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Alzheimer’s disease is a progressive disorder characterized
by significant cognitive, functional, and behavioral dysfunction. Progressive symptomatic decline appears inevitable
at present even with the available therapies, and therefore
additional treatment options are urgently needed for a
growing epidemic that aﬀects 27 million people worldwide.
Currently there are 75 drugs in clinical trials and other
200 or more in development. The drugs being developed
are targeting diﬀerent intra- and extra-cellular targets as
well as diﬀerent mechanisms of action. They include both
symptomatic and disease modifying approaches. Nevertheless, the development of drugs that: cross the blood brain
barrier; exert an identifiable mechanism of action; have good
safety and toxicity profiles; have a robust clinical benefit is 1
becoming increasingly daunting.
In this special edition of the International Journal of
Alzheimer’s Disease, we have three original submissions
and five reviews accepted. The paper by A. J. Bishop et
al. examines Centella asiatica extract in an AD mouse
model. Centella asiatica (CA), common name gotu kola,
is an Ayurvedic herb used to enhance memory and nerve
function. Orally administered centella asiatica attenuated
beta-amyloid-associated behavioral abnormalities in TG
2576 mice. Another original submission is by April and
colleagues. In their study, they engineered specific SOFAHDV ribozymes, a new generation of catalytic RNA tools, to
decrease APP mRNA levels. Additionally, they demonstrated
that APP-ribozymes are eﬀective at decreasing APP mRNA
and protein levels as well as Aβ levels in neuronal cells. Also
there was an original submission by Ma et al. In their study,

New Zealand rabbits were fed 2% cholesterol-enriched diet
for 6 weeks as a model of BBB disruption in vivo and then
were fed chow supplemented with 2% cholesterol with or
without 5 mg/kg/d simvastatin for an additional 4 weeks to
assess BBB integrity with and without simvastatin. They find
that simvastatin improves disturbed BBB function both in
vivo and in vitro.
In addition to the original submission, five reviews were
accepted. The review by Ryan and colleagues provides a
timely and critical review of immunotherapies being developed for the treatment of AD. This is of great interest because
the clinical trials of passive immunotherapies are nearing
conclusion of phase III studies. The review by Ladurner and
colleagues reviews the literature on transcranial magnetic
stimulation (TMS) for the treatment of AD. TMS is entering
phase II studies in the US in 2012 as a symptomatic treatment
for AD. Early data suggest a demonstrable benefit but longterm benefit is not established. The review by BeccanoKelly summarizes the body of knowledge around leptin
as a potential treatment for AD since dysfunctions in the
leptin system have recently been linked to neurodegenerative
disorders such as Alzheimer’s disease. This is based on the
observation that leptin has widespread action in the CNS,
and evidence is growing that leptin has the capacity to
modulate higher brain functions. Leptin appears to have an
eﬀect on hippocampal-dependent function and in particular
learning and memory processes. The review by Mehta et al.
reviews new and developing acetylcholinesterase inhibitors
as symptomatic treatments for AD. It turns out that there
are dozens of synthetic analogues and hybrid compounds far
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beyond the approved donepezil, tacrine, rivastigmine, and
galantamine. The review by Berk and Sabbagh that looks
critically at the justification of using the new higher doses of
donepezil in the treatment of moderate to severe Alzheimer’s
disease.
Marwan Sabbagh
Anton P. Porsteinsson
Anil Nair
Abdu Adem
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Centella asiatica (CA), commonly named gotu kola, is an Ayurvedic herb used to enhance memory and nerve function. To investigate the potential use of CA in Alzheimer’s disease (AD), we examined the eﬀects of a water extract of CA (GKW) in the Tg2576
mouse, a murine model of AD with high β-amyloid burden. Orally administered GKW attenuated β-amyloid-associated behavioral
abnormalities in these mice. In vitro, GKW protected SH-SY5Y cells and MC65 human neuroblastoma cells from toxicity induced
by exogenously added and endogenously generated β-amyloid, respectively. GKW prevented intracellular β-amyloid aggregate formation in MC65 cells. GKW did not show anticholinesterase activity or protect neurons from oxidative damage and glutamate toxicity, mechanisms of current AD therapies. GKW is rich in phenolic compounds and does not contain asiatic acid, a known CA
neuroprotective triterpene. CA thus oﬀers a unique therapeutic mechanism and novel active compounds of potential relevance to
the treatment of AD.

1. Introduction
Centella asiatica (L.) Urban, family Apiaceae (CA), is known
as Mandookaparni or Brahmi in Ayurvedic medicine. It is
highly regarded as a “rasayana” or rejuvenating herb [1] and
is reputed to increase intelligence and memory [1]. The dried
herb has enjoyed growing popularity in the USA and other
Western countries, where it is sold as the dietary supplement
“gotu kola” [2].
Cognitive eﬀects of the aqueous extract of CA (100–
300 mg/kg/day) have been evaluated in several rodent studies
using standard tests including shuttle box, step-through
paradigm, elevated plus maze, and passive avoidance tests.
CA extract markedly improved learning and memory of
wild-type rats [3], rats subjected to CNS toxicity (intracerebroventricular streptozotocin) [4], and pentylenetetrazole
(PTZ) kindled rats [5]. When administered to neonatal mice
from day 15 to 30 postpartum, the extract caused significant

enhancement in learning eﬃciency and spatial memory with
no eﬀects on locomotor function [6]. Direct neurotropic
eﬀects of CA have also been reported. CA aqueous extract
caused significant increases in dendritic arborization of apical and basal dendrites in hippocampal neurons of neonatal
mice [6] and both adult [7] and neonatal [8] rats. These
studies, performed in diverse settings, show that CA water
extract has biological eﬀects of relevance to memory, learning, and aging, and potentially to disease progression in
Alzheimer’s disease (AD).
The present study examines the eﬀect of a water extract of
CA on behavioral deficits in the Tg2576 transgenic mouse,
a murine model of AD. The Tg2576 or “Hsiao” transgenic
mouse has been described in detail [9, 10] and is one of the
most widely used animal models of AD. A mutant human
amyloid precursor protein (APP) gene inserted into the
genome gives rise to age-dependent hippocampal and
cortical β-amyloid (Aβ) plaques similar to AD pathology.
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Plaques are not histologically evident until 10–12 months of
age, and plaque pathology is confined to the hippocampus
and cerebral cortex. In other words, the age and region
dependence of pathology in AD are nicely recapitulated in
this strain. Other features of AD reproduced in this strain
are astrocytic and microglial activation surrounding the Aβ
plaques and dystrophic changes in neurites in the vicinity of
plaques [11]. Importantly, these mice display abnormalities
in standard behavioral tests. Open-field behavior has been
shown to distinguish Tg2576 from wild-type mice, with
Tg2576 mice more active in the open field than their wildtype littermates [12]. Hippocampal dysfunction, resulting
in impaired spatial memory, is evident in the Morris water
maze and has been repeatedly shown to distinguish aged, Aβ
plaque-bearing Tg2576 from wild-type mice [9, 13]. These
behavioral tests were utilized in the present study.
In addition to in vivo studies, the present work examined
possible mechanisms underlying CA eﬀects in the Tg2576
mouse, using in vitro models. The mechanisms examined include cholinesterase inhibition and neuroprotectant eﬀects
against oxidative damage, glutamate toxicity, and beta amyloid toxicity. The ingredient compounds in CA aqueous extract were also investigated.

2. Materials and Methods
2.1. Aqueous Extraction of CA. Dried CA was purchased from
Oregon’s Wild Harvest, Sandy, OR (Batch no. GOT-10072COGA). The identity of the herb was verified by means of
visual examination and by comparing its thin layer chromatographic profile with that reported in the literature [14].
A dried water extract (GKW) was prepared by refluxing CA
(120 g) with water (1.5 L) for 2 hr, filtering to remove plant
debris and freeze-drying to yield a residue (11.5 g).
2.2. Chemical Analysis of CA Extracts. Water and ethanolic
extracts of CA were compared by high-performance liquid
chromatography coupled to UV detection (LC-UV) and
mass spectrometry (LC-MS). The extracts were chromatographed alongside commercial reference standards of asiatic acid, madecassic acid, asiaticoside, and madecassoside
(ChromaDex, Irvine, CA). Analysis was performed using LCMS in negative ion mode on an LCQ Advantage ion trap
mass spectrometer (Thermo Electron, San Jose, CA) with an
in-line Surveyor autosampler and HPLC (Thermo Electron)
coupled to a Surveyor Photodiode array detector (Thermo
Electron). HPLC used an Aquasil 5 μm C18 150 × 2.1 mm
column eluting with a gradient of acetonitrile in water both
with 0.01% formic acid (acetonitrile 5% to 25% in 20 min,
to 40% at 35 min, 60% at 40 min, 75% at 45 min and then
returning to starting conditions).
2.3. Administration of GKW to Mice. Fifteen Tg2576 and 20
wild-type 20-month-old female mice were committed
to this experiment. Approximately half of each genotype
group was administered GKW in the drinking water at
a dose of 2 mg/mL of water, with water bottles changed
every other day, calculated to yield 200 mg/kg/day, a dose
previously shown to improve memory in wild-type rats [3].
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The GKW-treated group included 8 Tg2576 and 10 wildtype mice; the untreated group included 7 Tg2576 and 10
wild-type mice. Treatment was continued for 2 weeks, the
duration of treatment in published reports showing behavioral eﬀects in wild-type animals [3]. Open-field behavior
and Morris water maze testing were performed at the end of
this period.
2.4. Open-Field Testing of Mice. Mice were placed in the center of a square arena (38 × 38 × 64 cm high) constructed of
white acrylonitrile butadiene styrene for two 5-minute openfield sessions on each of three consecutive days. Distance
moved and velocity of each mouse were continuously tracked
with a digital camera and “ANY-maze” software (ANY-Maze,
Inc., Greensburg, PA). After a 5-minute epoch was recorded,
the mouse was returned to the cage for 5 minutes and then
retested. For each mouse, two tests were conducted on each
of 3 days.
2.5. Morris Water Maze Testing of Mice. A subset of the
treated animals (5 untreated wild-type, 5 GKW-treated
Tg2576, and 5 untreated Tg2576) was also tested in the Morris water maze, a well established assay of hippocampal
spatial memory [15]. This paradigm tests the animal ability
to learn and remember the spatial location of a platform submerged 1 cm in a 109 cm circular pool of opaque water. The
mice were habituated to the examination room and holding
cages for two days and then received two days of “nonspatial
training” before commencement of hidden platform testing.
Each nonspatial training trial comprised placing the mouse
on the submerged platform for 60 sec and then placing the
mouse in close proximity (within 2-3 cm) to the platform
and allowing it to climb onto the platform from the water.
Training on the hidden platform water maze task began
24 hr after the last habituation trial. At this stage, curtains
were opened to permit the mice visual access to extra maze
cues in the room surrounding the maze. Hidden platform
training was conducted over 16 trials on 4 consecutive days
(4 trials/day). The platform remains in a fixed position
throughout hidden platform training. During a given trial,
the mouse is introduced into the pool at one of four randomly chosen start points (N, S, W, and E) and allowed 60 sec
to find the platform. All trials were monitored by a video
camera positioned above the pool and the behavior of each
mouse was acquired by a computerized video tracking system
(ANY-Maze software). Dependent measures acquired in each
trial include the escape latency (i.e., time to find the platform,
in sec), the cumulative distance (in cm) of the mouse from
the platform, and swim speed (in cm/sec). No mice in this
group needed to be excluded based on diﬃculty in swimming, in climbing onto the platform, or exhibiting abnormal
swimming patterns or persistent floating.
2.6. Brain Levels of Soluble and Insoluble Aβ. Brain levels of
Aβ were measured in experimental mice at the conclusion of
behavioral testing described above. Tg2576 mice were sacrificed and brains rapidly harvested, divided, and frozen until
analysis. Cortical tissue was then homogenized in buﬀered
saline and protease inhibitors and ultracentrifuged to yield
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a “soluble” fraction, as we have reported previously [16–
18]. The remaining pellet was rehomogenized and incubated
in guanidine and buﬀer and subsequently ultracentrifuged
to yield a “fibrillar” fraction. Concentrations of Aβ1−40 and
Aβ1−42 were determined in each supernatant using commercial ELISA kits, which distinguish the two isoforms
(BioSource international, Camarillo, CA). Total protein in
each fraction was determined by the Bradford method.
2.7. Neurotoxicity Induced by Extracellular Aβ. SHSY5Y neuroblastoma cells were grown in DMEM/F12 medium (from
Gibco) containing fetal calf serum (FCS; 10%), streptomycin
sulphate (100 μg/mL), and penicillin G (1000 U/mL) in a humidified air/5% CO2 chamber at 37◦ C. On day 1, the cells
were plated in 24-well plates (100,000 cells/well).
On day 4, cells were washed with FCS-free medium and
further incubated in FCS-free DMEM/F12 containing neuroblastoma growth supplement N-2 (1%; Gibco). GKW (0–
200 μg/mL) was added and incubated overnight. On day 5,
cells were exposed to Aβ25−35 (American Peptide Company)
at 20 or 50 μM for 48 hrs in the presence of GKW. For this
assay, fibrillar Aβ solution was freshly prepared by sonicating
a solution of Aβ25−35 in medium for 1 minute prior to addition to cell cultures. On day 7, the supernatant was harvested
for LDH cell integrity assay; LDH release is a marker of cell
damage [19]. Fresh medium was added and cell number
assessed using CellTiter-Blue reagent (resazurin, Promega),
incubating for 2 hours and reading fluorescence at 560 nm
excitation and 590 nm emission.
2.8. Intracellular Aβ-Induced Neurotoxicity in MC65 Cells.
MC65 cells are an established neuroblastoma cell line that
conditionally express the C-terminal fragment of amyloid
precursor protein (APP CTF) [20]. Following withdrawal of
tetracycline from the media, the cells generate endogenous
Aβ and die within 3 days. Expression of APP CTF in
MC65 cells leads to the formation of intracellular Aβ aggregates. Previous studies have shown a strong correlation between these aggregates and subsequent cytotoxicity that is
associated with oxidative stress [21]. MC65 cells were cultured and maintained in MEMEα supplemented with 10%
FBS (Gibco-BRL, Carlsbad, CA) and 1 μg/mL tetracycline
(Sigma-Aldrich, St. Louis, MO) as previously described [21,
22]. Confluent cells were trypsinized, washed with PBS,
resuspended in OptiMEM without phenol red (Gibco/BRL,
Carlsbad, CA), and plated at 25,000 cells/well in 48-well
plates in fresh medium containing vehicle or desired concentrations of GKW, in the absence of tetracycline. Cell viability was measured at 2.75 days using the CellTiter 96
Aqueous Non-Radioactive Cell Proliferation Assay (Promega
Corporation, Madison, WI) according to manufacturer’s
instructions. Experiments were carried out in triplicate wells
for each condition and repeated 1-2 times.
2.9. APP CTF Aggregation in MC65 Cells. Cells were plated in
culture dishes without tetracycline in the presence or absence
of 100 μg/mL GKW. Cells were harvested at 2 days and lysates
prepared by sonication and heating in Laemmli sample
buﬀer. Samples were reduced then separated on tricine gels,
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transferred, and western blotted using mouse monoclonal
antibody 6E10 that recognizes Aβ1−17 .
2.10. Aβ-Induced Nitric Oxide in Macrophages. RAW 264.7
cells were cultured in complete phenol red-free DMEM containing 50 units/mL of penicillin, 50 mg/mL of streptomycin,
44 mM sodium bicarbonate, and 10% fetal bovine serum
(complete medium) at 37◦ C in humidified air containing 5%
CO2 . Cells were plated in 24-well plates (approximately 1 ×
105 cells/well) and cultured for 2 days until cells reached 80%
confluency. Cells were washed, treated with fresh complete
media containing various concentrations of GKW for 1 hour,
and then induced with LPS (100 ng/mL) or Aβ1−42 (20 μM)
for an additional 24 hours. Aβ fibril formation was induced
by incubating Aβ at 37◦ C overnight prior to addition to
cell cultures. Nitrite was determined in supernatants from
treated macrophages using Griess reagent as described previously [23, 24]. Nitrite concentrations were determined using
dilutions of sodium nitrite in complete medium as a standard.
2.11. Anticholinesterase Activity. Cholinesterase activity was
measured by the method of Ellman et al. [25], which is
based on the formation of a yellow reaction product when
thiocholine is liberated from acetylthiocholine and combines
with the test reagent, dithiobisnitrobenzoic acid (DTNB).
Potential cholinesterase inhibitory eﬀect of GKW was tested
directly in an assay using mouse plasma cholinesterase.
DTNB buﬀer (80 μL) was added to a 96-well plate, followed
by mouse plasma (5 μL), and then test agent (5 μL), consisting of GKW solution (2.5, 25, and 250 μg/mL), neostigmine
(2.5 μg/mL; positive control), or buﬀer (negative control)
and the solution was warmed to 37◦ C. The substrate, acetylthiocholine, was then added and absorbance recorded at
450 nm for 5 minutes.
2.12. Glutamate-Induced Neurotoxicity. Potential protection
against glutamate-induced toxicity was examined in cortical
neurons obtained from neonatal Sprague-Dawley rats. On
day 1, cells were plated (200,000 cells per well) in 48-well
plates using neurobasal medium supplemented with B27
(2%) containing antioxidants, 2 mM L-glutamine (Gibco).
On day 4, the cells were treated with Ara-C (5 μM) to remove
glial cells. On day 7, cells were washed with prewarmed
CSF buﬀer (2x, 0.5 mL/well) then incubated with neurobasal
medium, plus L-glutamine (2 mM) and B27 (2%) minus
antioxidants, overnight. On day 8, sodium glutamate (0–
1000 μM) with or without GKW (0–200 μg/mL) was added to
the medium and the cells incubated overnight. On day 9,
fresh medium was added and cell number evaluated using
CellTiter Blue reagent (resazurin, Promega), incubating for
2 hours and reading fluorescence in a fluorimeter at 560 nm
excitation and 590 nm emission.
2.13. Antioxidant Activity. Potential antioxidant eﬀects of
GKW were assessed in vitro in SH-SY5Y cells treated with
hydrogen peroxide as an oxidative stressor. SHSY5Y neuroblastoma cells were grown in DMEM/F12 medium (from
Gibco) containing fetal calf serum (FCS; 10%), streptomycin sulphate (100 μg/mL), and penicillin G (1000 U/mL) in
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3. Results and Discussion
The water extractable compounds (GKW) represented approximately 10% of the dry weight of CA herb. There was no
diﬀerence in water consumption between control animals
and animals receiving water containing GKW.
Open-field testing (Figure 1) showed that GKW treatment caused an improvement in behavioral abnormalities
seen in Tg2576 mice. Wild-type mice, both GKW treated and
untreated, were less active on the second trial of each day,
presumably due to habituation. Untreated Tg2576 mice, in
contrast, failed to habituate to the surroundings. However,
GKW-treated Tg2576 mice explored in a manner similar to
wild-type mice, with their data overlapping the two wildtype groups (P = 0.02 for diﬀerence between untreated and
GKW-treated Tg2576 mice by ANOVA). “Normalization” of
open-field behavior in Tg2576 mice has also been reported
with an intervention that suppresses soluble Aβ levels [12].
In the Morris water maze paradigm (Figure 2), GKW
treatment improved the impaired learning ability evident in
Tg2576 mice. Wild-type animals exhibit a “learning curve”
requiring less time and less distance to find the hidden
platform with repeated trials, while untreated Tg2576 mice
require equivalent time and distance despite repeated exposures. In contrast, the GKW-treated Tg2576 mice learn in a
manner similar to the wild-type animals, with latency and
distance traveled to find the platform declining with repeated
exposures. On day 4, time to find the platform was significantly greater for untreated Tg2576 mice than for wild-type
(P = 0.002) or GKW-treated Tg2576 mice (P = 0.004).
Distance traveled to find the platform was also significantly
greater on day 4 for untreated Tg2576 mice compared to
wild-type (P = 0.006) or GKW-treated Tg2576 mice (P =
0.003). There was no significant diﬀerence between groups
in the “visible platform” control for sensorimotor function
(data not shown).
Since treatment with GKW ameliorated a spatial memory
impairment in Tg2576 mice, which is specifically associated
with the appearance of Aβ plaques, without producing any
change in wild-type mouse memory, it would appear that
the observed eﬀect of GKW is specific to Aβ. However,
Figure 3 shows that there were no significant diﬀerences
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Day 3, trial 1

Day 2, trial 2

Day 2, trial 1

Day 1, trial 2
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a humidified air/5% CO2 chamber at 37◦ C. On day 1, the
cells were plated in 24-well plates (100,000 cells/well). On day
4, medium was replenished with fresh medium containing
NGF (10 ng/mL). After 24 hours (day 5), GKW (0, 50, 100,
and 200 μg/mL) was added and the cells incubated overnight.
On day 6, medium containing GKW was replaced with fresh
medium containing less FCS (2%) and NGF (10 ng/mL).
Cells were treated with a range of concentrations of H2 O2
(0–500 μM) for 2-3 hours. Medium containing peroxide was
removed and cells incubated overnight in fresh medium containing FCS (2%) and NGF (10 ng/mL). On day 7, supernatant was harvested for lactate dehydrogenase (LDH) cell
integrity assay (102). Fresh medium was added and cell
number evaluated using CellTiter Blue reagent (resazurin,
Promega), incubating for 2 hours and reading fluorescence
at 560 nm excitation and 590 nm emission.
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WT-GKW
WT-untreated

Figure 1: Open-field assay: eﬀect of GKW on total distance travelled. Wild-type mice, both treated (triangle) and untreated (filled
diamond), are less active on the second trial of each day, presumably
due to habituation. Untreated Tg2576 mice (open diamond), in
contrast, fail to habituate to the surroundings. GKW-treated Tg2576 mice (circles) explore in a manner similar to wild-type mice, with
their data overlapping the two wild-type groups. From statistical
analysis (ANOVA), P = 0.02 for diﬀerence between untreated (n =
7) and GKW-treated (n = 8) Tg2576 mice; error bars omitted for
clarity.

between levels of any of the forms of Aβ in treated and untreated Tg2576 mice. This is in contrast to results obtained
in PSAPP mice, a model for Alzheimer’s disease (AD) where
mice express both amyloid precursor protein and presenilin
1 mutations, in the long term (8 months). In these mice,
administration of CA extract displayed in vitro antioxidant
eﬀects and also reduced beta amyloid plaque burden [26].
The PSAPP mice develop amyloid plaque pathology at an
earlier age than Tg2576 [27], permitting more rapid completion of antiamyloid experiments. However, loss of the ageand region-dependence of pathology diminishes the fidelity
of this strain to some extent. Since GKW treatment attenuated the neurologic consequences of abnormal Aβ deposition
in Tg 2576 mice without changing Aβ levels per se, the ability
of GKW to modulate the toxic eﬀects of Aβ were pursued
in vitro, with an emphasis on mechanisms which are either
independent of or “downstream” from Aβ.
In preliminary experiments, GKW showed a moderate protective eﬀect against toxicity due to exogenously
added Aβ in SH-SY5Y human neuroblastoma cells in vitro
(Figure 4(a)). Lactate dehydrogenase (LDH) release from
these cells, which is inversely related to cell viability, was
reduced in the presence of GKW (Figure 4(b)). The eﬀect
of GKW on toxicity due to endogenously generated Aβ was
investigated in MC65 human neuroblastoma cells. GKW
added to the cell culture medium prevented MC65 cell
death following tetracycline withdrawal, in a dose-dependent
manner (Figure 5). Evidence from Western blots indicated
that GKW may prevent the aggregation of Aβ in these cells.
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Figure 2: GKW eﬀects in the Morris water maze. Mean ± SEM of (a) escape latency and (b) distance traveled to find platform is shown for
each day of testing. Wild-type animals exhibit a “learning curve” requiring less time and less distance to find the hidden platform with
repeated trials, while untreated Tg2576 mice require equivalent time and distance despite repeated exposures. In contrast, the GKW-treated
mice learn in a manner similar to the wild-type animals, with latency and distance traveled to find the platform declining with repeated
exposures. On day 4, time to find the platform was significantly greater for untreated Tg2576 mice than for wild-type (P = 0.002) or GKWtreated Tg2576 mice (P = 0.004). Distance traveled to find the platform was also significantly greater on day 4 for untreated Tg2576 mice
compared to wild-type (P = 0.006) or GKW-treated Tg2576 mice (P = 0.003).

In a related study (data not shown), GKW inhibited Aβinduced nitric oxide (NO) production in the RAW 264.7
macrophage cell line. Interestingly, GKW inhibited NO
production induced by Aβ but did not influence LPSinduced NO levels in these cells. Taken together, these data
indicated that components in GKW are able to modulate the
toxic eﬀects of Aβ.
Other potential mechanisms by which GKW may have
improved cognitive function in the Tg2576 mice were also
investigated but yielded negative results. No direct inhibitory
eﬀect of GKW (2.5 to 250 μg/mL) on cholinesterase activity in vitro was observed, whereas robust inhibition was
observed using the positive control neostigmine. Eﬀects of
GKW on glutamate toxicity to rat cortical neurons were
investigated. GKW (100 or 200 μg/mL) was not directly toxic
to rat cortical neurons nor did it protect the cells from toxicity induced by 250 and 1000 μM glutamate (cell viability
30% and 25% of control, resp.). To examine potential antioxidant eﬀects of GKW, SHSY5Y neuronal cells were exposed
to H2 O2 , which showed dose-dependent toxicity to SH-SY5Y
cells over the range 125–500 μM. GKW (50–200 μg/mL),
while not toxic to the cells, did not protect against toxicity at
any of the peroxide concentrations tested. Thus, GKW does
not appear to possess antioxidant eﬀects.
Five drugs are currently FDA-approved for the symptomatic treatment of AD, targeting mechanisms of unclear
relationship to the primary neurodegenerative process. The

first four drugs (tacrine, donepezil, rivastigmine, and galantamine) are acetylcholinesterase inhibitors, which act by augmenting cholinergic neurotransmission [28]. Each of these
drugs has shown improved cognitive outcomes in treated
AD patients compared to placebo-treated subjects, and the
eﬃcacy across drugs makes the case that cholinesterase
inhibition is a viable treatment strategy for AD [28]. The fifth
and most recent antidementia drug to receive FDA approval is memantine. Memantine is a noncholinergic drug, acting instead at the NMDA class of glutamate receptor. In addition to showing clinical eﬃcacy in human subjects with
AD [29, 30], memantine has also been shown to improve
cognition in murine models of cerebral amyloidosis. NMDA
antagonism should therefore be considered among the possible mechanisms of action of treatments producing cognitive improvement in murine models of AD. Our in vitro
experiments showed no evidence that CA acts by way of these
established therapeutic targets since there was no eﬀect on
cholinesterase activity or glutamate neurotoxicity.
In addition to the established therapies just described,
strategies aimed at preventing the accumulation of, or promoting the clearance of, Aβ are under study. Inhibitors of
amyloid synthesis and immunization against Aβ have diminished brain pathology and yielded cognitive and behavioral
improvements in murine models of AD. Although amyloid
synthesis inhibitors such as Lilly semagacestat have yielded
negative clinical results [31], antiamyloid immunotherapy
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Figure 3: Soluble and insoluble Aβ in cortical tissue from treated
and untreated mice. Mean values ± SEM are shown. Treated and
untreated Tg2576 mice did not diﬀer significantly in levels of any of
the measured isoforms of Aβ.

(bapineuzumab) remains under development with some
promising initial results [32]. “Antiamyloid” strategies,
therefore, represent another potential mechanism of cognition-enhancing therapies in AD. Our results do not show
an eﬀect of CA on Aβ levels per se but suggest that CA may
protect neurons from Aβ-induced neurotoxicity without
actually changing brain levels of Aβ. Most current clinical
trials are focused on suppression of Aβ levels, thus the neuroprotectant eﬀect of CA described here represents a novel
mechanism, potentially complementary to the drugs in development.
CA may also be a source of a novel chemical class for the
treatment of AD. HPLC analysis of GKW revealed a complex
mixture of substances (Figure 6). This did not include asiatic
acid or madecassic acid, well-known triterpene components
of CA [33, 34], which were, however, extractable from the
same plant material using ethanol (Figure 6). The absence
of asiatic acid in GKW is notable since asiatic acid has been
previously associated with neuroprotective and neurotropic
eﬀects [35–38]. However, an aqueous extract lacking asiatic
acid produced robust behavioral eﬀects in this study. Table 1
lists the spectral characteristics of the major peaks found
in GKW using LC-UV and LC-MS. UV spectra with
maxima over 300 nm are indicative of a highly conjugated
system, characteristic of flavonoids. CA is reported to be a
rich source of quercetin [39]. Flavonoids isolated to date in
CA include 3-glucosylkaempferol, 3-glucosylquercetin and
diosmin [40, 41]. The molecular weights listed in Table 1 did
not correspond to any of these 3 compounds, nor any other
compounds isolated hitherto from CA (online chemical
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(as absorbance at 490 nm)
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Figure 4: (a) GKW at 100 and 200 μg/mL shows a modest protective
eﬀect on SH-SY5Y cells from Aβ toxicity (beta amyloid 25–35) in
vitro. The % of live cells is decreased on treatment with Aβ, an eﬀect
which is attenuated by GKW. Hydrogen peroxide 500 μM is used as
a 0 cell viability control. (b) GKW at 100 and 200 μg/mL protects
SH-SY5Y cells from Aβ toxicity (beta amyloid 25–35) in vitro—
LDH release. The amount of LDH (lactate dehydrogenase) released
is increased on treatment with Aβ, an eﬀect which is attenuated by
GKW. LDH release is a marker of cell damage.

database, SciFinder). These findings imply the presence of
potentially novel neuroactive ingredients in GKW which are
yet to be fully characterized.
Compared to the wealth of animal data described earlier,
there have been fewer studies on cognitive eﬀects of CA in
humans. In one study, 30 mentally retarded children aged 7–
18 years showed improvement in their general abilities after
receiving 500 mg daily of dried CA herb for 3 months [42]. A
more recent study [43] showed that an extract of CA (250–
750 mg daily for 2 months) improved cognitive performance
in healthy, elderly volunteers. In a placebo-controlled study,
administration of CA herb (0.5 g/kg body weight) to healthy,
middle-aged volunteers for 2 months resulted in improvements in several tests of cognitive function [44]. A study in
elderly subjects with mild cognitive impairment found improvements in their cognitive test results, including the
mini mental state examination, following administration of
500 mg dried CA twice a day for a 6-month period [45].
The traditional use of CA as an enhancer of cognitive
function is therefore well supported by in vitro, in vivo, and
small-scale human studies conducted so far. The ultimate
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viability ± SD are shown.
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Figure 6: HPLC comparison of CA water and ethanol extracts made from the same batch of plant material. Asiatic acid (AA) and madecassic
acid (MA) are detected in the ethanolic extract, but not in the water extract (GKW). The water extract GKW contains mostly very polar
compounds as shown by their earlier elution than the triterpenes AA and MA. HPLC was conducted on an Aquasil 150 mm × 2.1 mm C18
column with acetonitrile:water gradient with 0.1% acetic acid. Acetonitrile concentration 10% at 0 min, 50% at 25 min, 90% at 40 min, then
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goal of these studies is to develop evidence for the clinical use
of CA, or compounds derived from CA, in the treatment or
prevention of AD. The combination of data from in vitro and
animal studies in the present work supports the impression
that CA has the potential for clinical benefit in AD by way

of a novel mechanism of action. Well-designed, controlled
clinical trials of CA in AD and other forms of cognitive
impairment are clearly warranted. The characterization of
the active components of CA and elucidation of their mechanism of action would support these clinical studies.
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Table 1: Molecular weight and UV data obtained for GKW components using LC-MS and LC-UV. Reversed phase gradient HPLC chromatography with UV and negative ion mass spectral detection was performed as described in Section 2.
Retention time

Most abundant ions (m/z); (Mol Wt−1)

UV λ max (nm)

399, 353
531
477
561, 515
601
577

215, 325
215, 265, 310
205, 255, 355
215, 325
215, 325
220, 295, 320

12.33
16.57
21.05
22.64
25.21
33.49

4. Conclusions
A water extract of CA (GKW) attenuated Aβ-associated
behavioral abnormalities in the Tg2576 mouse, a murine
model of AD. In vitro, GKW protected SH-SY5Y cells and
MC65 human neuroblastoma cells from toxicity induced by
exogenously added and endogenously generated Aβ, respectively. GKW did not show anticholinesterase activity or protect neurons from oxidative damage and glutamate toxicity,
mechanisms of current AD therapies. The combination of
data from in vitro and animal studies in the present work
supports the CA potential for conferring clinical benefit in
AD, possibly by way of a novel mechanism of action. GKW
does not contain asiatic acid, a known CA neuroprotective
triterpene, but is rich in phenolic compounds. CA may therefore contain novel active compounds of relevance to the
treatment of AD.
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Université de Sherbrooke, 3001 12th Avenue, Sherbrooke, QC, Canada J1H 5N4
Correspondence should be addressed to Georges Levesque, georges.levesque@crchul.ulaval.ca
Received 30 May 2011; Accepted 1 November 2011
Academic Editor: Anton P. Porsteinsson
Copyright © 2012 Manel Ben Aissa 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.
Alzheimer’s disease (AD) etiological studies suggest that an elevation in amyloid-β peptides (Aβ) level contributes to aggregations
of the peptide and subsequent development of the disease. The major constituent of these amyloid peptides is the 1 to 40–42
residue peptide (Aβ40−42 ) derived from amyloid protein precursor (APP). Most likely, reducing Aβ levels in the brain may block
both its aggregation and neurotoxicity and would be beneficial for patients with AD. Among the several possible ways to lower
Aβ accumulation in the cells, we have selectively chosen to target the primary step in the Aβ cascade, namely, to reduce APP gene
expression. Toward this end, we engineered specific SOFA-HDV ribozymes, a new generation of catalytic RNA tools, to decrease
APP mRNA levels. Additionally, we demonstrated that APP-ribozymes are eﬀective at decreasing APP mRNA and protein levels as
well as Aβ levels in neuronal cells. Our results could lay the groundwork for a new protective treatment for AD.

