamics.
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[43] T. Branco and M. Häusser, “The single dendritic branch as a
fundamental functional unit in the nervous system,” Current
Opinion in Neurobiology, vol. 20, no. 4, pp. 494–502, 2010.
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Theta oscillations are thought to play a critical role in neuronal information processing, especially in the hippocampal region,
where their presence is particularly salient. A detailed description of theta dynamics in this region has revealed not only a
consortium of layer-specific theta dipoles, but also within-layer differences in the expression of theta. This complex and articulated
arrangement of current flows is reflected in the way neuronal firing is modulated in time. Several models have proposed that
these different theta modulators flexibly coordinate hippocampal regions, to support associative memory formation and retrieval.
Here, we summarily review different approaches related to this issue and we describe a mechanism, based on experimental and
simulation results, for memory retrieval in CA3 involving theta modulation.

1. Introduction

Theta-like oscillations are widely spread across the brain,
particularly of rodents, and modulation in this frequency
range can be found in different brain regions [1]. Theta oscil-
lations are an exceptionally appealing subject for modeling,
due to the wealth of suggestive experimental data, ranging
from behavioral to single-cell recording. These data show on
the one hand that the influence the theta rhythm exerts on
neuronal activity is significant and on the other hand that its
presence correlates with the performance of cognitive tasks.
The question, of course, is how to describe mechanistically
the link between these two aspects. Understanding the role
of theta oscillations in hippocampal processing requires
reviewing the potential contribution of oscillations to neural
computation.

The ubiquitous nature of theta-range oscillations sug-
gests that they can be used by the brain to coordinate differ-
ent areas and to manage the communication and the flow of
information among them [2–7]. This perspective emphasizes
the need for a coordination mechanism to make the brain
work properly [8–10]. Any cognitive task requires the in-
volvement not only of a number of distinct brain regions, but

also of different subnetworks within the same regions, which
are not physical adjacent and can utilize only limited direct
connections. Each of these networks operates on the input
it receives and feeds its output to other networks, which in
turn do the same. To successfully deal with the outside world,
sensory input has in general to be processed many times.
Moreover, these processes have to be carried out in a certain
sequence and with certain timings. An oscillatory modula-
tion of network activity, involving several brain structures
and synchronizing the discharge times of neurons, seems
like a good candidate to orchestrate these intricate processes.
From this perspective, theta rhythm does not have a specific
functional role in the operations performed by a particular
brain region, rather it is used to globally coordinate activity
[11, 12].

Another perspective, which does not necessarily exclude
the former, is that these oscillations are instead essential to
the specific operations performed by the various local net-
works of the brain. The way information is organized may
depend on the way the theta rhythm induces neurons to fire.
The modulation can induce particular patterns of firing in a
population. In this perspective, the oscillations are crucial to
explain how a certain brain region processes the information
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it receives and to understand the features of the representa-
tions that are generated.

In this paper, we shall review some ideas about a specific
role of theta oscillations in the hippocampus and then pre-
sent and discuss a mechanistic model, inferred from recent
experimental observations, of how theta modulation could
augment an independently existing hippocampal function.
Rather than a special case, the hippocampus is emblematic
of the use of oscillations in neural theories [4, 13, 14]. This is
because the theta rhythm is particularly strong in this region,
in rodents, and it strongly modulates its activity [15]. Also,
most of the ideas about theta function were first inspired by
observations in the rodent hippocampus.

2. Theta Oscillations in
the Rodent Hippocampus

The hippocampal theta rhythm is a most prominent clocking
mechanism in the forebrain [15]. The rhythm, in the 5–10 Hz
band in the rat, can be readily detected as a macroscopic
local field potential (LFP) in the dorsal hippocampus during
exploratory behavior and REM sleep [9, 16]. According to the
simplest model of theta generation, the medial septum in the
basal forebrain functions as a pacemaker, enforcing a global
rhythm into which hippocampal and entorhinal cortex (EC)
networks are entrained. However, evidence obtained with
numerous experimental manipulations indicates that several
rhythm-generating mechanisms and theta current dipoles
are independently at work [17–19]. The idea of a coherent
wave of activity turning hippocampal neurons periodically
on and off, as a single entity, has faded with the discovery
of a much more complex pattern of activation of the various
hippocampal subpopulations.

2.1. Not One Theta Oscillator but Many. The hippocampus is
not passively responding to a single theta generator. Several
studies [9, 19] have shown that each lamina of the hippocam-
pal formation acts as a distinct oscillator, with its own theta
rhythm. Although these multiple oscillators differ in phase
and amplitude, they generally present the same frequency
[17]. The uniformity in the oscillation frequency across dif-
ferent layers nevertheless points at the influence of an exter-
nal common pacemaker, generally identified in the medial
septal area. Indeed, the inactivation of this area, or the inter-
ruption of its projection to the hippocampus, has a dra-
matic effect on theta dynamics in the region [20]. The
LFP theta rhythm, along with rhythmic hippocampal unit
activity, is eliminated, together with any coherence among
different regions of the hippocampal formation. In nor-
mal conditions, sharing the same frequency but at differ-
ent phases results in the appearance of particular coordina-
tion profiles among these regions (Figure 1). Recorded LFPs
show increasing and decreasing intensity with characteristic
inter-layer intervals, which remain more or less constant
across time. More precisely, the two most prominent theta
dipoles, the one in the stratum lacunosum moleculare of CA1
and the other in the stratum moleculare of the DG, alternate
in phase, while the current-source density in other layers

shows intermediate phase relations. The theta modulation
recorded in entorhinal cortex, which has been demonstrated
to be at least partly independent [21–23], shows an inversion
in phase between layer I and deeper layers. Layers II and III,
where most of the projections to the hippocampus originate,
thus oscillate in phase, and this phase is the same as the
one typical of the dipole located in the stratum lacunosum
moleculare of CA1.

When examining the amplitude, frequency, phase, and
coherence relationships among these dipoles during various
aspects of behavior, however, it has been found that the
power, the coherence, and the phase of theta oscillations ex-
hibit layer-specific changes that depend on behavioral task
demands [19, 24]. As a consequence, the relations among
the timing of theta oscillations in the various hippocampal
layers can be modified by the particular cognitive state of the
animal. Because the different layers are associated with par-
ticular physiological structures, such as distal and proximal
dendrites and cell bodies, these modifications can influence
the way spiking activity in the various layers is generated.
This implies that oscillations can support specific processes,
necessary only in certain conditions. A recent study [25] has
complicated this situation even further, by indicating that
theta oscillations are not synchronized within stratum oriens
of CA1 but are traveling waves that propagate predominantly
along the septotemporal hippocampal axis. This study is in
accordance with the finding that theta dynamics are not
homogeneous along the same axis: theta power and the
fraction of theta-rhythmic neurons are reduced in the ventral
portion of CA3 compared to the dorsal portion [26, 27].
Again, this inhomogeneity has been hypothesized to enable
specific computational functions [28, 29].

This body of experimental evidence indicates that theta
rhythm is not a monolithic clock signal: hippocampal theta
oscillations interact with a heterogeneous consortium of
transmembrane currents, reflecting layer-specific processing
that can be modulated by extrahippocampal inputs or differ-
ential modes of operation within the hippocampus.

2.2. Influence on Firing Rates. In a network of synchronized
neurons, the oscillatory phase determines the degree of ex-
citability of the neurons. In which way do hippocampal
populations discharge with respect to the theta phase? We
expect the maximal activity of neurons to be coincident with
what is conventionally denoted as the trough of theta, when
the membrane is depolarized. And because of the variety and
heterogeneity of theta oscillations, we expect that neurons
belonging to different subregions should fire at different
times, in accordance with the local dipole. This is found to be
only partially true [17]. Indeed, the activity of all the neurons
of the hippocampus is modulated, to different degrees, by the
theta rhythm. The strength of this modulation is not defined
by the amplitude of the corresponding theta oscillation,
however. CA3 neurons show the strongest modulation, while
CA1 modulation is significantly less pronounced, even if the
strongest theta dipole is in the CA1 region. The preferred
phase does not necessarily correspond to the theta trough,
either. So, for example, the neurons of EC layers II and III
fire at opposite phases of the common reference oscillation,
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Figure 1: Schematic firing rate modulation in hippocampal and
parahippocampal regions. The firing phase of principal cells is indi-
cated by the histograms, while the curves describe LFP amplitudes
at different locations (see text). Redrawn from [17].

layer II neurons at the trough, and layer III neurons at the
peak (Figure 1). This results in the fact that while the peak
of population activity in an upstream region may match the
timing of dendritic excitation of downstream target neurons
(current sinks) in the hippocampus, the discharge of the
respective target populations could be offset of even half a
theta cycle. Also interneurons show the effects of the theta
modulation [30, 31]. As pyramidal neurons do, also the
different classes of interneurons have phase preferences.
Different types have different preferred phases [32–36]. In-
terestingly, it appears that dendritic targeting interneurons
tend to group together and to have the same discharge phase,
different from the one preferred by somatic targeting inter-
neurons, similarly grouped on their own [37].

