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The sympathetic nervous system (SNS) regulates body functions in normal and pathological conditions and is characterized by the
presence of a neuroplastic phenomenon, termed ganglionic long-term potentiation (gLTP). In hypertension, either in
spontaneously hypertensive rats (SHR) or in humans, sympathetic hyperfunction, such as elevated SNS outﬂow and changes in
synaptic plasticity have been described. Because enhanced SNS outﬂow is detected in the hypertensive stage and, more
importantly, in the prehypertensive phase of SHR, here we explored whether synaptic plasticity, particularly gLTP, was modiﬁed
in the superior cervical ganglia (SCG) of prehypertensive SHR. Furthermore, considering that GABA modulates sympathetic
synaptic transmission and gLTP in Wistar rats, we studied whether GABA might modulate gLTP expression in SHR. We
characterized gLTP in the SCG of young prehypertensive 6-week-old (wo) and adult hypertensive (12 wo) SHR and in the SCG
of Wistar Kyoto (WKy) normotensive control rats of the same ages. We found that gLTP was expressed in 6 wo SHR, but not in
12 wo rats. By contrast, in WKy, gLTP was expressed in 12 wo, but not in 6 wo rats. We also found that gLTP depends on GABA
modulation, as blockade of GABA-A subtype receptors with its antagonist bicuculline unmasked gLTP expression in adult SHR
and young WKy. We propose that (1) activity-dependent changes in synaptic eﬃcacy are altered not only during hypertension
but also before its onset and (2) GABA may play a modulatory role in the changes in synaptic plasticity in SHR, because the
blockade of GABA-A receptors unmasked the expression of gLTP. These early changes in neuroplasticity and GABA modulation
of gLTP could be part of the sympathetic hyperfunction observed in hypertension.

1. Introduction
The sympathetic nervous system (SNS) is involved in the regulation of many functions—including blood pressure, cardiac
contractility, intestinal motility, and some exocrine gland
secretions—under normal [1] and in pathological conditions,
such as hypertension [2]. In the SNS, there are some forms
of synaptic plasticity that could play a role in controlling
the function of innervated organs; thus, they could modify
normal functions by enhancing tonic eﬀerent impulses to
targets [3]. One of the phenomena of synaptic plasticity
present in the SNS is ganglionic long-term potentiation
(gLTP), which was described long ago, and is characterized
by a long-lasting enhancement in the eﬃcacy of ganglionic

transmission induced by a brief high-frequency train of
presynaptic impulses [4–6]. The underlying mechanisms
are not completely understood. gLTP is a Ca2+-dependent
phenomenon resulting from the participation of several
intracellular signaling pathways [5, 7–12] and may play a
role in the modulation of peripheral autonomic nervous
system activity, including the regulation of blood vessel tone.
The sustained presence of gLTP in vivo would reinforce neural outﬂow to blood vessels, resulting in an increase of
peripheral resistance that elevates blood pressure [13].
Hypertension, the chronic elevation of arterial blood
pressure, is a major human health problem. Most neurogenic
forms of hypertension originate from and are sustained by
an increase in sympathetic-adrenal tone [2]. Heightened