1. Introduction
Alzheimer’s disease (AD) is a degenerative disorder of the
human central nervous system (CNS). Its clinical and neuropathological features are defined by a progressive loss
of cognitive function and by the onset of a slowly progressive impairment of memory during mid- to late-adult
life. The neuropathological hallmarks of AD include the
accumulation and aggregation of amyloid-β peptide (Aβ),
neurofibrillary tangles, astrocytic gliosis, and reductions
in the numbers of both neurons and synapses in many
areas of the brain, particularly in the cerebral cortex and
hippocampus [1]. Strong evidence from multiple studies
suggests that defects in Aβ regulation are one of the central
biochemical events leading to the development of AD [2].
The neurotoxic Aβ fragment originates from the amyloid
protein precursor (APP) following sequential cleavages by β
(BACE) and γ-secretases (presenilin complex). Observations
on the physiological processing of APP and on the eﬀects of

pathogenic mutations in the APP and/or the presenilin genes
have led to the hypothesis that aberrant processing of APP
into Aβ peptides is linked to AD [3]. We have previously
reported strong evidence indicating that the amyloid cascade
is an early and critical event in the neurodegeneration
associated with AD. For example, cell lines and/or transgenic
mice expressing mutant presenilin 1 (PS1), presenilin 2
(PS2), or APP exhibit an accelerated rate of neurotoxic Aβ
formation [4]. Thus, the three known genetic causes of
familial AD aﬀect Aβ metabolism. Moreover, the ε4 allele
of apolipoprotein E, a strong genetic risk factor for the
development of AD, has been linked to either enhancing
Aβ aggregation or decreasing its clearance in brain tissue
[5, 6]. Altogether, these observations strongly suggest that
targeting Aβ metabolism is a worthwhile therapeutic approach
and that reducing its level in the brain may block both
the neurodegenerative process and cognitive decline. Most
likely, an approach that reduces either the level of Aβ or the
rate of its aggregation and deposition in the brain would

2
be beneficial for patients with AD. Targeting the secretases
may be risky because they appear to have multiple roles in
cells. We have decided to address the problem with a new
generation of ribozymes (Rz) targeting the first step in the
amyloid cascade, specifically, the APP mRNA.
Hepatitis Delta Virus ribozyme (HDV Rz) is an interesting potential tool for the development of a gene-inactivation
system because it is well adapted to the human cell environment [7]. In fact, this ribozyme oﬀers several unique
properties, including the natural ability to function in the
presence of human proteins and at physiological magnesium
concentrations as well as outstanding molecular stability
(i.e., it has a long half-life) [8]. Recently, a novel targetdependent ribozyme that increases HDV Rz fidelity was
engineered [9]. This new ribozyme possesses a module
(the SOFA, for Specific On/Oﬀ Adaptor) that switches the
cleavage activity from Oﬀ to On when in the presence of
the appropriate substrate (Figure 1). Specifically, this module
is composed of three domains: a blocker, a biosensor, and a
stabilizer. The blocker sequence inhibits the cleavage activity
of the ribozyme by intramolecularly binding the recognition
domain of the Rz, which was limited to only 7 nucleotides
before the addition of the module. Binding of the blocker
switches the ribozyme domain to an inactive state, namely,
the Oﬀ conformation. Upon addition of the substrate,
the biosensor binds its complementary sequence on the
substrate and unlocks the SOFA module, thereby permitting
a switch of the ribozyme into the active fold, namely, the
On conformation. The sequences of the substrate binding of
both the ribozyme recognition and biosensor domains are
not contiguous, but rather are separated by a small region
called the spacer that varies from 4 to 7 nucleotides for
optimal design [10]. Finally, the presence of a stem (namely, a
stabilizer) that brings together both the 5 and 3 extremities
has no eﬀect on the cleavage activity but stabilizes the SOFAHDV Rz in vivo against ribonucleases. A proof of concept
of this man-made ribozyme has been demonstrated both
in vitro and in vivo using ribozymes that cleaved various
mRNA and viral RNA [11–13]. The fact that the SOFA-HDV
Rz is activated by its mRNA substrate greatly diminishes
its nonspecific eﬀects; consequently, it displays significant
potential for applications in both functional genomics and
gene therapy.
In this study, we evaluated the potential of the new SOFAHDV ribozymes as an RNA silencing tool in mammalian
cells. In cell culture, we demonstrated the eﬀects of SOFAHDV Rz targeting APP mRNA on Aβ production.

2. Experimental Procedures
2.1. SOFA-HDV Ribozyme DNA Constructs. SOFA-HDV
ribozymes were constructed using a PCR-based strategy
that included two complementary and overlapping oligonucleotides. Briefly, two DNA oligonucleotides were synthesized and annealed with the reverse primer (5 -CCAGCTAGAAAGGGTCCCTTAGCCATCCGCGAACGGATGCCCA(N)6(P1) ACCGCGAGGAGGTGGACCCTG(N)4(BL))and
the sense primer (5 -TTAATACGACTCACTATAGGGCCAGCTAGTTT(N)12(BS) (N)4(BL) CAGGGTCCACC), where N
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is A, C, G, or T, and P1, BS, and BL indicate the P1, biosensor,
and blocker sequences, respectively. It is important to note
that both the P1 and BS segments were varied to correspond
to specific APP mRNA sequences and that the BL was
complementary to the first 4 nucleotides on the 5 end of
the Rz’s recognition domain. For in vitro synthesis of the
ribozymes, the sense primer also included the sequence of
the T7 RNA polymerase promoter at the 5 end. The filling
reaction was performed in a 100-μL volume containing
20 mM Tris-HCl (pH 8.8), 10 mM KCl, 10 mM (NH4 )2 SO4 ,
2 mM MgSO4 , 0.1% Triton X-100, 2 μM of each dNTP, 1 μM
of each DNA oligo, and 5 U of Pwo DNA polymerase (Roche
Diagnostics). The reactions were ethanol precipitated and
washed and the DNA pellets resuspended in 56 μL of
deionized water. The resulting PCR products were directly
used for in vitro transcription reactions (see below). For
the in cellulo experiments, the PCR products were inserted
into the EcoRV site of pCDNA3 (Invitrogen). The SOFAHDV-Rz cassettes were removed by digestion with BamHI
and subcloned into pRNAT-U6.1/lentivector (GenScript)
under control of the U6 snRNA promoter. The resulting
plasmids were named pRNAT-SOFA-HDV-Rz-APPX, where
X represents the APP cleavage position.
2.2. In Vitro Transcription of SOFA-HDV Rz and APP
mRNA. RNA transcriptions were performed as previously
described [14]. In the case of the SOFA-HDV ribozymes,
the resuspended DNA pellets were used in 100-μL transcription reactions containing 80 mM HEPES-KOH (pH 7.5),
24 mM MgCl2 , 2 mM spermidine, 40 mM DTT, 5 mM of
each rNTP, 0.01 U of pyrophosphatase (Roche Diagnostics),
24 U of RNAGuard (Amersham Biosciences), and 10 μg of
purified T7 RNA polymerase and allowed to proceed for
4 h at 37◦ C. The reactions were then treated with 4 U
of RQ1 DNase (Promega), phenol-chloroform extracted,
ethanol precipitated, and washed. Following these steps, the
RNA pellets were resuspended in 40 μL of deionized water.
One volume of loading buﬀer (97.5% formamide, 0.05%
bromophenol blue, 0.05% xylene cyanol, 10 mM EDTA) was
added, and the samples were fractionated by 8% denaturing
(8 M urea) polyacrylamide gel electrophoresis (PAGE, 19 : 1
ratio of acrylamide to bisacrylamide), using 45 mM Trisborate (pH 7.5) and 1 mM EDTA. The RNA bands were
visualized by UV shadowing, and the gel slices were cut
out and eluted overnight using 500 mM ammonium acetate,
1 mM EDTA, and 0.1% SDS. After ethanol precipitation,
the RNA transcripts were resuspended in deionized water
and quantified by UV absorbance at 260 nm. The plasmid
pAPP12 (containing a full-length copy of the APP mRNA)
was used as a template. After linearization by the StuI
restriction enzyme, mRNA was synthesized as described
above and purified using 5% PAGE. After purification,
the transcripts (40 pmol) were dephosphorylated in a final
volume of 50 μL containing 200 mM Tris-HCl (pH 8.0), 10 U
RNAGuard, and 0.2 U of calf intestinal alkaline phosphatase
(Amersham BioSciences) at 37◦ C for 30 min. The reactions
were purified by extracting twice with phenol : chloroform,
and the mRNA was then precipitated with ethanol, washed
with 70% ethanol, and dried. Dephosphorylated RNA
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Figure 1: Secondary structure of both the Oﬀ and On conformations of the SOFA-HDV ribozyme. The original HDV ribozymes in the
grey shaded boxes with its recognition domain (in blue) indicated. The SOFA is composed of three motifs : the biosensor (in green), blocker
(in red), and stabilizer stem. Upon the addition of APP mRNA, sequence-specific hybridization to the ribozyme occurs, and the substrate is
subsequently cleaved.

(∼6 pmol) was 5 -end-labeled in a final volume of 10 μL
containing 3.2 pmol of [γ-32 P]ATP (6000 Ci/mmol, New
England Nuclear), 10 mM Tris-HCl (pH 7.5), 10 mM MgCl2 ,
50 mM KCl, and 3 U of T4 polynucleotide kinase (United
States Biochemicals) at 37◦ C for 90 min. The reaction was
stopped by the addition of formamide dye buﬀer (5 μL), and
the reaction mixtures were fractionated through denaturing
5% PAGE gels and recovered as described above.
2.3. Ribonuclease H Probing and Primer Extension Assays.
Ribonuclease H (RNase H) reactions were performed with
a library of randomized oligonucleotides (5 -N6 CD-3 ,
where N is for any A, C, G, or T residue and D is
for any A, T, or G residue). Specifically, nonradioactive
APP mRNA (0.5 μM) and randomized oligonucleotides
(5 μM) were preincubated for 10 min at 25◦ C in a final
volume of 8 μL containing 20 mM Tris-HCl (pH 7.5),
20 mM KCl, 10 mM MgCl2 , 0.1 mM EDTA, and 0.1 mM
DTT. RNase H (0.5 U, United States Biochemicals) was
then added, and the samples were incubated at 37◦ C for
30 min. After the incubation, 90 μL of water was added,
and the mixture was phenol : chloroform extracted. The
nucleic acids were then precipitated with ethanol, washed,
and dried. Four DNA oligonucleotides complementary

to the APP RNA were purchased from Invitrogen (5 GTTCCTCAGCCTCTTCCT-3 (position 928-911), 5 -TCAGCCAGTGGGCAACAC-3 (position 719-702), 5 -GTCAGGAACGAGAAGGGC-3 (position 540-523), and 5 -CTGAATCCCACTTCCCAT-3 (position 310-293)). The oligonucleotides (10 pmol) were 5 -end-labeled as described above.
The 32 P-end-labeled oligonucleotides were purified with
denaturing 20% PAGE, and the relevant bands were excised
from the gel and eluted overnight at 25◦ C, passed through
a G-25 spun column, ethanol precipitated, washed, dried,
and dissolved in deionized water (60 μL). 5 -32 P-labeled
primer (6 μL) and 10X reverse transcriptase buﬀer (0.6 μL
of 500 mM Tris-HCl (pH 8.3), 800 mM KCl, and 100 mM
MgCl2 ) were used to resuspend the pellets resulting from
the RNase H hydrolysis. The primer annealing step was
performed by successively incubating the samples at 65◦ C
for 2 min followed by 2 min on ice. The reactions were
initiated by adding 0.8 mM of each dNTP, 3.3 mM DTT, and
100 U of Superscript II Reverse transcriptase (Invitrogen) in
a final volume of 12 μL. The samples were incubated at 45◦ C
for 30 min and then ethanol precipitated and analyzed by
5% sequencing PAGE. DNA sequencing reactions using the
same primer were migrated on the same gels to allow for
identification of the primer extension stops. The results were
visualized with a PhosphorImager.
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2.4. Ribozyme Cleavage In Vitro. Cleavage reactions were
carried out under single turnover conditions ([Rz]  [S]),
as previously described [15]. Specifically, 32 P-end-labeled
APP mRNA (50 nM) was mixed with SOFA-HDV ribozymes
(1 μM) in a 10-μL mixture containing 50 mM Tris-HCl (pH
7.5) and 10 mM MgCl2 and then incubated at 37◦ C for 1 h.
The reactions were stopped by the addition of loading buﬀer,
RNA fractionated with denaturing 5% PAGE, and analyzed
with a PhosphorImager.
2.5. Cell Culture and Transfection. A subclone of the human
embryonic kidney cell line HEK-293 (tsA-201 cells, which
were kindly provided by Dr. Mohamed Chahine, Laval University) and human neuroblastoma SH-SY5Y cells (ATCC)
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) supplemented with 10% (v/v) fetal bovine
serum (Biomedia). Stock cultures were maintained at 37◦ C
in a humidified atmosphere with 5% CO2 . The HEK-293
cells were transiently transfected with pRNAT-SOFA-HDVRz-APPX (Rz-APP-X) plasmid using the calcium phosphate
procedure. The empty pRNAT-U6.1 vector (GenScript) was
used as a control. The SH-SY5Y cells were transduced using
a lentiviral system. This system consists of the multiply
deleted packaging construct pCMVΔR8.91 (which encodes
Gag, Pol, Tat, and Rev), the pMD.G expressing vesicular
stomatitis virus (VSV-G) surface glycoprotein (G), and
pRNAT-U6 (either with or without Rz-APPX). To produce
the infectious virions, HEK-293 cells (2 × 106 ) were plated
on 5 dishes (10 cm) and transfected the next day with 20 μg
of Rz-APPX, 15 μg pCMVΔR8.91, and 5 μg pMDG using
the calcium phosphate procedure. Conditioned medium
was harvested at 48 hr after transfection, cleared of debris
by low-speed centrifugation, and filtered through 0.45 μm
filters (Sarstedt). The filtrate containing the virions was
concentrated by ultracentrifugation at 71,000 × g for 90
minutes at 16◦ C using a SW-40 Beckman rotor, followed
by a second cycle of centrifugation for the collected and
resuspended pellets at 84,000 × g for 90 min (using a 4mL centrifuge tube; SW60 Beckman rotor). Virions pellets
were then resuspended in 0.5 mL of phosphate buﬀered
saline (PBS). SHSY-5Y cells were infected with 0.2 mL of the
virions expressing SOFA-HDV-Rz-APPX in the presence of
6 μg/mL polybrene (hexadimethrine bromide, Sigma). Three
days postinfection, the medium was replaced with medium
containing 600 μg/mL G418 for selection. The transduced
cells were maintained as a stable population. The culture
medium was changed every 3-4 days for the duration of the
experiment.
2.6. SOFA-HDV Ribozyme Expression. To test the expression
of the Rz-APPX, total RNA was extracted from transduced cells using the TRIzol reagent according to the
manufacturer’s recommendations (Invitrogen). Total RNA
extracts were then used in primer extension experiments for
ribozyme detection. Briefly, the primers, corresponding to
the 3 complementary sequence of either SOFA-HDV-RzX
(5 -GGGTCCCTTAGCCATGCGCGAACG-3 ) or U6 RNA
(5 -GGCCATGCTAATCTTCTCTG-3 ), were 5 -end-labeled
with [γ-32 P]ATP (6000 Ci/mmol; New England Nuclear), as
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previously published [13], annealed to 10 μg of total RNA
by a 5 min incubation at 65◦ C and immediately chilled
on ice. The reactions were initiated with the addition of
0.4 mM of dNTPs, 10 mM DTT, and 200 units of Superscript
II reverse transcriptase (Invitrogen) in a buﬀer containing
50 mM Tris-HCl (pH 8.3), 75 mM KCl, and 3 mM MgCl2
in a final volume of 50 μL. The samples were incubated at
42◦ C for 50 min; the reactions were stopped by heating the
samples to 70◦ C for 15 min and then fractionated through
10% denaturing polyacrylamide gel electrophoresis.
2.7. Real-Time RT-PCR. First-strand cDNA synthesis was
performed using 2 μg of total RNA in the presence of poly dT
primers and 200 units of SuperScript II reverse transcriptase.
Aliquots of 2 μL from the resulting single-stranded cDNA
products were used along with the appropriate primers
(see below) for APP and GAPDH. Amplifications were
performed for each sample from each separate well in a
total volume of 25 μL containing 1X SYBR Green Universal
PCR Master Mix and 400 nM of specific forward and
reverse primers. The primers were designed to overlap the
boundaries of two exons (to avoid amplification of genomic
DNA), using the Primer Express software v2.0 (Applied
Biosystems). Specifically, two pairs of primers were designed
to amplify the APP mRNA. The first pair (sense primer
5 -GGCGGTGTTGTCATAGCGA-3 and antisense primer
5 -TGCATCTTGGACAGGTGGC-3 ) provided an amplicon
of 136 base pairs (bp), whereas the second pair (sense
primers 5 -AACGAAGTTGAGCCTGTTGATG-3 and antisense primer 5 -AACGAAGGCTGGCACAAC-3 ) amplified
a 67-bp fragment. Amplification of GAPDH mRNA using
the sense primer 5 -CGACACTTCCAGCTCTTTGCT-3 and
antisense primer 5 -GAATCAGGGTTATCTGGTCATCG-3 ,
which produces an amplicon of 131 bp, was also performed. The PCR amplifications were performed on an ABI
Prism 7000 Sequence Detector System (Applied Biosystems),
according to the manufacturer’s instructions and using the
following conditions: 1 cycle at 95◦ C for 10 min, followed by
40 cycles at 95◦ C for 15 s, 58◦ C for 10 s, 72◦ C for 20 s, and a
final step at 60◦ C for 60 s. The control samples were amplified
without the reverse transcription step.
2.8. Preparation of Cell Lysates. Native and transfected cells
were rinsed twice with ice-cold PBS and then lysed for
30 min on ice in cell lysis buﬀer containing 50 mM Tris (pH
7.6), 150 mM NaCl, 2 mM EDTA, 1% NP-40, 20 mM PMSF,
and minicomplete protease inhibitors (Roche-Diagnostic).
Insoluble material was removed by centrifugation at 13,000
× g for 15 min at 4◦ C. Finally, the proteins were quantified
using a standard Bradford assay (Bio-Rad).
2.9. Western Blot Analysis of APP Processing. Western blot
analysis was performed as previously described [16]. Briefly,
20 μg of total protein from each sample was mixed with
Novex 2X reducing sample buﬀer containing 500 mM TrisHCl (pH 6.8), 20% glycerol, 10% SDS, 0.1% bromophenol
blue, and 5%β-mercaptoethanol. The samples were then
boiled for 5 min and subjected to SDS-PAGE. Following
the migration, proteins were transferred onto a PVDF
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Figure 2: Selection of APP-SOFA-HDV ribozyme with the greatest potential cleavage. The left portion illustrates the strategy that was used
to identify potential cleavage sites. APP mRNA was preincubated in the presence of a 7 nt long randomized DNA oligonucleotide, and
RNA/DNA heteroduplexes were hydrolyzed by RNase H. Accessible regions were then visualized by primer extension using one of the four
5 -end-labeled primers (in box) complementary to sequences retrieved in the first ∼900 nucleotides of the APP mRNA. Once the most
accessible sites were identified, the appropriate SOFA-HDV ribozymes were synthesized and the cleavage activity was tested in vitro using
5 -end-labeled APP mRNA. A typical autoradiogram of a resulting PAGE is indicated in the right panel. The number of each Rz indicates the
cleavage position within the APP mRNA. The Rz-HBV, previously used for HBV RNA cleavage [15], served as an irrelevant Rz. “-” indicates
a reaction without Rz.

membrane (Millipore) according to the manufacturer’s protocol. The membranes were probed with an anti-APP Cterminal antibody (A8717, Sigma-Aldrich) and β-tubulin
specific antibody (antibody E7 for β-tubulin, Developmental
Studies Hybridoma Bank). The blots were revealed using a
chemiluminescence detection system (Immobilon Western,
Millipore) according to the manufacturer’s recommendations. The intensity of the signals was analyzed using image
densitometry software (Imaging Densitometry, Bio-Rad).
The level of β-tubulin was used to normalize the levels of
APP (i.e., the ratio of APP versus β-tubulin) to control
for diﬀerences in the loading of total proteins. Modulations
of the APP levels in the cells treated with Rz-APP-X were
expressed as a percentage of the level in the control cells
(empty vector).
2.10. Quantitation of Aβ Using the Sandwich ELISA Method.
Following SH-SY5Y transduction and during the selection,
media was collected, preserved, and frozen at −80◦ C.
Following, secreted Aβ was measured by sandwich ELISA,
according the manufacturer’s protocol (Human Amyloid β
(Aβ 1-x) Assay Kit, IBL).
2.11. Statistical Analysis. For the in vitro data, the results
from several experiments were analyzed using Student’s ttest. Diﬀerences were considered significant at P < 0.05.

3. Results
3.1. Design and Selection of APP-Specific SOFA-HDV Ribozymes. The first step of this study consisted of designing
a collection of ribozymes that produced in vitro cleavage

of the APP mRNA. Due to unfavorable competition with
intramolecular base pairing, the target sequences located in
single-stranded regions of an mRNA are potentially more
accessible for Rz binding than those in double-stranded
regions. It has been demonstrated that both target site
accessibility and the ability to form an active ribozymesubstrate complex constitute interdependent factors that
can be addressed using a combinatorial library of oligonucleotides or ribozymes [17]. To identify the cleavage sites
with the greatest potential for targeting, we adopted a procedure based on the use of a library of partially randomized
oligonucleotides mimicking the interaction with the recognition domain of the target [15] (Figure 2). In principle,
all of the accessible sites within the APP mRNA should be
specifically bound by an oligonucleotide and the resulting
RNA-DNA heteroduplex subsequently hydrolyzed by RNase
H. The resulting cleavage sites were identified by primer
extension reactions using 5 -end-labeled primers, and the
most potent SOFA-HDV ribozymes were tested for cleavage
activity. The library was composed of oligonucleotides that
were 8 nucleotides in length corresponding to one residue
before the cleavage site (i.e., position -1), which had to be
single stranded for cleavage to occur, and the 7 residues of
the recognition domain of the ribozyme. It is important
to note that this experiment considered only the binding
domain of the ribozyme and not the SOFA module. It
would be irrelevant to perform RNase H assays using long
oligonucleotides that included the complementary sequence
of the ribozyme’s recognition domain, spacer and biosensor
sequences. In that case, the spacer would also be bound,
leading to significant formation of the duplexes and the
introduction of an important bias. The library was designed
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Table 1: Determination of the most potential cleavage sites within APP mRNA.

Cleavage position

mRNA sequence1
recognition domain/biosensor domain

Accessibility2

SOFA-HDv Rz cleavage activity (%)3

276
440
444
446
459
465
753
756
784
885

5 -GCACAUG/CCAGAAUGGGAA-3
5 -GCAAGCG/GCAAGCAGUGCA-3
5 -GCGGGGC/GCAGUGCAAGAC-3
5 -GGGGCCG/AGUGCAAGACCC-3
5 -GUGCAAG/UCCCCACUUUGU-3
5 -GACCCAU/CUUUGUGAUUCC-3
5 -GGAGGAU/GGAUGUCUGGUG-3
5 -GGAUGAC/UGUCUGGUGGGG-3
5 -GCAGACA/UAUGCAGAUGGG-3
5 -GGACGAU/UGGUGAUGAGGU-3

++
+++
+++
+++
+++
++
++
+
+
+

62
18
20
26
14
26
36
36
25
71

1

The sequences of the mRNA bound by both the ribozyme’ recognition and biosensor domains. 2 Accessibility of potential cleavage sites based on RNase H
hydrolysis. 3 Percentage of cleavage activity of the various SOFA-HDV ribozymes targeting the APP mRNA.

while taking into consideration the sequence specificities of
the HDV ribozyme. Specifically, the nucleotide in position
1 cannot be a guanosine; therefore, the 3 end residue of
the oligonucleotide cannot be a cytosine. Moreover, the first
base between the ribozyme’s recognition domain and the
target must be a GU wobble base pair. Consequently, the
oligonucleotide included a cytosine at the corresponding
position. This constraint led to a library of 12,288 diﬀerent
variants corresponding to the 5 -N6CD-3 . The action of
a ribozyme within the 5 -end of an mRNA region should
enhance the probability that the cleavage product results in
an RNA that cannot encode an active protein. Because each
primer produced a readable sequence of 200 to 300 bases,
4 diﬀerent oligonucleotides were designed for the reverse
transcriptase reaction to analyze the first ∼900 nucleotides
of the APP transcripts corresponding to the 1040 nucleotides
of the 5 end (see Section 2). The relative level of accessibility
in function of the intensity of the primer extension products
is compiled in Table 1. This analysis led to the identification
of 10 potential sites, located from positions 276 to 885, of
the APP transcript. Seven of these sites appeared to be highly
accessible, including 5 that were located near position 450. A
high concentration of such sites in the same area is indicative
of a single-stranded region, although it may also result from a
synergetic eﬀect of several oligonucleotides binding the same
RNA transcript, resulting in unfolding of that region and
increasing the possibility that additional oligonucleotides can
also bind.
Subsequently, HDV-Rz with the appropriate recognition
sequences was designed. To increase specificity, the ribozyme
was further extended with the addition of a SOFA module.
The resulting ribozymes were named SOFA-HDV-Rz-APPX,
where X represents the APP cleavage position. The ability of
these ribozymes to cleave the 5 -end-labeled APP transcripts
was tested under single-turnover conditions ([Rz]  [S])
and analyzed via PAGE (Figure 2 inset). Clearly, all of the
SOFA-HDV ribozymes exhibited cleavage activity, although
at diﬀerent levels. Specifically, the cleavage level varied from
4% to 71%. Moreover, all of the ribozymes exhibited a spe-

cific cleavage at only the expected site. The 4 SOFA-HDV
ribozymes that exhibited a cleavage level higher than 30%
were conserved for the subsequent step. These ribozymes
included SOFA-HDV-Rz-APP276, -APP753, -APP756, and
-APP885, with cleavage activities of 62%, 36%, 36%, and
71%, respectively. These 4 potential SOFA-HDV ribozymes
targeting the APP mRNA were tested with the ribosubstrates
online software (http://www.riboclub.org/ribosubstrates).
This integrated software searches selected cDNA databases
for all of the potential substrates for a given SOFA-HDV
ribozyme [18]. These potential substrates include not only
mRNAs with perfect matches with the catalytic RNA tested,
but also the wobble bp and mismatches. Interestingly,
none of these 4 potential SOFA-HDV ribozymes seemed to
have the potential for oﬀ-target eﬀects (data not shown).
Moreover, this analysis indicated that no other cleavage could
occur within the APP gene family. Therefore, the chosen
sequences were specific to APP mRNA. In other words, the
SOFA-HDV ribozymes that exhibited significant cleavage
activity in vitro against a derived APP transcript appeared to
be specific to the APP mRNA.
3.2. Expression of APP-Specific SOFA-HDV Rz in Human
Cells. In an attempt to achieve a high level of expression of
SOFA-HDV ribozymes that maintain their aﬃnity for the
targeted mRNA, we adopted the pRNAT/U6 (which employs
the U6 RNA polymerase III promoter) for a high level of
small RNA expression. The advantage of this promoter is
that RNA transcription terminates with the addition of 4
or 5 uridines (U) at the 3 -end, and this change has only
a minimal eﬀect on SOFA-HDV ribozyme folding based
on RNA structure predictions. This approach also avoids
nonspecific eﬀects that might be caused by the transcription
of additional regions of the vector sequence.
To determine whether the pRNAT/U6 SOFA-HDV-RzAPPX vector could express the anti-APP SOFA-HDV ribozymes, these constructs were transfected into HEK-293 cells.
Two days after transfection, total RNA from transfected cells
was subjected to primer extension analysis. Endogenously
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Figure 3: Expression of APP-SOFA-HDV ribozymes in the HEK
cell line. Primer extension analysis of total cellular RNA from cells
transfected with four selected APP-SOFA-HDV ribozymes from the
ribozyme collection (APP-SOFA-HDV-Rz276, APP-SOFA-HDVRz753, APP-SOFA-HDV-Rz756, and APP-SOFA-HDV-Rz885).
Transcripts corresponding to HDV-ribozymes were detected with
HDV-Rz primers (5 -GGGTCCCTTAGCCATGCGCGAACG-3 ).
U6 primer (5 -GGCCATGCTAATCTTCTCTG-3 ) was also used as
a positive control, which yielded signals corresponding to endogenous U6 snRNA. Note that all of the 4 selected SOFA-HDV ribozymes were expressed (lanes 1 to 4). A pRNAT empty vector, was
used as a negative control.

synthesized U6 snRNA and SOFA-HDV ribozymes transcribed from the U6 promoter were detected, respectively, by
U6- and Drz 32 P-labeled primers (see Section 2). As indicated
by Figure 3 (lanes 1 to 8), the specific extension products
corresponding to U6 SOFA-HDV-Rz-APP276, -APP753, APP756, and -APP885 were detectable in the transfected
cells. An expression vector lacking a SOFA-HDV ribozyme
coding sequence (pRNAT/U6) was used as a negative control.
No detectable band of Drz 32 P-labeled primers was observed
with the empty vector (Figure 3, lane 9). The expression
levels for SOFA-HDV-Rz-APP753 and -APP885 were among
the highest, while two other ribozymes (SOFA-HDV-RzAPP276, and -APP756) exhibited weaker expression.
3.3. Eﬀect of Selected SOFA-HDV Ribozymes on APP mRNA
Expression Level. Considering the close and positive correlation between the level of APP mRNA, protein, and
Aβ deposition in AD [19], APP mRNA expression levels
following APP SOFA-HDV ribozyme expression were initially monitored. Previously, it has been shown that the
SOFA-HDV Rz expressed in HEK-293 cells could be a
powerful and specific gene silencing tool [9]. Therefore,
SOFA-HDV-Rz-APP was transiently transfected into HEK293 cells, which are well known for the expression of endogenous APP mRNA. pRNAT-U6 empty vector was used