The local theta does not seem to constrain the discharge
to occur at its trough. Each population has a preferred phase
of its local theta oscillation. And if we take a global look
at the distribution of spikes, taking as a reference a single
theta oscillator, we see that different regions discharge with
specific times with respect to others, generating a complex

sequence of activation connecting the various parts of the
circuit [17–19]. This pattern does not need to be the same
at all times. Also the preferred phase of certain populations
shifts according to the task [24].

2.3. Theta Oscillations and Information Processing in the Hip-
pocampus. A most intriguing question about the theta rhy-
thm, which has not been answered, is its link to information
processing in the hippocampus. Not only it appears that the
function of this region is persistently modulated during most
awake activity, but also we have seen that the modulation
is finely articulated through the different regions of the
hippocampus. The role of these oscillations in the operations
performed by the hippocampus might then be indicated by
the relative timing at which different populations oscillate.

Work on the rat hippocampus suggests at least three pos-
sible functions for theta [38].

(a) First, it may act as a global synchronizing mechanism,
locking the entire hippocampal formation into one
global processing mode and organizing the activity
in each hippocampal region with respect to the rest.
This means that if two cells have firing patterns that
are systematically related to the local theta cycle, they
have systematic temporal relations to each other, even
if they are located far apart in the hippocampus.

(b) A second possible function for theta is to provide
control over long-term potentiation induction [39–
41]. This perspective takes into account evidence that
synaptic transmission and plasticity are differentially
effective depending on the phase of theta. Inputs
arriving at the positive phase of theta in the dendritic
layer are more likely to lead to synaptic potentiation,
whereas those arriving at the negative phase yield
more often depotentiation or depression.

(c) A third putative function of theta oscillations could
be to provide a periodic clock for the timing of hip-
pocampal spikes, acting like a temporal reference
frame for any activity in the region [42, 43]. This
hypothesis is based on the observation that the phase
of firing of each pyramidal cell, relative to theta, is
not constant but can vary from one cycle to the next.
As a rat runs through the firing field of a pyramidal
cell, its place field, the cell fires bursts of spikes at a
frequency slightly higher than that of the concomi-
tant theta. This leads to the so-called phase preces-
sion phenomenon, which is the tendency of the cell to
fire at earlier points of a theta cycle on each successive
cycle [44]. The processing phase is thought to express
spatial information in addition to that expressed by
the firing rates alone [45–47]. In fact, the particular
sequence of spikes in each theta cycle may be
associated to a particular location and local trajectory
in the environment and therefore presumed to carry
detailed spatial information.

In the following we will discuss theories representative of the
first two categories. Phase precession has been extensively
studied, debated, and reviewed elsewhere, and we will focus
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on models that deal more with the modulatory character of
the theta rhythm [38].

3. Storage and Retrieval

How are the memory functions of hippocampal circuits en-
hanced (or interfered with) by oscillations of physiological
variables in the theta frequency range? The presence of oscil-
lations in the hippocampus and their persistence in a wide
range of different cognitive states suggest the possibility that
this periodic modulation of neural activity might have a ma-
jor role in memory processes.

3.1. The Acetylcholine Hypothesis. A generic problem with as-
sociative memories based on recurrent connections is distin-
guishing a storage mode from a retrieval mode. To be effec-
tive, recurrent connections should dominate the dynamics of
the system when it is operating in retrieval mode; whereas
while storing new information the dynamics should be pri-
marily determined by afferent inputs, with limited interfer-
ence from the memories already stored in the recurrent con-
nections, which instead should modify their weights to store
the new information. A possible solution to implement the
dual operating mode is to use a modulator that acts differ-
entially on the afferent inputs, that are located at the apical
dendrites, and on the recurrent connections, lower on the
dendritic tree. Acetylcholine can achieve this effect, exploit-
ing the orderly arrangement of pyramidal cell dendrites in
the cortex [48–50]. It causes differential physiological effects
on the different synaptic connections of cortical neurons.
Activation of muscarinic acetylcholine receptors enhances
the rate of synaptic modification at excitatory feedback
(including recurrent) connections, as seen in experiments
showing cholinergic enhancement of long-term potentia-
tion. At the same time as it enhances long-term potentiation,
acetylcholine suppresses excitatory synaptic transmission
at feedback synapses, while leaving excitatory feedforward
synapses relatively unaffected. Thus, feedback synapses are
weak in the presence of acetylcholine, but still their activation
leads to enhanced LTP, which makes them stronger at later
times. This combination of effects can be very useful to
encode new information. Effective formation of associative
memories requires that network activity be defined by feed-
forward input during encoding. This prevents new associa-
tions from being distorted by the spread of activity across
previously modified feedback connections. Thus acetyl-
choline may prevent interference during the strengthening
of feedback synapses by selectively suppressing excitatory
feedback synapses but not feedforward synapses.

Even if acetylcholine has a major influence on synaptic
plasticity, this mechanism presents two limitations. First, it
requires an active process that distinguishes storage from
retrieval periods and regulates acetylcholine release accord-
ingly. Modulation of network dynamics through acetylcho-
line requires a top-down control agent that actually takes
the decision of switching the system from an encoding state
to a retrieving one and vice versa. Further, the muscarinic
cholinergic effect on synaptic transmission and postsynaptic

depolarization has a relatively slow time course. Acetylcho-
line would require several seconds to change network dy-
namics [51]. This has motivated a search for alternative or
additional mechanisms for separating encoding from re-
trieval. Faster transitions between the two modalities and
independence from an external controller would be the ideal
requisites for these alternative mechanisms.

Hasselmo et al. [52] have proposed, based on evidence
concerning LTP induction during theta modulated activity,
that the various phases of theta oscillation themselves rep-
resent different modes of operation, that is, storage and re-
trieval.

3.2. The Hasselmo Model. The model proposed by Hasselmo
and others in a number of papers offers a possible solution
to the problem [52–54]. It focuses on CA1. The issue it tries
to address is how the dynamics of this region can distinguish
between a phase in which the inputs coming from CA3
should lead to synaptic modification of the Schaffer col-
laterals and another phase in which the inputs coming from
the very same connections should trigger pattern retrieval,
this time without changing Schaffer collaterals strength.
Hasselmo’s proposal is to use the theta rhythm and to segre-
gate encoding and retrieval into different phases of the oscil-
lations (see Figure 2). He bases his model on the following
evidence.

(a) First, the laminar organization of theta oscillations.
The strongest inputs from layer III of entorhinal cor-
tex, which projects to stratum lacunosum-moleculare
through the perforant path (PP), come when there
are prominent current sinks in the target layer, at
the trough of the local LFP. The idea is that this
strong depolarizing input to the distal dendrites
could allow encoding even in the absence of spiking
activity of the neurons in stratum pyramidale, where
strong inhibition due to outward currents acts on
the cell bodies. As the spiking activity is so reduced,
no spurious retrieval of previous memories should
be possible at this Θ-trough phase. This is then
proposed as the encoding phase. In contrast, because
of the inversion of theta polarity between stratum
lacunosum-moleculare and stratum pyramidale, at
the peak of the LFP in the former there is a prominent
trough in the latter, and also in stratum radiatum. At
this Θ-peak the activity of CA1 neurons is maximal,
and retrieval should take place at this time.

(b) Second, the separation of encoding and retrieval in
this model depends upon phasic changes in the effi-
cacy of LTP induction. After a number of studies in
slices or in anesthetized animals, recently there have
been some results also in awake, freely moving rats,
which all show an interaction between synaptic
plasticity and theta rhythm [39–41]. It appears in fact
that LTP is induced best when stimulation reaches the
dendrites at the peak of theta in the corresponding
dendritic layer. The induction of LTP in stratum
radiatum, then, where the Schaffer collaterals make
their connections with CA1 cells dendrites, would
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Figure 2: Schematic illustration of the Hasselmo et al. model. Redrawn from [52].

largely occur when transmission is weak but den-
drites are depolarized by entorhinal inputs arriving
higher up on the dendritic tree, in stratum lacuno-
sum-moleculare. It appears that LTP does not require
somatic spiking in the postsynaptic neuron, as den-
dritic spikes can induce LTP even when the soma is
hyperpolarized [55].

Network simulations of this system, intended to repro-
duce the physiological data of EC layer III, CA3, and CA1,
have been used to direct the movements of a virtual rat in a
virtual environment in tasks including spatial reversal, spatial
alternation, and delayed nonmatch to position [52, 54, 56].
A mathematical analysis of the performance of the rat was
then used to determine which phase relations were optimal.
It was found, in accordance with real data, that the phase of
synaptic input from CA3 should match the phase of maximal
depolarization at CA1 cells bodies, and it should be 180◦

out of phase with EC input. The authors propose that their
model can account for behavioral data showing that fornix
lesions (which reduce theta power) cause an increase in the
number of errors after reversal in a T-maze task. Rats with
fornix lesions persist in visiting the arm that was previously
rewarded, even when it is unrewarded. The claim is that
this behavior is caused by the reduced theta rhythm and by
the consequently reduced separation, in stratum radiatum,
between LTP and synaptic transmission, which are now
strong at the same time. What happens is that, after reversal,
the rat makes erroneous visits to the wrong, previously
rewarded arm, guided by the learned rule. Strong synaptic
transmission induces the hippocampus to retrieve a pattern
in CA1 that corresponds to past memory of food in the
now unrewarded location. Moreover, this retrieval activity,
in the absence of segregation between the two functions, can

cause further LTP, thus strengthening the association with
the memory of food, even if now the location is unrewarded.
This mechanism could therefore slow down the extinction
of old associative memories, delaying reversal learning and
increasing the number of errors.