2
sympathetic nerve activity has been implicated in the pathophysiology of hypertension observed in animal models and
hypertensive patients [14–20]. For example, a loss of spike
accommodation and an exaggerated calcium conductance
in sympathetic ganglionic neurons from spontaneously
hypertensive rats (SHR) compared with that in ganglia of
Wistar Kyoto (WKy) normotensive rats has been described
[14]. An increase in norepinephrine (NE) turnover in the
central nervous system may be the basis of the enhanced
sympathetic outﬂow in hypertensive humans [15, 16]. Magee
and Schoﬁeld [17] found a larger amplitude of fast excitatory
postsynaptic potentials (EPSPs) and currents (EPSCs) in
SHR than those in WKy. In addition to the evidence for sympathetic overdrive occurring in hypertension, changes in the
neuroplasticity of the SNS have been reported. Magee and
Schoﬁeld [17] found diminished short-term facilitation in
SHR, whereas Alzoubi et al. found that LTP is not expressed
in sympathetic ganglia of adult hypertensive SHR [21].
Heightened sympathetic nerve activity can be detected
before the development of hypertension both in animal
models and in humans [22–25]. For example, an increase in
interstitial levels of NE has been found in prehypertensive
SHR [23]. Simms et al. [24] reported enhanced respiratoryrelated bursts of sympathetic activity in neonate and young
prehypertensive SHR, while Li et al. [25] found a rise in the
depolarization-dependent intracellular free calcium concentration ([Ca2+]i) and faster decay of [Ca2+]i transients in
sympathetic neurons from prehypertensive SHR. In normotensive children of hypertensive parents, sympathetic stimulation triggers a greater increase in plasma levels of NE and
endothelin and a greater enhancement of muscle sympathetic
nerve activity than it does in normal children whose parents
are not hypertensive [22]. Considering these ﬁndings, we
hypothesized that neuroplastic changes might also occur at
earlier ages in SHR. In the present work, we addressed this
issue, by characterizing the expression of LTP in the superior cervical ganglia (SCG) of prehypertensive 6-week-old
(wo) SHR.
The main classical transmitter of the ganglionic synapse
in the SCG is acetylcholine (ACh), which can be colocalized
with other classical transmitters, such as GABA [26–30].
The modulatory eﬀect of GABA on ganglionic cholinergic
transmission has been described previously [30–33]. GABA
acting on GABA-A and GABA-B receptors inhibits ganglionic transmission, and acting on GABA-A receptors also
obstructs the occurrence of LTP in the rat SCG [33, 34].
There are other reports on the role of GABA in central and
peripheral neural plasticity: Li and Pan [35] showed a neural
plasticity of GABA receptor function in neurons of the
paraventricular nucleus of SHR. Magnaghi et al. [36] demonstrated that GABA acting on GABA-A and GABA-B receptors controls Schwann-cell proliferation and expression of
some speciﬁc myelin proteins in sciatic nerve. Likewise,
structural changes of synapses in the SCG adult rats after
long-term administration of GABA have been reported
[37]. We conﬁrmed the contribution of endogenous GABA
in the expression of gLTP [30], and reported recently that
GABA expression is greater in the SCG of SHR than in
WKy [38]. According to the evidence that (i) heightened
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sympathetic nerve activity can be detected before the development of hypertension in SHR [22–25], (ii) GABA can
block the occurrence of LTP in rat SCG of Wistar rats [33,
34], (iii) GABA presence can increase in SCG of SHR [38],
and (iv) GABA has an antihypertensive central eﬀect in
SHR [39–41], we draw the following hypothesis: “early
changes in neuroplasticity, particularly in the expression of
gLTP, and its modulation by GABAergic inputs would be
part of the mechanisms underlying neurogenic hypertension
in SHR” .
In the present study, we explored neuroplastic changes in
response to train-evoked gLTP before the onset of and during
hypertension. We also characterized the modulatory eﬀects
of endogenous GABA in the neuroplastic changes occurring
in hypertension.