Endogenous

pRNAT

Rz-APP885

Rz-APP-753

δRz

Rz-APP-276

0

Figure 4: Relative APP mRNA level in HEK-293 cells expressing
APP-SOFA-HDV Rz. The expression profile of APP in SOFA-HDVRz276-, -Rz753-, -Rz756-, and -Rz885-transfected HEK-293 cells.
To assess APP knockdown eﬃciency at the mRNA level, quantitative
real-time PCR was performed with each of the forward and reverse
APP or GAPDH primers using the ABI Prism 7000 Sequence Detection System and SYBR Green DNA binding dye (Invitrogen). The
specific amplification was assessed based on the dissociation curve
profile. The APP gene expression profile was normalized against
that of GAPDH. The quantitative PCR procedure was performed
in duplicate in three independent reactions for each sample. ∗∗ P <
0.01. An approximately 70–80% decrease in GAPDH-normalized
APP mRNA levels was observed with cells expressing active SOFAHDV Rz (the most potent Rz). The GAPDH-normalized levels of
endogenous APP were not significantly altered in the untreated or
empty vector-transfected control cells.

as a control. The total RNA was extracted from cells 48 h
after transfection, and APP mRNA levels were quantified
by real-time quantitative PCR (qPCR). The GAPDH mRNA
was used as a control for the qPCR to normalize the APP
mRNA levels. A significant eﬀect of SOFA-HDV-Rz-APP
ribozyme expression on cellular APP mRNA levels was
observed (Figure 4). SOFA-HDV-Rz-APP276 and -APP753
transfection led to a highly significant (P < 0.001; Student’s
t-test) decrease in APP mRNA steady-state levels (∼70%
and 80%, resp., relative to the control cells). Conversely,
both SOFA-HDV-Rz-APP756 and -APP885 expression did
not show a significant decrease at the APP mRNA level,
suggesting that cleavage sites at positions 756 and 885 may
not be as accessible in cellulo as they were in the in vitro
assays on partial mRNA transcripts. The transfection of
cells with an empty vector resulted in a faint increase in
APP mRNA compared with untransfected cells (Figure 4,
lanes 5 and 6), but this eﬀect was not significant (P >
0.05; Student’s t-test). More importantly, this experiment
provided physical evidence that the expression of both SOFAHDV-Rz-APP276 and -APP753 in HEK-293 cells resulted
in an important decrease of the targeted APP mRNA levels
and that nonspecific eﬀects of vector transfection could not
account for this decrease.
3.4. Eﬀect of the SOFA-HDV Ribozyme on APP Protein
Levels. Because the correlation between the level of mRNA

Endogenous

pRNAT

Rz-APP-885

Rz-APP-753
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APP

β-tubulin

construct exhibited a decrease estimated to be less than
20%, whereas the two other ribozymes led to reductions of
over 70% relative to the controls. All of the changes were
highly significant (P < 0.001) when compared with either
untransfected cells or cells transfected with pRNAT/U6.
Thus, the decrease in APP mRNA resulting from the
expression of SOFA-HDV ribozyme is correlated with the
change observed at the protein level. Moreover, these data are
strongly consistent with the hypothesis that the expression
level of APP mRNA is closely and positively correlated with
its concomitant protein level [20].
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Rz-APP885
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Rz-APP-753
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Figure 5: Rz-APP-X ribozymes expression reduces APP levels. (a)
Western blotting analysis performed using equal amounts of 20 μg
of extracted protein. APP was immunodetected using a polyclonal
antibody (Sigma) recognizing the C-terminus of human APP. The
tubulin (β-tubulin) controlled the amount of sample loaded in each
lane. The highest APP reduction (approximately 85%) was obtained
with Rz-APP-276 and Rz-APP-753. (b) Densitometric quantification of the APP lanes in the blot from (a). Relative density unit
values were obtained by standardization with the corresponding βtubulin protein band in each lane. The results in (b) are presented
as the means ± SEM from 3 independent experiments. ∗∗ P < 0.01.

and its concomitant protein is not always linear, the eﬀect
of APP’s directed SOFA-HDV ribozymes on APP protein
levels was then investigated to verify whether the decrease
in APP mRNA level results in a reduction at the protein
level. SOFA-HDV-Rz-APP ribozymes were transfected into
HEK-293 cells. As a control, cells were transfected with
a pRNAT-U6 vector expressing GFP protein. At 48 h after
transfection, the cells were lysed and total proteins were
extracted. Subsequently, a Western blot was performed with
a specific anti-APP C-terminal antibody as a probe. The level
of APP was estimated by densitometry and normalized using
endogenous β-tubulin (Figure 5). As expected, cells expressing both SOFA-HDV-Rz-APP276 and -APP753 showed a
drastic decrease in APP levels compared with un transfected
cells, those transfected with empty vector or those transfected with SOFA-HDV-Rz-APP885 (Figure 5(a)). The last

3.5. Assessment of Aβ Secretion Levels in SOFA-HDV Ribozyme-Treated Cells. From the perspective of AD therapy,
any attempts to decrease APP mRNA levels should also
result in a decrease in Aβ levels. To assess whether a decline
of APP in ribozyme-treated cells leads to a decline in
total Aβ levels, the level of secreted Aβ following SOFAHDV-Rz-APP expression was determined by ELISA. For
this experiment, the SOFA-HDV-Rz-APP276 and SOFAHDV-Rz-APP753 were selected as the two more active and
powerful ribozymes. Because neurons will be the target of
the ribozymes in the context of AD, this ribozyme was tested
on a neuronal cell type, SHSY-5Y, using a lentiviral system of
expression. This system is essential for transducing neurons
because post-mitotic cells cannot be eﬃciently transfected by
other vectors. Following SHSY-5Y transduction, the SOFAHDV-Rz-APP753 expression was tested for its eﬀect on the
reduction of APP at both the mRNA and protein levels (data
not shown). To evaluate the Aβ level, media samples were
collected and analyzed for Aβ1−x species, as both Aβ40 and
Aβ42 are associated with AD pathogenesis. Knocking down
APP with lentiviral SOFA-HDV-RzAPP276 or OFA-HDVRzAPP753 transduction of SHSY-5Y cells reduced the total
level of Aβ by more than 30% (Figure 6). This result indicates
that a SOFA-HDV ribozyme could be a potential means of
targeting APP.

4. Discussion
In this study, we designed a new molecular tool to target
the top of the amyloid cascade, namely, the APP mRNA.
The SOFA-HDV ribozyme is based on a new synthetic
HDV ribozyme harboring a biosensor module that activates
mRNA cleavage only in the presence of the specific RNA
target substrate [9]. This specific On/Oﬀ adapter (SOFA
module) provides not only a higher specificity to the HDV Rz
toward its target but also a higher cleavage capacity [10]. An
initial experiment to identify the most susceptible site within
the 5 end region of the APP mRNA was performed based
on the use of a randomized library of short oligonucleotides
mimicking the recognition domain of the ribozyme. The
hydrolysis of the formed RNA/DNA heteroduplexes by the
RNase H led to the identification of 10 potential sites
(Table 1). In vitro cleavage of a partial APP transcript
by the corresponding appropriate SOFA-HDV ribozymes
revealed that 4 of these sites could be cleaved at a significant
level (Figure 2). Interestingly, an analysis of the sequence
and secondary structure of the SOFA-HDV ribozymes that
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Figure 6: Eﬀect of the most active ribozyme on the level of
secreted total amyloid. The secreted levels of Aβ1−x were detected
by sandwich ELISA, as described in Section 2. Media were collected
following SH-SY5Y infection with the Rz-APP-286, Rz-APP-753, or
pRNAT empty vector. The results are presented as the means ± SEM
from 3 independent experiments. ∗∗ P < 0.001. Control cells were
infected with the empty pRNAT vector.

exhibited only moderate cleavage activity indicated that
misfolding of 5 out of 6 of these ribozymes may explain
their limited potential (data not shown). Therefore, only one
of the SOFA-HDV ribozymes did not cleave eﬃciently for
any specific reason. This result is excellent, considering that
the initial analysis was based on the hybridization of small
oligonucleotides and that the SOFA-HDV ribozyme is almost
a magnitude larger in size but possesses a complex tertiary
structure and two binding domains that interact with the
substrate (i.e., the recognition and biosensor domains) and
undergoes conformation transition [21].
The SOFA-HDV ribozymes exhibiting the highest cleavage activity in vitro were further studied in cellulo. These
ribozymes were expressed from a U6 promoter for the RNA
pol III because it allows eﬃcient transcription of small
RNA molecules [22]. According to the primer extension
assays performed for these four SOFA-HDV ribozymes,
they all exhibited good expression, although variable, in
transfected HEK293 cells (Figure 3). Therefore, neither their
ability to be expressed nor their stability accounted for their
variable cleavage activity. Two of the SOFA-HDV ribozymes
exhibited equivalent and drastic reductions in APP at both
the mRNA and protein levels (Figures 4 and 5; SOFAHDV Rz-APP276 and -APP753). It is not surprising that
only some of the ribozymes that showed excellent cleavage
activity in vitro exhibited significant cleavage activity in
cellulo. Several diﬀerent factors in cells compared with the
in vitro analysis may account for this result. The in cellulo
target is the full-length mRNA, which may adopt a diﬀerent
structure, and cellular proteins may be bound to it and create
steric hindrances that reduce the accessibility to some of the
identified cleavage sites.

To our knowledge, this study is the first reporting acute
silencing of APP in human cells using an HDV ribozymebased approach. SOFA-HDV ribozyme-based gene silencing
constitutes an alternative to using small interfering RNA,
a method that faces several limitations. One of the largest
hurdles in RNAi-based therapy is toxicity. In this context,
independent oﬀ-target or nonspecific eﬀects of siRNA are
a concern [23, 24]. Side eﬀects can result from unintended
interactions between an siRNA compound and an unrelated
host gene. This nonspecific interaction with host genes
may cause adverse eﬀects in the host. Moreover, shRNA
expression in neurons has been shown to interfere with
dendritic spine structure and function, resulting in a decrease
of synapses [25]. Interferon response is the best known
adverse eﬀect in the viral-mediated transfection of siRNAs.
Similarly, synthetic siRNAs formulated in nonviral delivery
vehicles can also be potent inducers of interferons and
inflammatory cytokines, both in vivo in mice and in vitro in
human blood [26]. The most important diﬀerence between
ribozyme technology and RNAi technology is that RNAi
requires the recruitment of endogenous proteins, which are
responsible for the high intracellular activity. Thus, problems
of potency, specificity, and/or cell-type-dependent responses
illustrate a lack of understanding of the intracellular mechanisms involved [27]. By contrast, the HDV Rz, which derives
from the hepatitis delta virus, possesses several unique
features that are all related to the fact that it is the only
naturally occurring catalytic RNA discovered in humans [7,
28, 29] and that its action does not depend on intracellular
factors [30]. In addition, it exhibits an outstanding stability
(i.e., a half-life > 100 hr) in cell culture [8]. Moreover, a
genome-wide search for innate ribozyme entities revealed the
presence of HDV-like sequences in the human CPEB3 gene
[31]. Consequently, the HDV Rz should not be recognized
by the immune system as an external, invading RNA.
Several studies in human genetic and animal models
support the notion that amyloid production or accumulation
in the brain plays a central role in the pathogenesis of
AD. Lowering amyloid levels in diﬀerent mouse models
has demonstrated therapeutic value [32, 33]. Multiple
approaches aimed at interfering with Aβ metabolism have
been proposed as a therapy for AD. First, compounds that
aim to decrease the aggregation of Aβ by blocking its
oligomerization have been tested [34]. Although successful
in mice models of AD, they failed in human trials. Second,
lowering Aβ levels by increasing its clearance using a vaccine
was successful in animal models [35, 36], but the results from
human clinical studies indicated important side eﬀects, and
there were concerns about safety in humans [37]. Finally,
blocking the activity of the secretases (β and γ) is attractive
because both of these enzymes participate in Aβ production by cleaving APP. However, because these secretases
have numerous substrates essential for cellular functions,
blocking their activity raises additional concerns. The data
from β-secretase (BACE1) knockout animals have suggested
potential liabilities with BACE1 inhibition [38–40]. BACE1
is also known to participate in myelination [41–43] and the
processing of sodium channels [43]. Nonetheless, BACE1
inhibitors have been developed, but blood-brain-barrier
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penetration and limited access to cellular BACE1 due to its
major location in the endosome pose significant challenges
that have yet to be overcome [44, 45]. Another potential
therapeutic target is γ-secretase, although it has numerous
essential cellular substrates. However, recent clinical trials
testing a very promising γ-secretase inhibitor have raised
major safety issues about this route [46, 47]. This failure
does not question the amyloid hypothesis, but instead the
nonspecific targeting of an enzyme complex with so many
cellular functions [48].
Because there have been many failures in targeting amyloid peptide metabolism, we believe that targeting the top
of the cascade by decreasing APP mRNA would be a
better way to decrease the overall amyloid level. We do
not expect a complete knock down of APP mRNA and
Aβ, but we are confident that we can significantly reduce
APP mRNA levels (and subsequently, Aβ levels). We believe
that there is a threshold eﬀect and that a modest reduction
in Aβ levels could shift the balance between toxicity and
nontoxicity. Another advantage of specifically targeting APP
mRNA is that the level of all forms of the peptide derived
from APP will also be decreased. To achieve this end, we
engineered specific SOFA HDV ribozymes, a new generation
of catalytic RNA tools, to decrease the APP mRNA level.
We demonstrated that a SOFA-HDV ribozyme targeting
APP mRNA is clearly eﬀective for the reduction of Aβ in
neuron-like cells. Further analysis using an expression system
based on the lentivirus indicated a significant decrease of
∼30% in total Aβ levels (Figure 6). Therefore, this action
could possibly aﬀect downstream amyloid-related pathology.
Because only a 12% decrease in Aβ levels in mice resulted in a
dramatic reduction in Aβ build-up and synaptic deficits [49],
we are optimistic that the results obtained in our cellular
model will allow for the development of an eﬃcacious form
of SOFA-HDV ribozyme-based therapy. The exact role of
Aβ as a trigger of sporadic Alzheimer’s disease is still a
question of debate. Moreover it is actually not clear which
Aβ species is associated with the disease. Over production
of Aβ is probably not the cause of amyloid accumulation in
sporadic AD. A defective clearance of amyloid may trigger
its aggregation. This is supported by the fact that the ApoE4
allele, which is the major genetic risk factor for sporadic
AD, slows down Aβ clearance [50]. Whatever the cause of
Aβ accumulation, we believe that decreasing Aβ production
by specifically targeting the APP mRNA will contribute to a
decrease in the amyloid load to a non-toxic level. Actually,
all therapies targeting Aβ (secretase inhibitors, vaccines, etc.)
aim to reach this nontoxic level.
One limitation of our gene silencing approach is the
delivery of the ribozyme to the nervous system. The presence
of the blood-brain barrier limits the penetration of particle
as large as a lentivirus into the central nervous system
(CNS). To avoid this limitation local stereotaxic injections of
lentiviruses could be used. Although this method is invasive,
robust long-term and nontoxic lentiviral gene transfer is
feasible in the rodent and nonhuman primate brains [51, 52].
Expression over 3 to 8 months can be achieved and it has
been demonstrated that up to 90% of cells from the central
nervous system transduced by a lentiviral vector under the

International Journal of Alzheimer’s Disease
control of the NSE promoter are neurons [53, 54]. However
the method of choice for lentiviral delivery is the i.v. or i.p.
route. This could be achieved by the fusion of the low-density
lipoprotein receptor-binding domain of the apolipoprotein
B to the therapeutic molecule. Successful application of this
approach as a general method for the delivery of therapeutic
molecules to the CNS has been demonstrated [55]. Moreover
it remains possible that systemic presence of SOFA HDV
ribozymes will decrease Aβ level in the periphery and
concomitantly brain Aβ levels due to the “sink hypothesis.”
Evaluation of these delivery methods will involve extending
our study to animal models of Alzheimer’s disease, thus the
exciting potential of this new treatment will be revealed in
the future.
This development will involve extending our study
to animal models of Alzheimer’s disease, so the exciting
potential of this new treatment will be revealed in the future.
We have presented an original and unambiguous demonstration that a SOFA-HDV ribozyme can serve as an eﬃcient
gene silencing tool. Moreover, our results open the door
to further evaluation of SOFA-HDV ribozymes as potential
therapeutic molecules, or at least to a study demonstrating
whether a reduction in Aβ levels is a viable therapy against
Alzheimer’s disease.
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[16] S. S. Hébert, V. Bourdages, C. Godin, M. Ferland, M. Carreau,
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Background. Hypercholesterolemia and disruptions of the blood brain barrier (BBB) have been implicated as underlying
mechanisms in the pathogenesis of Alzheimer’s disease (AD). Simvastatin therapy may be of benefit in treating AD; however, its
mechanism has not been yet fully understood. Objective. To explore whether simvastatin could block disruption of BBB induced by
cholesterol both in vivo and in vitro. Methods. New Zealand rabbits were fed cholesterol-enriched diet with or without simvastatin.
Total cholesterol of serum and brain was measured. BBB dysfunction was evaluated. To further test the results in vivo, rat brain
microvascular endothelial cells (RBMECs) were stimulated with cholesterol in the presence/absence of simvastatin in vitro. BBB
disruption was evaluated. Results. Simvastatin blocked cholesterol-rich diet induced leakage of Evan’s blue dye. Cholesterol content
in the serum was aﬀected by simvastatin, but not brain cholesterol. Simvastatin blocked high-cholesterol medium-induced decrease
in TEER and increase in transendothelial FITC-labeled BSA Passage in RBMECs. Conclusions. The present study firstly shows that
simvastatin improves disturbed BBB function both in vivo and in vitro. Our data provide that simvastatin may be useful for
attenuating disturbed BBB mediated by hypercholesterolemia.

1. Introduction
The blood-brain barrier (BBB), a barrier between the central
nervous system (CNS) and the systemic circulation, maintains homeostasis within the brain microenvironment. The
anatomical substrate of the BBB is the cerebral microvascular
endothelium, which, together with astrocytes, pericytes, neurons, and the extracellular matrix, constitutes a “neurovascular unit” that is essential for the health and function of the
CNS. Failure of the BBB is a critical event in the progression
of several diseases, such as Alzheimer’s disease (AD) [1–4].
BBB breakdown is accompanied by an increase in the transendothelial permeability to substances, which can damage
the microenvironment of the brain and aﬀect the structure
and function of the CNS. Therefore, it is not surprising
that strategies have been developed to “repair” the BBB in
order to restore normal brain homeostasis and prevent the
infiltration of pharmacologically active (noxious) substances
into the brain. Cholesterol is one of the most notorious

natural risk factors for arteriosclerotic cerebrovascular disease [5, 6]. Mounting evidence suggests that cholesterol
also plays a critical role in the early stage of AD [7–9].
Hypercholesterolemia leads to increased BBB leakage, an
eﬀect that may contribute to AD pathogenesis [10, 11]. Thus,
blocking BBB disruption may have beneficial eﬀects against
AD caused by hypercholesterolemia. Several epidemiological
studies have revealed that cholesterol-lowering statins, which
are used for the treatment of coronary arterial disease, are
associated with a decreased risk of developing AD. However,
the mechanisms underlying this eﬀect remain unclear [8, 12].
Statins have been shown to ameliorate BBB dysfunction
resulting from a number of conditions, including diabetes,
transient focal cerebral ischemia, and HIV-1 [13–15]. However, the eﬀects of statins on BBB disruptions induced by
hypercholesterolemia have not been reported. To address
this question, the permeability of the BBB was studied in
vivo using rabbits fed a cholesterol-enriched diet and treated
with simvastatin, a widely used natural statin derived from
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fermentation. The eﬀect of simvastatin on BBB was also
performed using rat brain microvascular endothelial cells
(RBMECs) cultured under high-cholesterol conditions in
vitro.

2. Materials and Methods
2.1. Chemicals. Simvastatin capsules used in vivo were purchased from Nantong Hua Pharmaceutical Co., Ltd (Jiangsu,
China). The simvastatin used in vitro and Evans blue dye
were obtained from Sigma (St. Louis, MO, USA). Dulbecco’s
Modified Eagle’s Medium (DMEM), fetal bovine serum
(FBS), streptomycin, penicillin, DNase I, collagenase, collagenase/dispase, and fluorescein-isothiocyanate-conjugated
bovine serum albumin (FITC-BSA) were obtained from
Invitrogen (Carlsbad, CA, USA). Antibodies to ZO-1 and
occludin were purchased from Zymed (San Francisco, CA,
USA).
2.2. Animals and Treatment. Twenty-four adult male New
Zealand White rabbits (2356 ± 212 g) were used in this study.
Rabbits were housed individually in the rabbit facility and
were kept on a 12 h light/12 h dark cycle at 28 ± 2◦ C and
37–48% humidity. Animals were randomly assigned to three
groups. The control diet group (n = 8) consisted of rabbits
that received normal rabbit chow for 10 weeks. The other
rabbits were fed chow supplemented with 2% cholesterol
for 6 weeks and were then randomly assigned to either the
cholesterol group (n = 8), which was fed chow supplemented
with 2% cholesterol or the cholesterol + simvastatin group
(n = 8), which was fed chow supplemented with 2%
cholesterol and 5 mg/kg/d simvastatin for an additional 4
weeks. The olfactory bulbs, brain regions with an intact BBB
under normal physiological conditions, have been implicated
in Alzheimer’s disease by studies reporting that AD patients
experience olfactory dysfunction [16]. Other research has
shown that the hippocampus is characterized by a selective
fragility of the BBB and is often aﬀected by AD pathology
early in the disease process [17]. Accordingly, the olfactory
bulbs and hippocampus were two primary brain areas
examined in this study. All experiments were approved by the
Committee for Animal Care and Use at Tianjin University of
Traditional Chinese Medicine.
2.3. Evan’s Blue Leakage Assay. To assay BBB permeability,
Evans blue dye (4%; 25 mg/kg) was injected into rabbits
through the ear vein and allowed to circulate for 3 h before
the animals were anesthetized with pentobarbital sodium
salt (30 mg/kg). While deeply anesthetized, animals were
perfused with 37◦ C saline via the left cardiac ventricle to
wash out any vascular Evans blue. Following perfusion,
brains were quickly removed, and the olfactory bulbs and
hippocampi were isolated, weighed, and incubated for 72 h
with formamide in the dark at room temperature (25◦ C).
After incubation, samples were centrifuged at 10,000 ×g for
10 min, supernatants were collected, and the absorbance was
determined (Ex 620 nm and Em 680 nm) with a Jasco FP-777
spectrofluorimeter (Jasco UK Ltd, Essex, UK). Evan’s blue
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concentrations were calculated from standard curves, and
results were expressed as Evan’s blue/specimen wet weight
[18].
2.4. Immunohistochemistry. To evaluate the expression of
the tight junction proteins, occludin and zonula occluden-1
(ZO-1), cryostat brain sections (10 μm) of the olfactory bulbs
and hippocampi were fixed with acetone and then rinsed 3
times in 0.01 M PBS for 5 min each. Fluorescently labeled
primary antibodies against ZO-1 (Zymed, clone ZO1-1A12,
dilution 1 : 200) and occludin (Zymed, clone OC-3F10,
dilution 1 : 200) were diluted in PBS containing 1% Triton
X-100, applied to the brain sections and incubated overnight
at 4◦ C in a dark humidified chamber. Sections were rinsed 3
times in 0.01 M PBS for 5 min each and were subsequently
examined by Leica microscopy. Images were analyzed with
Image J software.
2.5. Serum and Brain Cholesterol Measurements. Total serum
cholesterol was measured in venous blood collected from
rabbit ear veins using standard enzymatic techniques with
a Fully Automatic Biochemistry Analyzer. Following perfusion, brains were removed quickly and the cortex and
hippocampus were removed and weighed. Cholesterol levels
in the cortex and hippocampus were measured using reversephase HPLC (ZORBAX XDB C18 4.6 × 250 mm Spheri5 RP C18 column, 5 μm, Agilent, flow rate, 0.8 mL/min) with
Varian Prostar 325 ultraviolet detection at 208 nm and LC
Workstation V6.2 Chromatographic Data System.
2.6. Primary Culture and Treatment of Rat Brain Microvessel
Endothelial Cells. Primary cultures of rat brain microvessel
endothelial cells (RBMECs) were isolated from Wistar rat
(approximately 100 g) brains using a combination of enzyme
digestion and ultracentrifugation approaches as described
previously [19], with minor modifications. In brief, fresh rat
brains were obtained, and the surface vessels and meninges of
the brains were removed. The grey matter was cut into 1 mm3
pieces, digested with 39 U/mL DNase I and 0.7 mg/mL
collagenase at 37◦ C for 1 h, and centrifuged at 1000 ×g for
10 min. After centrifugation, the supernatant was discarded,
20% BSA was added, and the resulting mixture was centrifuged at 1000 ×g for 20 min. The dark red pellet was
collected and subjected to further enzymatic digestion in
39 U/mL DNase I and 1 mg/mL collagenase/dispase for 1 h.
After centrifugation, the supernatant was discarded, and
brain capillary fragments were seeded onto matrigel-coated
Transwell filters (a pore size of 0.4 μm Transwell, Corning
Life Sciences, USA) in Dulbecco’s modified Eagle’s medium
supplemented with 20% FBS, 100 μg/mL heparin, 30 μg/mL
ECGF, and 2 mM glutamine. The purity of RBMECs was
>95% as determined by factor-VIII-related antigen and
immunocytochemical staining (data not shown). These
cultures, which were used as an in vitro model of the
BBB, were maintained for 8–10 days to obtain confluence
prior to starting experiments. When a stable transendothelial
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2.7. Transendothelial Electrical Resistance (TEER) Measurement with RBMECs. TEER was measured using a MillicellERS electrical resistance apparatus (Millipore, Eschborn,
Germany) 24 h after treatment with simvastatin. To study
the eﬀects of simvastatin on TEER, the Transwell inserts
with the RBMECs cultures mentioned above were placed into
the chamber electrode filled with HEPES-buﬀered (25 mM)
serum-free DMEM [21]. The symmetrically apposing electrodes were situated above and beneath the membrane,
allowing a uniform current density to flow across the membrane. The resistance was recorded when the meter indicated
a stable resistance. Resistance values of multiple transwell
inserts from each experimental group were expressed in
common units (Ω/cm2 ) after subtracting the value of a blank
cell-free filter.
2.8. Measurement of Transendothelial Protein Passage. Transendothelial permeability to macromolecules was assessed
by passage of fluorescein isothiocyanate-conjugated bovine
serum albumin (FITC-BSA) across the monolayer as
described previously [22]. In brief, primary RBMECs were
treated with cholesterol in the presence/absence of simvastatin as mentioned above. FITC-BSA (50 μg/mL) was added
to the upper chambers and its diﬀusion across the model
BBB was monitored using an FL600 microplate fluorescent
reader (Biotek, Winooski, VT) (Ex 488 nm, Em 525 nm)
3 h after the addition of FITC-BSA. BBB permeability
was calculated using the following formula: (BSA lower
chamber) × 100/(BSA upper chamber).

∗∗

∗

0.6
Evan’s blue dye leakage (µg/g tissue)

electrical resistance (TEER) value was obtained, the cultures
were washed twice with serum-free DMEM and treated with
water-soluble cholesterol (10 μM) for 24 h with or without
simvastatin (5 μM) to evaluate disruption transendothelial
permeability [20].
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Figure 1: Simvastatin blocks high-cholesterol diet-induced leakage
of Evan’s blue dye. New Zealand White rabbits were fed a normal
diet (10 weeks) or a high-cholesterol diet (10 weeks) with or
without simvasatin (over the final 4 weeks). After treatment, BBB
permeability was evaluated by measuring Evan’s blue dye leakage.
High-cholesterol diet significantly increased the leakage of Evan’s
blue dye into the olfactory bulbs and hippocampus, and these eﬀects
were attenuated by treatment with simvastatin (5 mg/kg/day during
weeks 7–10) (n = 8, ∗ P < 0.05; ∗∗ P < 0.01).

3. Results

3.2. Simvastatin Had No Eﬀect on the High-Cholesterol DietInduced Downregulation of Tight Junction Proteins In Vivo.
The tight junctions (TJs) between the endothelial cells
serve to restrict blood-borne substances from entering the
brain. ZO-1 and occluding were the major interendothelial
junctional proteins. Thus, to determine if the eﬀects of simvastatin on BBB permeability resulted from alterations in the
major interendothelial junctional proteins, the expression
of ZO-1 and occludin was examined in rabbits fed a highcholesterol diet treated with simvastatin. The results revealed
decreased immunostaining for ZO-1 (Figures 2(a) and 3(a))
and occludin (Figures 2(b) and 3(b)) in the olfactory bulbs
and hippocampi of rabbits fed a high-cholesterol diet for 10
weeks when compared to rabbits fed a normal diet. However,
simvastatin (5 mg/kg/day for 4 weeks) had no eﬀects on
either the expression of occludin or ZO-1.

3.1. Simvastatin Attenuates High Cholesterol Diet-Induced
Leakage of Evan’s Blue Dye In Vivo. BBB integrity was
assessed by Evans blue extravasation (Figure 1). Evans blue
is normally excluded from the brain parenchyma by the
BBB and is only detectable when the integrity of the BBB
is compromised. Increased BBB permeability was observed
in rabbits fed a high-cholesterol diet (supplemented with
2% cholesterol for 10 weeks), as evidenced by the increased
Evans blue content in their olfactory bulbs and hippocampi
when compared to those of rabbits fed a normal diet. Oral
administration of simvastatin at a dose of 5 mg/kg/day for
4 weeks (weeks 7–10) attenuated the high cholesterol dietinduced leakage of Evan’s blue dye in both the olfactory bulb
and the hippocampus.

3.3. Simvastatin Aﬀects Plasma Levels of Cholesterol but Not
Levels of Cholesterol in the Brain. Cholesterol seems to play
an important role in the development of AD. Therefore,
it is of interest to evaluate the eﬀects of high doses of
simvastatin on levels of cholesterol in serum and in brain.
As expected, rabbits fed a cholesterol-enriched diet for 10
weeks exhibited over a 20-fold increase in total serum
cholesterol concentration. Treatment of high-cholesteroldiet-fed rabbits with simvastatin (5 mg/kg/day for 4 weeks)
significantly reduced plasma cholesterol levels. However,
cholesterol levels in the hippocampus and cortex were not
aﬀected by a cholesterol-enriched diet in the presence or
absence of simvastatin (Table 1).

2.9. Statistical Analyses. All data were expressed as mean ±
SD. Statistical significance for multiple comparisons was
determined using one-way ANOVAs and Tukey’s post hoc
tests with SPSS software (SPSS, Chicago, IL, USA). The
significance threshold was set at P < 0.05.
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Figure 2: Simvastatin has no eﬀect on high-cholesterol diet-induced downregulation of tight junction proteins. Cryostat sections of the
olfactory bulbs and hippocampus were incubated with fluorescently labeled antibodies against occludin and ZO-1, and representative
images for each treatment group are shown. (a) Decreased ZO-1 immunostaining was observed in the olfactory bulbs and hippocampus
of cholesterol-fed rabbits (supplemented with 2% cholesterol for 10 weeks). This eﬀect was not blocked by treatment with simvastatin
(5 mg/kg/day for 4 weeks). (b) Decreased occludin immunostaining was observed both in the olfactory bulbs and hippocampus of
cholesterol-fed rabbits, and this eﬀect was not blocked by simvastatin (200×).
Table 1: Concentration of total cholesterol (TC) in the serum, cortex, and hippocampus of rabbits fed a control diet, high-cholesterol diet,
and high-cholesterol diet plus simvastatin.
Group
Control diet
Cholesterol diet
Cholesterol diet + simvastatin

Serum TC
51.4 ± 9.96b
1449.6 ± 677.1
866.1 ± 147.46a

Cortex TC
1.29 ± 0.16
1.25 ± 0.13
1.27 ± 0.11

Hippocampus TC
1.36 ± 0.14
1.31 ± 0.23
1.38 ± 0.10

The concentration of total serum cholesterol is expressed as g/mL and the concentration of total cortex or hippocampus cholesterol is expressed as g/100 g wet
weight of tissue. Data are expressed as means ± S.D. (n = 8; a P < 0.05; b P < 0.01; compared with Cholesterol diet).

