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Neurotrophic Treatment Initiated During
Early Postnatal Development Prevents the
Alzheimer-Like Behavior and Synaptic
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Abstract.
Background: Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by impairments in synaptic
plasticity and cognitive performance. Cognitive dysfunction and loss of neuronal plasticity are known to begin decades before
the clinical diagnosis of the disease. The important influence of congenital genetic mutations on the early development of
AD provides a novel opportunity to initiate treatment during early development to prevent the Alzheimer-like behavior and
synaptic dysfunction.
Objective: To explore strategies for early intervention to prevent Alzheimer’s disease.
Methods: In the present study, we investigated the effect of treatment during early development with a ciliary neurotrophic
factor (CNTF) derived peptidergic compound, P021 (Ac-DGGLAG-NH2) on cognitive function and synaptic plasticity in
3xTg-AD transgenic mouse model of AD. 3xTg-AD and genetic background-matched wild type female mice were treated
from birth to postnatal day 120 with P021 in diet or as a control with vehicle diet, and cognitive function and molecular
markers of neuroplasticity were evaluated.
Results: P021 treatment during early development prevented cognitive impairment and increased expressions of pCREB and
BDNF that activated downstream various signaling cascades such as PLC/PKC, MEK/ERK and PI3K/Akt, and ameliorated
synaptic protein deficit in 4-month-old 3xTg-AD mice.
Conclusion: These findings indicate that treatment with the neurotrophic peptide mimetic such as P021 during early devel-
opment can be an effective therapeutic strategy to rescue synaptic deficit and cognitive impairment in familial AD and related
tauopathies.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
cause of dementia, which is characterized by memory
loss and other cognitive disabilities serious enough
to interfere with daily life [1]. AD accounts for
60–80% of all dementia cases. An estimated 5.7 mil-
lion Americans were living with AD in 2018. This
number includes an estimated 5.5 million people
age 65 and older, and approximately 200,000 indi-
viduals under age 65 who have mostly the familial
younger-onset AD [2]. The behavioral abnormalities
in AD result from dysfunction and degeneration of
neurons in brain regions involved in cognition and
mood such as the hippocampus, entorhinal cortex,
basal forebrain, and frontal and parietal lobes [3,
4]. These brain regions suffer from degeneration of
synapses and neurons associated with extracellular
senile plaques consisting of amyloid-� (A�) peptides
[5] and intracellular neurofibrillary tangles (NFTs)
composed of abnormally hyperphosphorylated tau
protein [6]. Although the accumulation of plaques in
the brain was reported to cause synaptic dysfunction
and degeneration of neurons by inducing disruption
of cellular ion homeostasis [7, 8], it does not directly
correlate with the severity of cognitive impairment
in patients [9]; a large number of people without any
cognitive impairment have substantial accumulations
of plaques in their brains [10, 11] and the reduction of
plaque load in the brain by immunotherapy does not
result in cognitive improvement in AD patients [12].
Tangles, on the other hand, do correlate strongly with
cognitive decline and with neuronal and synapse loss
[7, 13–16]. Of the AD neuropathological features,
synapse loss correlates most strongly with demen-
tia, implicating it as important to the disease process
[17].

The pathophysiological process of AD is thought
to begin decades before the diagnosis [18, 19]. Cogni-
tive impairment may manifest in the preclinical phase
of AD substantially [20]. Imaging-based studies sug-
gest an initial deficiency in limbic regions of the brain
affecting episodic memory in the early stages of AD
[21, 22] that progresses to the cortical regions of the
brain followed by other cognitive symptoms, and the
dementia syndrome is noticed [23]. The “preclinical
AD” is conceptualized to capture this long silence
period to facilitate longitudinal clinical research stud-
ies [18] and has led to the belief that early preventive
efforts may be more effective in slowing preclinical
manifestation of AD dementia. Both in Down syn-
drome and familial AD, despite the disease-causing

genetic defects, the AD clinical phenotype does not
occur till middle to late middle-old age. Thus, it is
rational to investigate if initiation of the drug treat-
ment from birth can have preventive therapeutic effect
in a transgenic mouse model of familial AD and
tauopathy. It is not impossible that, like familial, a
subgroup of sporadic AD could result from a neu-
rotrophic deficit during early development.