A weak point of this theory is that it is not clear how
strong associations between the activity in CA3 and in CA1
can be acquired when very few cells are firing. Even if, in
the case of the cells in CA1, the depolarization caused by
EC inputs may be sufficient for plasticity, without spiking,
the model still needs action potentials generated by cells in
CA3. The storage phase should take place at times in which
the activity in CA3 is minimal. If only a small subset of the
neurons in CA3 is firing, only a small part of the full repre-
sentation is active and can thus be transferred to CA1. Most
of the cells that participate in retrieval did not fire during
encoding and could not modify their synapses with CA1
cells.

4. The Case of CA3

The model above is a valid attempt to deal with a problem
which looms upon any theory of memory formation, and it
has the merit of shifting the search for a possible solution
from the action of a specific neuromodulator to the orga-
nization of the internal dynamics of the system. It appears,
however, that its applicability is restricted to CA1, whereas
the problem of separating the two regimes affects the up-
stream region CA3 as well. In fact, in CA1 we may see only
the reflection of a conflict which originates in CA3. After
all, it is there that most memory storage might take place,
according to a mainstream view, and it is starting from there
that memory is retrieved. CA1 may largely be a mere relay of
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a signal originated in CA3 [57–61]. Although recent studies
point to a more complex interaction between this signal and
the one coming from EC and converging in CA1 [62, 63],
CA3 processes seem to be the crucial ones for the memory
functions of the system [64, 65].

4.1. The Idea of the Dentate Gyrus Input as a “Detonator” for
CA3 Activity. Comparative neuroanatomy suggests [66] that
mammals may have evolved a more refined mechanism to
separate storage from retrieval, to efficiently perform both
functions in a passive mode, by inserting a preprocessor
before the CA3 memory network [67]. The preprocessor
would instruct which units in CA3 should fire when a new
distribution of activity is stored as the memory representa-
tion of a new item to be remembered. This preprocessing net-
work forms new arbitrarily determined representations on
the fly and through a system of strong connections (“detona-
tor” synapses) [68] imposes these new representations onto
CA3. The key ingredients that make this machinery work
and allow new representations to form, providing them with
meaningful content, against the interference of recurrent
connections, are simply sparse and strong connections from
a sparsely coded feed-forward network [69, 70]. Because the
representation in the preprocessor is effectively randomly
generated, as the connections from the preprocessor to CA3
also are, the representations of different memories that this
mechanism will impose in CA3 tend to be decorrelated
[71]. The challenge for afferent input is to prevail over the
recurrent connections, which do not impart new contents
to a pattern of activity to be stored. This challenge can be
met by afferent inputs with the characteristics of the mossy
fibers [72], but not by those with the characteristics of the
perforant path to CA3. The idea thus is to avoid a conflict
between encoding and retrieval by maximizing the distance
among distinct memories. Recruiting different subsets of
neurons to participate in the representations of different
items would be the main role of the mossy fibers. The
point here is that moderately similar inputs, thanks to the
operation of the intermediate processing stage represented by
the DG, are represented in CA3 by patterns of activity much
less correlated than the inputs were [58], and if two inputs are
so similar as to elicit the same representation, it may imply
that they are actually the same thing [57], at least from the
point of view of a memory network like the hippocampus.

With this mechanism, storage and retrieval may be con-
tinuously interleaved, as part of the same process initiated
by the DG. As the firing activity between the two regions is
almost synchronized, the communication is maximal. The
representation elicited in DG contributes in its entirety to
define the activity in CA3 during storage, when the recurrent
collaterals are modified, but also in a partial reactivation
during retrieval, which can take place based on a partial
cue. The other element of this mechanism is the perforant
path, projecting from EC layer II to CA3. Because of their
weakness, these connections are not presumed to play a
relevant role during storage, while during retrieval with
their associatively modified synapses they can relay most
effectively the cue that initiates retrieval.

In this framework, the role of theta oscillations appears
to be ancillary. They may help in coordinating information
flow between DG and CA3, and then CA1, but their presence
is not functionally essential, at least for what concerns the
segregation of storage and retrieval.

This solution to the storage/retrieval conflict possibly
extends also to CA1. Moreover, even if the region receives
largely decorrelated inputs, which should thus produce
equivalently distinct representations in CA1, the mechanism
proposed by Hasselmo et al. [52] may still enhance the
decorrelation, as well as possibly serving other purposes, for
example, to modify, in accordance with direct PP input, the
representations induced by CA3, in order to recover some of
the information dissipated during the storage process.

5. The Teleportation Experiment

New insight on the dynamics of spatial representations in
CA3 has recently come from work by Jezek et al. [73]. The
aim of this study was to investigate the time course of map
replacement, by determining the evolution of neuronal ac-
tivity in response to an abrupt transition between two envi-
ronments, resulting from a sudden change of the external
cues used to define each spatial context. The recordings were
performed in CA3.

5.1. The Paradigm. Rats were trained in two different text
boxes, designated A and B, which differed only in the type
of illumination. The rats spent several days exploring these
environments. The paradigm was intended to induce global
remapping of the activity in CA3, by generating two uncor-
related representations for the two environments. The test
phase took place after such uncorrelated representations had
stabilized in the training phase. The rat was started in one
of the two familiar environments, then after some time the
rat was teleported to the other environment: the lights were
abruptly switched to those of the other environment, taking
the rat instantaneously, as it were, from one place to another.

5.2. Observations. A number of analyses [73] indicate that
even during these extremely rapid transitions between refer-
ence frames, the activity in the hippocampus is determined
by attractor dynamics. The representation expressed by CA3
at any time is almost always one corresponding to one
of the environments—few intermediate representations are
observed, corresponding to mixtures of the two represen-
tations for box A and B, with elements from them both.
The competition between the representations, stimulated by
the fast transition, is revealed by the appearance, just after
the teleportation, of rapid switches from one representation
to the other, a phenomenon labeled by the authors as
“flickering.” One peculiarity of such flickering is its relation
to theta oscillations. The reexpression of one of the two
representations is generally completed within the time span
defined by a theta cycle. The theta rhythm seems to regulate
the timing of the dynamics also by marking the alternation
between the two representations.
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These results seem to indicate a major role of the theta
oscillations in regulating attractor dynamics in the CA3 net-
work. The propagation of activity through recurrent collat-
erals appears to be controlled by the periodical modulation
of the physiological variables in the network.

Although this phenomenon seems related to the Has-
selmo hypothesis of a role of theta oscillations in segregating
encoding from retrieval, its raison d’être might be different:
to allow a trial-and-error-like procedure. Repeated conver-
gence to attractor states might offer the rodent the oppor-
tunity to self-correct, a possibility that can be very useful
under conditions where input cues are ambiguous, weak,
and confusing. In the case of this experiment, the conflict is
between the external cues, characterizing the final box, and
cues coming from path integration which, because of the very
fast transition, still refer to the initial box. The possibility to
continuously integrate clues about location and to formulate
distinct hypotheses within a limited time may be important
in order to properly adjust behaviour to the external world.

6. Our Model for Teleportation

To test the feasibility of an involvement of the theta rhythm
in the dynamics of memory retrieval and to check that the
phenomena observed in the teleportation experiment can be
ascribed to these oscillations, we have tried to simulate the
results with a simple model representing the CA3 region of
the hippocampus.

The goal of these simulations is to see whether the flicker-
ing events may arise from a modulation of the activity in the
presence of partial and ambiguous external inputs. We thus
compare the activity in the network in the presence of theta
oscillations and without them, when all other conditions are
the same. Even if the neural model is intended to represent
the CA3 region of the hippocampus and its dynamics, the
structure of the network and its operating parameters do
not exactly reproduce those in the real brain. To focus on the
effects of theta modulation on network performance and to
reduce any other spurious effect coming from uncontrolled
features of the model, not relevant for the present issue,
we have tried to reduce the complexity of the simulations
as much as possible. For the sake of clarity the model then
represents a system only similar to that present in the brain,
retaining—it is hoped—the characteristics important for the
problem at hand.

6.1. The Model. We first construct the representations of
the two environments. They are two geometrically identical
square boxes of size S. The network is comprised of N
units. In the standard condition, the two environments are
represented by two separate populations of units, half active
in environment A, the other half in environment B. Each
unit has a single place field in the assigned environment.
Its firing rate around the place field center is defined by a
Gaussian function. Place field centers are regularly spaced,
arranged on a grid covering the whole environment. The
two representations are therefore identical and differ only in
the subset of units which are active. The Gaussian bumps

representing the place fields are defined as all having the same
effective size and height. The network is fully connected, and
the strength of the connections is prewired. The structure
of the connections is functional to the establishment of
a quasicontinuous attractor surface, expressed by synaptic
weights that follow an exponential decreasing function of
the distance between place field centers. The weight of the
connection between cell i and j is then written as

W
ij
rec = C ∗ exp

(−di j
S

)
(1)

if the two cells have place fields in the same environment,
while it is set to zero if they belong to different environments.