2. Materials and Methods
2.1. Animals. Seed stocks of SHR and WKy rats were purchased from Charles River (Boston MA, USA) and then
reproduced and bred in the animal house facilities of the
Instituto de Fisiología Celular, UNAM. We used 6 wo
(90–110 g), 8 wo (180–210 g), and 12 wo (240–270 g) male
rats in accordance with the Ethical Guidelines for the Care
and Use of Laboratory Animals from the National Academy
of Sciences of the United States. The project was approved by
the Committee for the Care and Use of Laboratory Animals
(CICUAL) of our institute. All eﬀorts were made to minimize
the number of animals used, as well as their stress.
2.2. Experimental Procedures. Rats were anaesthetized
with ketamine (90 mg/kg, i.p.) and xylazine hydrochloride
(10 mg/kg, i.p.). The SCG was exposed, rapidly excised, and
carefully desheathed. Then, the preganglionic and postganglionic nerve roots were trimmed to a length of 3–5 mm.
Next, the ganglia were transferred to a recording chamber
(Warner Instruments, Hamden, CT, USA) and perfused
with oxygenated (95% O2, 5% CO2) Krebs-Ringer solution
(pH 7.4) containing (in mM) 136 NaCl, 4 KCl, 2 CaCl2,
1 MgCl2, 1 KH2PO4, 12 NaHCO3, 11 glucose, and 2 μM
atropine. All experiments were conducted at a controlled
temperature of 24:0 ± 0:5° C to facilitate quantiﬁcation of
gLTP (duration 60–90 min).
For recording and stimulation, we followed a previously
described procedure [42]. The preganglionic cervical sympathetic trunk and the internal carotid nerve were pulled into
bipolar suction electrodes. Stimuli were applied by a Pulsar
6i Stimulator (FHC, Bowdoin, ME, USA) consisting of
supramaximal square voltage test pulses (9–12 V) of 0.1 ms
duration at 0.2 Hz. Compound action potentials (CAPs) were
recorded from the postganglionic nerve. Voltage traces were
ampliﬁed (×100), bandpass ﬁltered by a diﬀerential ampliﬁer
(DP-301; Warner Instruments, Hamden, CT, USA), and
digitized with a multifunction data-acquisition board
(PCI-DAQ) with a 16-bit A-D converter using a custommade acquisition program written in LabVIEW (version 8.6;
National Instruments, Austin, TX, USA). We measured basal
CAP amplitudes over 3 to 4 h to test the stability of the
recordings. CAP amplitudes were constant during this
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2.3. Pharmacological Agents. Stock solution of bicuculline
(Sigma-Aldrich, St. Louis, MO, USA) was prepared in
dimethyl sulfoxide (DMSO) and stored at -20°C for up to
3 months. Dilutions for experiments were freshly prepared
in Krebs-Ringer solution and directly applied into the
recording chamber at the indicated ﬁnal concentrations.
The ﬁnal concentration of DMSO was less than 0.5%, and
we veriﬁed that this concentration had no eﬀect on synaptic
transmission or gLTP.
2.4. Data Analysis. To analyze the I/O curve, we ﬁtted the
equation V min /½1 + ððV max /V min Þ − 1Þe−aV  to data points,
where V min is the minimum response (ca. 0.003 mV), V max
is the maximum response, and a is the slope coeﬃcient of
the curve [44]. The input voltage value that produces half
the maximum response (V 50 ) was estimated by interpolation.
We expressed our data using the relation ΔR/R0, where
ΔR = Ri‐R0, Ri is the CAP amplitude at time t = i, and R0 is
the average of the basal CAP amplitude during the 5 min
before high-frequency stimulation. The time course of CAP
amplitudes recorded in the internal carotid nerve in response
to train pulses shows a biexponential decay [4, 5, 10]. Therefore, we ﬁtted the function f ðtÞ = αe–t/τ1 + ce–t/τ2 to the data
of each experiment. The rapid component (α and time constant τ1) corresponds to posttetanic potentiation (PTP),
while the slow component (c and time constant τ2) corresponds to gLTP. Using the slow component parameters, we
assessed potentiation determining LTP decay as the time in
which the ΔR/R0 reaches 20% of potentiation over the amplitude of basal CAPs (ΔR/R0 = 0:2), and LTP extent (area
under the curve from t = 0 to t = LTP decay). For the calculation of LTP extent, we subtracted the area corresponding to
the 20% of potentiation [10].
2.5. Statistics. Data are expressed as mean ± SEM. The significance level for diﬀerences between the means was evaluated
with an independent Student t-test. The signiﬁcance level was
set at P < 0:05.

3. Results
The systolic arterial blood pressure was measured before
experiments with an indirect tail-cuﬀ apparatus. Six wo
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period. Diﬀerences in baseline transmission between groups
were assessed using an input/output (I/O) curve. To minimize CAP signal saturation, approximately 50%–60% of nicotinic receptors were blocked by the addition of 100 μM of
hexamethonium (Sigma-Aldrich, St. Louis, MO, USA) [43].
LTP was induced by a train of supramaximal pulses applied
at 40 Hz for 3 s, unless otherwise indicated. The conditioning
train produced an immediate increase in the amplitude of
postsynaptic CAPs evoked by test pulses. Drugs were applied
via Krebs-Ringer solution directly into the recording chamber at the indicated concentrations, between 15 and 40 min
before the application of the high-frequency stimulus train,
and were maintained during the experiment. All experiments
were performed by interleaving the experimental animals
with controls to reduce random diﬀerences in other factors,
distinct from age and strain.
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Figure 1: Adult 12 wo SHR showed signiﬁcant higher blood
pressure than 6 and 8 wo SHR and 6, 8, and 12 wo WKy. Systolic
blood pressure was (in mm Hg) 111 ± 2 for 6 wo SHR, 135 ± 3 for
8 wo SHR, and 173 ± 4 for 12 wo SHR; for WKy, systolic blood
pressure was 98 ± 4 for 6 wo rats, 128 ± 4 for 8 wo rats, and 117 ± 3
for 12 wo rats. Data are mean ± SEM; ∗ P < 0:00001; Student’s t-test.