3.4. Simvastatin Blocks the TEER Decline and Increased
Transendothelial Protein Permeability Induced by High Levels
of Cholesterol In Vitro. To further verify the observed eﬀects
of simvastatin, primary cultures of brain endothelial cells,
the most important component of the BBB, were examined.
Primary RBMECs were stimulated with cholesterol (10 μM)
in the presence/absence of simvastatin (5 μM) for 24 h.
Potential changes in the integrity of the BBB were assessed
by measuring TEER and the permeability of an RBMEC
monolayer to FITC-BSA. Figure 4(a) shows that cholesterol
markedly retarded the development of TEER of RBMEC

monolayers during postconfluent growth. A significant eﬀect
of simvastatin (5 μM) became visible after a 24 h treatment
of RBMECs. Consistent with the results of TEER, cholesterol
was shown to induce increased permeability to the large
molecular weight tracer FITC-BSA, and this eﬀect was
significantly blocked by simvastatin (Figure 4(b)).

4. Discussion
Our results showed that simvastatin significantly reduces
leakage of Evan’s blue dye across the BBB but does not
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Figure 3: Simvastatin has no eﬀect on high-cholesterol diet-induced downregulation of tight junction proteins. Images from Figure 2 were
analyzed with Image J software. (a) Quantitative data from Figure 2(a) demonstrates that a high-cholesterol diet significantly decreases
ZO-1 immunoreactivity in the olfactory bulbs and hippocampus, an eﬀect that was not blocked by simvastatin. (b) Quantitative data
from Figure 2(b) demonstrates that a high-cholesterol diet significantly decreased occludin immunoreactivity in the olfactory bulbs and
hippocampus. However, this eﬀect was not blocked by simvastatin treatment (5 mg/kg/day for 4 weeks) (n = 8, ∗ P < 0.05).
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Figure 4: Simvastatin blocks cholesterol-induced TEER decline and transendothelial permeability in vitro. Rat primary brain endothelial
cells were stimulated for 24 h with 10 μM cholesterol in the presence or absence of simvastatin (5 μM). TEER of confluent RBMECs (a)
and permeability of FITC-BSA (b) were measured. Simvastatin significantly blocks both the TEER decline and the increase in FITC-BSA
permeability induced by high cholesterol (a, b). TEER was expressed in ohms per square centimeter for electrical resistance (n = 8, ∗ P < 0.05;
∗∗
P < 0.01).

aﬀect the expressions of the tight junction proteins, occlud,
and ZO-1, in rabbits fed a cholesterol-rich diet. In addition,
our data indicate that simvastatin alters plasma levels of
cholesterol but does not aﬀect levels of cholesterol in the
brain. We also observed that cotreatment with simvastatin
blocked the cholesterol-induced increase in transendothelial
permeability and the cholesterol-induced decrease in TEER
observed in primary cultured RBMECs. The semipermeable

BBB restricts the diﬀusion of blood-borne substances into
the brain parenchyma. Disruptions in the BBB can cause
chemical imbalances in the neuronal “milieu,” ultimately
resulting in synaptic and neuronal dysfunction. Disruption
of the BBB is a hallmark of Alzheimer’s disease [10, 11].
Furthermore, elevated plasma cholesterol has been shown to
increase BBB permeability and is a possible risk factor for AD
[2, 23–26]. Consistent with the above findings, the present
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study demonstrated that high levels of cholesterol can induce
leakage of the BBB in vivo and disrupt the integrity of in vitro
models of the BBB.
AD, a type of dementia that aﬀects millions of elderly
individuals, is the fourth leading cause of death among
the elderly in developed countries [27]. Current therapeutic
interventions for AD are largely ineﬀective. Epidemiological
studies reveal a lower prevalence of AD in patients with
hypercholesterolemia who are taking statins, a frequently
prescribed class of lipid-lowering drugs [28, 29]. Several
experiments have shown that statins may be potentially
beneficial in the treatment of AD via their direct eﬀects
on brain cholesterol metabolism [30, 31]. However, other
studies have failed to demonstrate a reduction in the
ratio between 24S-hydroxycholesterol and cholesterol, in
response to statin treatment [32]. At the same time, recent
retrospective epidemiological studies have reported that the
use of statins, but not nonstatin lipid-lowering agents, may
reduce the risk of developing AD [8, 12]. Consistent with
previous findings [33], our results also demonstrate that
short-term simvasatin treatment does not aﬀect brain total
cholesterol; however, it has an eﬀect on BBB integrity. This
result suggests that the mechanisms by which statins protect
against AD may extend beyond their lipid-lowering eﬀects.
Amyloid deposition is seen as the core pathological aspects
of AD. Cholesterol has been mainly considered for dementia
through promoting the generation of amyloid. However,
immunization trials targeting the removal of amyloid-β
plaques in Alzheimer’s disease have so far failed to stop the
progression of dementia. Recent data show that to reduce
oxidative stress and inflammation-related factors in the brain
by interfering with the permeability of the BBB may enhance
the therapeutic eﬀect mentioned above [34]. Therefore,
to maintain the integrity of the BBB maybe more closely
associated with the action of simvastatin on preventing AD
instead of lipid-lowering eﬀects.
The current study provides the first evidence for the
protective eﬀects of simvastatin against BBB disruptions
both in rabbits with hypercholesterolemia and in RBMECs
exposed to cholesterol-enriched media. In rabbits fed a highcholesterol diet, simvastatin reduced the leakage of Evan’s
blue dye into the olfactory bulb and hippocampus. To follow
up these findings, we subsequently carried out an in vitro
study using brain microvascular endothelial cells exposed to
10 μM cholesterol as a model of BBB disruption. We found
that simvastatin blocks the TEER decline and increased
transendothelial permeability induced by high cholesterol, a
result that corresponded well with our observed results in
vivo. Because tight junctions between cerebral microvascular
endothelial cells form the basis of the BBB [35], we examined
the expression of two tight junction proteins, occludin and
ZO-1, after simvastatin treatment. However, we found that
simvasatin had no eﬀect on the expression of tight junction
proteins. These results suggest that simvastatin blocks BBB
leakage induced by elevated cholesterol, independent of
changes in the expression of the tight junction molecules,
occludin and zonula occluden-1. This finding is in agreement
with at least one previous report in the literature [22], which
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showed similar results in an in vitro model of multiple
sclerosis.
In the present study, we did not explore the detailed
molecular mechanisms whereby simvastatin protects against
BBB disruption. However, we did demonstrate that simvastatin is eﬀective in ameliorating BBB disruption induced by
high-cholesterol diet in rabbits and in reducing cholesterolinduced endothelial permeability in an in vitro model of BBB
disruption.

5. Conclusion
To the best of our knowledge, the present study is the
first to show that simvastatin improves BBB integrity both
in rabbits fed a high-cholesterol diet and in a cholesterolinduced in vitro model of BBB disruption using primary
cultured RBMECs. Our data provide a new mechanism
underlying the neuroprotective activity of simvastatin and
suggest that simvastatin may be useful in the treatment of
BBB disruptions induced by hypercholesterolemia.

Authors’ Contributions
X. Jiang and M. Guo contributed equally to this work.

Conflict of Interests
The authors declare that they have no conflict of interests.

Acknowledgments
This work was supported by Natural Science Foundation
of Tianjin, China (no. 08JCYBJC10800), Doctoral Program
Foundation of Institutions of Higher Education of China
(no. 20101210120008), National Natural Science Foundation
of China (no. 81102699), Health Bureau Foundation of Tianjin, China (no. 09KZ115), and Tianjin Education Foundation
of Tianjin, China (no. 20070314).

References
[1] L. Claudio, “Ultrastructural features of the blood-brain barrier in biopsy tissue from Alzheimer’s disease patients,” Acta
Neuropathologica, vol. 91, no. 1, pp. 6–14, 1996.
[2] D. L. Sparks, “Coronary artery disease, hypertension, ApoE,
and cholesterol: a link to Alzheimer’s disease?” Annals of the
New York Academy of Sciences, vol. 826, pp. 128–146, 1997.
[3] B. V. Zlokovic, “The blood-brain barrier in health and chronic
neurodegenerative disorders,” Neuron, vol. 57, no. 2, pp. 178–
201, 2008.
[4] R. D. Bell and B. V. Zlokovic, “Neurovascular mechanisms
and blood-brain barrier disorder in Alzheimer’s disease,” Acta
Neuropathologica, vol. 118, no. 1, pp. 103–113, 2009.
[5] M. Sato, Y. Katsuki, H. Kanehiro et al., “Eﬀects of ethyl allcis-5,8,11,14,17-icosapentaenoate on the physical properties
of arterial walls in high cholesterol diet-fed rabbits,” Journal
of Cardiovascular Pharmacology, vol. 22, no. 1, pp. 1–9, 1993.
[6] P. Natarajan, K. K. Ray, and C. P. Cannon, “High-density
lipoprotein and coronary heart disease: current and future
therapies,” Journal of the American College of Cardiology, vol.
55, no. 13, pp. 1283–1299, 2010.

International Journal of Alzheimer’s Disease
[7] L. Puglielli, R. E. Tanzi, and D. M. Kovacs, “Alzheimer’s disease: the cholesterol connection,” Nature Neuroscience, vol. 6,
no. 4, pp. 345–351, 2003.
[8] B. Wolozin, “Cholesterol and the biology of Alzheimer’s
disease,” Neuron, vol. 41, no. 1, pp. 7–10, 2004.
[9] M. Panchal, J. Loeper, J. C. Cossec et al., “Enrichment
of cholesterol in microdissected Alzheimer’s disease senile
plaques as assessed by mass spectrometry,” Journal of Lipid
Research, vol. 51, no. 3, pp. 598–605, 2010.
[10] B. D. Zipser, C. E. Johanson, L. Gonzalez et al., “Microvascular
injury and blood-brain barrier leakage in Alzheimer’s disease,”
Neurobiology of Aging, vol. 28, no. 7, pp. 977–986, 2007.
[11] R. Deane and B. V. Zlokovic, “Role of the blood-brain barrier
in the pathogenesis of Alzheimer’s disease,” Current Alzheimer
Research, vol. 4, no. 2, pp. 191–197, 2007.
[12] K. Rockwood, S. Kirkland, D. B. Hogan et al., “Use of lipidlowering agents, indication bias, and the risk of dementia in
community-dwelling elderly people,” Archives of Neurology,
vol. 59, no. 2, pp. 223–227, 2002.
[13] A. D. Mooradian, M. J. Haas, O. Batejko, M. Hovsepyan,
and S. S. Feman, “Statins ameliorate endothelial barrier
permeability changes in the cerebral tissue of streptozotocininduced diabetic rats,” Diabetes, vol. 54, no. 10, pp. 2977–2982,
2005.
[14] T. N. Nagaraja, R. A. Knight, R. L. Croxen, K. P. Konda,
and J. D. Fenstermacher, “Acute neurovascular unit protection
by simvastatin in transient cerebral ischemia,” Neurological
Research, vol. 28, no. 8, pp. 826–830, 2006.
[15] S. Lee, V. Jadhav, T. Lekic et al., “Simvastatin treatment in
surgically induced brain injury in rats,” Acta Neurochirurgica,
Supplementum, no. 102, pp. 401–404, 2008.
[16] R. I. Mesholam, P. J. Moberg, R. N. Mahr, and R. L.
Doty, “Olfaction in neurodegenerative disease: a meta-analysis
of olfactory functioning in Ahlzheimer’s and Parkinson’s
diseases,” Archives of Neurology, vol. 55, no. 1, pp. 84–90, 1998.
[17] M. Ueno, H. Sakamoto, H. Tomimoto et al., “Blood-brain
barrier is impaired in the hippocampus of young adult
spontaneously hypertensive rats,” Acta Neuropathologica, vol.
107, no. 6, pp. 532–538, 2004.
[18] F. Wang, Y. Cheng, J. Mei et al., “Focused ultrasound
microbubble destruction-mediated changes in blood-brain
barrier permeability assessed by contrast-enhanced magnetic
resonance imaging,” Journal of Ultrasound in Medicine, vol. 28,
no. 11, pp. 1501–1509, 2009.
[19] H. Liu, H. Yang, D. Wang et al., “Insulin regulates Pglycoprotein in rat brain microvessel endothelial cells via
an insulin receptor-mediated PKC/NF-κB pathway but not a
PI3K/Akt pathway,” European Journal of Pharmacology, vol.
602, no. 2-3, pp. 277–282, 2009.
[20] G. P. V. N. Amerongen, M. A. Vermeer, P. Negre-Aminou, J.
Lankelma, J. J. Emeis, and V. W. M. van Hinsbergh, “Simvastatin improves disturbed endothelial barrier function,”
Circulation, vol. 102, no. 23, pp. 2803–2809, 2000.
[21] W. Zhang and L. Y. Lim, “Eﬀects of spice constituents
on P-glycoprotein-mediated transport and CYP3A4-mediated
metabolism in vitro,” Drug Metabolism and Disposition, vol.
36, no. 7, pp. 1283–1290, 2008.
[22] I. Ifergan, K. Wosik, R. Cayrol et al., “Statins reduce human
blood-brain barrier permeability and restrict leukocyte migration: relevance to multiple sclerosis,” Annals of Neurology, vol.
60, no. 1, pp. 45–55, 2006.
[23] I. L. Notkola, R. Sulkava, J. Pekkanen et al., “Serum total
cholesterol, apolipoprotein E ε4 allele, and Alzheimer’s disease,” Neuroepidemiology, vol. 17, no. 1, pp. 14–20, 1998.

7
[24] O. Ghribi, M. Y. Golovko, B. Larsen, M. Schrag, and E. J. Murphy, “Deposition of iron and β-amyloid plaques is associated
with cortical cellular damage in rabbits fed with long-term
cholesterol-enriched diets,” Journal of Neurochemistry, vol. 99,
no. 2, pp. 438–449, 2006.
[25] C. Kirsch, G. P. Eckert, A. R. Koudinov, and W. E. Müller,
“Brain cholesterol, statins and Alzheimer’s disease,” Pharmacopsychiatry, vol. 36, no. 2, pp. S113–S119, 2003.
[26] A. E. Roher, Y. M. Kuo, K. M. Kokjohn, M. R. Emmerling, and
S. Gracon, “Amyloid and lipids in the pathology of Alzheimer
disease,” Amyloid, vol. 6, no. 2, pp. 136–145, 1999.
[27] K. A. Swanson and R. M. Carnahan, “Dementia and comorbidities: an overview of diagnosis and management,” Journal
of Pharmacy Practice, vol. 20, no. 4, pp. 296–317, 2007.
[28] H. Jick, G. L. Zornberg, S. S. Jick, S. Seshadri, and D. A.
Drachman, “Statins and the risk of dementia,” The Lancet, vol.
356, no. 9242, pp. 1627–1631, 2000.
[29] D. L. Sparks, M. Sabbagh, D. Connor et al., “Statin therapy in
Alzheimer’s disease,” Acta Neurologica Scandinavica, vol. 114,
supplement 185, pp. 78–86, 2006.
[30] K. M. Thelen, R. Laaksonen, H. Päivä, T. Lehtimäki, and
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As the societal and economic burdens of Alzheimer’s disease (AD) continue to mount, so does the need for therapies that slow
the progression of the illness. Beta amyloid has long been recognized as the pathologic hallmark of AD, and the past decade has
seen significant progress in the development of various immunotherapeutic approaches targeting beta amyloid. This paper reviews
active and passive approaches aimed at beta amyloid, with a focus on clinical trial data.

1. Introduction
Alzheimer’s disease (AD) is by far the most common form
of dementia, and the social and economic burdens of AD
continue to mount. In 2010, an estimated 36 million people
worldwide were living with dementia—a number that is
projected to increase to 66 million in 2030, and 115 million in
2050 [1]. According to the World Alzheimer Report, the
worldwide cost of dementia is estimated at USD $604 billion
for 2010 [1], and according to one model, this cost has
increased by 34% between 2005 and 2009 [2]. These statistics
must be considered in parallel with the immeasurable
emotional and psychological burdens that AD places on
patients and families.
Significant progress in the treatment of AD has been
made since the initial description of the disease by Alois
Alzheimer in 1907 [3]. Cholinesterase inhibitors and memantine are potential therapies for the management of many
cognitive symptoms of AD, but these neurotransmitter-based
approaches do not address the underlying pathology of
the illness, and ultimately fail to prevent its progression.
The pathologic triad of AD—the accumulation of toxic
beta amyloid with the formation of extracellular betaamyloid-containing plaques, the development of intracellular neurofibrillary tangles, and the degeneration of cerebral
neurons—provides numerous potential targets for diseasemodifying therapies. Multiple lines of evidence now suggest,

however, that it is the production and/or deposition of toxic
forms of beta amyloid, along with the slowing of betaamyloid clearance, that act as the central and primary events
in AD pathogenesis, while neurofibrillary tangle formation
and neuronal cell death occur downstream in this amyloid
cascade [4–6]. Recent in vitro work has demonstrated that
beta-amyloid dimers (the major form of soluble oligomers
in the human brain) isolated from patients with AD induce
both the abnormal phosphorylation of tau that is characteristic of AD and the degeneration of neurites, providing
further confirmation of the pivotal role of beta amyloid in the
pathogenesis of AD [7]. The search for a disease modifying
therapy—one that aﬀects underlying pathology and has a
measurable and long-lasting eﬀect on the progression of
disability—has thus been aimed primarily at the study of beta
amyloid.
The demonstration of disease modification is best
supported by both clinical and biomarker endpoints. A
biomarker is an objectively measured characteristic that can
be evaluated as an indicator of normal biologic processes,
pathogenic processes, or pharmacologic responses to a
therapeutic intervention [8]. Several potential biomarkers
have been identified in AD and are currently under investigation in interventional clinical trials. These biomarkers
should be reflective of changes in the pathology of the AD
brain, such as cerebral beta-amyloid deposition, abnormal
phosphorylation of tau, or neurodegeneration.
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Recent advances in positron emission tomography (PET)
imaging have made possible the in vivo detection and quantification of beta amyloid using amyloid-specific ligands,
such as the 11 C Pittsburgh Compound B (PiB) [9, 10].
Elevated levels of tau protein in the cerebrospinal fluid (CSF)
are markers of active neuronal degeneration [11], while
levels of abnormally phosphorylated tau (P-tau) appear to
correlate with the quantity of neurofibrillary tangles in the
brain, suggesting that CSF P-tau may serve as an in vivo
biomarker of the neurofibrillary pathology of AD [12].
Magnetic resonance imaging (MRI)- based measures of
cerebral atrophy, most likely the result of excessive neuronal
death, correlate closely with the rate of neuropsychological
decline in patients with AD [13]. These and other biomarkers
will likely play an important role in demonstrating the eﬀect
of any therapy on cerebral amyloid and the downstream
processes that are aﬀected through beta-amyloid removal.

2. Active and Passive Immunotherapeutic
Approaches to Beta-Amyloid Clearance
While numerous strategies have been developed to limit
cerebral beta-amyloid deposition and/or facilitate betaamyloid clearance, the most extensive preclinical and clinical
experience to date has come from immunotherapeutic
approaches, which can be broadly classified as either active
or passive (Figure 1).
Passive immunotherapy refers to the direct administration of anti-beta-amyloid antibodies, obviating the
need for patients to mount an antibody response. Passive immunotherapy in the form of specifically designed
monoclonal antibodies allows for the precise targeting of
beta-amyloid epitopes. In contrast, active immunotherapy involves the administration of either full-length betaamyloid peptides or peptide fragments to activate the
patient’s immune system in order to produce anti-betaamyloid antibodies. The beta-amyloid peptides or peptide
fragments can be conjugated to a carrier protein and may
be administered with an adjuvant in order to help stimulate
the immune response. As active immunotherapy relies on
the patient’s own immune response, the extent and nature
of anti-beta-amyloid antibody production is likely to vary
among individuals, and some patients may not be able to
mount a meaningful antibody titer. Active immunotherapy
can induce an oligoclonal (as opposed to monoclonal)
response with antibodies that diﬀer with respect to their
binding aﬃnity for a number of toxic beta-amyloid species.
Unlike passive immunotherapy, which has to be readministered at frequent intervals, active immunotherapy has the
potential to produce persistent levels of anti-beta-amyloid
antibody titers with less-frequent administration.

3. Insights from Preclinical Studies
An extensive body of preclinical work (summarized briefly
here and reviewed more extensively elsewhere) [14] provides support for an immunotherapeutic approach to betaamyloid lowering in AD. In 1999, Schenk et al. published
a seminal study demonstrating that the administration of
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beta amyloid42 prevented beta-amyloid plaque formation in
platelet-derived growth factor promoter (PDAPP) transgenic
mice, a mouse model which overexpresses human amyloid
precursor protein [15]. Animals treated with this active
immunotherapy also demonstrated a marked attenuation in
neuritic dystrophy and astrogliosis [15]. Older mice that had
already developed some neuropathologic changes at the time
of treatment showed a reduction in AD-like neuropathology
as compared with older nontreated controls [15]. Schenk’s
pathology-focused work was followed by the demonstration
that beta-amyloid vaccination protected “double transgenic”
(APP + PS1) mice from developing the learning and memory
deficits that normally occurred in this animal model [16].
Vaccinated double transgenic mice performed as well as nontransgenic controls on the radial-arm water-maze test, suggesting that vaccination may have the potential to restore the
wild type phenotype. The ability of beta-amyloid vaccination
to attenuate beta-amyloid pathology and behavioral deficits
has also been demonstrated in other transgenic models [17].
In parallel with the active immunotherapeutic approaches described above, preclinical studies utilizing passive immunotherapy spearheaded by Bard et al. established
that peripherally administered anti-beta-amyloid antibodies
enter the central nervous system and bind to amyloid plaques
in PDAPP mice, resulting in a plaque reduction of up to 86%
as compared with untreated controls [18]. Plaque clearance
was shown to occur through fragment crystallizable (Fc)
receptor-mediated phagocytosis by microglial cells, with
no evidence of T-cell response activation [18]. Additional
work by Wilcock et al. confirmed that administration of
anti-beta-amyloid antibodies resulted in the activation of
brain microglia (as evidenced by microglial expression of
CD45 and the FcΥ receptor), reduced brain beta-amyloid
deposits, and improved performance on the Y-maze behavior
task in APP transgenic mice [19]. Recent in vitro findings
demonstrate that antibodies directed at the N-terminal of
beta amyloid neutralize the cytoskeletal alterations that are
induced by beta-amyloid dimers [7] and that the murine
form of bapineuzumab (3D6) interacts with soluble betaamyloid species. The murine form of bapineuzumab was also
eﬀective at neutralizing several in vitro and in vivo measures
of synaptotoxicity in preclinical models [20].
Although Fc receptor-mediated phagocytosis is believed
to play a role in immunotherapy-induced beta-amyloid
clearance, other studies have demonstrated that Fc receptor interactions are not necessarily required for betaamyloid removal [21, 22]. These experiments suggest that
other mechanisms may also be involved in the antibodymediated clearance of beta amyloid with active and passive
immunotherapy. One of these proposed mechanisms speculates that anti-beta-amyloid antibodies exert their eﬀect not
in the brain but rather in the periphery, where they bind
to circulating beta-amyloid molecules and reduce the free
concentration of beta amyloid in the blood. According to
this “peripheral sink” hypothesis, the equilibrium across the
blood-brain barrier is then altered to favor the next eﬄux
of beta amyloid from the brain [23]. Another hypothesis
proposes that the binding of anti-beta-amyloid antibodies to
the beta-amyloid molecule alters its conformation so that it
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Figure 1: Passive and active immunotherapeutic approaches to beta-amyloid clearance. Beta-amyloid immunotherapeutic compounds
currently in clinical trials utilize anti-beta-amyloid antibodies, generated through either passive or active immunotherapy approaches (left),
to target beta amyloid and promote its clearance from the brain and proteolysis (right), potentially reversing the neuropathology that leads
to cognitive dysfunction. Aβ: beta amyloid.

is less likely to form the fibrillar aggregates associated with
AD pathology [24].
Preclinical data is also available for human intravenous
immunoglobulin (IVIG). Magga et al. demonstrated that
peripherally administered IVIG penetrated the blood-brain
barrier and bound to beta-amyloid deposits in mouse brain
[25]. In addition, IVIG obtained from the plasma of healthy
human volunteers protected mouse hippocampal neurons
from beta-amyloid toxicity in vitro [25]. The eﬀects of IVIG
may be due in large part to the presence of naturally occurring anti-beta-amyloid antibodies, which are abundant in
human plasma but decline with age and advancing AD [26].
Numerous other mechanisms of action have been proposed
for IVIG, including complement binding, interference with
B-cell diﬀerentiation, and cytokine modulation [27].

4. Clinical Trials with Active Immunotherapy
4.1. AN1792
4.1.1. Phase 1 Trial. Following on the promising preclinical
results described above, AN1792, a synthetic beta-amyloid
peptide, was the first active amyloid immunotherapy tested
in clinical trials [28]. The initial study randomized 80
subjects with mild-to-moderate AD; 64 subjects received
AN1792 with QS-21 (adjuvant) and 16 received QS-21
alone [28]. Injections were administered 4 times over a 24week period, with an optional extension phase that allowed
subjects to receive up to 4 additional injections over a total
follow-up time of 84 weeks [28].
Of the 64 subjects who received AN1792, 53% developed
a positive anti-AN1792 antibody response (defined as an
antibody titer ≥1 : 1,000) at one or more points during the
trial [28]. Exploratory eﬃcacy analyses showed no diﬀerence
between rates of cognitive decline in treated and control
groups as measured by the Alzheimer’s Disease Assessment