The model is a firing rate model and the neurons are
simple threshold linear units. The activity is thus governed
by the following equation:

ri(x; tn) = g

⎢⎢⎢⎣Ext(x) +
∑
j

W
i j
recrj(tn−1)− T

⎥⎥⎥⎦
+

. (2)

For each cell, the activating current is comprised of two
terms: an external input and the recurrent collateral contri-
bution. The gain g and the threshold term T are modified to
regulate the average activity and the sparsity of the network.

6.2. Generating the Templates. The simulation consists of
two phases. First, we generate a trajectory for the virtual
rat. The simulation is continuous in space but discrete in
time. In each time step, intended to correspond to roughly
15 ms, the virtual rat moves by 0.5 cm in a direction similar
to the direction of the previous time step, with a small
amount of noise. At each time step we determine the input
activity associated with the position occupied by the rat.
To that effect, movements are considered to occur along
the same trajectory in both environments, and so inputs
are updated for both environments. The activity of each
unit is determined according to (2), with the external input
set according to the location in the current environment;
while the term representing the activation induced by the
contribution of the recurrent collaterals depends on the
activity of the network calculated at the last step. This
procedure emulates the activity that is elicited in CA3 during
navigation in each environment, providing the templates of
the spatial representation of the two environments. To study
the effects of teleportation on the dynamics of CA3, such
templates are then compared with the state the network takes
when, instead of a full cue about one environment, it receives
conflicting inputs about both.

6.3. Test Phase. The second part of the simulation reproduces
the teleportation experiment. The same path is followed as
for building the templates, so that the rat runs through the
same trajectory. We then divide the path into three sections.
In the first part, we fed the network with a full cue about
environment A. Then, we teleport the rat to environment
B. The external cue is suddenly changed. To simulate the
ambiguity and the conflict between external cues and inter-
nal path integration, we modify the input to represent this
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confusion. While before we fed the network with a full cue,
we now reduce it to 20%, in that only a subset of the cells now
receives external input. Moreover, the cue does not represent
a single environment: a fraction refers to environment A
and the rest to environment B, which means that both units
coding for A and for B receive external input. Time steps are
grouped in sets of eight, which then represent eight phases
within individual theta cycles, when we introduce theta
modulation. During each set/cycle the cue is kept constant,
in the sense that, while the input changes as the animal
moves and changes location, the units that receive external
input remain the same. At the beginning of each cycle these
cells are selected with a certain probability, representing the
proportion of environment A and B in the external cue,
which changes at each cycle. While the number of neurons
receiving an external input is kept constant, the amount of
activated neurons in each group has a 25% variability. This
state of confusion is held for a certain time, 10 sets or theta
cycles in our simulations. At the end of this phase, we turn
the external input to a full representation of environment
B. The network is then fed a full cue corresponding to
the second environment, simulating a rat that has finally
understood which box it is in.

All the simulations are first run without any periodic
modulation of the activity in the network. We then introduce
theta oscillations by periodically modulating the mean
activity and the sparsity of the population, with a period of
eight time steps [74]. We also modulate the strength of the
external cue in a similar way, by varying both the number
of units receiving external input and the intensity of the
stimulation. We vary the amplitude of this modulation and
the relative phase Δ between the oscillations of the network
and of the external input.

In Figure 3 we plot the correlation between the activity
generated during this test phase and the activity obtained
during normal exploration, in the same location.

6.4. Results. As expected, the network with no modulation
generally fails to respond to changes in the external envi-
ronment. After the first switch, the action of the recurrent
collaterals is to maintain the network in the attractor relative
to environment A, even if the external input has changed.
The external cue can produce an effective change in the
dynamics of the network only when very strong. At the end of
the simulation, with the full cue of environment B, the system
actually follows it and retrieves the other representation. In
general, however, in this range of parameters, the dynamics
of the network do not respond rapidly to changes in the
external environment.

Flickering events appear, instead, when we introduce
strong theta oscillations and in antiphase with the mod-
ulation of the input. Such rapid transitions between the
retrieval of one attractor and the retrieval of the other, in
the time span of a theta cycle, are similar to those observed
in the experiment of Jezek et al. [73] and appear with the
first switch between the environments. The simulations show
the effect of modulating the activity in enhancing the flexi-
bility of the network and its ability to respond rapidly and

accurately to changes in the input. Note that, while reacting
to the changing external cue, the network does not simply
reproduce the ambiguity of the input. In each theta cycle,
with a few exceptions, the system retrieves one of the two
representations and discards the other. At every theta cycle
this retrieval appears to be as good as the one obtained in
the case with no oscillations. These effects disappear when
oscillations are smaller, or when the input and the network
oscillate in phase.

7. Discussion

Our model suggests that modulating the activity of the CA3
region of the hippocampus may have significant effects on
memory processes, but only if the modulation is strong. In
the model, flickering events as described by Jezek et al. [73]
in their teleportation experiment appear, but only in the
presence of strong theta modulation. This is consistent with
an active role of theta activity in stimulating fast transitions
between attractor states [75].

7.1. The Conflict between Attractor Dynamics and External
Input. During memory retrieval, the activity generated by
an external stimulus is propagated through the collaterals
connecting the units of an associative memory network.
Since memories are stored by modifying the strength of these
connections, this propagation leads to an activation of the
network which corresponds to one of the stored memories—
what we call an attractor. Which one of the multiple mem-
ories stored in the network will be retrieved depends on
the characteristics of the initial external input. Such associa-
tive memory networks function optimally when the external
input serves only as a cue and neuronal activity is driven
maximally by the recurrent connections. The internal dy-
namics of the network should be relatively unconstrained by
the external input, to allow for convergence to the attractor
state, even in the presence of an incomplete or distorted cue.

The drawback of this operating regime is that the net-
work loses in flexibility. The network is likely to remain in an
attractor once it has reached one, and it needs a very strong
shove to leave it. It is not reactive to external inputs unless
this input is strong and significantly different from its current
state. In our case, in which the external input is a mixture
of two different representations, the action of the recurrent
collaterals is to let the system choose between one of them,
generally the stronger of the two, and it drives the activity
of the neurons towards the corresponding attractor. But as
the external input changes, if neither representation clearly
prevails, it is very difficult for the network to modify its state,
at least, that is, when no modulation is present.

7.2. Theta Oscillations as a Regulator of External Input Domi-
nance. The effect of introducing a modulation of the activity
and of regulating accordingly the firing rates of the neurons
is to control the relative strength of the inputs each neuron
receives, the external cue, and the recurrent reverberation. As
the number of active units and the level of global activation
changes, even if the strength of the connections remains
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Figure 3: Results of our simulation of the teleportation experiment. Bars represent correlation with the two different representations at each
time step. Different plots are relative to different conditions: “strong” is 80% variation in firing rate and sparsity between the peak and the
through and “weak” is 20% variation; in phase means Δ = 0◦ and out of phase means Δ = 180◦.

unvaried, the driving force of the system is shifted from
external to internal inputs and vice versa. When only few cells
are active, those which receive a strong external input have a
major advantage in the competition and therefore are more
likely to pass the inhibition threshold and to fire. They in
turn activate new units as inhibition gets weaker. As new
units are activated through the current injected in the
collaterals, the activity in the network evolves, driven by
the internal dynamics generated by the initial pool of active
cells. If cells representing both maps are activated, then as
the threshold is lowered there is a rush to recruit new units,

in a competition between the two representations. When the
inhibition reaches its minimum, one of the two eventually
takes over, and the system falls in one of the two attractors.
What happens next is crucial for the appearance of flickers.
Once the inhibition rises again, the active population starts to
shrink. In the beginning the collaterals continue to determine
the active units, but as the inhibition approaches its maxi-
mum again, the contribution of the external input becomes
critical. In a regime of very strong competition, the activity
of the system is strongly related to the input that it receives
at that time. As before, this small core of units is then
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responsible for the activation in the next theta period, while
the state the system was in is forgotten. The system goes
through a sort of bottleneck that allows resetting the state of
the units and forcing the system to discard the information
conveyed by the recurrent collaterals. At each onset of the
cycle the internal dynamics of the system are thus almost
independent of the past activity. The system is potentially
able to select a new attractor at each theta cycle.

Attractor dynamics is a theoretically attractive concept,
and attempts have been made to apply it to explain neural
dynamics in a range of experimental situations, as in the
schemes of Figure 4. The more classical notion of a discrete,
point-like attractor has been used to interpret convergent
neural activity in monkey inferotemporal cortex (IT) [76].
Its conceptual extension, the continuous attractor, can been
applied instead to interpret recordings of head direction
cells [77] and place cells in single environments [78, 79],
which may reveal movements along the nearly flat “bottom
valley” of a continuous attractor. Although quite different
from each other, these dynamics are also quite different
from those observed in the teleportation experiment, which
seem to reflect the presence of periodic modulation. In
the nonmodulated condition, either the system is driven by
external input, with little room for attractor dynamics, which
merely serves to keep it within the correct valley [77–79],
or, if inputs subside, it is capable of memory retrieval, but
rigid and unable to rapidly adapt to further external changes
[76]. Introducing theta modulation allows implementing
both these regimes in the same system, by segregating them
to different theta phases. The network is input driven in
the presence of strong inhibition and then progressively
switches to be driven by recurrent connections as the theta
period progresses. In this perspective, the addition of theta
oscillations, while not essential, provides a new twist in an
already consolidated schema. Flickers could be the result of
successive descents in different attractor basins, while the
internal attractor dynamics, taking place along the contin-
uous attractor representing each environment, may remain
unaffected by the modulation (Figure 5).