SHR and WKy rats were normotensive; 8 wo SHR showed
no signiﬁcant increase in blood pressure, and 12 wo SHR
were clearly hypertensive. Systolic arterial blood pressure
levels were (in mm Hg) 111 ± 2 for 6 wo SHR, 135 ± 3 for
8 wo SHR, and 173 ± 4 for 12 wo SHR; for WKy, blood pressure levels were 98 ± 4 for 6 wo rats, 128 ± 4 for 8 wo rats, and
117 ± 3 for 12 wo rats; P < 0:00001 when comparing 12 wo
SHR with the other groups (Figure 1).
3.1. Ganglia from Prehypertensive Young SHR Showed TrainEvoked LTP, While Ganglia from Hypertensive Adult SHR
Did Not Express Train-Evoked LTP. In SCG from prehypertensive 6 wo SHR, a high-frequency stimulation train of
40 Hz for 3 s evoked a robust LTP (LTP decay of 284 ± 47
min and LTP extent of 72 ± 22 a:u:; Figures 2(a) and 2(b)).
By contrast, SCG from adult hypertensive SHR did not show
a train-evoked gLTP, the amplitude of the ratio ΔR/R0
decreased rapidly to reach the baseline value (20% potentiation) in less than 15 min after stimulation (LTP decay
of 10 ± 2 min and LTP extent of 6 ± 1 a:u:), which was signiﬁcantly smaller than SCG from 6 wo SHR (P = 0:004 and
P = 0:006 for LTP decay and LTP extent, respectively).
To determine the presence of sympathetic hyperactivity,
we characterized basal transmission of the SCG from SHR
and WKy rats using I/O curves. We found that 12 wo SHR
ganglia exhibited a larger response compared with ganglia
from age-matched WKy rats, V max 2:7 ± 0:2 mV vs. 1:7 ±
0:1 mV (P < 0:0007; Figure 3(b)). We detected that SCG from
prehypertensive 6 wo SHR did not show changes in basal
transmission compared with WKy rats (Figure 3(a)). Finally,
we found that the amplitude of CAPs was smaller in 6 wo
than in 12 wo SHR (V max 2:7 ± 0:2 for 12 wo vs. 1:0 ± 0:1
for 6 wo; P < 0:001).
In WKy rats, we found a diﬀerent pattern of train-evoked
gLTP expression, viz., SCG from 12 wo rats expressed train-
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Figure 2: SCG of SHR expressed LTP at 6 wo but not at 12 wo. (a) Time course of synaptic potentiation expressed as ΔR/R0 (mean ± SEM)
and recorded in ganglia isolated from young (6 wo) SHR (black circles) and adult (12 wo) hypertensive SHR (white circles). Bar plots of
LTP parameters analyzed showing that LTP was expressed in 6 wo SHR, whereas it was not present in 12 wo SHR animals (LTP decay of
284 ± 47 min and LTP extent of 72 ± 22 a:u: for 6 wo SHR (n = 5) and LTP decay of 10 ± 2 min and LTP extent of 6 ± 1 a:u: for
12 wo SHR (n = 6); P = 0:004 and P = 0:006, respectively). (c) Time course of synaptic potentiation, ΔR/R0 (mean ± SEM), recorded
in ganglia isolated from 6 wo (black triangles) and 12 wo WKy rats (white triangles). (d) LTP was not expressed in SCG of 6 wo WKy rats,
but was expressed in 12 wo WKy rats (LTP decay of 42 ± 2 min and LTP extent of 23 ± 1 a:u: for 6 wo WKy rats (n = 5) and LTP decay of
85 ± 8 min and LTP extent of 33 ± 3 a:u: for 12 wo WKy rats (n = 11); P = 0:0002 and P = 0:039, respectively). Dotted lines in (a) and (c)
indicate the LTP baseline value (0.2).