Scale-Cognitive (ADAS-cog) and Mini-Mental State Examination (MMSE) [28]. At week 84, however, patients who
had received AN1792 showed less functional decline (as
measured by the Disability Assessment for Dementia [DAD])
than those treated with QS-21 alone (adjusted mean values
−14.15 versus −36.42, P < 0.002) [28].
Although the vast majority of adverse events (AEs)
reported during the initial study were either mild or moderate in nature, one patient treated with AN1792 developed
severe dizziness, disorientation, and functional deterioration
[28]. This patient died approximately 1 year after her fifth
and final injection of AN1792, and a few weeks after dose
administration in the phase 2a trial was halted due to
cases of meningoencephalitis (see below) [28]. The patient’s
postmortem examination revealed changes consistent with
T-lymphocytic meningoencephalitis and was also significant
for extensive cortical areas devoid of beta-amyloid plaques
[29].
4.1.2. Phase 2a Trial and Meningoencephalitis. The phase
2a study of AN1792 in mild-to-moderate AD randomized
300 patients to receive AN1792 (QS-21) and 72 patients to
receive placebo [30]. Dosing was halted after 18 AN1792
(QS-21)-treated patients (6% of all patients who received
active therapy) developed aseptic meningoencephalitis [30].
AN1792-associated meningoencephalitis was variable with
respect to clinical presentation, severity, and resolution.
Most patients developed progressive confusion, lethargy, and
headache [31]. Other reported signs and symptoms included
fever, nausea, vomiting, seizures, and focal neurologic signs
[31]. Meningoencephalitis developed from 5 to 168 days after
the last injection of AN1792, with a median latency of 40
days [31]. While most patients experienced a monophasic
illness, 4 patients developed a relapse following the initial
resolution of meningoencephalitis, and 2 of these relapses
were severe [31]. Recovery was reported in 12 of the 18
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patients, while 6 patients were noted to have persistent
sequelae at the conclusion of the trial [31]. No additional
cases of meningoencephalitis were reported over a 4.6-year
follow-up study of subjects previously enrolled in the 2a
trial [32]. No cases of meningoencephalitis occurred in the
placebo-treated patients [31, 32].
Geometric mean serum anti-AN1792 antibody titers
were not significantly higher in those patients who developed
meningoencephalitis than in those who did not [30]. Five
of the 18 patients with meningoencephalitis did not meet
the antibody responder criterion (defined here as a serum
anti-AN1792 IgG [total] titer ≥1 : 2,200 at any time after
injection), and one patient with meningoencephalitis had
serum IgG titers <1 : 50 over the entire study course [30]. No
correlation was established between antibody titers and timeto-symptom onset, severity of illness, or relapse [31].
MRI findings in patients with meningoencephalitis were
also variable, ranging from subtle meningeal enhancement to
cerebral edema and extensive parenchymal signal abnormalities with a predominantly posterior distribution [31]. No
hemorrhagic findings (such as microhemorrhages or larger
hemosiderin deposits) were reported [31]. CSF analysis was
performed in 17 of the 18 cases; 16 of these revealed a
lymphocytic pleocytosis, with WBC counts ranging from 15
to 130 cells/mL, and CSF protein from 0.33 to 3.1 g/L (33–
310 mg/dL) [31]. Glucose levels were within normal limits
[31]. IgG levels were elevated in 3 of 4 patients tested, and
oligoclonal bands were reported in 2 of the 18 cases [31].
One possible factor in the development of meningoencephalitis (which had not occurred in preclinical studies) in
this subset of AN1792 (QS-21)-treated patients stems from
the introduction of polysorbate 80 into the formulation [30].
At the late stages of the phase 1 trial described above, polysorbate 80 was added to prevent AN1792 (QS-21) precipitation
[29]. The single subject who developed meningoencephalitis
in the phase 1 study did so approximately 36 days after
receiving the fifth dose of AN1792 (QS-21), which was
also the first dose using the altered formulation [29]. It is
possible that the addition of polysorbate 80 resulted in an
increased exposure of amyloid-beta1−42 amino acids to epitopes capable of mounting an inflammatory T-cell response
[30, 33]. Peripheral blood mononuclear cell isolates from
patients who received AN1792 were analyzed for cytokine
response to beta-amyloid-derived peptides using enzymelinked immunosorbent spot (ELIspot) assays. These assays
showed a diﬀerence in the quality of the T-cell response
induced by the two diﬀerent formulations of AN1792,
with isolates from patients who received the polysorbate
80-containing formulation more likely to exhibit a betaamyloid-specific proinflammatory Th1 response. The specificity of the antibody response did not diﬀer between the two
formulations and was directed almost exclusively to the Nterminus [33]. Neuropathologic examination of one case of
meningoencephalitis revealed a perivascular T-cell infiltrate
with a lack of B lymphocytes, as well as microglial activation
and multinucleated giant cells [34]. Lymphocyte distribution
was most prominent in the temporal cortex, hippocampus,
and amygdale and did not match the observed distribution
of beta-amyloid clearance. Lymphocyte distribution did
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appear to correspond with the finding of collapsed plaques,
which were characterized by abnormal morphology and
composed of dense amyloid cores surrounded by activated
microglial cells. This colocalization of lymphocytic infiltrates
and abnormal plaques may suggest that meningoencephalitis
was related to abnormal beta-amyloid processing and not to
beta-amyloid clearance [34].
4.1.3. Immunologic and Clinical Outcomes. At the time of
discontinuation of dosing due to meningoencephalitis, over
90% of patients in the phase 2a trial had received 2 of the
planned 6 injections of AN1792 (QS-21)/placebo [30]. The
study was amended to allow safety follow-up for at least
9 months after the last injection [30]. Despite the limited
number of administered injections, approximately 20% of
the subjects treated with AN1792 (QS-21) were classified as
antibody responders [30].
As expected, the AN1792 phase 2a study demonstrated
no diﬀerences between treatment groups in the majority of
the cognitive, functional, and global change scores, which
became exploratory measures when dosing was discontinued [30]. However, the composite Neuropsychological Test
Battery (NTB) z-score, as well as other NTB component
scores including the memory scores, showed less worsening
in the antibody responder group compared with the placebo
group (P = 0.020) at month 12 [30]. Moreover, there was
a direct relationship between mean antibody titers and the
overall composite NTB z-score, as well as NTB z-scores
for all memory, immediate memory, and delayed memory,
indicating greater improvements from baseline in patients
with higher antibody titers [30].
The short-term results of the abbreviated phase 2a trial
must be viewed in the context of the long-term follow-up
study, which enrolled 159 of the patients who had originally
participated in the AN1792 phase 2a trial, including 25 antibody responders, 104 low/nonresponders, and 30 placebotreated patients [32]. Of the 19 antibody responders who
submitted a blood sample for testing, 17 (89.5%) demonstrated a persistently positive anti-AN1792 antibody titer
approximately 4.6 years after their last injection of AN1792
[32]. Although these titers were low (geometric mean of
1 : 331.5), they seemed suﬃcient to provide meaningful longterm benefits in some of the eﬃcacy findings that were examined in this population [32]. As compared with placebotreated patients, antibody responders had a 25% lower
decline in activities of daily living as assessed by the DAD,
a reduction in decline on the Rey Auditory Verbal Learning
component of the NTB, and 20% less decline on the Clinical
Dementia Rating Scale Sum of Boxes (CDR-SOB) [32].
The diﬀerences between placebo-treated patients and antibody responders were statistically significant for the first 2
of these assessments (P = 0.015 and P = 0.046, resp.) [32].
After approximately 4.6 years of follow-up, 76% of antibody
responders were living in their own home and 16% were
living in long-term care institutions; the percentages for
placebo-treated patients were 53% and 30%, respectively
[32]. On the Dependence Scale, antibody responders had a
17.6% lower mean score in caregiver dependence compared
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with placebo-treated patients (P = 0.033). No significant differences between antibody responders and placebo-treated
patients were noted on the composite NTB z-score, the
MMSE, or the ADAS-Cog [32].
It is important to note that while the dependence
measures (such as DAD and institutional status) could be
assessed based on caregiver input, cognitive measures had
to be obtained from patients directly [32]. Many patients in
the long-term follow-up study were unable or unwilling to
provide responses to these cognitive assessments, resulting in
a proportionally higher percentage of missing data for these
endpoints, as compared with the functional scales [32]. The
extent of missing functional data may have contributed to
the lack of clear placebo/treatment diﬀerences on cognitive
endpoints [32].
4.1.4. Biomarkers. Along with the potential clinical eﬃcacy signals described above, several important biomarker
changes were observed in the AN1792 phase 2a trial. Ten
antibody responders and 11 placebo-treated patients underwent pre- and postbaseline CSF analysis [30]. A statistically
significant reduction in CSF tau was seen in the antibody
responder group, but there was no treatment eﬀect on CSF
beta-amyloid levels [30].
Baseline and post-treatment brain MRI scans (obtained
either at month 12 or at early termination) were available
for 288 of the 372 patients who participated in the study,
and were used to determine whole-brain, ventricular, and
hippocampal volumes [35]. The change in whole-brain
boundary shift interval (BSI) over the treatment period was
greater in the antibody responders than in the placebo group
(P = 0.007), indicating a greater loss of brain volume in the
antibody responder group [35]. Antibody responders also
had a significantly greater increase in ventricular volume
than placebo-treated patients (P < 0.001) [35]. Anti-AN1792
IgG serum titers correlated with the percent change in wholebrain BSI (Pearson correlation coeﬃcient r = 0.293; P =
0.003) and ventricular BSI (r = 0.472; P < 0.0001) in treated
patients who had titers ≥1 : 100 [35].
Both placebo-treated patients and antibody responders
exhibited a decrease in hippocampal volumes over the study
period, with no significant diﬀerence between the 2 groups
[35]. Whole-brain, ventricular, and hippocampal volumes in
nonresponders did not diﬀer from those of placebo-treated
patients [35]. The AN1792 follow-up study [32] showed no
significant diﬀerence in whole-brain or hippocampal volume
changes from baseline between antibody responders and
placebo-treated patients at a mean follow-up of 4.6 years, but
the number of patients for whom MRI data was available was
small. The antibody responders, however, showed a greater
increase in ventricular volume than that seen in placebotreated patients (P = 0.021) [32].
The etiology and clinical significance of the abovedescribed changes in MRI-measured brain and ventricular
volumes remains unclear. The suggestion that AN1792
caused an accelerated rate of neurodegeneration in antibody
responders is unsupported, given the lack of worsened
clinical decline (and in light of the potential signals of
clinical benefit) in patients who developed positive titers
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[35]. An alternative explanation is that at least some of the
cerebral volume loss can be accounted for by the removal
of beta-amyloid plaques in antibody responders and/or by
parenchymal/CSF fluid shifts that may have occurred in
parallel with shifts in beta amyloid [35]. The latter two
hypotheses are now supported by multiple autopsy cases that
have been performed on AN1792 responders, which clearly
demonstrate eﬀective beta-amyloid clearance (see below).
4.1.5. Pathologic Findings. In 2006, Nicoll et al. published
the neuropathologic findings of 3 patients who had received
between 2 and 5 doses of AN1792 (QS-21) [36]. Two of the 3
cases were known to have developed anti-beta-amyloid antibodies over the course of the study, and both of these patients
also developed meningoencephalitis [36]. The causes of
death in the autopsied cases, however, were nonneurologic
in nature (pulmonary embolism, bronchoaspiration, and
abdominal aortic aneurysm) [36]. Nicoll et al. compared the
findings in the AN1792 (QS-21)-treated cases to 7 untreated
cases that met neuropathologic criteria for AD [36].
A marked reduction in beta-amyloid plaque deposition
was noted in the temporal cortex of the 2 AN1792 (QS-21)
cases that had developed anti-beta-amyloid antibodies: 69%
and 89% of the temporal cortex was classified as plaquefree, as compared with <1% in control cases [36]. Plaque
removal appeared patchy, with a relatively higher plaque
density in the frontal lobes [36]. The antibody nonresponder
case demonstrated no plaque-free areas in the temporal
and medial frontal cortex but showed some patchy areas of
plaque removal elsewhere [36]. Morphologic studies revealed
further evidence of plaque clearance in all 3 immunized cases
and demonstrated the presence of beta-amyloid granules
within lysosomes and activated microglia [36]. Beta amyloid
with an intact N-terminus had been cleared eﬀectively, while
beta-amyloid species truncated at the N-terminus persisted
[36].
Although both antibody-positive subjects in this series
also had a history of meningoencephalitis [36], other
neuropathologic examinations have demonstrated plaque
clearance in subjects without meningoencephalitis [37]. In
contrast to cortical amyloid, vascular amyloid was not
removed by active immunization, as all 3 autopsy cases
had severe cerebral amyloid angiopathy (CAA) at autopsy
[36]. This finding has been confirmed by Patton et al., who
examined 2 AN1792-immunized patients and noted that
while both compact core and diﬀuse amyloid deposits were
diminished, vascular deposits were relatively preserved or
even increased [38].
Importantly, the work of Nicoll et al. showed that plaquefree cortical regions also exhibited a decrease in the density
of dystrophic neurons, although there was no clear evidence
of an impact on neuronal tau or neurophil threads [36].
The downstream eﬀects of beta-amyloid immunization were
further elucidated by Serrano-Pozo et al., who performed
detailed quantitative analyses of hippocampal sections from
AN1792-treated patients and compared these with samples
from nondemented controls and untreated patients with
AD [39]. In addition to the expected clearance of betaamyloid plaques in immunized patients, Serrano-Pozo et al.
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demonstrated the normalization of neurite morphology and
a significant reduction in the hyperphosphorylation of tau
[39]. The ability of AN1792 to reduce tau hyperphosphorylation has also been reported elsewhere [34].
While the neuropathologic findings discussed above provide compelling evidence for the beneficial eﬀects of active
beta-amyloid therapy on both beta-amyloid plaque burden
and the downstream eﬀects of beta-amyloid pathology, the
clinical significance of beta-amyloid clearance has been
challenged by other autopsy studies. Holmes et al. published
long-term findings of AN1792-treated subjects up to 5 years
after the last injection of AN1792 [40]. When compared
with placebo-treated subjects who had also consented to
long-term follow-up, immunization had no eﬀect on longterm survival or clinical outcomes, although the number
of subjects was small [40]. Eight AN1792-treated patients
with AD consented to autopsy, which demonstrated a longterm reduction in mean beta-amyloid load as compared
with untreated controls [40]. Seven of these 8 patients,
2 of whom had nearly complete beta-amyloid removal at
autopsy, also had severe end-stage dementia at the time
of death, leading the authors to conclude that progressive
neurodegeneration had occurred despite eﬀective clearance
of beta amyloid [40]. It is important to point out, however,
that the neuropathologic examinations performed in this
sample included only those patients who died, and the
findings are therefore not generalizable to those treated
patients who survived. As such, the results of this study are
in direct conflict with those reported by Vellas et al., who
demonstrated a long-term clinical benefit with AN1792 [32].
4.2. Active Immunotherapies Currently in Clinical Trials.
While studies with AN1792 were discontinued due to the
occurrence of meningoencephalitis, the trials paved the
way for the many active immunotherapeutic clinical trials
currently in progress (Table 1 and Figure 1). In a study of
serum samples from patients immunized with AN1792, Lee
et al. established that the predominant antibody response
in these patients was against the free N-terminus of beta
amyloid; specifically, against beta amyloid1−8 [41]. Vanutide
cridificar (ACC-001) is a conjugate of multiple copies of
beta-amyloid1−7 peptide linked to a nontoxic variant of
diphtheria toxin [42]. Preclinical data indicate that vanutide
cridificar generates N-terminal anti-beta-amyloid antibodies
without inducing a beta-amyloid-directed T-cell response,
and that it reverses cognitive impairment in murine
models of AD [42]. Vanutide cridificar is currently
in phase 2 clinical trials in mild-to-moderate AD and
early AD (NCT01284387; NCT01227564; NCT00479557;
NCT00955409; NCT00498602; NCT00752232; NCT01238991;
NCT00960531; NCT00959192). Other active immunotherapies currently under study include CAD106 (Novartis,
Inc.), V950 (Merck & Co.), and AD02 (AFFiRiS AG/
GlaxoSmithKline plc).
4.2.1. CAD106. CAD106 is composed of the beta-amyloid1−6
peptide coupled with a Qβ carrier [43, 44]. A 52-week study
with CAD106 included 58 patients with mild-to-moderate
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AD in 2 cohorts: 50 μg CAD106 or placebo administered
at weeks 0, 6, and 18 (cohort 1); or 150 μg CAD106 or
placebo at weeks 0, 2, and 6 (cohort 2) [43, 44]. Injectionsite erythema was the most frequent AE observed with
CAD106 (4% in cohort I; 64% in cohort II); most AEs
were mild, and serious AEs were considered unrelated to
study medication [43, 44]. CAD106 was associated with an
antibody response in 16/24 treated patients in cohort 1 and
18/22 patients in cohort 2 [43, 44]. In 2 52-week, phase 2a
studies in 58 patients with mild AD, 150 μg CAD106 was
administered subcutaneously at weeks 0, 6, and 12 (study
1), or either subcutaneously or intramuscularly at weeks 0,
2, and 6 (study 2) [45]. Results of study 1 showed antibody
response in 20/22 patients. Because the results indicated that
week 2 injection did not enhance antibody response, a 0/6/12
week regimen was selected for further study [45]. Two phase
2 studies currently in progress are investigating repeated
administration of CAD106 intramuscularly (NCT01097096)
or subcutaneously (NCT00956410; NCT01023685).
4.2.2. V950. V950 is a multivalent beta-amyloid vaccine
[46]. To date, no clinical data have been presented. Preclinical
studies have shown that administration of V950 results in the
production of anti-beta-amyloid antibodies in the serum and
CSF that recognize pyroglutamate-modified and other Nterminally truncated beta-amyloid fragments [46]. A phase
1 study of V950 in patients with AD is currently underway
(NCT00464334).
4.2.3. AFFITOPE AD02. AFFITOPE AD02 is composed of a
6-amino acid peptide that mimics part of the N-terminus of
beta amyloid [47]. It is hypothesized that AD02 and other
active immunotherapeutic approaches using this technology
may have a favorable safety profile because they are nonself
and thus do not need to overcome tolerance—their small size
prevents autoreactive T-cell activation, and their controlled
specificity prevents cross-reactivity with amyloid precursor
protein [48]. Phase 1 data showed a favorable safety profile
with AD02 and AD01, another AFFITOPE compound [48].
A randomized, multicenter, phase 2 trial with AD02 in
patients with early AD is currently recruiting participants
(NCT01117818).

5. Clinical Trials with Passive Immunotherapy
Passive immunotherapeutic approaches to AD are being
investigated in parallel with the active therapies described
above. To date, the largest quantity of published data on
passive immunotherapy pertains to bapineuzumab, which
is being codeveloped by Pfizer Inc. and Janssen Alzheimer
Immunotherapy Research & Development, LLC.
5.1. Bapineuzumab
5.1.1. Phase 1 Trial. Bapineuzumab is a humanized monoclonal antibody that targets the N-terminal region of beta
amyloid [49] (Figure 1). Bapineuzumab at doses of 0.5, 1.5,
or 5 mg/kg was first tested in patients with mild-to-moderate AD in a 12-month, single ascending-dose study [49].
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Table 1: Active immunotherapy agents.
Source of
key clinical
data

Drug name

Sponsor(s)

Mechanism of action

Status

Key clinical data

ACC-001
(vanutide
cridificar)

JANSSEN Alzheimer
Immunotherapy Research &
Development, LLC.; Pfizer Inc.

Multiple copies of Aβ1−7 peptide
linked to a nontoxic variant of
diphtheria toxin

Phase 2

No clinical data have
been presented to date

—

Phase 2

Phase 1 safety data
support
proof-of-concept for
improved safety profile
using AFFITOPE
technology

[48]

[45]

—

AD02

AFFiRiS AG

Short (6 aa) peptide mimicking
parts of the native Aβ
N-terminus sequence

CAD106

Novartis, Inc.

Aβ1−6 peptide coupled with Qβ
carrier

Phase 2

In a phase 2a study,
CAD106 showed a
favorable safety profile
and antibody response
in 20/22 patients with
mild AD

V950

Merck & Co.

Multivalent Aβ vaccine

Phase 1

No clinical data have
been presented to date

Aβ: beta amyloid; AD: Alzheimer’s disease.

The majority of treatment-emergent AEs were mild to moderate in severity and were not considered related to treatment by study investigators [49]. The phase 1 study included protocol-specified periodic MRI monitoring, and
MRI abnormalities consistent with vasogenic edema were
reported in 3 of the 10 patients randomized to bapineuzumab 5.0 mg/kg [49]. Recently published recommendations
from the Alzheimer’s Association Research Roundtable
Workgroup include the use of the term amyloid-related
imaging abnormalities (ARIA) in reference to the spectrum of imaging findings associated with amyloid-lowering
therapies and ARIA-edema/eﬀusions (ARIA-E) to refer to
findings previously referred to as “vasogenic edema” [50].
The authors have chosen to adopt this terminology for
the purposes of this paper. The MRI findings in the
bapineuzumab study consisted of hyperintensities on fluidattenuated inversion recovery (FLAIR) sequences [49]. In
one of the 3 cases, the FLAIR abnormality was accompanied by the development of a new microhemorrhage
[49]. The MRI abnormalities, with the exception of the
microhemorrhage, resolved in all 3 cases over a period
of weeks to months [49]. Two of the 3 patients with
ARIA-E were asymptomatic, and one patient experienced
mild and transient confusion [49]. Two of the 3 patients
with ARIA-E underwent CSF analysis. In contrast to the
meningoencephalitis cases reported with AN1792, CSF was
acellular in both cases, with minor elevations in CSF protein
(58.5 and 59.8 mg/dL) [49].
Plasma levels of bapineuzumab increased over 1-2 hours
following an infusion, and plasma half-lives ranged from 21
to 26 days [49]. MMSE was performed as an exploratory
eﬃcacy measure, and mean MMSE increased from baseline
over the course of the trial at the 0.5 and 1.5 mg/kg
bapineuzumab doses (except for month 6 at the 1.5 mg/kg

dose) [49]. Mean MMSE decreased in patients on placebo
except at month 6 and also decreased in patients who
received 5.0 mg/kg of bapineuzumab [49]. At the primary
time point (week 16), at the 1.5 mg/kg dose, the treatment
versus placebo diﬀerence in MMSE (2.6) was statistically
significant (P = 0.047) in favor of bapineuzumab [49].
5.1.2. Phase 2 Trial. The phase 1 study was followed by
a multiple ascending dose trial in which 124 patients
with mild-to-moderate AD were randomized to 1 of 4
doses (0.15, 0.5, 1, or 2 mg/kg) of bapineuzumab, and 110
patients received placebo [51]. Study assessments consisted
of numerous clinical evaluations (including the ADASCog, NTB, and DAD), safety, tolerability, and biomarkers,
including CSF and brain volume [51]. Bapineuzumab or
placebo infusions were given every 13 weeks for up to 78
weeks [51]. In the prespecified eﬃcacy analyses (withindose-cohort diﬀerences between bapineuzumab and placebo
from baseline to week 78), no significant diﬀerence was seen
in any of the cohorts on either of the pre-specified primary
outcomes (ADAS-Cog or DAD). Exploratory analyses on
the overall treatment groups (pooled bapineuzumab versus
placebo) revealed trends on the ADAS-Cog and NTB, but not
on the DAD or other outcomes [51]. Treatment diﬀerences
in ADAS-Cog, NTB, and DAD became more apparent when
analyses were carried out on the “completer” population
[51].
Post-hoc exploratory eﬃcacy analyses were also carried
out by apolipoprotein E ε4 (ApoE4) carrier status, following
the observation that ARIA-E was more common in ApoE4
carriers (see below) [51]. In the 79 ApoE4 noncarriers,
bapineuzumab/placebo treatment diﬀerences were observed
in several outcomes, including the ADAS-Cog and the NTB,
although there was no diﬀerence on the DAD [51]. No
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treatment diﬀerences were observed on any of the endpoints
in the 146 ApoE4 carriers although potential eﬃcacy signals
became apparent in analyses limited to those ApoE4-positive
patients who completed the trial [51]. In general, treatment
diﬀerences began to emerge at approximately month 9 of the
trial [51].
The bapineuzumab phase 2 trial included CSF biomarkers and MRI volumetric endpoints. CSF samples were obtained in 35 study subjects. There were no observed treatment diﬀerences in either CSF beta amyloid or total tau
levels, but there was a trend towards greater reduction in Ptau in bapineuzumab-treated patients when compared with
placebo (δ = −9.1 pg/mL; 95% CI, 18.5–0.3; P = 0.056)
[51]. In a subsequently conducted exploratory pooled analysis including patients from the PET PiB study (described
below), when comparing the change from baseline to end-ofstudy CSF P-tau values, a significant treatment reduction was
observed in the bapineuzumab-treated patients compared
with patients who received placebo (−7.26 pg/mL, P =
0.0270) [52].
No overall diﬀerences between combined bapineuzumab
and placebo-treated patients were observed with respect to
whole-brain and ventricular volumes as measured by MRI
volumetric analyses over 18 months [51]. However, ApoE4
noncarriers treated with bapineuzumab showed less brain
volume loss than those on placebo (δ = −10.7 mL; 95% CI,
3.4–18.0; P = 0.004) [51]. No diﬀerences in brain volume
were noted in ApoE4 carriers, but the bapineuzumab group
had a greater increase in ventricular enlargement than the
placebo-treated subjects (δ = 2.6 mL; 95% CI, 0.2–5.0; P =
0.037) [51].
The most common AEs (reported in >5% of bapineuzumab patients and occurring at a rate of at least twice
that of placebo) included ARIA-E, back pain, anxiety, and
paranoia. Other AEs which also occurred more frequently
in the bapineuzumab group included deep vein thrombosis,
syncope, seizures, vomiting, hypertension, weight loss, skin
laceration, gait disturbance, muscle spasm, and pulmonary
embolism [51].
ARIA-E, which was noted in the phase 1 trial, was
detected in 12 of the 124 bapineuzumab-treated subjects
(9.7%) and none of the placebo-treated subjects in the phase
2 study [51]. As was true in the earlier study, ARIA-E was
more likely to occur at higher bapineuzumab doses, with
rates of 3.2%, 0%, 10%, and 26.7% for the 0.15 mg/kg,
0.5 mg/kg, 1 mg/kg, and 2 mg/kg doses, respectively [51].
Eleven of the 12 cases of ARIA-E were detected following
either the first or second bapineuzumab infusion [51]. Six of
the patients with ARIA-E had no clinical symptoms, while 6
patients experienced symptoms such as headache, confusion,
vomiting, and gait disturbance [51]. These symptoms were
transient although one patient required treatment with
steroids [51]. The MRI findings in these ARIA-E cases
were consistent with those described in the earlier trial
and resolved over a period of several months [51]. The
clinical and MRI characteristics of bapineuzumab-associated
ARIA-E, along with the lack of evidence of inflammation
as illustrated by the CSF findings described above, diﬀerentiate bapineuzumab-related ARIA-E from the severe cases
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of meningoencephalitis that occurred in association with
AN1792.
One of the most unexpected findings in the bapineuzumab phase 2 study was the increased rate of ARIAE in ApoE4 carriers. Ten of the 12 ARIA-E cases occurred
in ApoE4 carriers, and the ARIA-E rates in ApoE4 carriers and noncarriers were 13.5% and 4.3%, respectively
[51]. Moreover, among ApoE4 carriers, the rate of ARIAE increased with the gene dose, with rates of 7.1% in
ApoE4 heterozygotes and 33.3% in ApoE4 homozygotes
[51]. These findings are particularly intriguing in light of
the potential ApoE4-dependent eﬃcacy diﬀerences discussed
above, and may be due at least in part to the increased
load of beta amyloid in ApoE4 carriers, including a higher
vascular beta-amyloid burden [51, 53]. It should be noted
that the prevalence of the ApoE4 allele appears to vary by
geographic location. An estimated 37–43% of Asian and
southern European/Mediterranean AD patients are ApoE4
carriers, compared with 58% of patients in North America
and 64% in northern Europe [54].
Although its mechanism is unknown, ARIA-E may result
from transient increases in cerebral vascular permeability
secondary to vascular amyloid clearance [51]. This theory is
supported by reports of spontaneously occurring amyloidrelated imaging abnormalities similar to those seen in the
bapineuzumab trials [55, 56].
5.1.3. Positron Emission Tomography (PET) Carbon-11Labelled Pittsburgh Compound B (11 C-PiB) Study. The ability of bapineuzumab to clear cerebral beta amyloid was
demonstrated in vivo in a trial of patients with mild-tomoderate AD who underwent serial PET scans with carbon11-labelled Pittsburgh compound B (11 C-PiB) [57]. PiB is
known to bind to aggregated fibrillar beta-amyloid deposits
and is therefore a marker of fibrillar beta-amyloid load
[9, 58]. PiB also binds to cerebrovascular amyloid [59]. In the
trial, 20 patients were randomized to bapineuzumab at 1 of 3
doses (0.5, 1.0, or 2.0 mg/kg) for a total of up to 6 infusions,
13 weeks apart; 8 patients received placebo [57]. The primary
outcome measure for the trial was the diﬀerence between the
pooled bapineuzumab groups and the placebo group in the
mean change (from screening to week 78) in the 11 C-PiB
cortical to cerebellar retention ratio [57]. The cerebellum was
used as a reference region because it exhibits a relatively low
beta-amyloid load in AD [57].
By week 78, the estimated mean 11 C-PiB retention ratio
decreased by 0.09 in the bapineuzumab group and increased
by 0.15 in the placebo group, with an estimated treatment
diﬀerence of −0.24 (95% CI,0.39 to −0.09; P = 0.003).
This finding correlates to an approximately 25% reduction
in cortical beta amyloid in bapineuzumab-treated patients
[57] (Figure 2). The extent of beta-amyloid reduction was
not clearly dose dependent [57]. Bapineuzumab/placebo
diﬀerences in 11 C-PiB retention were statistically significant
in all prespecified cortical regions (anterior and posterior
cingulate, frontal, temporal, parietal, and occipital cortex)
[57]. After adjustment for imbalances in baseline clinical
and 11 C-PiB-binding characteristics, there were no treatment
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Figure 2: Positron emission tomography (PET) carbon-11-labelled Pittsburgh compound B (11 C-PiB) images from patients treated with
bapineuzumab and those given placebo [57]. Reprinted from [57] with permission from Elsevier. Changes from screening to week 78 in
patients treated with bapineuzumab (a, b) and in patients treated with placebo (c, d). Mean 11 C-PiB PET changes are shown at the top center
of each panel for each patient. The scale bar shows the PiB uptake ratios relative to cerebellum by color. The scans before and after treatment
are from MRI coregistered images in the same plane.

diﬀerences noted on clinical or biomarker endpoints between
the bapineuzumab and placebo groups [57].
5.2. Other Passive Immunotherapies Currently in Clinical
Trials. Building on the data presented above, a phase
3 program for bapineuzumab is currently in progress, comprised of 4 trials: 2 studies in ApoE4 carriers (NCT00575055;
NCT00676143) and 2 trials in ApoE4 noncarriers
(NCT00574132; NCT00667810). There is considerably less
published data available on other passive immunotherapeutic approaches, which include solanezumab (Eli Lilly
and Company), ponezumab (Pfizer Inc.), gantenerumab
(Hoﬀmann-La Roche, Ltd.), BAN2401 (Eisai Co., Ltd.), and
intravenous immunoglobulin (Baxter International Inc. and
Octapharma AG). These compounds are described briefly
below and in Table 2 (see also Figure 1).
5.2.1. Solanezumab. Solanezumab (LY2062430) is a humanized monoclonal antibody against the mid-domain of beta
amyloid [60]. In a study to assess the safety and tolerability
of single-dose solanezumab (0.5, 1.5, 4.0, or 10.0 mg/kg)
in patients with mild-to-moderate AD, solanezumab was
associated with infusion reactions in 2 out of 4 patients
receiving the highest dose (10.0 mg/kg) [60]. Serious AEs
were not considered to be related to the study medication

[60]. There was no evidence of inflammation based on MRI
or CSF white blood cells counts, and analysis of C-reactive
protein (CRP) in blood samples showed only isolated
elevations [60]. In a multicenter, multiple-dose, open-label
study in Japan, 33 patients with mild-to-moderate AD
received a 400 mg dose of solanezumab intravenously every
week, every 4 weeks, or every 8 weeks [61]. Most AEs were
mild to moderate; one severe event was reported but was
considered unrelated to the study medication [61]. There
were no reports of infusion reactions or meningoencephalitis
[61]. Studies examining biochemical biomarkers found that
plasma and CSF-amyloid1−40 and beta-amyloid1−42 , plasma
pyro-Glu 3–42 beta-amyloid (N3pGluAβ), and plasma and
CSF N-terminally truncated beta-amyloid peptide (fragment
2), but not CSF total tau and phosphorylated tau (Ptau181 ), exhibited significant changes in patients receiving
solanezumab, indicating the utility of these biomarkers for
evaluating the pharmacodynamic eﬀects of solanezumab [60,
62–66]. In addition, there was a correlation between plasma
beta-amyloid1−42 and assessment of amyloid burden using
single photon emission tomography with IMPY [64]. Three
phase 3 studies—2 evaluating the eﬀects of solanezumab
on disease progression, and one extension study monitoring safety for participants in those studies—are in
progress (NCT00904683; NCT00905372; NCT01127633).
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Table 2: Passive immunotherapy agents.

Drug name

Sponsor(s)

Mechanism of action

Status

Bapineuzumab

JANSSEN Alzheimer
Immunotherapy Research
& Development, LLC.;
Pfizer Inc.

Humanized mAb that targets
the N-terminal region of Aβ

Phase 3

IVIG (Gammagard)

Baxter International Inc.

Intravenous Ig; contains
antibodies against Aβ

Phase 3

Solanezumab

Eli Lilly and Company

Humanized monoclonal
antibody against the
mid-domain of Aβ

Phase 3

Gantenerumab

Hoﬀmann-La Roche, Inc.

IVIG (Octagam)

Octapharma AG

IVIG (Newgam)

Sutter Health

Ponezumab

Pfizer Inc.

BAN2401

Eisai Co., Ltd.

Monoclonal antibody that
targets Aβ
Intravenous Ig; contains
antibodies against Aβ
Intravenous Ig; contains
antibodies against Aβ
Humanized IgG2deltaA
monoclonal antibody that
binds to amino acids 33–40 of
the Aβ1−40 peptide
Humanized monoclonal
antibody that selectively
recognizes and eliminates Aβ
protofibrils

Phase 2
Phase 2
Phase 2

Phase 2

Phase I

Key clinical data
No significant diﬀerences
compared with placebo in
primary outcomes
(ADAS-Cog or DAD);
potential treatment
diﬀerences based on ApoE4
carrier status
Significant diﬀerences
compared with placebo in
primary outcome measures
(ADAS-Cog and
ADCS-CGIC)
Favorable safety profile: no
evidence of
meningoencephalitis,
microhemorrhage, or
ARIA-E
No clinical data have been
presented to date
No clinical data have been
presented to date
No clinical data have been
presented to date
2 phase 1 studies showed
favorable safety profiles,
with no microhemorrhage,
ARIA-E, or encephalitis
No clinical data have been
presented to date

Source of
key clinical
data

[51]

[78]

[60]

—
—
—

[67, 68]

—

Aβ: beta amyloid; ApoE4: apolipoprotein E4A; DAS-Cog: Alzheimer’s Disease Assessment Scale-Cognitive Subscale; DAD: Disability Assessment for Dementia;
Ig: immunoglobulin.

In addition, a phase 2 study evaluating biomarkers with
solanezumab in individuals with or without AD is currently
in the recruitment phase (NCT01148498).
5.2.2. Ponezumab. Ponezumab (PF-04360365) is a humanized IgG2deltaA monoclonal antibody that binds to amino
acids 33–40 of the beta-amyloid1−40 peptide [67]. Two 1year, phase 1 studies were performed to assess the safety,
pharmacokinetics, and pharmacodynamics of ponezumab
in patients with mild-to-moderate AD [67–69]. In the first
study, which was randomized and double-blinded, patients
received placebo or ponezumab 0.1, 0.3, 1, 3, or 10 mg/kg
via 2-hour infusion; in the second study, an open-label,
parallel-group study, patients received ponezumab 1, 3, 5, or
10 mg/kg via 10-minute infusion [69]. All AEs were mild or
moderate, with no serious AEs considered to be related to
study drug [67, 68]. In the 2-hour infusion study, one patient
receiving ponezumab 10 mg/kg had a mild hypersensitivity
reaction, and a preexisting brain lesion showed a slight
increase in size in a patient receiving ponezumab 0.1 mg/kg
[68]. No new microhemorrhage, ARIA-E, or encephalitis was

found in either study [67, 68]. Ponezumab showed linear
pharmacokinetics in both studies [67–70]. Low ponezumab
concentrations were detected in CSF in 2 out of 8 patients
receiving the highest dose (10 mg/kg) in the 2-hour infusion
study, but ponezumab was not detected in the CSF in the
10-minute infusion study [67–69]. No antidrug antibodies
were detected in either study [69]. In the 2-hour infusion
study, there were dose-dependent increases in CSF beta
amyloid1−x and increases from baseline to day 29 in CSF beta
amyloid1−x and CSF beta-amyloid1−42 with the 10 mg/kg
dose [68, 69]. Mass spectrometry following immunoprecipitation identified elevated levels of beta-amyloid1−40 and betaamyloid11−40 in CSF following a single dose of 10 mg/kg
ponezumab in patients with mild-to-moderate AD [71].
In Japanese patients with mild-to-moderate AD, singledose ponezumab (0.1–10 mg/kg) showed similar safety and
pharmacokinetic profiles as in Western patients [72, 73].
Studies of multiple-dose ponezumab in patients with mildto-moderate AD are currently in progress (NCT00722046;
NCT01125631), and a phase 1 study investigating the eﬀects
on single-dose ponezumab on beta amyloid in AD patients
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and in healthy volunteers is currently recruiting patients
(NCT01005862).
5.2.3. Gantenerumab. Gantenerumab (RO4909832/R1450/
RG1450), another monoclonal antibody that targets beta
amyloid, is currently in clinical development. A phase 1,
multiple ascending dose study of gantenerumab in patients
with AD has been completed (NCT00531804), while a phase
2 study in patients with prodromal AD is currently recruiting
patients (NCT01224106).
5.2.4. BAN2401. BAN2401 is a humanized monoclonal
antibody that targets beta-amyloid protofibrils [74]. A phase
1 single- and multiple-ascending dose study of BAN2401 in
patients with mild-to-moderate AD is currently recruiting
patients (NCT01230853).
5.2.5. Intravenous Immunoglobulin. Putative clinical eﬃcacy
data for intravenous immunoglobulin (IVIG) have been
reported in 2 small open-label studies. Dodel et al. administered monthly IVIG to 5 AD patients over a 6-month period
and demonstrated a decrease in total CSF beta-amyloid levels
and an increase in total beta-amyloid serum levels, with
no change in beta amyloid1−42 in either compartment [75].
The authors reported a slight improvement in mean ADAScog and MMSE scores [75]. The second study involved the
administration of IVIG to 8 patients with mild AD and
demonstrated a dose-proportional increase in serum antibeta-amyloid antibodies and a decrease in CSF beta amyloid
[76]. The CSF beta-amyloid changes were transient, reverting
to baseline levels after the discontinuation of IVIG infusions
and decreasing again when infusions were restarted [76].
Mean MMSE scores increased during the first 6 months of
IVIG, declined when infusions were withheld, and stabilized
when infusions were restarted [76]. There was no placebo
group in either of these 2 studies, sample sizes were very
small, and no brain MRI scans were performed [75, 76].
No serious treatment-emergent AEs were reported [75,
76]. Another study employed a retrospective case-control
analysis to demonstrate that previous treatment with IVIG
was associated with a reduced risk of AD development
[77]. The possible benefits of IVIG, if any, would likely be
attributed to the presence of naturally occurring anti-betaamyloid antibodies in human plasma [26]. Two IVIG clinical
trials have been completed (NCT00299988; NCT00812565),
and 2 are currently recruiting patients: one phase 2 study
(NCT01300728) and one phase 3 trial (NCT00818662).