7.3. Strong Modulation . . .. Our simulations indicate that to
obtain this particular effect the amplitude of the theta oscil-
lation is crucial. The difference between the number of active
units and the average firing rate at the peak and at the trough
of the theta cannot be too small. Of course this conclusion is
limited by the particular assumptions and simplifications we
made for our model. The way we implemented theta effects
on the system is simple and most straightforward. We do
not explicitly model the inhibitory neurons present in the
hippocampus, nor we take into account complex interactions
between them and the pyramidal neurons. The effects of
inhibition are modeled as a homogeneous regulation of the
gain and of the threshold applied to the firing rate of all the
neurons. Actually, as we have already said, there is growing
evidence on the complex dynamics linking the excitatory and
the inhibitory populations in the hippocampus. The different
phase locking exhibited by distinct inhibitory neuron types
and the fact that this differentiation roughly corresponds
to the classification in dendritic or somatic interneurons
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Figure 4: Pictorial representation of the dynamics in our model.

suggest the possibility that such articulation is functional
to an inhibitory mechanism not described in detail by our
model [80, 81]. Moreover, the particular feedback inhibition
microcircuitry present in the hippocampus, which regulates
local activity and is not detailed in our model, may be
another source of complex effects not expressed in our
simulations [82–91]. Input-specific suppression and other
nonlinearities, which may arise from the incorporation of
this finer structure in a model, may extend our results also
to the case of gentler oscillations.

7.4. . . . And out of Phase. Another indication that emerges
from our model is the role of the timing of the activity in
different elements of the hippocampal circuit. As the sim-
ulations show, the relative phase of the oscillations of the
incoming input is important to maximize the effects of the
theta modulation on the dynamics of our recurrent network.
It appears that the hypothesized mechanism functions
optimally when the two oscillations are out of phase. This
makes sense, as such a phase relation of the two oscillators
enhances the separation between the two regimes of input
dominance and recurrent dominance, which is at the base
of our model. A concurrent rise and fall of the activity
in the network and in the strength of the input actually
cancels the benefits obtained with the introduction of the
modulation. The input then generates interference with the
internal activity when the dynamics of the system should be
driven by the latter, and it is weak when its turn comes to
lead. On the contrary, an external input which is in antiphase
with the modulation of the network can act effectively during
periods of low activity and then gently bow out when the
network retrieves the attractor. In conclusion, our data better
reproduce experimental observations when the recurrent
network is driven by an external input which oscillates in
magnitude with the same period but a different phase.

7.5. Some Remarks on Information Flow in the Hippocampus.
This leads to some comments about the operation of the real
hippocampus. As reviewed above, the phase relations of the
activity of the different regions of the hippocampus and of
the neighboring afferent regions of the entorhinal cortex are
rather articulated.

Consider the CA3 region. The two external inputs this
region receives have specific and different theta phase mod-
ulation of the firing rate [17]. The neurons in the DG, which
projects to CA3 through the mossy fibers, fire almost in
conjunction with cells in CA3, and moreover the pattern
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of activation is very similar: the activity in the two regions
spreads and then shrinks in almost perfect synchrony [19].
On the other hand, activity in the EC layer II, which projects
to CA3 through the perforant path, appears to be maximal
at a completely different theta phase [9, 92]. Between the two
bumps of activity, the one in EC and the one in CA3, there is
approximately a quarter of a theta cycle [17].

This configuration seems to replicate the one described
by our model. If we want to infer from the simulations, we
should conclude that during the teleportation experiment,
just after the switch of environments has occurred, the
recorded activity in CA3 is mainly due to stimuli coming
from the entorhinal cortex, in essence bypassing the DG.
This conclusion suggests a revision of the prevailing view of
information flow in the hippocampus in normal conditions.
The normal path of activation, involving in the order layer II
of entorhinal cortex, DG, CA3 and finally CA1, may indeed
be the “normal” one, but during encoding, or when inputs
are strong. During retrieval or when inputs are weak, there
is some evidence that CA3 may operate in different and
alternative regimes.

(a) First, behavioral experiments on spatial learning in
rodents indicate that DG inactivation and DG le-
sions greatly impair the acquisition of new memories
while sparing the retention of already stored ones
[93–95]. These studies indicate that the combined
action of perforant path and recurrent collaterals is
sufficient to perform retrieval of stored memories.
So, while minor during robust DG activation, the
contribution of the perforant path emerges when left
alone. Synaptic plasticity acting on the perforant path
allows associating the activity of the entorhinal cortex
with the representation imposed by dentate activity,
thus enabling future pattern retrieval.

(b) This alternative route, which forfeits the contribution
of the DG, appears to contribute to another phe-
nomenon observed in the hippocampus, the so-
called sharp wave ripples (SWRs). Indeed, this physi-
ological pattern of activity originates directly in CA3,
triggered by synchronized activation of pyramidal

cells, and does not involve at all the dentate gyrus
[96, 97]. It is plausible to suppose that these sudden
bursts of activity may be initiated by a weak input
arriving from the entorhinal cortex [10, 98]. The
activation of even a small subset of CA3 neurons
could initiate a cascade of excitation across the re-
current collaterals, leading to reverberating activity
that eventually spreads to downstream regions like
CA1 [99, 100] (possibly with a more active and
independent role of the latter in processing this
signal than initially thought, as recent findings show
that the phenomenology of the CA1 ripples is too
complex to be a mere reproduction of CA3 activity
during these episodes [65, 101]).

It is possible that inhibitory dynamics similar to that un-
derlying SWR generation [53, 79, 80] may operate in the rat
hippocampus during the interval following the teleportation.
The confusing and misleading context may limit the activity
in the EC to a fraction of that normally observed. In this case,
the input originating from this region may be insufficient to
properly activate the corresponding spatial representation in
the DG. Still it can be enough to generate a cascade of activity
in CA3. The presence of recurrent connections may act as an
amplifier of an otherwise weak signal.

The concomitance of maximal DG and CA3 activation
is in accordance with the generic idea that phase synchro-
nization is functional to optimize neural communication and
synaptic plasticity [5]. Having the neurons in the two regions
active at the same time can be used to maximize the in-
formation transfer between the two regions during the stor-
age of new representations, even if we cannot exclude that
this layout may be partially modified by specific effects aris-
ing from the particular structure of the feedforward inhibi-
tion of DG on CA3 [86].

On the other hand, the prevailing phase difference ob-
served in the firing of the excitatory populations in EC and
CA3 may result in an effect not captured by the generic idea.
This particular timing allows the dynamics of CA3 activity
to select a new attractor at each theta cycle. Of course if the
external cue, even if partial, is correlated with a single stored
memory, the system will simply retrieve the corresponding
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Figure 6: Overview of the theories reviewed here and their conceptual relations.

attractor. This mechanism becomes interesting when the cue
is ambiguous and is comprised of a mixture of different
representations. What happens then is that the choice of the
attractor may amplify a bias or even a statistical fluctuation
of the composite cue. If we observe the choices the system
makes over a certain period, the number of times it chooses
a given memory could be related to the fraction of the cue
representing that particular memory. Moreover, because the
choices are distributed in time, this mechanism may allow
integrating information arriving at the hippocampus at dif-
ferent moments. Faced with a changing and unstable input,
multiple choices provide statistical information about the
environment and allow the system to correct an occasional
wrong choice. If the network proceeds three times towards
the attractor corresponding to A and only once towards B, it
can reasonably concluded that the box is A, even if the cue
was ambiguous. The freedom left to the system, from the
external input, and the resetting of the state of the system
at every cycle, both obtained with the introduction of the
theta oscillation, are the elements generating flickering after
teleportation, in our model.

8. Conclusions

Theta oscillations seem to satisfy a fundamental need for
organization. Their appealing regularity stands against a
background of noisy and complex ensemble activity by single
units. It allows bringing back the continuous flow of brain
activity into more reassuring frames and describing neuronal
dynamics in terms of periods and phases, with different
properties according to the functions we want to assign them.

Rather than considering the theta rhythm as a product of
neuronal activity, one may consider a perspective in which
the factors are inverted, and the theta rhythm drives the
neurons. The two options may be difficult to disentangle,
as with any purportedly causal dependence in the brain.

This approach, in any case, has produced theories assigning
to the theta rhythm important roles in neural computation
(Figure 6). In the rodent hippocampus, where these oscilla-
tions are most prominent, this intellectual trend is particu-
larly lively.