evoked LTP (LTP decay of 85 ± 8 min and LTP extent of
33 ± 3 a:u:), whereas ganglia of 6 wo rats expressed a shortlasting train-evoked potentiation; the amplitude of the ratio
ΔR/R0 dropped to baseline value in approximately 40 min,
with a LTP decay of 42 ± 2 min and a LTP extent of 23 ± 1
a:u:, which were signiﬁcantly less than gLTP from 12 wo
WKy rats (P = 0:0002 and P = 0:039 for LTP decay and
LTP extent, respectively; Figures 2(c) and 2(d)).
3.2. Ganglia from 8 wo SHR Expressed Evoked LTP. Considering the diﬀerences observed between young and adult
SHR, we explored the expression of evoked LTP in ganglia
from SHR with an intermediate age of 8 wo. We found that
ganglia from SHR of this age expressed a train-evoked LTP
similar to that found in WKy rats (Figure 4). We obtained a
LTP decay of 74 ± 11 min and a LTP extent of 28 ± 2 a:u:
for SHR and a LTP decay of 90 ± 13 min and a LTP extent
of 31 ± 2 a:u: for WKy (P > 0:05 for both parameters, LTP
decay and LTP extent; Figure 4(b)).

3.3. Blockade of GABA-A Subtype Receptors in SCG of Adult
SHR Disclosed LTP. Taking into account the inhibitory eﬀect
of endogenous GABA on gLTP found in Wistar rats [30, 34],
we wondered if endogenous GABA has a similar inhibitory
eﬀect on gLTP evoked in SHR. To investigate this possibility,
we used bicuculline, an antagonist of GABA-A subtype
receptor, and found that blockade of likely endogenous
GABA inhibition unmasked the appearance of train-evoked
LTP in the SCG of adult SHR (Figures 5(a) and 5(b)). In
the presence of bicuculline, gLTP was 94 ± 9 min (LTP
decay) and LTP extent reached 37 ± 2 a:u:, signiﬁcantly
greater than in conditions without bicuculline (P = 0:0002
for LTP decay and P = 0:004 for LTP extent). Additionally,
and considering the short-lasting evoked potentiation
found in SCG of 6 wo WKy, we also tested whether
endogenous GABA was downregulating LTP at this age.
We found that bicuculline indeed unmasked a robust
LTP of 414 ± 103 min decay and 86 ± 11 a:u: extent in
ganglia from 6 wo WKy rats, values that were signiﬁcantly
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Figure 3: Ganglia from SHR displayed stronger basal transmission at adult age (12 wo) than WKy rats of the same age, while in young (6 wo)
rats, transmission was similar in both groups. (a) Input/output curve of ganglionic transmission recorded in the postganglionic nerve of SCG
from 6 wo SHR (black triangles: n = 5) and age-matched WKy rats (white triangles: n = 5). Ganglionic transmission is similar in both groups.
(b) Input/output curve of ganglionic transmission recorded in a similar way as in (a) from 12 wo SHR (black circles: n = 12) and 12 wo WKy
rats (white circles: n = 10). Stimuli of similar amplitude evoked a greater response in ganglia from SHR than from WKy rats
(V max 2:7 ± 0:2 mV vs. 1:7 ± 0:1 mV; SHR vs. WKy; P < 0:0007). Insets show sets of compound action potentials (CAPs) from SHR (a) and
WKy rats (b) elicited at increasing voltage of stimulation. Note that output scales are diﬀerent.
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Figure 4: LTP of normal amplitude was expressed in SCG from both SHR and WKy rats at an intermediate age (8 wo). (a) Time course of
synaptic potentiation, expressed as ΔR/R0 (mean ± SEM), and recorded in ganglia isolated from SHR (black circles: n = 6) and WKy
(white circles: n = 6) at 8 wo. (b) Bar plots of LTP parameters showing that both SCG from SHR and WKy expressed LTP with values
within the ranges of LTP control (LTP decay of 74 ± 11 min and LTP extent of 28 ± 2 a:u: for SHR and LTP decay of 90 ± 13 min and
LTP extent of 31 ± 2 a:u: for WKy; P > 0:05 for both LTP decay and LTP extent). Dotted line in (a) indicates the LTP baseline (0.2).

larger than the evoked LTP without bicuculline; P = 0:023
for LTP decay and P = 0:004 for LTP extent (Figures 5(c)
and 5(d)).
Considering the frequency range of spontaneous activity
of sympathetic preganglionic neurons, 10–20 Hz [45, 46],
we characterized evoked gLTP in response to a train of
10 Hz for 12 s. We found that in SHR and WKy rats, this train
of stimulation induced gLTP, which reproduced all features
found previously using a 40 Hz train. There was no LTP in
SCG from 12 wo SHR (LTP decay of 12 ± 3 min and LTP
extent of 8 ± 1 a:u:), but there was expression in SCG of

6 wo SHR (LTP decay of 157 ± 17 min and LTP extent of
46 ± 4 a:u:). GABA antagonist unmasked the expression of
LTP in SCG from adult SHR (data not shown).