6. Conclusions and Future Directions
More than 100 years after the initial description of AD and
the identification of beta amyloid as a key pathologic component, the search for eﬀective anti-beta-amyloid therapies
continues, and immunotherapeutic approaches are poised
at the front lines of the anti-beta-amyloid battle. Although
the preclinical literature is resplendent with examples of
eﬀective beta-amyloid clearance, initial attempts to translate
these early successes into safe and eﬀective AD therapies were
marred by the development of serious and severe side eﬀects
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in some patients. The next generation of immunotherapies,
both active and passive, must demonstrate an acceptable
safety profile and the ability to clear beta amyloid, ultimately
slowing or halting clinical disease progression. As several
pivotal clinical trials in patients with mild-to-moderate AD
near completion, studies in patients with mild cognitive
impairment/prodromal AD are just beginning, with the hope
that targeting beta amyloid earlier in the disease process will
provide better clinical outcomes.
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tau protein correlates with neocortical neurofibrillary pathology in Alzheimer’s disease,” Brain, vol. 129, no. 11, pp. 3035–
3041, 2006.
[13] J. M. Schott, S. J. Crutch, C. Frost, E. K. Warrington, M.
N. Rossor, and N. C. Fox, “Neuropsychological correlates of
whole brain atrophy in Alzheimer’s disease,” Neuropsychologia,
vol. 46, no. 6, pp. 1732–1737, 2008.
[14] T. Wisniewski and E. M. Sigurdsson, “Murine models of
Alzheimer’s disease and their use in developing immunotherapies,” Biochimica et Biophysica Acta, vol. 1802, no. 10, pp. 847–
859, 2010.
[15] D. Schenk, R. Barbour, W. Dunn et al., “Immunization with
amyloid-β attenuates Alzheimer disease-like pathology in the
PDAPP mouse,” Nature, vol. 400, no. 6740, pp. 173–177, 1999.
[16] D. Morgan, D. M. Diamond, P. E. Gottschall et al., “A β
peptide vaccination prevents memory loss in an animal model
of Alzheimer’s disease,” Nature, vol. 408, no. 6815, pp. 982–
985, 2000.
[17] C. Janus, J. Pearson, J. McLaurin et al., “Aβ peptide immunization reduces behavioural impairment and plaques in a model
of Alzheimer’s disease,” Nature, vol. 408, no. 6815, pp. 979–
982, 2000.
[18] F. Bard, C. Cannon, R. Barbour et al., “Peripherally administered antibodies against amyloid β-peptide enter the central
nervous system and reduce pathology in a mouse model of
Alzheimer disease,” Nature Medicine, vol. 6, no. 8, pp. 916–
919, 2000.
[19] D. M. Wilcock, A. Rojiani, A. Rosenthal et al., “Passive
amyloid immunotherapy clears amyloid and transiently activates microglia in a transgenic mouse model of amyloid
deposition,” Journal of Neuroscience, vol. 24, no. 27, pp. 6144–
6151, 2004.
[20] W. Zago, M. Buttini, T. A. Comery et al., “Neutralization of
soluble Aβ species by the N-terminal anti-Aβ antibody 3D6,”
in Proceedings of the International Conference on Alzheimer’s &
Parkinson’s Diseases, Barcelona, Spain, March 2011, Abstract
1537.
[21] P. Das, V. Howard, N. Loosbrock, D. Dickson, M. P. Murphy,
and T. E. Golde, “Amyloid-β immunization eﬀectively reduces
amyloid deposition in FcRγ-/- knock-out mice,” Journal of
Neuroscience, vol. 23, no. 24, pp. 8532–8538, 2003.
[22] B. J. Bacskai, S. T. Kajdasz, M. E. McLellan et al., “Non-Fcmediated mechanisms are involved in clearance of amyloid-β
in vivo by immunotherapy,” Journal of Neuroscience, vol. 22,
no. 18, pp. 7873–7878, 2002.
[23] R. B. DeMattos, K. R. Bales, D. J. Cummins, J. C. Dodart, S. M.
Paul, and D. M. Holtzman, “Peripheral anti-Aβ antibody alters
CNS and plasma Aβ clearance and decreases brain Aβ burden
in a mouse model of Alzheimer’s disease,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 98, no. 15, pp. 8850–8855, 2001.
[24] B. Solomon, R. Koppel, E. Hanan, and T. Katzav, “Monoclonal antibodies inhibit in vitro fibrillar aggregation of the
Alzheimer β-amyloid peptide,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 93, no.
1, pp. 452–455, 1996.
[25] J. Magga, L. Puli, R. Pihlaja et al., “Human intravenous
immunoglobulin provides protection against Aβ toxicity by

International Journal of Alzheimer’s Disease

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

multiple mechanisms in a mouse model of Alzheimer’s
disease,” Journal of Neuroinflammation, vol. 7, p. 90, 2010.
M. Britschgi, C. E. Olin, H. T. Johns et al., “Neuroprotective
natural antibodies to assemblies of amyloidogenic peptides
decrease with normal aging and advancing Alzheimer’s disease,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 106, no. 29, pp. 12145–12150,
2009.
R. Dodel, F. Neﬀ, C. Noelker et al., “Intravenous immunoglobulins as a treatment for Alzheimer’s disease: rationale and
current evidence,” Drugs, vol. 70, no. 5, pp. 513–528, 2010.
A. J. Bayer, R. Bullock, R. W. Jones et al., “Evaluation of the
safety and immunogenicity of synthetic Aβ42 (AN1792) in
patients with AD,” Neurology, vol. 64, no. 1, pp. 94–101, 2005.
J. A. R. Nicoll, D. Wilkinson, C. Holmes, P. Steart, H.
Markham, and R. O. Weller, “Neuropathology of human
Alzheimer disease after immunization with amyloid-β peptide: a case report,” Nature Medicine, vol. 9, no. 4, pp. 448–452,
2003.
S. Gilman, M. Koller, R. S. Black et al., “Clinical eﬀects
of Aβ immunization (AN1792) in patients with AD in an
interrupted trial,” Neurology, vol. 64, no. 9, pp. 1553–1562,
2005.
J. M. Orgogozo, S. Gilman, J. F. Dartigues et al., “Subacute
meningoencephalitis in a subset of patients with AD after
Aβ42 immunization,” Neurology, vol. 61, no. 1, pp. 46–54,
2003.
B. Vellas, R. Black, L. J. Thal et al., “Long-term follow-up of
patients immunized with AN1792: reduced functional decline
in antibody responders,” Current Alzheimer Research, vol. 6,
no. 2, pp. 144–151, 2009.
M. Pride, P. Seubert, M. Grundman, M. Hagen, J. Eldridge,
and R. S. Black, “Progress in the active immunotherapeutic
approach to Alzheimer’s disease: clinical investigations into
AN1792-associated meningoencephalitis,” Neurodegenerative
Diseases, vol. 5, no. 3-4, pp. 194–196, 2008.
I. Ferrer, M. B. Rovira, M. L. S. Guerra, M. J. Rey, and F. CostaJussá, “Neuropathology and pathogenesis of encephalitis
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It is well established that the hormone leptin circulates in the plasma in amounts proportional to body fat content and it regulates
food intake and body weight via its actions in the hypothalamus. However, numerous studies have shown that leptin receptors
are widely expressed throughout the CNS and evidence is growing that leptin plays a role in modulating a variety of neuronal
processes. In particular, recent studies have highlighted a potential cognitive enhancing role for leptin as it regulates diverse aspects
of hippocampal synaptic function that are thought to underlie learning and memory processes including glutamate receptor
traﬃcking, dendritic morphology, and activity-dependent synaptic plasticity. Characterisation of the novel actions of leptin in
limbic brain regions is providing valuable insights into leptin’s role in higher cognitive functions in health and disease.

1. Introduction
The hormone leptin plays a pivotal role in regulating a
number of hypothalamic driven functions including energy
homeostasis, reproductive function, and bone formation.
However, recent studies have demonstrated that leptin has
widespread action in the CNS, and evidence is growing
that leptin has the capacity to modulate higher brain functions. Indeed, leptin has a marked eﬀect on hippocampaldependent function and in particular learning and memory
processes. In addition, dysfunctions in the leptin system have
recently been linked to neurodegenerative disorders such
as Alzheimer’s disease. Here we review the evidence that
leptin is a potential cognitive enhancer and also examine
the possibility of utilising leptin replacement therapy in the
treatment of Alzheimer’s disease.

2. Leptin
The endocrine hormone leptin is principally, but not exclusively, derived from white adipose tissue. The circulating
levels of this hormone vary during the day, but are mainly
determined by body fat content and also feeding status [1, 2].
Leptin enters the brain via saturable transport across the
blood brain barrier [3]. Additionally, leptin may be released

locally within the CNS as there is evidence for expression of
leptin mRNA and protein in specific neuronal populations
[4]. It is well documented that leptin plays a pivotal role in
the regulation of food intake and body weight via signaling
information about the status of fat stores to leptin receptors
expressed on specific hypothalamic nuclei. However, leptin
receptors are also widely expressed throughout the CNS
with high levels detected in many brain regions involved
in higher cognitive processes including the hippocampus,
cortex, and amygdala. Moreover, growing evidence indicates
that leptin is a pleiotropic hormone that exhibits diverse
central actions including its ability to regulate hippocampal
synaptic plasticity [5] and to play a role in mood disorders
such as depression [6].
2.1. Leptin Receptors. Leptin mediates its biological eﬀects
via activation of the leptin receptor (ObR) which is encoded
by the diabetes (db) gene [7]. Alternative splicing of the db
gene results in the generation of six leptin receptor isoforms
(ObRa-f) with identical N-terminal binding domains but
distinct C-terminal regions and signaling capacity. ObRbis,
the long form of the receptor, and the main signaling
competent isoform as key motifs required for signaling are
contained within its extended C-terminal domain. ObRs
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display the greatest homology with the class I cytokine receptor superfamily [7]: receptors that lack intrinsic tyrosine
kinase activity but signal via association with janus tyrosine
kinases (JAKs). Indeed ObR activation results in the phosphorylation of JAK2 which subsequently promotes the association with and activation of various signaling molecules
including PI 3-kinase (phosphoinositide 3-kinase), Ras-RafMAPK (mitogen activated protein kinase), and STAT3(signal
transducer and activator of transcription).
2.2. Leptin Regulation of Hippocampal Synaptic Plasticity.
The hippocampal formation is an area of the brain that
plays a pivotal role in learning and memory. Indeed, both
long-term potentiation (LTP) and long-term depression
(LTD), which are activity-dependent forms of synaptic
plasticity that result in persistent alterations in excitatory
synaptic strength, and which are thought to underlie certain
aspects of learning and memory, are evident in this brain
region. Moreover, N-methyl-D-aspartate (NMDA) receptordependent LTP induced in the hippocampal CA1 region has
been implicated in spatial learning and memory. Several lines
of evidence indicate that many growth factors and hormones,
including insulin [8, 9] and leptin [10]; have the ability
to modulate hippocampal synaptic plasticity. Indeed, leptin
insensitive obese rodents (fa/fa rats and db/db mice) display
deficits in hippocampal LTP and long-term depression (LTD;
[11]). Leptin insensitivity also results in impairments in
spatial learning and memory tasks performed in the Morris
water maze [11, 12]. Furthermore, rodent performance in
spatial memory tasks is significantly enhanced after direct
administration of leptin into the CA1 region of the hippocampus, whereas leptin administration into the dentate
gyrus increases the magnitude of LTP [13]. At the cellular
level, leptin promotes conversion of short-term potentiation
(STP) into LTP, and it facilitates the induction of LTP in acute
hippocampal slices [13, 14].
2.3. Leptin Regulates NMDA Receptor Function. It is well
established that the synaptic activation of NMDA receptors
coupled with a postsynaptic rise in intracellular Ca2+ is
crucial for the induction of LTP at hippocampal CA1
synapses [15]. Moreover, the ability of hormones to influence the magnitude of LTP predominantly results from
modification of NMDA receptor function. Indeed, leptin
facilitation of NMDA responses underlies its eﬀects on
hippocampal LTP as this hormone enhances both NMDA
receptor-dependent synaptic currents in slices and Ca2+
influx via NMDA receptor channels in cultured neurons [14].
Studies in Xenopus oocytes expressing recombinant NMDA
receptors indicate that leptin receptor-driven signalling is
required for enhancement of NMDA receptor-mediated
currents by leptin. Furthermore, leptin increased maximal
NMDA receptor-mediated currents without altering channel
kinetics, suggesting that leptin increases the number of
functional NMDA receptor channels by boosting NMDA
receptor traﬃcking to the cell membrane.
In contrast to α-amino-3-hydroxy-5-methylisoxazole-4propionic acid (AMPA) receptors that readily move to and
away from synapses as well as laterally within the plasma
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membrane [16, 17], NMDA receptors were viewed, until
fairly recently, as static entities. However, there is growing
evidence that the molecular identity and number of synaptic
NMDA receptors can be modulated in an activity-dependent
manner and in response to sensory experience [18]. For
instance, the induction of LTP at adult hippocampal CA1
synapses is accompanied by an increase in NMDA receptor
surface expression [19]. In addition, hormones such as
insulin and the extracellular matrix protein reelin have been
shown to modify NMDA receptor traﬃcking processes [20,
21]. NMDA receptors are heteromeric assemblies of NR1 and
NR2 subunits, with or without an NR3 subunit, and the NR2
subunits determine the biophysical and pharmacological
properties of NMDA receptors [22]. The expression and
localization of NR2 subunits changes during development.
Moreover the polarity of hippocampal synaptic plasticity
depends on NMDAR subunit composition at diﬀerent
developmental stages. In adult hippocampus NR2A subunits
underlie LTP whereas NR2B subunits are implicated in
LTD [23]. In contrast, NR2A and NR2B underlie LTP, and
LTD is NR2B independent in juvenile hippocampus [24].
Recent studies indicate that the intracellular C-terminal
region of NR2 subunits plays a central role in controlling
traﬃcking of NMDA receptors. Moreover, phosphorylation
and palmitoylation of NR2C-terminal domains are also
key events regulating NMDA receptor traﬃcking [25, 26].
Previous studies have shown that leptin has the ability to
increase NR1/NR2A-mediated currents in Xenopus oocytes;
an eﬀect that is likely to be due to increased traﬃcking of
NMDA receptors to the plasma membrane [5]. However no
studies to date have examined if leptin alters the traﬃcking
of other NR2 subunits, and thus it remains to be established
if this hormone regulates NMDA receptors in an NR2dependent manner.
2.4. Leptin Promotes Traﬃcking of GluR2-Lacking AMPA
Receptors to Synapses. Previous studies indicate that application of leptin to juvenile (2-3 weeks old) hippocampal
slices results in a transient depression of excitatory synaptic
transmission [14, 27]. Conversely, leptin evokes a robust
enhancement of excitatory synaptic transmission in adult
hippocampus, and this eﬀect persists after leptin washout
[28]. Activation of leptin receptors is necessary for the leptindriven increase in excitatory synaptic strength as leptin
was without eﬀect in slices from leptin-insensitive Zucker
fa/fa rats, but a robust eﬀect of leptin was observed in
age-matched Zucker lean animals. In addition, the leptin
increase in synaptic transmission was not associated with
any significant change in PPR or CV indicating a likely
postsynaptic expression mechanism. It is well documented
that NMDA receptor activation is pivotal for LTP induction
[29], and activation of NMDA receptors underlies the ability
of leptin to facilitate LTP induction, reverse established LTP,
and promote changes in dendritic morphology [14, 29, 30].
Similarly, leptin failed to increase excitatory synaptic strength
in slices perfused with the NMDA receptor antagonist DAP5, indicating the involvement of an NMDA receptordependent process. Moreover, in two pathway experiments
leptin had no eﬀect when stimulation was stopped whereas
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leptin significantly increased synaptic transmission in the
control pathway indicating that the synaptic activation of
NMDA receptors was required.
It is known that NMDA receptor activation underlies the
traﬃcking of AMPA receptors to hippocampal synapses during LTP [31], and that changes in the subunit composition
of synaptic AMPA receptors are linked to activity-dependent
changes in synaptic eﬃcacy [3]. AMPA receptors are heterotetrameric ion channels composed of GluR1-4 subunits.
GluR2-lacking AMPA receptors are more important for
hippocampal LTP than GluR2-containing AMPA receptors,
due to their permeability to Ca2+ which in turn allows for
the activation of specific intracellular signalling pathways
required for long-term changes in synaptic eﬃcacy [32, 33].
Neurons within the hippocampus predominantly express
functional GluR2-containing AMPA receptors until times of
increased synaptic activity, when the membrane localized
complement alters to include more GluR2-lacking AMPA
receptors. Recent studies indicate that alterations in AMPA
receptor traﬃcking processes also contribute to the increase
in synaptic eﬃcacy induced by leptin. Indeed, in studies
examining the rectification properties of synaptic currents,
the leptin-driven increase in synaptic transmission was
accompanied by an increase in AMPA receptor rectification
indicating that an increase in the synaptic density of GluR2lacking AMPA receptors underlies this eﬀect. Moreover,
application of philanthotoxin resulted in reversal of the
leptin-driven increase in synaptic transmission which is also
consistent with an increase in the GluR2-lacking AMPA
receptors underlying the increase in synaptic eﬃcacy induced
by leptin. In parallel studies, the eﬀects of leptin on the cell
surface expression of GluR1 and GluR2 in acute hippocampal slices and hippocampal cultures were examined using
biotinylation assays and immunocytochemistry, respectively
[28]. In adult hippocampal slices leptin enhanced GluR1,
but not GluR2, surface expression. Conversely leptin failed
to alter the surface expression of either GluR1 or GluR2 in
slices from younger animals (3-4 week old). Furthermore,
in dual immunolabeling experiments leptin was circa 50fold
more potent at increasing GluR1 relative to GluR2 surface
expression in hippocampal cultures. The ability of leptin
to increase GluR1 surface expression involves promotion of
GluR1 exocytosis as the eﬀects of leptin were blocked by
inhibitors of exocytosis, namely, NEM (N-ethylmaleimidesensitive fusion protein) and brefeldin A. Consistent with
this, the leptin-dependent enhancement of excitatory synaptic transmission in adult hippocampal slices was prevented
following whole cell dialysis with exocytotic (NEM and
brefeldin A), but not endocytotic (bafilomycin), inhibitors.
2.5. Role of PTEN in Leptin-Driven AMPA Receptor Traﬃcking
to Synapses. Previous studies have demonstrated that PI 3kinase, an enzyme that phosphorylates PtdIns(4,5)P2 into
PtdIns(3,4,5,)P3 , plays a pivotal role in leptin-driven signaling in the hippocampus [10]. PI 3-kinase is also implicated
in NMDA receptor-dependent AMPA receptor traﬃcking
to synapses during hippocampal LTP [31]. Similarly a PI
3-kinase-driven process underlies the eﬀects of leptin as
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the increase in GluR1 surface expression was correlated
with enhanced levels of PtdIns(3,4,5,)P3 immunostaining,
suggesting that an increase in PtdIns(3,4,5,)P3 levels underlies leptin-driven alterations in AMPA receptor traﬃcking.
Additionally blockade of PI 3-kinase signaling with either
wortmannin or LY294002 prevented both the increase in
excitatory synaptic transmission and GluR1 surface expression induced by leptin. In support of a possible role for
PtdIns(3,4,5,)P3 , enhanced PtdIns(3,4,5,)P3 synthesis results
in significant enhancement of AMPA, but not NMDA,
receptor-mediated synaptic transmission [34]. Although
these findings suggest the involvement of a PI 3-kinasedependent process, PtdIns(3,4,5,)P3 levels are also regulated
by the phosphatase PTEN as it antagonizes PI 3-kinase
activity by catalysing the conversion of PtdIns(3,4,5,)P3 to
PtdIns(4,5)P2 [35]. Moreover PTEN has been identified as
a key signaling pathway activated by hypothalamic leptin
receptors, and leptin receptor activation of KATP channels
involves phosphorylation and subsequent inhibition of
PTEN [36, 37]. In support of a role for PTEN, exposure of
hippocampal slices to leptin increased the phosphorylation
of PTEN and this eﬀect was absent in slices from Zucker
fa/fa animals indicating the involvement of a leptin receptordriven process. Furthermore, the increase in GluR1 surface
expression induced by leptin was coupled with an increase
in P366-PTEN immunostaining in hippocampal cultures
[28]. Previous studies have shown that CK2 phosphorylates
PTEN at the threonine 366 site [38]. In agreement with
these studies, the ability of leptin to increase GluR1 surface expression, P366-PTEN phosphorylation and excitatory
synaptic transmission were all blocked by casein kinase2
(CK2) inhibition. This in turn supports the notion that CK2
phosphorylation and subsequent inhibition of PTEN underlies leptin-driven alterations in AMPA receptor traﬃcking
and excitatory synaptic strength.
GluR1 surface expression was also significantly increased
in neurons transfected with dominant-negative PTEN
mutants (C124S or G129E). However, the ability of leptin
to increase GluR1 surface expression was occluded in cells
expressing the PTEN mutants, suggesting that analogous
mechanisms underlie both processes. Leptin also increased
the amplitude but not the frequency of mEPSCs, an eﬀect
attributable to insertion of GluR2-lacking AMPA receptors
as it was reversed by addition of philanthotoxin. In contrast
leptin failed to alter mEPSC amplitude in neurons transfected with the PTEN mutants. Thus inhibition of PTEN not
only increases the functional expression of GluR1 subunits
at hippocampal synapses but it also prevents the traﬃcking
of GluR1 subunits by leptin. Similarly, pharmacological
inhibition of PTEN with the phosphatase inhibitor bisperoxovanadium (bpV; [39]) resulted in a persistent increase in
excitatory synaptic transmission in hippocampal slices, and
it increased traﬃcking of GluR1 to hippocampal synapses.
In addition, leptin failed to enhance synaptic transmission
or alter AMPA receptor traﬃcking in the presence of bpV,
which further supports the notion that leptin increases the
synaptic expression of GluR1 via inhibition of PTEN and
subsequent increase in PtdIns(3,4,5,)P3 levels. However it
is not exactly known how elevations in PtdIns(3,4,5,)P3
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levels modify AMPA receptor traﬃcking processes. Recent
studies have shown that the availability of PtdIns(3,4,5,)P3
is pivotal for sustaining AMPA receptor clustering and
synaptic function at hippocampal synapses [34]. As inositol
lipids are important regulators of the actin cytoskeleton,
PtdIns(3,4,5,)P3 may influence AMPA receptor traﬃcking
by rearranging the actin cytoskeleton [40]. Alternatively,
PtdIns(3,4,5,)P3 may stimulate the activation of the protein
kinase, Akt, which in turn may phosphorylate and subsequently inhibit glycogen synthase kinase 3 (GSK-3). In
support of this possibility, Akt-driven inhibition of GSK-3
underlies AMPA receptor insertion after hippocampal LTP
[41]. The ability of leptin to rapidly alter AMPA and NMDA
receptor traﬃcking processes and evoke persistent changes
in excitatory strength provides further evidence to support a
role for this hormone as a potential cognitive enhancer. The
leptin receptor-driven alterations in hippocampal synaptic
function are likely to play an important role not only in
normal brain function, but also in CNS-driven diseases
associated with leptin dysfunction.

3. Leptin and Aging
Several lines of evidence support the notion that the eﬀectiveness of metabolic hormonal systems declines with age
and that impaired energy metabolism not only accelerates
the aging process but also increases the susceptibility to neuronal degeneration [42]. Numerous studies have examined
how insulin signaling in the CNS is altered during aging, but
our understanding of how the leptin system changes with
age is limited. A recent study comparing the eﬀects of leptin
on excitatory synaptic transmission in hippocampal slices
from 3-4 month- and 12–14 month-old animals found that
the responsiveness of hippocampal CA1 neurons to leptin
declines with age [43]. In accordance with previous studies
[28], leptin resulted in a persistent increase in the eﬃcacy
of hippocampal excitatory synaptic transmission (leptininduced LTP) at 12–14 months, however, the magnitude of
increase was significantly less at this age compared to 34 months. It is known that the magnitude of hippocampal
LTP attenuates with age and this has been linked to reduced
activation of NMDA receptors during the induction of LTP
[44, 45]. It is feasible that a reduction in NMDA receptor
activation contributes to the fall in the magnitude of leptininduced LTP with age, as the ability of leptin to induce
LTP also requires the synaptic activation of NMDA receptors
and leptin-induced LTP and synaptically induced LTP share
similar expression mechanisms [43]. Indeed, the magnitudes
of LTP induced by leptin and high frequency stimulation
were analogous in both adult and aged hippocampus, and
synaptically induced LTP occluded the persistent increase in
synaptic transmission induced by leptin and vice versa [43].
Although this study provides good evidence for a decline in
hippocampal leptin function with age, it is not yet clear if the
ability of leptin to modulate other CNS functions is altered
during the aging process.

International Journal of Alzheimer’s Disease

4. Leptin and Alzheimer’s Disease
As life expectancy is increasing steadily, the prevalence of
age-related neurodegenerative disorders such as AD is also
increasing. Our understanding of the cellular changes that
occur in the early stages of AD has advanced significantly
in recent years, but it is still extremely diﬃcult to uncover
these early aberrant changes in a clinical setting. It is known
that various factors can enhance the risk of developing
AD including lifestyle and diet. Moreover, several studies
have highlighted an association between midlife obesity and
the incidence of AD, however, the mechanisms underlying
this association are unclear. A number of studies have
proposed that leptin dysfunction provides a link between
obesity and AD [46]. Indeed, it is known that obesity
is triggered by elevated leptin levels and the subsequent
development of leptin resistance. In support of a possible
link between obesity and AD, the circulating levels of leptin
are significantly lower than normal in AD patients [47]. In
addition, recent studies have shown that individuals with
higher leptin levels have a much lower risk of developing AD
[48, 49]. Moreover, leptin levels are also significantly reduced
in murine models (APPSwe ; PSIM146V ) of AD [50].
Previous studies have indicated that leptin has neuroprotective and antiapoptotic properties as it protects neurons
from a variety of neurotoxic agents including TNFα, ferrous
iron (Fe2+ ), and 6-OHDA [51–53]. Recent studies also
support a neuroprotective role for leptin against ischaemic
episodes [54]. These findings have important implications
for the role of leptin in neurodegenerative disorders, as
ischaemic incidents (such as cerebral thrombosis or stroke)
have been shown to increase the incidence of sporadic AD
by as much as 10-fold [55, 56]. Leptin has also been shown
to have proliferative eﬀects on neurones [57] increasing
hippocampal volume and neuronal progenitor number, as
well as reducing neurodegeneration caused by AD-related
mutations [57]. Several studies have shown that leptin has
neurotrophic actions in the CNS, however, this may be
restricted to specific neuronal populations as leptin promotes
neurite outgrowth in cerebellar purkinje, but not granule
cells [58]. Further support for a neurotrophic role comes
from a study by Yamada et al. [59] that demonstrated that
leptin could alter cognitive state by reducing depression measured as a function of despair response in mice. Furthermore,
leptin increased the levels of BDNF in the hippocampus,
resulting in direct and inverse eﬀects on the depressed state
of the mice [59]. These findings lend additional support to
the notion that leptin treatment could be beneficial in AD
which is associated with neurodegeneration and cognitive
impairments such as depression and dementia.
It is well established that two key pathological hallmarks
of AD are the formation of amyloid plaques, due to the buildup and accumulation of β-amyloid (Aβ) and neurofibrillary
tangles resulting from hyperphosphorylation of tau. Thus it
is feasible that leptin limits the toxic eﬀects of Aβ in neurons.
Indeed, leptin is reported to attenuate Aβ levels in neurons
by inhibiting β-secretase activity and thereby reducing Aβ
production [60]. Furthermore, leptin promotes ApoE-driven
uptake of Aβ into neurons [60]. Leptin also has the capacity
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to alter the levels of hyperphosphorylated tau as leptin
reduces the accumulation of phosphorylated tau in neuronal
cells [61] and it limits phosphorylation of tau by inhibiting
GSK3β [61]. Treatment of murine models of AD with leptin
also resulted in significant reductions in the levels of both Aβ
and phosphorylated tau compared to vehicle-treated littermates [62]. In addition to ameliorating AD pathology,
treatment of CRND8 transgenic mice with leptin resulted in
enhanced performance in novel object recognition tests as
well as contextual and cued fear conditioning [63]. In
SAMP8 mice, with elevated Aβ levels, administration of
leptin improved memory processing in the T-maze footshock avoidance and step-down inhibitory avoidance tests
[63]. Thus together these findings indicate that leptin has the
ability to not only reduce the toxic accumulation of Aβ and
phosphorylated tau but it also improves memory in murine
models of AD.
Although numerous studies indicate that leptin markedly
influences CNS function in rodent models, to be an eﬀective
therapeutic agent in CNS-driven disease leptin must have the
capacity to modulate human brain function. Recent clinical
studies have shown that treatment of three adults, with congenital leptin deficiency, with physiological doses of leptin
resulted in significant and persistent elevations in grey matter
volume in specific regions of the brain including the cerebellum and anterior cingulated gyrus [64]. Another study
found evidence that leptin replacement therapy influences
cognitive function, as treatment of a five-year-old boy with
congenital leptin deficiency not only restored normal body
weight and glycemic control, but also significantly improved
neurocognitive skills [65].

5. Conclusions
Evidence is accumulating that the hormone leptin has
widespread actions in the brain and it has the ability to
regulate numerous CNS functions. In particular, evidence is
accumulating that leptin plays a pivotal role in modulating
higher cognitive functions such as learning and memory.
Indeed, recent studies indicate that leptin is a potential
cognitive enhancer as it rapidly alters glutamate receptor
traﬃcking processes and in turn the eﬃcacy of hippocampal
excitatory synaptic transmission. However, the eﬀects of
leptin on hippocampal synaptic function markedly decline
with age. Obesity in humans is closely associated with development of type II diabetes, and it is well documented that
cognitive deficits are prevalent in diabetics. As obesity and
obesity-linked disorders such as type II diabetes are associated with resistance to leptin, it is feasible that leptin
dysfunction plays a role in cognitive impairments in these
individuals. In addition, recent studies have linked dysfunctions in the leptin system with the development of neurodegenerative disorders such as Alzheimer’s disease. Moreover, growing evidence indicates that leptin prevents the
toxic accumulation of Aβ and phosphorylated tau in neurons, and it has the ability to improve performance in various
memory tasks in murine AD models. These findings, coupled
with the already established safety of leptin in humans, make
this hormone or related leptin-mimetics novel therapeutic
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candidates for the treatment of neurodegenerative disorders
like AD.
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Acetylcholinesterase (AChE) remains a highly viable target for the symptomatic improvement in Alzheimer’s disease (AD) because
cholinergic deficit is a consistent and early finding in AD. The treatment approach of inhibiting peripheral AchE for myasthenia
gravis had eﬀectively proven that AchE inhibition was a reachable therapeutic target. Subsequently tacrine, donepezil, rivastigmine,
and galantamine were developed and approved for the symptomatic treatment of AD. Since then, multiple cholinesterase
inhibitors (ChEI) continue to be developed. These include newer ChEIs, naturally derived ChEIs, hybrids, and synthetic analogues.
In this paper, we summarize the diﬀerent types of ChEIs in development and their respective mechanisms of actions. This
pharmacological approach continues to be active with many promising compounds.