Theta oscillations have been proposed to regulate the in-
ternal flow of information among the various subregions of
the hippocampus or to modulate some important physiolog-
ical parameters, like the strength of induced synaptic LTP. Or
else, they have been proposed to generate a neural code of
their own, beside the firing rate code, based on the relative
position of individual spikes.

The effects of theta modulation may however be subtler,
and only relevant in particular conditions. The phase preces-
sion phenomenon, for example, can be interpreted as result-
ing from the interaction, in the rodent hippocampus, of theta
rhythmicity with attractor dynamics, rather than as revealing
a sophisticated phase coding of position [102]. Likewise,
the mechanism described here may be regarded as another
“unintended,” or perhaps just additional, feature of superim-
posing theta modulation onto attractor dynamics. Without
the pretension of being exhaustive or conclusive, our simula-
tions suggest that the introduction of theta oscillations gen-
erates significant effects only if they are particularly strong
and have particular phase relations, conditions that are not
always satisfied in the hippocampus. Even if they are not cap-
turing the whole complexity of the hippocampal network, by
far, these simulations at least indicate that these parameters
have to be evaluated carefully and that the application of
theta-based theories requires quantitative assessment. Specif-
ically, the model suggests that the relevant memory opera-
tions can be independent of the theta rhythm, but that its
presence may be important in optimizing and refining them.
The teleportation paradigm, with the emergence of flick-
ering, the rapid alternation between representations, may
give us some insight into these issues and help us to unravel
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the finer structure of memory dynamics in the hippocampus,
possibly also clarifying the role of theta oscillations.
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[36] A. Czurkó, J. Huxter, Y. Li, B. Hangya, and R. U. Muller,
“Theta phase classification of interneurons in the hippocam-
pal formation of freely moving rats,” Journal of Neuroscience,
vol. 31, no. 8, pp. 2938–2947, 2011.
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Buzsáki, “Oscillatory coupling of hippocampal pyramidal
cells and interneurons in the behaving rat,” Journal of
Neuroscience, vol. 19, no. 1, pp. 274–287, 1999.

[82] C. L. Torborg, T. Nakashiba, S. Tonegawa, and C. J. McBain,
“Control of CA3 output by feedforward inhibition despite
developmental changes in the excitation-inhibition balance,”
Journal of Neuroscience, vol. 30, no. 46, pp. 15628–15637,
2010.

[83] F. Pouille and M. Scanziani, “Enforcement of temporal
fidelity in pyramidal cells by somatic feed-forward inhibi-
tion,” Science, vol. 293, no. 5532, pp. 1159–1163, 2001.

[84] J. Szabadics and I. Soltesz, “Functional specificity of mossy
fiber innervation of GAB aergic cells in the hippocampus,”
Journal of Neuroscience, vol. 29, no. 13, pp. 4239–4251, 2009.
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The amygdala is known to be a critical brain region for emotional fear. It is believed that synaptic plasticity within the amygdala is
the cellular basis of fear memory. Recent studies demonstrate that cortical areas such as the prefrontal cortex (PFC) and anterior
cingulate cortex (ACC) may also contribute to the formation of fear memory, including trace fear memory and remote fear
memory. At synaptic level, fear conditioning also triggers plastic changes within the cortical areas immediately after the condition.
These results raise the possibility that certain forms of synaptic plasticity may occur within the cortex while synaptic potentiation
takes place within synapses in the hippocampus and amygdala. This hypothesis is supported by electrophysiological evidence
obtained from freely moving animals that neurons in the hippocampus/amygdala fire synchronous activities with cortical neurons
during the learning. To study fear-related synaptic plasticity in the cortex and its functional connectivity with neurons in the
amygdala and hippocampus will help us understand brain mechanisms of fear and improve clinical treatment of emotional
disorders in patients.

1. Introduction

Fear is an adaptive response to pain or the threat of danger.
It is believed that amygdala is a key brain area for fear. As
the major cellular model used for understanding this neural
mechanism, long-term potentiation (LTP), a type of long-
lasting synaptic plasticity, has been predominantly studied
in the amygdala. Consequently, much evidence suggests that
LTP is required for the establishment and consolidation of
fear memory [1]. In addition, the anterior cingulate cortex
(ACC) is known as a key structure that contributes to not
only the recall of fear memory [2], but also the formation
of fear memory [3]. It has been elucidated how recent and
remote fear memories are organized in the brain (Figure 1).
To date, considerable evidence indicates that fear learning
and memory are mediated by changes in synaptic strength
in the ACC [4].

With the development of integrative approaches, includ-
ing pharmacological and genetic manipulations, the molec-
ular and cellular mechanisms underlying fear learning

and synaptic plasticity in the amygdala and ACC have
been elucidated. These range from membrane receptors,
to intracellular signaling proteins, to transcription factors
[4, 5]. The ACC is located between limbic and cortical
structures to integrate emotion and cognition, thereby influ-
encing amygdala-dependent learning [6]. Indeed, human
and animal studies showed that neuronal activity in the
amygdala and ACC changed when subjects were shown
threatening faces or confronted with frightening situations,
respectively [7, 8]. Thus, the functional connection between
the amygdala and ACC may play an important role in fear
learning and emotional processing. In this paper, we will
first discuss recent evidence suggesting that fear learning
and memory are mediated by changes in synaptic strength
in the amygdala and ACC. We then discuss animal studies
of molecular and cellular mechanisms underlying synaptic
plasticity in the amygdala and ACC, which relate to fear
learning and memory. Finally, we discuss anatomical and
functional connectivity between the amygdala and ACC.
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ACC and other cortical areas

Hippocampus Amygdala

Model A: recent memory Remote memory Model B: recent memory

Figure 1: Interplay of the cortex and hippocampus/amygdala in fear memory. There are two major hypotheses related to the brain network
involved in fear memory. Depending on the different types of conditioning protocols, it is likely that both mechanisms may take place. In
model A, early fear memory is formed within the hippocampus and/or amygdala. At some time point after learning (e.g., during sleep),
some of this information is replayed and transferred into the cortical synapses. After the formation of remote memory in the cortex, early
synaptic changes are unlikely important. The exact synaptic and molecular mechanisms for the replaying remain to be investigated or proved.
According to this model, the cortical activity is not required for the formation of early fear memory. In model B, early synaptic potentiation
related to fear conditioning happens at synapses located in all three major areas, including the hippocampus, amygdale, and cortex. The
interconnections among these three areas may be further enforced after the formation of early memory. Similar to model A, late or remote
memory is mainly stored in the cortical synapses.

2. LTP Is a Cellular Model of Fear Learning

The brain undergoes plastic changes in response to periph-
eral stimuli and new experiences. Synaptic plasticity is a
phenomenon referring to the ability of synapses to undergo
long-lasting modifications after certain stimulation. LTP is
one of the cellular mechanisms for various memories, such
as spatial memory, fear memory, and chronic pain. Indeed,
LTP shares many common features with long-term memory:
they are both triggered rapidly by vigorous stimulations, have
properties of associativity, may depend upon the synthesis of
new proteins, and can last for significant amounts of time
[9].

Fear conditioning is a well-established experimental
model of fear learning, in which neutral conditioned stimuli
(CS) are paired with aversive unconditioned stimuli (US)
during behavioral training. The auditory (CS input) and
somatosensory (US input) information can converge to
the lateral amygdala through auditory thalamus-amygdala
and auditory-cortex-(cortical-) amygdala pathways [10].
The acquisition of fear memory on auditory stimulation
seems to be mediated by synaptic enhancements in the CS
pathway, including both thalamic and cortical pathways [11–
13]. Previous studies consistently indicate that LTP is the
most likely synaptic mechanism underlying fear memory
in the amygdala. First, electrophysiological studies using
in vitro amygdala slices or in vivo recordings showed that
auditory afferent pathways, including thalamic-amygdala
and cortical-amygdala pathways, undergo synaptic poten-
tiation after LTP-inducing stimuli [11, 12]. Second, the
associative nature of LTP in the amygdala supports the
notion that fear conditioning requires the convergence of
odor and nociceptive inputs onto single neurons in the
lateral amygdala [14]. Third, neural activity in the lateral
amygdala has been shown to be modified during auditory

fear conditioning in a manner similar to that observed after
artificial LTP induction [15, 16]. Fourth, drugs that inhibit
the induction and/or maintenance of LTP in the amygdala
also inhibit fear memory [17]. Finally, fear conditioning
occluded LTP-induced presynaptic enhancement of synaptic
transmission in the cortical pathway to the lateral amygdala
[12]. Therefore, synaptic transmission undergoes long-term
plastic changes after training in the amygdala and may
underlie processes involved in new information learning and
storage within amygdala circuits.