4. Discussion
The data presented here demonstrated that gLTP can be
evoked in SHR at a young age (6 wo) before the onset of
hypertension, and the known lack expression of gLTP in
adult (12 wo) SHR can be reverted by antagonizing endogenous ganglionic GABA inhibition.
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Figure 5: GABA-A receptors modulated LTP in SCG from adult (12 wo) SHR and young (6 wo) WKy rats. (a) Time course of synaptic
potentiation, ΔR/R0 (mean ± SEM) recorded in SCG from 12 wo SHR in the absence (white circles) and presence of 2 μM bicuculline
(half-full circles). (b) Bar plots of LTP decay and LTP extent showing that LTP was unmasked by GABA-A blockade (LTP decay of
94 ± 9 min and LTP extent of 37 ± 2 a:u: for GABA-A subtype receptor blockade by bicuculline (n = 6) and LTP decay of 10 ± 2 min and
LTP extent of 6 ± 1 a:u: without bicuculline (n = 6); P = 0:002 and P = 0:004, respectively). (c) Time course of synaptic potentiation, ΔR/R0
(mean ± SEM) recorded in SCG from 6 wo WKy rats in the absence (white triangles) and in the presence of 2 μM bicuculline (half-full
circles). (d) Bar plots of LTP decay and LTP extent showing that GABA-A blockade recovered LTP expression of SCG of 6 wo WKy rats
(LTP decay of 414 ± 104 min and LTP extent of 86 ± 11 a:u: for GABA blockade by bicuculline (n = 5) and LTP decay of 42 ± 2 min and
LTP extent of 23 ± 1 a:u: without bicuculline (n = 5); P = 0:023 and P = 0:004, respectively). Dotted lines in (a) and (c) indicate the LTP
baseline (0.2).

The expression of evoked gLTP in prehypertensive 6 wo
SHR indicates that synaptic plasticity changed before the
manifestation of hypertension. Other changes in synaptic
plasticity such as reduction in LTP and in short-term facilitation in SCG of adult hypertensive SHR have been
described previously [17, 21]. To our knowledge, data
reported here are the ﬁrst evidence that changes in the
synaptic plasticity of SCG occurred in SHR at early ages
before hypertension develops. Although, there is currently
controversy regarding the age of hypertension onset in
SHR animals [24, 47], we and others found that 6 wo
SHR are normotensive [25, 35, 38, 48].
Our study of ganglionic basal transmission in SHR conﬁrmed that it is increased in adults, as previously reported
by Magee and Schoﬁeld [17]. By contrast, in juvenile prehypertensive 6 wo SHR, although there was an increase in gLTP,