1. Introduction
Acetylcholinesterase (AChE) has proven to be the most
viable therapeutic target for symptomatic improvement in
Alzheimer’s disease (AD) because cholinergic deficit is a
consistent and early finding in AD. Inhibition of AChE was
considered to be achievable as a therapeutic target because
of proven eﬃcacy of inhibition of peripheral AChE as a
treatment for myasthenia gravis (MG) proving that the
approach was feasible. However, selective inhibition of the
central nervous system (CNS) AChE initially proved to be
daunting. Before tacrine, physostigmine, the classic AChE
inhibitor (AChEI) was investigated as a treatment for AD.
Physostigmine was subsequently abandoned because of poor
tolerability. Four drugs are currently available for AD treatment: galantamine, rivastigmine, donepezil, and memantine.
The first three are AChE inhibitors and memantine is not.
There are two types of cholinesterase, AChE and butyrylcholinesterase (BuChE). AChE is found primarily in the
blood and neural synapses. BuChE is found primarily in the
liver. The biggest diﬀerence between the two is the substrates.
AChE hydrolyzes acetylcholine (ACh) more quickly, and
BuChE hydrolyzes butyrylcholine (BuCh) more quickly.
BuCh is a synthetic compound used to distinguish AChE
receptors from BuChE receptors. Many of the drugs that are

available for treatment of AD target both AChE and BuChE,
but some are more selective than others. In this paper, we
will be focusing on older acetyl cholinesterase inhibitors
(ChEIs), current ChEI, naturally derived ChEI, hybrid ChEI,
and synthetic analogues.

2. Older Cholinesterase Inhibitors
2.1. Physostigmine (Eserine). Physostigmine was the first
ChEI investigated for the treatment of AD. It is isolated
from the seeds of Physostigma venenosum as a parasympathomimetic plant alkaloid. Although it is able to pass through
the blood-brain barrier (BBB), it has a short half-life and
a narrow therapeutic index. It also has many side eﬀects
such as nausea, vomiting, headaches, diarrhea, and dizziness.
Physostigmine was in use for MG, glaucoma, and delayed
gastric emptying. However, the drug was not approved
and was abandoned for AD use due to the disadvantages
mentioned above. The newer drugs proved to be more
eﬀective with a lower side eﬀect profile [1].
2.2. Tacrine. Tacrine was the first drug approved for treatment of AD in 1993 [2]. It is a potent inhibitor of both
AChE and BuChE. Tacrine was approved both because
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of eﬃcacy on the ADAS-Cog and on the global measure
compared to placebo in phase II and phase III clinical trials
of AD subjects [3]. However, widespread use of tacrine was
limited as it was poorly tolerated as it caused a number of
side eﬀects including nausea, vomiting, dizziness, diarrhea,
seizures, and syncope. Also, administration and compliance
were challenging due to four times a day dosing regimen
because of a short half-life. In addition, patients who
used the drug required periodic blood monitoring due to
hepatotoxicity [4]. Eventually, tacrine was discontinued due
to the aforementioned liver toxicity which was thought to
be caused by the aﬃnity for BuChE [2] and because less
toxic, better tolerated drugs with easier dosing schedule were
approved.
2.3. Donepezil. Donepezil was approved in 1996 for the
treatment of mild-to-moderate AD. A twelve-week doubleblind study was performed by Rogers et al. A total of 468
AD patients were separated into three groups: placebo, low
dose (5 mg/day), and high dose (5 mg/day for week 1 and
then 10 mg/day thereafter). Improvements were seen as soon
as three weeks, and clinically significant eﬀects were seen
at nine weeks. The side eﬀects were comparable with the
placebo for the most part. Patients who were on the high
dose occasionally experienced transient nausea, diarrhea,
and insomnia [5]. Donepezil is also thought to have an
additional mechanism of action other than just as a ChEI.
It is believed that donepezil does not act only at just the
neurotransmitter level but also at a molecular and cellular
level in nearly every stage involved with the pathogenesis
of AD. These include, but are not limited to, inducing a
neuroprotective isoform of AChE, blocking various aspects
of the excitotoxic cascade induced by glutamate, mitigating
the eﬀects of oxidative stress, and reducing the expression
of inflammatory cytokines [6]. Donepezil is approved for
use in mild, moderate, and severe AD but not for other
forms of dementia. It has shown some benefit in mild
cognitive impairment [7, 8] but is not approved for this
indication. Recently, a higher dose of 23 mg formulation
was approved for use in moderate-to-severe AD subjects.
In the US, generic donepezil is now available. Donepezil is
well absorbed with a relative oral bioavailability of 100%
and reaches peak plasma concentrations in 3 to 4 hours.
The elimination half-life of donepezil is about 70 hours and
is approximately 96% bound to human plasma proteins.
Donepezil is metabolized by CYP 450 isoenzymes 2D6 and
3A4 and undergoes glucuronidation.
2.4. Rivastigmine. Rivastigmine is a small molecule and has
easy BBB permeability. Rivastigmine also has BuChE and
AChE inhibitory properties. Rivastigmine was approved for
the treatment of mild-to-moderate AD in 2000 and has
since gained approval for Parkinson’s related dementias.
Corey-Bloom et al. conducted a trial with 699 patients with
AD ranging from mild-to-moderately severe. The patients
were split into three groups: a placebo group, a group on
1–4 mg/day, and a group on 6–12 mg/day for 26 weeks.
Patients in the 6–12 mg/day group demonstrated significant
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improvements in cognition (ADAS-cog 4.94 points), activities of daily living, global assessment of change, and the
Mini-Mental State Examination (MMSE) [9]. In capsular
form, rivastigmine has been frequently associated with side
eﬀects of nausea, vomiting, anorexia, and diarrhea. In
2007, rivastigmine was reformulated for delivery through a
transdermal patch. This has resulted in significantly lower
GI side eﬀects compared to the oral capsule. It is suitable
to be converted to a patch delivery system because it is a
small molecule (<300 Da in size), and it is both lipophilic
and hydrophilic. It is minimally metabolized by CYP450
cytochrome system with weak binding to plasma proteins
(approximately 40%). The duration of anticholinesterase
activity in cerebrospinal fluid is approximately 10 hours after
a 6-mg oral dose.
2.5. Galantamine. The therapeutic action of galantamine has
been reported to be mainly produced by its sensitizing action
on nAChRs rather than by general cholinergic enhancement
due to cholinesterase inhibition. Galantamine was approved
for the treatment of mild-to-moderate AD in February 2001.
The trial conducted by Tariot et al. in 2000 consisted of 978
patients randomized to galantamine or matching placebo for
five months. Administration of galantamine was associated
with a significant improvement on the ADAS-cog score
with 3.3 points for the 16 mg/day group and 3.6 points
for the group on 24 mg/day when compared to placebo.
Discontinuation of treatment due to adverse eﬀects was
minimal in both groups and equal to the placebo group. Both
of the treatment groups showed significant improvement
in the behavioral, cognitive, and functional symptoms of
AD. Having a slow escalation of the dosage increased the
tolerability of the drug [10]. Absorption of galantamine is
rapid and complete and shows linear pharmacokinetics. It is
well absorbed with absolute oral bioavailability between 80
and 100%. It has a half-life of seven hours. Peak eﬀect of
inhibiting acetylcholinesterase was achieved about one hour
after a single oral dose of 8 mg in some healthy volunteers.
Plasma protein binding of galantamine is about 18%.
2.6. Metrifonate. Metrifonate is a long-acting irreversible
ChEI that was originally used to treat schistosomiasis.
Although there was a low risk of side eﬀects with shortterm use, long-term use caused respiratory paralysis and
neuromuscular transmission dysfunction similar to a myasthenic crisis. As such, the FDA submission was halted and the
clinical trials were discontinued during phase III. However,
it did demonstrate a robust therapeutic eﬀect on ADAS-cog
and other measures. But, until the relationship between metrifonate and neuromuscular dysfunction is further explored,
metrifonate is not an option for AD treatment at this time
[11]. Metrifonate is not an approved AD treatment but shows
eﬃcacy that was outweighed by safety risks.
2.7. Older ChEIs Summary. Dozens of short-term clinical
trials, open-label extension studies, and long-term clinical
cohort observational studies generally point to the following (a) current ChEIs (donepezil, rivastigmine, and
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galantamine) reduce cognitive, functional, and behavioral
decline in AD, (b) their eﬃcacies appear similar (there is no
level 1 grade data that shows otherwise), (c) their benefits
are sustained with treatment persistence, (d) their benefits
are generally dose-related (until limited by side-eﬀects at very
high doses), and (e) they appear to be relatively safe and welltolerated (see Table 1).

beta-amyloid concentration was found in mice after use of
tesofensine which was thought to be a neuroprotective eﬀect.
Phase IIA trials showed significant cognitive improvement
in those with mild AD. However, Phase IIB trials showed
limited activity. The trials were discontinued in 2008.
Currently, tesofensine is being marketed as a drug against
obesity [13, 14].

3. New Cholinesterase Inhibitors

4. Naturally Derived

3.1. Physostigmine Derivatives

4.1. Huperzine A. Huperzine A (HupA) is a Lycopodium
alkaloid isolated from the Chinese medicinal herb Huperzia
serrata used for memory deficiency. Huperzia serrata is
widely grown in China and Chinese medical tradition
emphasize herbal remedies. It has attracted much attention
because it is a highly selective, reversible, and potent AChE
inhibitor [15]. The synthetic racemic mixture of HupA has
less AChE inhibitory eﬀects than the natural kind. Many of
the initial derivates demonstrated lower potency than the
natural HupA. HupA has also been hybridized with tacrine
and donepezil. While the donepezil hybrid proved to be less
eﬀective, the HupA-tacrine hybrids called huprines Y and
X have shown to be more eﬀective in amplifying AChE in
vitro than tacrine. Huprines Y and Z were shown to have
better inhibitory activity than either of the parent drugs as
well [1]. HupA has a higher oral bioavailability compared to
tacrine and donepezil. The improvement is more noticeable
on working memory than reference memory as compared to
tacrine and donepezil as well [16]. HupA is also shown to be
more potent than tacrine, rivastigmine, and galantamine in
terms of inhibition activities, and it had the least amount of
activity against BuChE [15].
HupA is considered to be the drug of choice in China
for the treatment of memory disorders. It is also in Phase
II clinical trials in Europe [16]. Phase II trials have also
been conducted in over 30 sites in the US. A trial using a
lower dose of 200 mcg twice daily showed no improvement
on the ADAS-cog scores, but a diﬀerent trial using a higher
dose of 400mcg twice daily showed statistically significant
improvement in the ADAS-cog scores compared to placebo
[15, 17] with GI side eﬀects reported. Since it is marketed
in the US as a nutraceutical supplement because it lacks a
proprietary patent for the treatment of AD, FDA approval
is not being pursued. It is widely available as a supplement
marketed to enhance memory but with no labeling to treat
specific diseases.

3.1.1. Phenserine. Phenserine is the phenylcarbamate derivation of physostigmine that has a dual eﬀect: decreasing
beta-amyloid precursor protein and has a reversible AChE
inhibition. It has a quick absorption rate and is less toxic
than physostigmine and tacrine. It has also shown improved
learning and memory in aging rats and dogs. Another study
involving dogs showed that phenserine improved learning
and memory compared to dogs receiving placebo group [1].
Phase III clinical trials were conducted during 2003-2004
in which 384 AD patients recruited. The trials were conducted using 10 mg and 15 mg twice daily doses. However,
phenserine did not achieve significant improvement on the
ADAS-cog scores compared to placebo. Subsequently, further
clinical trials for AD have been abandoned [1]. Post hoc
analysis of all three Phase III clinical trials identified that the
group of subjects receiving the highest tested dose (15 mg
per day) for more than 12 weeks demonstrated a statistically
significant benefit of phenserine over placebo in ADAScog, but only a trend toward improvement in the CIBIC+
measure.
3.1.2. Tolserine. Tolserine only diﬀers from phenserine at
the 2 -methyl substitution on its phenylcarbamoyl moiety.
Preclinical studies were initiated in 2000, and it was shown to
be 200-fold more selective against hAChE versus BuChE [1].
Tolserine proved to be a highly potent inhibitor of human
AChE compared to its structural analogues physostigmine
and phenserine. However, there are no published reports on
Tolserine in humans so it is diﬃcult to identify potential risks
and benefits in preclinical or clinical models.
3.1.3. Esolerine. Zhan et al. conducted a study in which
a series of physostigmine analogues were prepared and
assessed for ChEI. Compound 17, a cyclic alkyl carbamate
of esolerine, a very strong AChE inhibitor and significantly
favored AChE over BuChE [12]. Esolerine is a tacrine
derivative, but there are no published reports in humans
so it is diﬃcult to identify potential risks and benefits in
preclinical and clinical models.
3.2. NS2330 (Tesofensine). Both in vitro and in vivo studies
have shown that tesofensine inhibits the presynaptic uptake
of the neurotransmitters serotonin, norepinephrine, and
dopamine. The compound enhances the function of the neurotransmitters acetylcholine, noradrenaline, and dopamine,
which are all impaired in Alzheimer’s patients. A decrease in

4.2. Huperzine B. Natural Huperzine B (HupB) is a
Lycopodium alkaloid isolated from the Chinese medicinal
herb Huperzia serrata which has been demonstrated as an
eﬀective and reversible inhibitor of AChE. HupB is less
potent and selective than HupA, but it has higher therapeutic
index and other positive benefits. HupB derivatives were
created to be more potent than natural HupB. A novel series
of 16-substituted derivatives were synthesized. 9i has the
highest potency in vitro. The eﬃcacy of 9i was more potent
in vitro than HupA, galantamine, and rivastigmine, and it
was equivalent to donepezil. 9c and 9i showed moderate
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Table 1: Summary of ChEIs in preclinical and clinical development.

Drug
Physostigmine
Donepezil
Rivastigmine
Galantamine
Metrifonate
Phenserine
Tolserine
Esolerine
NS2330
(tesofensine)
Huperzine A
Huperzine B
Nelumbo
nucifera
Himatanthus
lancifolius
Galangin
Donepezil
hybrids

Tacrine hybrids

Synthetic
analogues

Disposition
First drug investigated; however, it is no longer used due to side eﬀects, short half-life, and better treatment options.
Highly selective AChEI. Approved for mild, moderate, and severe AD.
Has dual bChEI and AChEI properties. Approved for mild-to-moderate AD. Patch formulation has reduced
cholinergic-related side eﬀects.
A lower potency AChEI with allosteric nicotinic receptor modulation properties.
A highly selective AChEI that demonstrated a robust and significant clinical eﬀect, but was abandoned after Phase III
RCTs because of risk of neuromuscular dysfunction.
A derivative of physostigmine with a dual mechanism of action including anti-Aβ properties as well as AChEI.
Despite a good safety profile, it did not achieve significant eﬃcacy during Phase II trials.
A physostigmine derivative, has shown promise in the preclinical stages.
Another physostigmine derivative, is also a strong AChEI and favors AChE over BuChE greatly. It has not entered
clinical trials.
Robust preclinical eﬃcacy and safety data. Early Phase II studies showed a positive signal on cognition. Follow-up
RCTs for AD were discontinued in 2008 because of lack of clinical eﬃcacy signal. It is currently being investigated as a
treatment for obesity treatment.
HupA is natural herb that is marketed as a supplement in the US. It acts as a ChEI. It is drug of choice for AD in
China. Phase II trials in the US showed a modest but clinical significant eﬀect on cognition in AD.
HupB is less potent and selective than HupA, but it has a higher therapeutic index.
The stamens of Nelumbo nucifera has demonstrated an improvement in memory in rats and favors AChE over
BuChE.
A shrub with multiple medicinal purposes. The uliene in Himatanthus lancifolius is what is likely responsible for the
significant AChE inhibitory eﬀects.
Galangin is a flavonoid that demonstrated significant inhibition of AChE. It has not been tested in human trials.
(1) Of the series of hybrids derived from Donepezil and AP2238, compounds 15, 21, and 22 demonstrated the most
potential. Human studies have not been undertaken yet.
(2) The entire series of donepezil-tacrine hybrids showed more significant benefits than either parent drug alone.
Human studies are planned.
(1) The beta-carboline derivatives (2A, 2B, 2C) and tacrine/ferulic acid hybrids (1A, 1B) were shown to have no
eﬃcacy in vivo, and 1B actually worsened the impairment in an scopolamine-induced in vivo model. Clinical
development has not been pursued further.
(2) The tacrine-8-hdroxyquinoline hybrids showed potential in vitro, but the eﬀects have yet to be shown in vivo.
(1) The majority of the phenyl-5,6-dimethoxy-1-oxo-2,3-dihydro-1H-2-indenylmethanone analogues demonstrated
significant AChEI in in vitro and in vivo models.
(2) N-alkyl-7-methoxytacrine hydrochlorides are also an area of interest as compounds 5–7 have more eﬃcacy than
THA and 7-MEOTA.

neuroprotection against H2 O2 -induced neurotoxicity [18].
However, given the ubiquitous availability of HupA and
its higher potency, clinical development of HupB has been
reportedly limited. Side eﬀects would be expected to be
similar in nature (GI) to HupA and other ChEIs.
4.3. Nelumbo nucifera. Nelumbo nucifera is an aquatic plant
with numerous medicinal properties. It has recently demonstrated that the stamens fed to rats performing maze
learning tasks improved memory. The MOA is felt to be
AChE inhibition. One new compound and four known
compounds were isolated from the n-butanol fraction of
the N. nucifera for the first time. The new compound is a
beta-cyclogeraniol diglycoside, nuciferoside (5), and the four
known compounds are cycloartenol (1), p-hydroxybenzoic
acid (2), vanilloloside (3), and 5 -O-methyladenosine (4).
Compounds 5 and 1–3 demonstrated good and noncompetitive AChE inhibition and compounds 1, 2, and 5 showed

exhibited BuChE inhibition. Compounds 1–3 and 5 have
possible ChE inhibitory eﬀects with the potential to be used
for AD treatment. The primary eﬀect would be as an AChE
inhibitor rather than as BACE1 inhibitors [19]. There are no
reports of human studies. Preclinical and clinical safety and
toxicity data are not reported.
4.4. Himatanthus lancifolius. Himatanthus lancifolius is a
shrub that contains several indole alkaloids with a number
of medicinal properties such as antimicrobial eﬀects, gastroprotection, and the ability to aﬀect the vascular and
nonvascular smooth muscle responsiveness. Seidl et al.
[20] conducted a study to determine if there were any
AChE inhibiting properties from the Himatanthus lancifolius
extract and uliene in vitro. The dichloromethane (DCM),
and ethyl acetate (EtOAc), fractions showed significant AChE
inhibitory eﬀects. Uliene was the significant compound
present in both fractions [20]. There are no reports of human
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studies specific to cognition. Preclinical and clinical safety
and toxicity data are not reported.
4.5. Galangin. Guo et al. studied 21 diﬀerent flavonoids for
potential AChE inhibition properties in the brain in vitro.
Flavonoids have been of great interest in AD research and
treatment because of their free radical scavenging properties.
Epidemiological evidence suggests that higher consumption
of flavonoids is associated with lower incidences of AD.
A flavonol isolated from Rhizoma Alpiniae Oﬃcinarum
called galangin demonstrated the highest inhibitory eﬀects
on AChE activity. However, it is unknown if the galangin
binds to the AChE directly or has the same binding site
as the ATCh substrate [21]. Nevertheless, this suggests that
galangin could be developed as a potential treatment for AD
because of the dual MOA of ChEI and free radical scavenging
properties. There are no human studies reported to date.
Clinical and preclinical toxicities have not been established.
4.6. Cardanol Derivatives. de Paula et al. designed new
AChEI from nonisoprenoid phenolic lipids (NIPLs) of Anacardium occidentale. Cardols, cardanols, anacardic acids, and
methylcardols are the primary NIPL components of cashew
nut-shell liquid (CNSL) and have been used to generate
potential bioactive compounds. The derivates have structural, electrical, and hydrophobic properties that are relevant
to recognition of AChE molecules. The study concluded
that the most promising candidates to the development
of AChEI for AD treatment were derived from cardanol
[22]. Development of cardanol is appealing because of the
abundancy of the raw material source. There are no human
studies reported to date. Clinical and preclinical toxicities
have not been established.

5. Hybrids
Since AD is a multifactorial disease, the innovative model is
of the “one molecule, multiple targets” approach. Hybrids
combine BBB permeability with drugs targeting multiple
receptors or epitopes. Further, hybrids oﬀer the promise of
dual MOAs and added potency. The multipotent approach
includes novel tacrine-melatonin hybrids, dual inhibitors
of AChE and MAO or serotonin transporters, potent
cholinesterase inhibitors with antioxidant and neuroprotective properties, gallamine-tacrine hybrids binding at
cholinesterases and M2 muscarinic receptors, NO-donor,
tacrine hybrids as hepatoprotective drugs focusing on AD or
fluorescent tacrine, coumarin hybrids [23]. The side eﬀects
profiles are unknown in humans at present.
5.1. 5-(N-Methyl-N-propargyl-aminomethyl) Quinolin-8-yl
Dimethyl Carbamate (2) and 5-(N-Methyl-N-propargylaminomethyl) Quinolin-8-yl Ethylmethyl Carbamate (3). One
type of new drug is a site-activated chelator that inhibits
both AChE and MAO A/B. Although the original chelators
(clioquinol and desferrioxamine) had success in clinical
trials, the drugs did not selectively target the biometals in
the brain. Therefore, the therapeutic use was limited due to
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toxicity (in the case of clioquinol) or poor selectivity and
permeability. Now, chelators are designed with MAO A/B
inhibitory activity to enhance eﬃcacy and as prodrugs to
enhance targeting. This new prochelator would act as HLA
20A in that it would selectively inhibit AChE with minimal
metal ion binding aﬃnity, possess increased activity against
MAO A/B, and it would be activated by AChE, which is
located primarily in the brain, to release the active chelator
M30. The two compounds synthesized are compounds 2
and 3. Compounds 2 and 3 are like rivastigmine in that
the AChE inhibited progressively increases as incubation
time increases. Compound 2 is more potent and 3 is
less potent than rivastigmine in blocking AChE at 1 μM.
Both compounds are more potent at inhibiting MAO-A
than M30, but compound 2 is less potent than M30 at
inhibiting MAO-B and compound 3 has minimal inhibitory
eﬀects. The biggest novelty is that M30 is combined with
these compounds into prochelators. Compound 2 is more
promising of the two [24].
5.2. Donepezil and AP2238. AP2238 is the first published
compound to bind both anionic sites of AChE. The potency
against AChE is comparable to donepezil, while its ability
to contrast beta-amyloid aggregation is higher. Rizzo et al.
reports on a series of hybrids developed from donepezil and
AP2238 in which the idanone core from donepezil is linked
to the phenyl-N-methylbenzylamino moiety from AP2238. A
derivate in which the phenyl-N-methylbenzylamino moiety
from AP2238 was replaced by phenyl-N-ethylbenzylamino
moiety from AP2243 and the idanone ring was replaced
by a tetralone scaﬀold. A total of 22 compounds were
synthesized. Derivates 21 and 22 were the most active of
all the compounds, and the potency was equal to the
reference compounds. Compounds 15, 21, and 22 had a
5-carbon alkyl chain with an amino moiety at one end
which gave the compounds better contact at the peripheral
anionic site (PAS). This improved the inhibition of AChEinduced aggregation vastly when compared to the reference
compounds. Compound 21 was a part of the tetralone series,
and the methoxy substituent in position 6 was replaced by
a pentyl chain. Compound 22 was a piperidine derivative
of the tetralone series. In compound 15, the second amino
moiety was replaced by piperidine with n = 5. Overall,
compounds 15, 21, and 22 showed the most promise [25].
There are no reports of human studies. Preclinical and
clinical safety and toxicity have not been established.
5.3. Donepezil-Tacrine Hybrids. Camps et al. designed a
novel series of donepezil-tacrine hybrids, which interact simultaneously at the peripheral, active, and midgorge binding
sites of AChE. They are desirable because both compounds
have known eﬃcacy and BBB permeability with slightly
diﬀerent MOAs. They were tested for the ability to inhibit
BuChE, AChE, and beta-amyloid aggregation induced by
AChE. The compounds are combination of the 5,6-dimethoxy-2-[(4-piperidinyl)methyl]-1-idanone moiety of donepezil and 6-chlorotacrine. All of the new hybrids have
proven to be highly potent hAChE inhibitors. All of the new
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compounds also demonstrated significant inhibition of betaamyloid aggregation and were shown to be more potent than
parent compounds [26].
5.4. Tacrine/Ferulic Acid Hybrids and Beta-Carboline Derivatives. Three beta-carboline derivatives (referred to as without chemical names (2A, 2B, 2C)) and two tacrine/ferulic
acid hybrids (1A, 1B) were tested in vivo in three-monthold female rats. The tacrine/ferulic acid hybrids showed
higher AChE inhibition and comparable BuChE inhibition
when compared to tacrine in vitro. However, neither compounds 1A nor 1B showed any therapeutic eﬀects against
scopolamine-induced cognitive deficits in vivo. Compound
1B actually worsened the impairment. Compound 2C was
shown to be the most eﬀective of the three in vitro.
Compound 2B did not show any significant activity, and
compound 2A was comparable to galantamine. However,
none of these three compounds were shown to be eﬀective
in vivo. Despite the promising in vitro information, none of
the five compounds are suitable for AChE inhibition against
AD [27].
5.5. Tacrine-8-hydroxyquinoline Hybrids. Both tacrine and
PBT2 (an 8-hydroxyquinoline derivative) are known for
ChE inhibition and decreasing beta-amyloid concentrations,
respectively. Fernandez-Bachiller et al. designed, synthesized,
and evaluated novel tacrine-8-hdroxyquinoline hybrids as
possible therapeutic drugs for AD treatment. The hybrids
were found to be more eﬀective than tacrine against AChE
and BuChE. They also show low cell level toxicity and
could possibly penetrate the CNS as demonstrated by an in
vitro BBB. The drug has also demonstrated antioxidant and
copper-complexing properties. With all the properties that
these hybrids possess, it could be a possible therapeutic drug
treatment in vivo as well [3].
5.6. Other Hybrids Combinations. Samadi et al. studied
tacripyrines and developed a new compound called pmethoxytacripyrine (RL2/101). RL2/101 impedes the proaggregation beta-amyloid eﬀect of hAChE and has mild
inhibitory eﬀects on the self-aggregation of Aβ 42. RL2/101
is a potent Ca2+ antagonist that passes through the
blood-brain barrier (BBB). It also displays antioxidant and
neuroprotective properties. Samadi et al. carried out with
the synthesis of a number of series of simple, and readily available 2-aminopyridine-3,5-dicarbonitriles (3–22),
and 2-chloropyridine-3,5-dicarbonitriles (21–28) derived
from 2-amino-6-chloropyridine-3,5-dicarbonitrile (1) and
2-amino-6-chloro-4-phenylpyridine-3,5-dicarbonitrile (2).
Compounds 3, 4, 21–23, 25, 26 were shown to be highly
selective for hAChE. Compounds bearing small groups such
as the N, N0 -dimethylamino or the pyrrolidino preferentially
inhibit AChE. Compounds 3, 17, 22, 24, and 26 showed
the highest neuroprotection values. These compounds could
be further developed to have multifaceted approach against
cholinergic dysfunction and oxidative stress [23].
Camps et al. designed two new series of hybrid AChEIs
and tested them for AChE inhibition, butyrylcholinesterase,
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BACE-1, and self-induced and AChE-induced beta-amyloid
aggregation and BBB permeability. The hybrids are composed of a 6-unit chlorotacrine and a multicomponent
reaction-derived pyrano [3,2-c]-quinoline scaﬀold as the
active and peripheral sites interacting moieties, respectively.
Due to the dual binding site activity, both hybrids demonstrate the ability to inhibit AChE-induced beta-amyloid1−40
aggregation and self-induced beta-amyloid1−42 aggregation.
Some of compounds can also inhibit BACE-1. These hybrids
also have the ability to permeate the BBB. Hybrid 27 emerged
as the most promising therapeutic as it was able to target both
AChE and beta-amyloid production and aggregation [28].

6. Synthetic Analogues
6.1. Phenyl-5,6-dimethoxy-1-oxo-2,3-dihydro-1H-2-indenylmethanone Analogues. Synthetic analogues are under development because, with targeted pharmacological development, class-specific hepatotoxicity and known gastrointestinal side eﬀects may be avoided. The risk of developing
synthetic analogs is that they might not have the potency
and BBB permeability as naturally derived ChEIs or they
may have unanticipated pharmacological properties. Ali
et al. synthesized phenyl-5,6-dimethoxy-1-oxo-2,3-dihydro1H-2-indenylmethanone analogues labeled 5a–5n. Their
data showed that the majority of the compounds had moderate AChE inhibitory eﬀects. 5f had the most significant
eﬀects followed by 5e and then 5a. The study suggests that
having an OCH3 group substituted phenyl ring at diketone
derivatives creates a vast improvement in AChE inhibition
[29].
6.2. N-Alkyl-7-methoxytacrine Hydrochlorides. The first
AChEI developed was THA, but using the drug caused dosedependent but reversible liver toxicity. 7-methoxytacrine
(7-MEOTA) is an analogue of THA that has far less
toxicity and is pharmacologically equivalent to THA. In a
study by Korabecny, fourteen 7-MEOTA analogues were
synthesized. Models of human recombinant AChE (hAChE)
and human plasmatic BuChE (hBuChE) were used to
evaluate these new analogues in vitro and were compared
to THA and 7-MEOTA. Compounds 5–7 showed better
inhibition of hAChE than compared to 7-MEOTA and THA,
especially compound 5 as it was found to be five times
more potent than THA. Compounds 9, 10, and 14 were
found to be ineﬀective against hAChE. The structure-activity
relationship findings point at the C6-C7 N-alkyl chains for
cholinesterase inhibition [30].
6.3. Ladostigil. Ladostigil is a novel anti-Alzheimer’s disease drug, with neuroprotective, multimodal brain-selective
monoamine oxidase, and cholinesterase inhibitor properties
[31]. It has neuroprotective and antioxidant activities in
cellular models at much lower concentrations than those
inhibiting MAO or AChE. When ladostigil (1 mg/kg/day) was
given for 6 months to 16-month-old rats, it prevented the
age-related increase in activated astrocytes and microglia in
several hippocampal and white matter regions and increased
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proNGF immunoreactivity in the hippocampus towards the
levels in young rats.
Ladostigil also prevented the age-related reduction in
cortical AChE activity and the increase in butyrylcholinesterase activity in the hippocampus, in association with
the reduction in gliosis. The immunological and enzymatic
changes in aged rats were associated with improved spatial
memory. Ladostigil treatment had no eﬀect on memory,
glial, or proNGF immunoreactivity in young rats [32].
Ladostigil ((N-propargyl-(3R) aminoindan-5yl)-ethyl methyl carbamate) is, presently in a Phase IIb clinical trial
and intended for the treatment of Alzheimer’s disease and
dementia comorbid with extrapyramidal disorders and depression [31].