3. Molecular Mechanism for
the Induction of LTP in the Amygdala

Synaptic mechanisms for induction of LTP have been inten-
sively investigated in amygdala slices. We describe mainly
the molecular mechanisms for the induction of thalamic-
amygdala LTP in the lateral amygdala. Induction of LTP in
lateral amygdala neurons involves postsynaptic depolariza-
tion, which can cause the influx of Ca2+ from both NMDA
receptors and L-type voltage-dependent Ca2+ channels (L-
VDCCs) [12, 18]. Previous studies dissecting the role of
GLUN2 (formerly NR2, see [19]) subunits in synaptic plas-
ticity suggest that both the GLUN2A (NR2A) and GLUN2B
(NR2B) subunits are involved in the induction of LTP in
the lateral amygdala [20]. In addition, the phosphorylation
of GLUN2B subunits is essential for synaptic plasticity in
the amygdala and amygdala-dependent fear learning [21].
Another molecule involved in the induction of LTP is kainate
(KA) receptors, which contribute to synaptic transmission
in the amygdala [22]. We found that the deletion of GluK1
(GluR5) did not affect synaptic potentiation in the lateral
amygdala, whereas in GluK2 (GluR6) knock-out mice, LTP
induced by theta burst stimulation or pairing of synaptic
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activity with postsynaptic depolarization was blocked [22].
Recently, it is reported that the presynaptic GluK1 is involved
in the induction of LTP in the lateral amygdala [23].
Furthermore, activation of metabotropic glutamate receptor
(mGluR) subtype 5 is required for the induction of thalamic-
amygdala LTP [24]. The involvement of protein kinases such
as CaMKII [25] and CaMKIV [26] in amygdala LTP has also
been implicated. Various forms of LTP are reported in the
amygdala, depending on the presynaptic activity levels and
degree of postsynaptic depolarization [11, 12, 27].

4. Molecular Mechanism for
the Expression and Maintenance of LTP

After induction of LTP, the phosphorylation of AMPA
receptors by the activity of CaMKII may mediate an
increase in the number of AMPA receptors at synapses
via activity-dependent AMPA receptor trafficking. In the
lateral amygdala, synaptic delivery of the GluA1 (GluR1)
subunit from extrasynaptic sites is the key mechanism
underlying synaptic plasticity [28, 29]. Rumpel et al. found
that in GluA1 knock-out mice, LTP at thalamic-amygdala
pathway was completely abolished and that both auditory
and contextual fear conditioning were impaired [28]. It is
well established that the maintenance phase of LTP requires
new protein synthesis and gene transcription [30, 31].
In particular, signaling molecules such as PKA, mitogen-
activated protein kinase (MAPK), Ca2+/CaMKII, Egr-1 zinc
finger transcription factor, PKMζ , and fragile X mental
retardation protein (FMRP) have also been implicated in the
maintenance of LTP and consolidation of fear memory in
the amygdala [32–35]. Of these, much attention has been
paid to the role of PKMζ in synaptic plasticity, as this
kinase is the only molecule that is necessary and sufficient
for maintaining LTP [36]. It is likely that PKMζ maintains
long-term memory by regulating GluA2-(GluR2-) subunit-
mediated trafficking to the synapses in the amygdala [34].
Subsequently, these molecules activate the key transcription
factor cyclic AMP-response element binding protein (CREB)
as well as Egr-1 [37]. Phosphorylation of transcription
factors including CREB activates nuclear transcription of
relevant genes, thereby increasing protein synthesis [37].
These plasticity-related proteins are transported to specific
synapses targeted for potentiation, which are required for the
stabilization of LTP and long-term memory.

In the amygdala, both presynaptic and postsynaptic
mechanisms have been proposed for the expression of
LTP; at thalamic-amygdala synapses, LTP is predominantly
expressed postsynaptically, whereas at cortical-amygdala
synapses, cAMP/PKA signaling is required for a presynaptic
expression mechanism [11]. In addition, it has been reported
that production of nitric oxide, a retrograde messenger,
contributes to the expression of thalamic-amygdala LTP [38].
Interestingly, a recent finding suggests that the induction
of thalamic LTP suppresses the presynaptic LTP coexisting
at the same synapses; this mechanism is mediated by
activation of presynaptic cannabinoid type 1 (CB1) receptors
by endogenous cannabinoids (eCB) released in response

to activation of the mGluR1 [23]. Molecular mechanisms
underlying LTP in the lateral amygdala are shown in Figure 2.

5. Human Imaging Data of
Fear Memory in the Amygdala

The neural correlates of fear memory in the human brain are
increasingly being identified through neuroimaging studies.
Several human observations have provided evidence for the
involvement of the amygdala in fear learning [7, 39–42].
For example, a recent study combined functional magnetic
resonance imaging (fMRI) with cued fear conditioning to
investigate brain activity related to acquisition [41] and
observed that tasks pairing visual cues with brief electri-
cal shocks to the forearm induced corresponding activity
within the amygdala. Similarly, fMRI observations have
also identified activity within the amygdala in response to
contextual fear conditioning, where subjects learn that a
specific context is predictive of an aversive outcome [39–
41]. More recently, an fMRI study found that predictable
threat induced transient and sustained activity within the
amygdala and ACC [43]. Correspondingly, observations of
patients with amygdala damage have also suggested a critical
role for this structure in fear learning. In one case, a patient
with complete bilateral amygdala damage has been found to
have severe deficits in the acquisition of auditory or visual
cued fear conditioning [44]. Interestingly, this patient also
presents an inability to detect fearful emotional expressions,
suggesting an impairment in the ability to evaluate fear-
related cues.

6. Evidence for the ACC in Fear Memory:
The Animal and Human Imaging Studies

Although the amygdala has long been considered the
emotional centre of the human brain [45], the ACC has
robustly emerged as a critical component of a fear-processing
network. The ACC is involved in the processing of pain-
, emotion-, and threat-related stimuli [4]. Human electro-
physiological recordings from ACC neurons have shown
activity in response to noxious stimuli [46], and several
human observations have underscored a necessary role of
the ACC in pain affect [47]. During fear learning, both the
amygdala and the ACC are activated, where activity within
the amygdala may signal danger whilst the ACC establishes
necessary neural activity to sustain attention to the threat
[48]. Indeed in fear conditioning paradigms that introduce
a time interval between a visual cue and shock [49], ACC
activity has been found to decrease between the cue and
shock presentations. This may represent a “coincidence
detection” mechanism, whereby ACC activity during the
visual cue and during the shock may signal that the two are
indeed related.

Animal studies have also identified the ACC as a
critical area involved in the acquisition and storage of fear
memory. For example, the expression of pCREB in the ACC
was significantly increased by auditory fear conditioning
[26]. Consistently, the c-fos mRNA expression in the ACC
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Figure 2: A cellular model for LTP in the lateral amygdale. (a) Diagram of an amygdala slice showing the placement of whole-cell patch-
clamp recording and stimulation electrode. (b) LTP is induced by 80 pulses at 2 Hz with postsynaptic holding at +30 mV. (c) Activations
of postsynaptic glutamate NMDA receptors and L-VDCCs lead to an increase in postsynaptic Ca2+ in dendritic spines. Ca2+ binds to CaM
and leads to activation of Ca2+/CaM-dependent protein kinases (PKA, CaMKII, and CaMKIV). Subsequently, AMPA receptor will undergo
plastic upregulation. Activation of CaMKIV, a kinase predominantly expressed in the nuclei, will trigger CREB signaling pathways. MAPK
could translocate from the cytosol to the nucleus and then regulate CREB activity. mGluR5 and presynaptic KA receptors are involved in
induction of LTP. Induction of thalamic LTP suppresses the presynaptic LTP by activation of presynaptic CB1 receptors by eCB released in
response to activation of mGluR1.

increases by 50% by trace fear conditioning [50]. Infusion
of excitotoxin (NMDA) into the ACC yielded to reducing
freezing in trace-fear-conditioned mice [50]. Additionally,
blocking of GLUN2B activities in the ACC by pharmacolog-
ical or small interfering RNA could impair early memory
of contextual fear [51]. Furthermore, experiments showed
that electrical stimulation of the ACC induced fear memory
[3]. These results suggest that the ACC is involved in the
acquisition of fear memory.

The contributions of the ACC to remote fear memory
have been evaluated using contextual fear conditioning.
Frankland et al. found that the recall of remote (36 days
after conditioning) but not recent contextual fear memory
(1 day after conditioning) elevated the expression of Zif268
and c-fos in the ACC and that lidocaine infusion into the
ACC disrupted remote fear memory [52]. The formation
of remote fear memory is accompanied with neuronal
structural change in the ACC [53]. These data suggest that
the ACC also has a critical role for the storage of remote fear
memory.