basal ganglionic activity did not increase, as shown in the I/O
curve of ganglia from 6 wo SHR which was not diﬀerent from
the control normotensive 6 wo WKy. However, there are
some reports of sympathetic hyperactivity in SHR before
the development of hypertension [23–25]. This apparent
contradiction may be because ganglionic basal transmission
did not increase at 6 wo, but probably later, unlike the other
parameters used to assess sympathetic activity.
As expected, adult WKy rats expressed a normal evoked
gLTP, while 6 wo WKy were unable to express it. These ﬁndings suggest that the mechanisms responsible for gLTP in
normal conditions such as in WKy rats require a maturation
process that is faster in SHR, where ganglia at 6 wo expressed
LTP. In line with this idea, it is known that gLTP is an agedependent neuroplastic phenomenon [21, 49]. To explore
the possibility that gLTP occurs in SHR of an intermediate
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age, we examined whether ganglia of 8 wo rats were able to
express gLTP. We found that at this age gLTP was expressed
in SHR, as well as in WKy, which supports the idea of a divergent time course of gLTP expression between SHR and WKy
as rats mature.
Our second main ﬁnding was the presence of endogenous
GABAergic inhibition of gLTP in adult SHR. We found that
evoked gLTP in 12 wo SHR was masked by endogenous
GABA, because the antagonism of GABA-A receptors by
bicuculline unmasked the potentiation phenomenon. In support of this role of GABA, we have recently reported a greater
presence of GABA-containing sympathetic varicosities in
SCG of 12 wo SHR by comparison with WKy rats [38]. This
eﬀect of endogenous GABA might be related with reports of
GABAergic antihypertensive eﬀect in SHR. For instance,
administration of GABA or the GABA-A receptor agonist
muscimol into the lateral brain ventricle or into the hypothalamic paraventricular nucleus lowered mean arterial blood
pressure in stroke prone SHR [39–41]. We are aware that
bicuculline has actions other than as a GABA-A receptor
antagonist [50]; for instance, it also acts on smallconductance calcium-activated potassium channels [51],
which are responsible for the afterhyperpolarization in the
SCG [52]. However these channels make a small contribution
to the nicotinic-evoked ganglionic action potential [53]. More
importantly, a lack of this conductance in SCG neurons from
SHR has been reported [54]; therefore, it is more likely that
bicuculline action is limited to GABA-A receptor blockade.
The ﬁndings of an increase in the presence and inhibitory
function of GABA in the SCG of SHR were unexpected,
taking into account that GABA decreases in the caudal hypothalamus of SHR (sympathetic central nucleus), detected as a
reduction in GAD gene expression, resulting in the sympathetic overdrive found in hypertension [55]. A hypothetical
explanation for these results is that organisms increase
GABA presence in sympathetic ganglia as an eﬀort to counteract the sympathetic overactivity observed in hypertension.
An increase in basal transmission was accompanied by a
reduction in gLTP; these opposite ﬁndings can be explained
if we take into account the diﬀerent cellular mechanisms for
LTP and basal transmission (complex and multifactorial
process and neurotransmitter release and receptor activation, respectively). It would be expected that an increase in
GABA aﬀects mechanisms of gLTP but not those related to
basal transmission.
One probable mechanism that might participate in the
reduction of LTP in SHR is increasing Cl eﬄux, similar to
the increase found in vascular smooth muscle of the SHR
[56]. In line with this assumption, Gonzalez-Burgos et al.
[34] found that picrotoxin, a GABA receptor-chloride
channel blocker, antagonizes the GABA-mediated inhibition
of gLTP.
gLTP was fully expressed in 6 wo SHR, despite the greater
presence of GABA [38]. This can be explained by a larger
segregation of ACh and GABA detected at 6 wo [38], which
would reduce GABA inhibition [30]. By contrast with SHR,
in WKy rats, endogenous GABA did not aﬀect the expression
of gLTP in 12 wo animals, but did mask the expression at
6 wo. It is possible that in WKy rats, GABA inhibition of
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gLTP was high at early ages and decreased as rats
mature. Similar GABA downregulation during development
has been reported in some regions of the central nervous
system [57, 58].
Enhancement in gLTP is associated with the development
or aggravation of hypertension in various animal models
[59, 60]. The increase of gLTP would induce and reinforce
sympathetic tone to all target organs, including blood vessels,
resulting in an increase in peripheral vessel resistance leading
to elevated blood pressure [13]. Alkadhi et al. [59] proposed
that the increase in endogenous gLTP in SHR occludes
evoked gLTP; however, our data showing unmasking of
evoked gLTP by GABA-A subtype receptor blockade by bicuculline challenge this assumption, and suggest that a lack of
evoked gLTP in adult SHR is rather due to an increase in
endogenous GABA inhibition. Alternative contribution of
gLTP to the mechanisms of hypertension has been proposed
in other animal models of hypertension, e.g., in the ouabaindependent model and in the (mRen2)27 transgenic rat
model of hypertension, a role for angiotensin II has been
suggested [61, 62]. Likewise, in control normotensive rats,
5-HT may play a role in both gLTP and in the control of
blood pressure [63]. However, endogenous GABAergic modulation of gLTP was not explored in those studies.
To our knowledge, the present study provides the ﬁrst
evidence that changes in neuroplasticity in the SNS occurred
before the onset of the increase in blood pressure, raising the
possibility that these changes might be involved in the origin
of hypertension. The data also indicate the presence of
changes in the modulatory eﬀect of endogenous GABA on
gLTP during hypertension and in early ages of normotensive
control animals. The early expression of gLTP would imply
stronger sympathetic outﬂow to targets, promoting sustained
increase in vascular peripheral resistance.
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