7. Discussion
A great deal of research has been done regarding AChEI
as a therapeutic drug for AD. All of the current firstline treatments in the US are AChEIs. Physostigmine was
the first ChEI investigated for AD, but it was discarded
due to a number of disadvantages. Although phenserine,
a physostigmine derivative, has failed the Phase II clinical
trials, there are other derivatives in development. In addition,
metrifonate also has a profound eﬀect on those with AD. A
metrifonate derivative with the same or better eﬃcacy and
a lesser side eﬀect profile would be a promising therapeutic
drug. Naturally derived AChEIs are also a promising area of
interest. HupA is the drug of choice in China [16]. Many
hybrids are also being created. Some hybrids have completely
new materials, but other hybrids are using the older AChEI
and are trying to improve upon them. The synthetic
analogues have only been tested in vitro at this time, but it is
an area that can help direct future treatment options for AD.
Although the majority of the drugs discussed in this paper
have not yet been tested in animals or humans, each of these
areas will continue to develop because this class of drugs
has demonstrated its value in symptomatic therapy. This
class of drugs will continue to be developed because it is a
proven symptomatic therapy with a recognized target. Drugs
in the class have a proven track of CNS permeability, known
side eﬀect profile, and demonstrated eﬃcacy. It is logical to
consider further development of novel agents in this class.
Challenges to development include potency, safety, and side
eﬀects as well as comparison to current ChEIs, many of which
are generic. Many compounds developed to date have no
human or animal data. Thus, safety, eﬃcacy, and toxicity
have not been established. Further, this class of medications
has not been established to possess disease-modifying properties. The risk of developing newer ChEIs is that they will
need to be more eﬀective than donepezil, rivastigmine, and
galantamine to garner approval since these three drugs are
FDA approved. Future research in this class will need to focus
on whether ChEIs directly aﬀect the pathophysiology of AD.
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et al., “Novel tacrine-8-hydroxyquinoline hybrids as multifunctional agents for the treatment of Alzheimers disease,
with neuroprotective, cholinergic, antioxidant, and coppercomplexing properties,” Journal of Medicinal Chemistry, vol.
53, no. 13, pp. 4927–4937, 2010.
[4] Tacrine. Drugs in Clinical Trials. Alzheimer Research Forum,
http://www.alzforum.org/drg/drc/detail.asp?id=90.
[5] S. L. Rogers, R. S. Doody, R. C. Mohs, and L. T. Friedhoﬀ, “Donepezil improves cognition and global function in
Alzheimer disease: a 15-week, double-blind, placebo-controlled study,” Archives of Internal Medicine, vol. 158, no. 9, pp.
1021–1031, 1998.
[6] S. A. Jacobson and M. N. Sabbagh, “Donepezil: potential neuroprotective and disease-modifying eﬀects,” Expert Opinion on
Drug Metabolism and Toxicology, vol. 4, no. 10, pp. 1363–1369,
2008.
[7] R. C. Petersen, R. G. Thomas, M. Grundman et al., “Vitamin
E and donepezil for the treatment of mild cognitive impairment,” The New England Journal of Medicine, vol. 352, no. 23,
pp. 2379–2388, 2005.
[8] S. Salloway, S. Ferris, A. Kluger et al., “Eﬃcacy of donepezil in
mild cognitive impairment: a randomized placebo-controlled
trial,” Neurology, vol. 63, no. 4, pp. 651–657, 2004.
[9] J. Corey-Bloom, R. Anand, and J. Veach, “A randomized trial
evaluating the eﬃcacy and safety of ENA 713 (rivastigmine
tartrate), a new acetylcholinesterase inhibitor, in patients with
mild to moderately severe Alzheimer’s disease,” International
Journal of Geriatric Psychopharmacology, vol. 1, no. 2, pp. 55–
65, 1998.
[10] P. N. Tariot, P. R. Solomon, J. C. Morris, P. Kershaw, S.
Lilienfeld, and C. Ding, “A 5-month, randomized, placebocontrolled trial of galantamine in AD,” Neurology, vol. 54, no.
12, pp. 2269–2276, 2000.
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Donepezil, a highly selective acetylcholinesterase inhibitor (AChEI), is approved as a symptomatic treatment mild, moderate, and
severe Alzheimer’s disease (AD). Donepezil exerts its treatment eﬀect through multiple mechanisms of action including nicotinic
receptor stimulation, mitigation of excitotoxicity, and influencing APP processing. The use of donepezil at higher doses is justified
given the worsening cholinergic deficit as the disease advances. Donepezil has been investigated in several clinical trials of subjects
with moderate-to-severe AD. While the side eﬀects are class specific (cholinergically driven), demonstrable benefit has been shown
at the 10 mg dose and the 23 mg doses. Here, we review the clinical justification, eﬃcacy, safety, and tolerability of use of donepezil
in the treatment of moderate-to-severe AD.

1. Introduction
Alzheimer’s disease is an age-related progressive neurological
disorder that ultimately results in cognitive and behavioral
dysfunction and functional loss. These later stages of disease
are impacting an increasingly large number of people each
year. At present, the treatment of Alzheimer’s disease (AD) is
limited to symptomatic therapy. As symptoms worsen and
the eﬀects of late-stage Alzheimer’s disease become more
severe, there is an urgent need for new and novel treatment
options. Of the 5.3 million people estimated to be aﬄicted
with AD in the United States, more than half are suspected to
have moderate-or-severe disease. Because these stages of AD
can last for several years, the diﬃculty presented to both patients and caregivers increases dramatically in advanced
stages [1].
Donepezil, a highly selective acetylcholinesterase inhibitor (AChEI), is one of only two treatments approved in the
United States for use beyond the mild-to-moderate stage.
While it can slow progression modestly and treat symptoms,
it cannot halt progression of the actual disease or ultimately
stop the decline in cognitive and functional abilities. Agents
such as donepezil create notable symptomatic improvements

with modest but debatable impact on disease progression
from mild to moderate is concerned, decreasing speed of progression from the earliest signs of cognitive impairment to
severe dementia and finally death [2, 3].
An important component of Alzheimer’s disease management is the group of caregivers who support Alzheimer’s
patients. As Alzheimer’s disease progresses, the demands on
the caregiver increase; often this takes a toll on the care provider in the form of health problems of their own, stress,
anxiety, depression, fatigue, and other physical and emotional problems [4]. Donepezil is a valuable treatment option not
just for its capacity as a selective inhibitor of acetylcholinesterase for the patients but also for its capacity to ease the
burden of the caregiver by prolonging the AD patient’s ability
to perform self-care tasks and delaying the progression of
symptoms that would impact a caregiver [5].

2. Overview
Donepezil has a mode of action based on inhibiting acetylcholinesterase selectively. Cholinergic function is improved
when there are greater concentrations of acetylcholine in the
brain, and the depletion of acetylcholine that is common
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with AD patients is positively aﬀected with a donepezil regimen. Additionally, cholinesterase inhibitors hypothetically
could operate within the scope of the “amyloid hypothesis”
of AD pathogenesis. Donepezil in particular has been shown
to attenuate neurotoxicity of amyloid beta peptide Aβ as well
as influencing APP processing [6]. In accordance with the
cascade concept, therapies that directly target the accumulation, aggregation, and deposition of amyloid beta peptide
Aβ42 and eﬀectively reduce the inciting event may be more
eﬀective than distally targeted treatments, such as those that
target neurotransmitter deficits.
In addition to attenuating Aβ neurotoxicity, donepezil
also has an eﬀect on cholinergic deaﬀerentation. Cell bodies
in the nucleus basalis in the brain are the origin of cholinergic
tracts, the axons of which are prolific in the cerebral cortex
and in the pedunculopontine nucleus with expansion into
the thalamus. Loss of cholinergic neurons in the nucleus basalis are a hallmark of the earliest stages of AD. The functional
deaﬀerentation of the cholinergic neurons is thought to induce Aβ production in the cerebral cortex, which is what begins the cascade to neurodegeneration. Donepezil disrupts
the mechanism by which Aβ generation occurs following
cholinergic deaﬀerentation by interfering with the process
that leads to the exposing of the toxic N-terminal region of
APP during the preferential processing of the amyloid precursor protein. One way donepezil interupts this process is by
cholinergic input to cortical neurons [7].
Donepezil also impacts nicotinic receptors in the cortex
through upregulation. At clinically relevant concentrations,
donepezil decreases the reduction of nicotinic acetylcholine
receptor expression in the cerebral cortex of AD patients and
prevents some of the reduction in nicotinic binding that correlates to disease severity. This process reduces glutamate
neurotoxicity and also has been shown to inhibit excitotoxic
injury, which is significant regarding AD pathogenesis and
progression [8].
Other mechanisms of action indicate donepezil could
provide a treatment option for aﬀecting the cellular and molecular processes of neurodegeneration rather than symptomatic treatment. Donepezil has been found to influence acetylcholinesterase isoform expression by inhibiting the expression of the AChE-S form and causing an increase in the expression of the AChE-R form through reduction of cholinesterase, generating neuroprotective eﬀects [9]. Donepezil
has also been shown to upregulate nicotinic receptors in the
cerebral cortex, increasing nicotinic acetylcholine receptor
expression and nicotinic binding [10]. Furthermore, under
conditions of upregulations donepezil has been proven to
maintain neuroprotective actions are lower drug concentrations and reduce glutamate toxicity [8]. Donepezil has been
shown to mitigate the eﬀects of oxidative stress in a streptozotocin-induced model of dementia in mice, indicating use
against free radicals that may be implicated in AD [11].
Donepezil treatment has also resulted in improved cerebral
blood flow in patients with mild cognitive impairment, with
no reduction after six months compared to statistically significant reduction in the placebo cohort [12, 13]. Potential
mechanisms of action also include enhancing neuroplastic
activity through cholinergic modulation. In rodent models of
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basocortical degeneration, donepezil induced cortical sprouting, mitigating reduction in cholinergic neurotransmission
[14].

3. Efficacy
Donepezil has been found to be one of the most eﬀective
symptomatic treatments for AD available on the market with
additional potential as a disease-modifying therapy. Many
but not all studies have shown that both when compared to
a placebo, donepezil has proven to have significant eﬃcacy
in reducing the severity of neuropsychiatric symptoms in patients with mild-to-moderate AD and patients in more severe
stages of the disease [15]. Additionally, donepezil has been
found to be eﬀective in symptomatic treatment in a variety of
dosing levels giving it variability as a treatment option. In an
open-label, multicenter, Phase 3 extension study of the safety
and eﬃcacy of donepezil in patients with Alzheimer’s disease
[15], the primary eﬃcacy measures were the Alzheimer’s Disease Assessment Scale-cognitive subscale (ADAS-Cog) and
the CDR-Sum of the Boxes (CDR-SB). These measures were
evaluated in a 152-week long extension study on patients
aged 50 and older that participated in at least one of the previous phases of donepezil trials, with a total patient number
(n) of 763. Among this population, the most common reason
for study discontinuation (46% of discontinued patients)
was departure due to the commercialization of donepezil
after the successful completion of nonextension trials, allowing for prescriptive use of the drug [15], but of those that
completed the study declined from baseline significantly less
than the placebo arm in the same period with regards to
ADAS-Cog scores. After a three-week placebo washout, the
mean change for patients using CDR-SB scores actually improved above baseline for the experimental arm and declined
in the placebo arm.
In comparison studies with rivastigmine and galantamine, specifically a 52-week trial [16] and a 12-week trial
[17] showed that regarding cognitive function, there is no
statistically significant diﬀerence between patients treated
with donepezil versus those treated with galantamine, nor is
there a diﬀerence regarding behavior when comparing
10 mg/day of donepezil to 24 mg/day of galantamine. Similarly, rivastigmine and donepezil have been found to have
comparable eﬀects on cognition and behavior [18, 19] and
similar gastrointestinal side eﬀects profiles [20].

4. Safety and Tolerability
In patients with moderate-to-severe Alzheimer’s disease,
donepezil has been found to be safe and well tolerated at doses up to 23 mg, with an increase in adverse events over lower
dosages, most of which dissipate after the first month of
treatment [1, 21]. In a randomized, double-blind study, 1371
patients (mean age: 73.8 years, 62.8% female, 73.5% white)
from 219 diﬀerent sites in Asia, Europe, Australia, North
America, South America, and South Africa were analyzed for
comparative eﬀects of 10 mg/day donepezil and 23 mg/day
donepezil. All patients had an MMSE of less than 20 and
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assessed for changes in cognition and global functioning as
assessed using least square regressions as well as deviation
from baseline between the two cohorts. At the highest doses,
the most significant adverse events reported in safety trials
were nausea, vomiting, and diarrhea; in the event that these
symptoms did not dissipate, dosages were reduced to improve tolerability. Nevertheless, a certain percent of participants did not tolerate donepezil even after the dose was
reduced. Donepezil has proven to be safe and well tolerated
as well as eﬀective in the treatment of moderate-to-severe AD
[21].
Donepezil has been found to be an eﬀective option for
maintaining a desirable quality of life and prolonging patient
performance of activities of daily living (ADL); under study
of 290 (mean age: 73.6 years, range 48–92) patients randomized into a 24-week, double-blind, placebo-controlled study,
donepezil demonstrated a vastly slower decline trajectory
than placebo in ADLS in patients with moderate-to-severe
AD [22]. Using the Disability Assessment for Dementia
(DAD), the Instrumental Acitvities of Daily living (IADL)
scale, and the Physical Self-Maintenance Scale (PSMS), researchers have determined that moderate-to-severe AD patients taking donepezil were improved in tasks such as the use
of household appliances, managing personal mail, moving
around in and outside of homes, understanding explanations
or new situations, and maintaining leisure activities as compared to moderate-to-severe AD patients who took a placebo
[22, 23]. In a six-month study, assessing responder rates of
moderate-to-severe AD patients taking donepezil in a longterm care facility, greater proportions of patients defined as
responders to donepezil showed significant stabilization or
improvement compared with placebo on individual eﬃcacy
measures including the severe impairment battery (SIB) (≥0,
≥4 or ≥7 points) and Mini-Mental State Examination (≥0
or ≥3 points), and positive trends on the ADCS-ADL-severe
(≥3 points) and the neuropsychiatric inventory (NPI) cluster
based on mood items. All 3 composite measures of eﬃcacy
showed a significantly higher proportion of responders in the
donepezil group. The responders had a similar distribution
between the 2 subgroups of cognitive and functional disease
severity at baseline. The donepezil-treated patients taking
psychotropic drugs showed significantly greater improvement on the SIB, less deterioration on the ADCS-ADL, and
had higher Clinical Global Impression of Improvement
scores and a trend toward lower NPI scores [23].
In addition to assessing patient conditions, caregivers
were assessed using the Caregiver Stress Scale (CSS) for the
first time in a clinical trial to measure a caregiver’s status regarding cognitive status, overload, relational deprivation,
job-caregiving conflict, economic strains, role captivity, loss
of self, care-giving competence, personal gain, management
of distress, and expressive support. Statistical analysis of eﬃcacy was based on change from baseline of MMSE scores. According to the caregiver journal assessments, patients treated
with donepezil were more likely to be capable of interacting
with caregivers and others, engaging and being interested in
conversations with others, and enjoying leisurely activities.
Caregivers of donepezil-treated patients remained close to
their baseline assessments of stress levels while caregivers for
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the placebo group reported significant increases in stress over
the same period. Treatment of moderate-to-severe AD with
donepezil has also been associated with a much more gradual
increase in time a caregiver spends caring for a patient with
progressing disease compared to patients who received a
placebo [24].
As indicated in the aforementioned Doody study, the
adverse events experienced when treated with donepezil are
transient and mild, often resolving themselves without the
need for dose modification but in the rare cases resolution is
elusive, lowering the dosage is an eﬀective way to decrease
adverse events. 92% of patients in the study experienced
at least one treatment-related adverse event, with only 28%
(214) of patients experiencing a serious (grade 3 or 4) AE; in
the case of 27% (203), the serious nonfatal AEs experienced
was determined to be not related to donepezil treatment.
Treatment with donepezil also indicated no clinically significant results or changes in clinical laboratory tests, physical
examinations, or electrocardiograms. The results of this
study indicated that donepezil is a safe and eﬀective agent for
long-term treatment of moderate-to-severe disease [15].

5. Conclusions
It is broadly recognized that potent disease modifying agents
are needed to prevent the progression of Alzheimer’s disease.
While the “amyloid hypothesis” of AD pathogenesis is still
unproven, there is substantial evidence that suggests that
inhibiting Aβ plaque formation will be a valuable approach
for achieving this goal. But the foundation of AD management will continue to include a cholinesterase inhibitor such
as donepezil. A multitude of well-controlled clinical studies
have demonstrated the cognitive benefit of this agent. In
addition, by interfering with the process that leads to the
exposing of the toxic N-terminal region of APP during the
preferential processing of the amyloid precursor, donepezil
disrupts the mechanism by which Aβ generation occurs following cholinergic deaﬀerentation. As new therapeutics
come on line, the next advance in AD patient management
will come from understanding how they synergize with
donepezil or other cholinesterase inhibitors.
Going forward, the role donepezil plays in disease management should not be limited solely to cholinestrase inhibition at the level of neurotransmitter. Rather, as preclinical
evidence amply demonstrates, the drug aﬀects on cellular
and molecular processes should be exploited for their depth
and breadth of influence at every stage of disease.
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Available pharmacological treatments for Alzheimer disease (AD) have limited eﬀectiveness, are expensive, and sometimes induce
side eﬀects. Therefore, alternative or complementary adjuvant therapeutic strategies have gained increasing attention. The development of novel noninvasive methods of brain stimulation has increased the interest in neuromodulatory techniques as potential
therapeutic tool for cognitive rehabilitation in AD. In particular, repetitive transcranial magnetic stimulation (rTMS) and
transcranial direct current stimulation (tDCS) are noninvasive approaches that induce prolonged functional changes in the
cerebral cortex. Several studies have begun to therapeutically use rTMS or tDCS to improve cognitive performances in patients
with AD. However, most of them induced short-duration beneficial eﬀects and were not adequately powered to establish evidence
for therapeutic eﬃcacy. Therefore, TMS and tDCS approaches, seeking to enhance cognitive function, have to be considered still
very preliminary. In future studies, multiple rTMS or tDCS sessions might also interact, and metaplasticity eﬀects could aﬀect the
outcome.

1. Introduction
Given the limited eﬃcacy of pharmacological treatments [1],
nonpharmacological approaches in AD are of great interest.
In recent years, new techniques for studying the human
brain that allow for the noninvasive neurostimulation have
emerged. In particular, two techniques of noninvasive
brain stimulation—repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation
(tDCS)—are capable for modulating cortical excitability and
inducing lasting eﬀects [2, 3]; both have been shown to have
potential therapeutic eﬃcacy in cognitive neuroscience [4].
By using rTMS, depending on the location and the stimulation parameters as well as on the physiology of the underlying cortical tissue, behavioural changes may also be seen,
including enhancement of or interference with cognitive performance [5, 6]. rTMS has been increasingly utilized for various neurological [7–9] and psychiatric conditions [10–12].

tDCS has also been shown to induce cognitive improvements
in healthy subjects [13–15] and patients with neuropsychiatric disorders such as depression [16–18], Parkinson
disease [19, 20], and stroke [21]. Both neuromodulatory
techniques can induce lasting modulation of brain activity in
the targeted brain region and across brain networks through
transcranial induction of electric currents in the brain [4]. In
the last years, these two neuromodulatory techniques have
been proposed as a possible treatment to improve cognitive
performances, also in subjects aﬀected by dementia in which
it may represent a useful tool for cognitive rehabilitation.

2. Therapeutic Interventions
2.1. Neuromodulatory Techniques. rTMS is a technique that
delivers single TMS pulses in trains with a constant frequency
and intensity for a given time. tDCS is another simple and
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powerful tool to modulate brain activity, which delivers lowintensity electrical currents (below the perceptual threshold,
1 to 2 mA) over the scalp using two large saline-soaked
sponge electrodes. The resulting constant electrical field penetrates the skull and influences neuronal function.
rTMS can be applied as continuous trains of low-frequency (1 Hz) or bursts of higher-frequency (≥5 Hz) rTMS,
while tDCS can be applied as anodal or cathodal stimulation
[4]. In general, low-frequency rTMS and cathodal tDCS are
thought to reduce, and high-frequency rTMS and anodal
tDCS to enhance excitability in the targeted cortical region.
However, it is not completely understood by which mechanisms of action rTMS and tDCS can induce lasting eﬀects
on the brain. The physiologic impact of both techniques
involves synaptic plasticity, specifically long-term potentiation (LTP) and long-term depression (LTD). A link between
the aftereﬀects induced by rTMS and the induction of synaptic plasticity has been recently identified [22]. Similarly,
tDCS may modulate synaptic strength within the cortex,
with evidence pointing to the involvement of intracortical
neurons [23].
2.2. Repetitive Transcranial Magnetic Stimulation. A recent
meta-analysis of publications searching for the eﬀects of
rTMS on cognitive functions [24] found convincing data
supporting improvement in several cognitive functions, including executive functions, learning, and memory.
It has been demonstrated in elderly subjects that rTMS
induces a transient improvement in the associative memory
task and that it is associated with recruitment of right
prefrontal and bilateral posterior cortical regions [25]. Three
studies have been carried out to assess the eﬀects of rTMS on
naming and language performance in patients with probable
AD.
In two crossover, sham-controlled, single-session studies
[26, 27] rTMS was applied to the dorsolateral prefrontal cortex (DLPFC) during the execution of naming tasks (on-line
rTMs). In the first study, a significantly improved accuracy
in action naming, but not in object naming, was found following high-frequency rTMS of either left or right DLPFC in
each of the 15 examined patients [26]. In the second study
[27], the eﬀect of rTMS applied to the DLPFC on picture
naming was assessed in 24 AD patients with diﬀerent degrees
of cognitive decline. The authors found that the results of
the previous study were replicated only in mild AD patients
(Mini-Mental-State-Examination (MMSE) ≥17/30); in contrast, in patients with moderate to severe AD (MMSE <
17/30), both action and object naming were facilitated after
both left and right DLPFC rTMS. The lack of eﬀects of rTMS
on object naming in early-stage AD might be related to a
“ceiling” eﬀect; when object naming is impaired, such as in
moderate to severe AD patients, rTMS to the DLPFC results
in an improved performance also for this class of stimuli.
The rTMS eﬀect was bilateral both in mild and severe AD
patients. The bilateral facilitation eﬀect could be attributed
to the presence of compensatory mechanisms based on the
recruitment of right hemispheric resources to support the
residual naming performance.
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In a later study, Cotelli et al. [28] aimed to investigate
whether the application of high-frequency rTMS to the
left DLPFC may lead to significant facilitation of language
production and/or comprehension in patients with moderate
AD. Ten patients were randomly assigned to one of two
groups. The first group underwent a 4-week real rTMS stimulation protocol, while the second underwent a 2-week
placebo treatment, followed by 2-weeks of real rTMS stimulation. rTMS intervention consisted of a total of 4 weeks
of daily stimulation. No significant eﬀects were observed
on naming performance. However, a significant eﬀect was
observed on auditory sentence comprehension after 2 weeks
of real rTMS sessions, as compared to sham. Two additional
weeks of daily rTMS sessions resulted in no further improvements, but a significant benefit on auditory sentence comprehension was still detected 8 weeks after the end of the rTMS
intervention. An important finding was the absence of any
eﬀects on memory and executive functions. Therefore, these
results were thought to be specific to the language network,
and not due to a general, nonspecific eﬀect on cognitive processing.
None of these three studies reports any side eﬀects of the
rTMS applications, but it is not clear what safety evaluations
(if any) were completed.
In another study, Ahmed et al. [29] aimed to compare
the long-term eﬃcacy of high- versus low-frequency rTMS,
applied bilaterally over the DLPFC, on cortical excitability
and cognitive function of AD patients. The high-frequency
rTMS group improved significantly more than the lowfrequency and sham groups in all assessed rating scales
(MMSE, Instrumental Daily Living Activity Scale and the
Geriatric Depression Scale) at all time points after treatment.
The improvement was maintained for 3 months. The authors
thus concluded that high-frequency rTMS may be a useful
addition to therapy for the treatment of patients with mild
to moderate degree of AD.
Since cognitive training (COG) may improve cognitive
functions in AD, in a recent study Bentwich et al. [30] aimed
to obtain a synergistic eﬀect of rTMS interlaced with COG
(rTMS-COG) in patients with AD. Eight patients with mild
to moderate probable AD were subjected to daily rTMSCOG sessions (5/week) for 6 weeks, followed by maintenance
sessions (2/week) for additional 6 months. The following six
regions, located individually by MRI, were stimulated: Broca
and Wernicke (language functions), right and left DLPFC
(judgment, executive functions, and long-tem memory), and
right and left parietal somatosensory association cortex
(spatial and topographical orientation and praxias). COG
tasks were developed to fit these regions. Primary outcome
measures were average improvement of Alzheimer Disease Assessment Scale-Cognitive (ADAS-cog) and Clinical
Global Impression of Change (CGIC); secondary objectives
were average improvement of MMSE, the ADAS-Activities of Daily Living (ADAS-ADL), Hamilton Depression
Scale (HAMILTON), and Neuropsychiatric Inventory (NPI).
ADAS-cog improved by approximately 4 points after both 6
weeks and 4.5 months of treatment, and CGIC by 1.0 and 1.6
points, respectively. MMSE, ADAS-ADL, and HAMILTON
improved, but without statistical significance, while NPI did

International Journal of Alzheimer’s Disease
not change. These findings provide direct evidence that
rTMS is helpful in restoring brain functions and could reflect
rTMS potential to recruit compensatory networks that
underlie the memory-encoding and the other cognitive functions [31]. Therefore, rTMS-COG seems a promising and
safe modality for AD treatment.
2.3. Transcranial Direct Current Stimulation. Two crossover
designed studies using tDCS were performed to enhance
recognition memory in patients with AD [32, 33]. Because
temporoparietal areas are thought to be hypoactive in AD
[34], Ferrucci et al. [32] tested in a pilot study whether
anodal tDCS applied over temporoparietal cortex can increase cortical function, thus improving recognition memory
in AD patients. They were delivered in 10 patients with mild
AD anodal tDCS, cathodal tDCS, and sham tDCS over bilateral temporoparietal areas in three separate sessions (15 min
at 1.5 mA, at least 1 week apart). Anodal tDCS significantly
improved recognition memory, cathodal tDCS significantly
decreased accuracy in the word recognition task, sham tDCS
did not change it. Moreover, no eﬀects were observed in
a visual attention task, suggesting that the eﬀects of tDCS
were likely specific for recognition memory. Notably, no
safety considerations were reported. Boggio and colleagues
exposed patients with mild to moderately severe AD to a
session of anodal tDCS to the left DLPFC, anodal tDCS to
the left temporal cortex (cathode electrode was placed over
the right supraorbital area for these 2 sessions), or a session
of sham stimulation [33]. Since declarative memory is the
most aﬀected cognitive domain in AD patients, the aim of
this study was to investigate the impact of anodal tDCS on
recognition memory, working memory, and selective attention in AD. Sessions were 48 h apart, and patients were tested
during each of the stimulation sessions, starting 10 min after
stimulation onset and lasting until the end (30 min at 2 mA).
Stimulation over both prefrontal and temporal areas resulted
in a significant improvement of visual recognition memory,
which was not attributable to a nonspecific attentional
process, as assessed by the Stroop task. On contrary, no
eﬀects were obtained on working memory.
This important study has several limitations. As the authors themselves recognized, since a bipolar montage was
used, it cannot be excluded that the observed eﬀects may
be the result of the stimulation from the reference electrode.
Moreover, the study did not measure whether the eﬀects of
the study were long lasting, and the authors did not perform
any other behavioural assessment to measure whether the
eﬀects observed in the study are clinically relevant. It should
be also considered that working memory was measured by a
digit span task, more indicative of attentional than working
memory function.
Interestingly, Scelzo and colleagues [35] found an increased short latency aﬀerent inhibition (SAI) after anodal
tDCS in 12 healthy subjects. SAI is a TMS protocol that may
give direct information about the function of some cholinergic pathways in the human motor cortex [36]. The enhancement of cortical cholinergic circuits may thus represent an
important mechanism explaining anodal tDCS action in AD
and several other pathologic conditions.
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3. Discussion and Future Perspectives
The possible mechanisms that can account for the eﬀects of
rTMS and tDCS on cognitive performance conceivably reflect the potential of these methods to improve the subject’s
ability to relearn or to acquire new strategies for carrying out
behavioural tasks.
The use of rTMS involves the discharge of a transient
electromagnetic field through the skull. Electric currents are
induced in the brain by means of rapidly changing magnetic
fields; in turn, these determine transsynaptic depolarizations
of pools of neurons located in the superficial cortical layers.
The capability of the rTMS to interact with the intrinsic
abilities of the brain to restore or compensate for damaged
function is a promise for possible applications in the field
of cognitive rehabilitation. Since there is no clear knowledge
about spatial resolution of rTMS, it is diﬃcult to interpret
the observed functional eﬀects in terms of exact anatomical
eﬀects. The neurophysiological mechanisms responsible for
rTMS-induced facilitation remain unknown, even if they are
most likely related to the activation of impeded pathways
or inhibition of maladaptive responses. On the other hand,
rhythmic transcranial stimulation can exert positive eﬀects
on cognitive performance [37]. The modification of cortical
activity through the use of rhythmic stimulation may readjust pathological patterns of brain activity, thus providing an
opportunity to induce new, healthier activity patterns within
the aﬀected functional networks [38].
While rTMS elicits neuronal firing, tDCS modulates the
spontaneous neuronal activity [39]. Though rTMS and tDCS
both yield similar eﬀects, tDCS has several practical advantages over rTMS. Therefore, it is simpler, safer [40], and less
expensive and would be suitable for use in large series of
patients, possibly even at home. In fact, the above illustrated
findings prompt further studies using repeated tDCS, in
conjunction with other therapeutic interventions for treating
patients with AD. The prolonged aftereﬀects of tDCS are
probably due to synaptic [41] and nonsynaptic mechanisms
[42].
The eﬀects of tDCS might be related to a facilitation of
the corresponding brain area induced by the anodal electrode; this neuronal network may become, consequently,
more reactive during the encoding phase of the task. The
DCS is thus responsible for priming the area to receive additional behavioural intervention.
These preliminary studies highlight the therapeutic potential of the induction of long-term neuromodulatory effects using brain stimulation. They hold considerable promise, not only for advancing our understanding of brain
plasticity mechanisms, but also for designing new rehabilitation strategies in patients with neurodegenerative disease.
Therefore, rTMS and tDCS might become useful in the
rehabilitation of AD patients. However, although promising,
results of noninvasive stimulation to enhance cognitive function in AD to date have to be considered extremely preliminary. Most applications have been of short duration; the
eﬀects seem to be short lived and were not replicated
after longer-duration interventions. Conversely, some of the
eﬀects obtained after longer-lasting interventions were not
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detected after single stimulation session [26–28]. Moreover,
both techniques appear safe in patients with AD, even if longterm risks have been insuﬃciently considered.
On the other hand, the specific intervention that helps in
short-term studies may not help in long-term studies. For
all future studies a careful experimental design is needed
and patient selection aspects, stimulation parameters, and
clinical, cognitive, and behavioural assessment tools should
be considered. Of great importance is a careful choice of
outcome measures, also to enable comparison across studies.
It would also be valuable examining therapeutic eﬃcacy
of the neuromodulatory techniques in AD to employ the
neuropsychological battery of the Uniform Data Set (UDS)
or outcome scales commonly used in trials of pharmacological agents for AD, such as the Cognitive subscale of
the Alzheimer’s Disease Assessment Scale (ADAS-Cog) [43].
Anyway, it is possible that the eﬀects of the plasticity-based
interventions with high-frequency or anodal tDCS in the
brain of AD patients may diﬀer to those in normal subjects,
and studies to physiologically characterize this would be
important to guide future therapeutic trials.
It should be considered that most previous studies have
failed to be evidence based, and the assumption that cortical
plasticity enhancement is needed for the betterment of the
cognitive status of AD patients remains conjectural [43].
While TMS studies showed in AD cortical hyperexcitability, the therapeutic attempts are based on techniques
aimed at increasing cortical excitability (anodal tDCS, highfrequency rTMS). This hyperexcitability may be the consequence of other underlying pathophysiologic mechanisms,
such as decreased synaptic eﬃciency or hypoplasticity.
Therefore, the cortical physiology seems to require more
solid investigation and should be appropriately tested before
and after therapeutic interventions. On the other hand, the
assumption that high-frequency rTMS will enhance cortical
excitability in AD patients may be wrong. Indeed, rTMS
eﬀects dependent on the state of activity of the brain at the
time of stimulation also remain debatable [44]. In addition,
the assumption that in AD the mechanisms of plasticity
might be abnormally reduced in the brain areas targeted
in the previous studies, the DLPFC or the temporoparietal
regions, has not been completely demonstrated.
Finally, improving performance in one task actually may
not necessarily represent cognitive enhancement. More comprehensive outcome measures are needed to assess the clinical significance of rTMS or tDCS in AD and appropriately
powered studies with sound blinding procedures are necessary [43]. It seems unlikely that stimulations over a single
brain area will contribute to a significant improvement of
the cognitive status of AD patients, particularly those with
more advanced stages of disease. Multiple-target stimulation
protocols are necessary in order to overcome the multiple
cognitive deficits characterizing moderate or severe AD.
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