7. Synaptic Plasticity in the ACC

The synaptic mechanisms underlying LTP have been elu-
cidated in ACC slices. We here describe the molecular
mechanisms for the induction and expression of LTP at
layer V to layer II/III synapses in the ACC. Similar to the

amygdala, the LTP induction in the ACC also needs the
postsynaptic elevation of Ca2+, which was mainly mediated
by NMDA receptors or L-VDCCs. The binding of Ca2+

to calmodulin (CaM) leads to the activation of calcium-
stimulated signaling pathways. Mutants of a calcium-binding
site in the N-terminal of CaM completely abolished the
induction of LTP and LTD in the ACC [54]. In turn,
Ca2+/CaM can stimulate the activities of adenylyl cyclases
(ACs), which can convert ATP to cAMP. Among more than
ten subunits of ACs in the CNS, AC1 and AC8 are two
AC subtypes that respond positively to Ca2+/CaM [55].
Experiments using genetic and pharmacological approaches
showed that AC1 is critical for the induction of LTP
in the ACC [56, 57]. The increased cAMP binds to the
regulatory subunit of PKA, which leads to the release of
catalytic subunit of PKA. PKA could activate MAPK [58]
or CREB, respectively. Subsequently, the activated MAPK
likely has multiple targets including CREB that is required
for long-term synaptic changes in ACC neurons. Ca2+/CaM
can also activate different forms of CaM kinases; among
them, CAMKIV is distinguished in its capacity to activate
CREB-dependent transcription [59]. The role of CAMKIV
in LTP has been identified by using CAMKIV gene KO or
overexpression mice. It was found that ACC LTP was reduced
or abolished by the deletion of the CAMKIV gene [26], while
overexpression of CAMKIV enhanced LTP in transgenic mice
[60]. A more recent study showed that the CAMKIV-CREB
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Figure 3: A cellular model for ACC plasticity. (a) Diagram of an ACC slice showing the placement of whole-cell patch recording and
stimulation electrode. (b) LTP is induced by 80 pulses at 2 Hz with postsynaptic holding at +30 mV. (c) Activations of postsynaptic glutamate
NMDA receptors or L-VDCCs lead to an increase in postsynaptic Ca2+ in dendritic spines. Ca2+ binds to CaM and leads to activation of
calcium-stimulated ACs, mainly AC1 and other Ca2+/CaM-dependent protein kinases (PKC, CaMKII, and CaMKIV). Subsequently, GluA1-
containing AMPA receptor will undergo the upregulation. Activation of CaMKIV, a kinase predominantly expressed in the nuclei, will
trigger CREB signaling pathways. In addition, activation of AC1 leads to activation of PKA, and subsequently CREB as well. MAPK/ERK
could translocate from the cytosol to the nucleus and then regulate the CREB activity. Postsynaptic PKMζ is critical for maintaining synaptic
potentiation in the ACC.

pathway is involved in translation-dependent early synaptic
potentiation in the ACC [61].

Synaptic delivery of the GluA1 subunit from extrasynap-
tic sites is the key mechanism underlying synaptic plasticity
[62]. In the ACC, LTP was abolished in the GluA1 KO
mice [63]. Loading of GluA1 subunit C-terminal peptide
analog (Pep1-TGL) into the recording electrode blocked
the induction of cingulate LTP [64]. Thus, the interaction
between the C-terminus of GluA1 and PDZ domain proteins
is required for the LTP induction in the ACC. Furthermore,
bath application of PhTx-433 five minutes after paired
training reduced synaptic potentiation [64]. Therefore, our
data suggest that Ca2+-permeable GluA2-lacking receptors
contribute to the expression of LTP. The connection between
PKMζ and the maintenance of long-term memory has been
demonstrated [65]. PKMζ is a critical molecular player
in the maintenance of late-phase LTP in the ACC [66].
Blocking the activities of PKMζ by ZIP (ζ-pseudosubstrate
inhibitory peptide) erased late-phase LTP induced by theta
burst stimulation under field recordings [66]. Although there
is no direct evidence to show which subtype of AMPA
receptor was involved in the interaction of PKMζ in the
ACC, our results from neuropathic pain mice found that
blocking the activities of PKMζ decreased the expression of
GluA1 in the synapses [66], which suggest that there is a tight
connection between PKMζ and GluA1 AMPA subunit in the

ACC. Therefore, it is possible that PKMζ is involved in the
expression of cingulate LTP by interacting with GluA1. A
model for molecular mechanisms underlying LTP in the ACC
is shown in Figure 3.

8. Anatomic Connections between
the ACC and Amygdala

The anatomic connections between the ACC and amygdala
have been reported previously [67]. ACC neurons are directly
projected to the amygdala, which has been confirmed in
monkeys [68], cats [69], rabbits [70], and rats [71]. The
topographic pattern from amygdala neurons to the ACC
has been clarified by using anatomical tracing techniques,
including horseradish peroxidase (HRP) or fast blue (FB)
injections into the basolateral amygdala in rats. Most of the
retrograde labeled neurons are found in the layers II, III,
and V in the ipsilateral part of the ACC [71]. However,
the majority of the labeled neurons in the contralateral
ACC are seen in layers V/VI, with scattered neurons dis-
tributed in shallow layers [67]. Meanwhile, after wheat germ
agglutinin (WGA) -HRP or injection of phaseolus vulgaris-
leucoagglutinin (PHA-L) into the ACC, anterograde-labeled
fibers were observed on both sides of the amygdaloid
complex, but restricted to the medial part of the basolateral,
basomedial, and lateral nucleus [67, 70]; no labeled fibers
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were observed in the central nucleus of the amygdala [70].
Amygdala neurons projecting to the ACC have also been
observed in monkeys [72], cats [73], and rats [74]. Following
injections of HRP or fluorescent tracers into the ACC,
labeled neurons were mainly found in the medial part of the
basolateral nuclei of the amygdala, although the basomedial,
lateral, or basal accessory parts are also reported to obtain
retrograde-labeled cells [74]. Besides the direct linkage,
indirect linkage (ACC-thalamus-amygdala) makes up a very
important circuit between the ACC and amygdala, as both
anatomical and functional connections between the medial
thalamus and ACC and those between the medial thalamus
and amygdala connections have been observed [75].

9. The Network between the ACC and Amygdala
during Fear Learning and Pain

Recent evidence suggests that the functional connection
between the ACC and amygdala plays essential roles in
fear learning and emotional processing including pain.
Previously it was found that lesions of the basolateral amyg-
dala blocked the memory-enhancing effect of posttraining
intra-ACC infusions of the muscarinic cholinergic agonist
oxotremorine (OXO) [76]. They also found, conversely,
that ACC lesions blocked the effect of posttraining OXO
infusions into the basolateral amygdala [76]. These findings
suggest that the ACC and basolateral amygdala may interact
in enabling posttraining infusions to enhance memory. It
was also demonstrated that the ACC plays a key role for
establishing the efficacy and strength of amygdala-dependent
auditory fear conditioning, in which excitotoxic lesions
and transient inactivation of the ACC in rats selectively
caused deficits in the acquisition or expression of amygdala-
dependent fear learning [77].

In free moving mice, it has been shown that synchronous
activity in the ACC and lateral amygdala is necessary for
observational fear learning, in which neuronal activities in
the ACC were enhanced and synchronized with those of the
lateral amygdala at the theta frequency during observational
fear [8]. These results suggest that synchronous activities
between the ACC and lateral amygdala are necessary for
recognition and expression of social fear. Importantly, they
indicate that the lateral amygdala is vital for both the
acquisition and the retrieval of observational fear, whereas
the ACC has a modulatory role in the generation of fear by
interacting sensory and affective dimensions.

A previous study using tracing experiments revealed that
the projections between the ACC and basolateral amygdala
are glutamatergic [77]. Furthermore, a recent study using an
optogenetic technique demonstrated that synaptic plasticity
in the ACC-lateral amygdala pathway seems to be under less
stringent control by GABA [78]. Therefore, it is likely that
activity of ACC during emotional events plays a key role to
modulate the amygdala-dependent fear learning.

It is widely believed that both the ACC and amygdala
are involved in pain modulation and emotional responses
to pain [4, 79]. A previous report using formalin-induced
conditioned place avoidance (F-CPA) and electric foot-
shock conditioned place avoidance (S-CPA) suggests that

the amygdala mediates both pain- and fear-related negative
emotion [80]. More recent studies found that microinjection
of ZIP into the ACC could alleviate spontaneous pain [66].
Therefore the ACC plays a critical role in the expression
of pain-related negative emotion [80]. However, how does
the network between the ACC and amygdala contribute to
pain-related emotional responses? Recently, it was reported
that pain-related hyperactivity of basolateral amygdala neu-
rons plays important roles in not only emotional-affective
aspects of pain but also pain-related decision-making deficits
through amygdala-prefrontal cortex circuit [81]. Thus, it
is strongly suggested that cognitive impairment is caused
by amygdala-driven prefrontal cortical deactivation. Further
studies are necessary to understand how the ACC-amygdala
pathway contributes to pain-related behavior.

10. Future Directions

Remarkable progress has been made in elucidating the
molecular and cellular mechanisms underlying the fear
learning and memory in the amygdala and ACC. How-
ever, our understanding of these mechanisms is not far
from complete. Therefore, further studies using integrative
methods including neurobiological, neurophysiological, and
neuropharmacological approaches are necessary to extend
our understanding of these mechanisms. Since fear con-
ditioning is critical as a means of studying brain circuits
involved in emotional disorders [82], molecules underlying
fear conditioning could be therapeutic targets for treating
these disorders.

It still remains unanswered how the neural network
between the ACC and amygdala can be activated during
fear acquisition and/or extinction. In order to solve this
question, advanced technologies such as in vivo multi-
electrophysiological methods will be helpful. If multi-
electrophysiological recording methods are applied to the
ACC and amygdala simultaneously during fear acquisition
and/or extinction, functional connectivity between the ACC
and amygdala may be elucidated. Future studies are clearly
needed to understand how neurotransmitters and neuro-
modulators affect functional connectivity between the ACC
and amygdala during fear learning.
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