Peptide 021 (P021: Ac-DGGLAG-NH2) was gen-
erated from a 4-mer ciliary neurotrophic factor
(CNTF) peptide by the addition of adamantylated
glycine at the C-terminus [24, 25]. Compound P021
was found to ameliorate learning and memory deficits
in animal models of aging and AD [26–29]. Oral
administration of the compound P021 could exert
a neurogenic and neurotrophic effect by inhibiting
leukemia inhibitory factor (LIF) signaling path-
way and by enhancing transcription and expression
of brain derived neurotrophic factor (BDNF) [26,
30, 31]. Chronic treatment with P021 significantly
reduced tau pathology both at moderate and severe
stages of the pathology via reduction in glycogen
synthase kinase-3 beta (GSK3�) activity in 3xTg-AD
mice [27, 32, 33]. P021 is a small water-soluble com-
pound that is blood-brain barrier (BBB)-permeable
and has suitable pharmacokinetics for oral admin-
istration without any adverse effects observed with
native CNTF or BDNF [29, 32].

Little information is available on the role of neu-
rotrophins during development in preventing neu-
robehavioral and synaptic dysfunctions at adult age
in AD. Previously, we found that prenatal to early
postnatal treatment with P021 can inhibit develop-
mental delay and then at adult age cognitive deficits
in TS65Dn trisomic mouse model of Down syndrome
[31] and A� and tau pathologies and cognitive impair-
ment in 3xTg-AD transgenic mouse model [34].
Chronic treatment with P021 from 3 to 22 months was
also found to reverse cognitive impairment and neuro-
plasticity deficits and prevent A� and tau pathologies
in 3xTg-AD mice [35, 36]. The present study aimed
to address the important practical question whether
initiation of the P021 treatment at birth can also pre-
vent cognitive impairment and neuroplasticity deficit.
We found that treatment with P021 from birth till
postnatal day 120 prevented the memory deficits in
4-month-old 3xTg-AD mice. This therapeutic benefi-
cial effect on cognition was associated with increased
pCREB and BDNF expressions which subsequently
activated downstream PLC/PKC, MEK/ERK, and
PI3K/Akt signaling cascades and decreased neuro-
plasticity deficit.



W. Wei et al. / P021 Treatment Early Prevents AD 633

Fig. 1. The design of the study. 3×Tg-AD and WT pregnant mice were treated with P021- or vehicle-chow from the day of the delivery of
the pups (postnatal day 1 pups) till the weaning of pups on postnatal day 21, at which time point the pups were separated from their mothers
and pups of dams treated with P021 were kept on P021 and pups of dams treated with vehicle chow were kept on vehicle chow till they were
sacrificed at the age of 120 days. Morris water maze (MWM) and Novel object recognition (NOR) tests were carried out consecutively from
postnatal day 90 onwards. The animals were sacrificed at postnatal day 120 for biochemical analysis. P1, postnatal day 1; WT, wild type
mice; P021, peptidergic neurotrophic compound P021 diet.

MATERIALS AND METHODS

Study outline

3xTg-AD and wild-type (WT) female mice were
treated with compound P021 in mouse chow, or as
control with vehicle feed from postnatal day 1 to
postnatal day 120. Morris water maze and Novel
object recognition tests were carried out consec-
utively from postnatal day 90. The animals were
sacrificed at postnatal day 120 for immunohistochem-
ical and biochemical analysis (Fig. 1). There were
four study groups as follows: 3xTg-AD mice on vehi-
cle diet (3xTg-Vh, n = 11), 3xTg-AD mice on P021
diet (3xTg-P021, n = 11), WT mice on vehicle diet
(WT-Vh, n = 10), and WT mice on P021 diet (WT-
P021, n = 10).

Design and synthesis of P021

The peptidergic compound P021 (Ac-DGGLAG-
NH2; mol. wt. of 578.3) corresponds to a biologically
active region of human CNTF (amino acid residues
148–151) to which adamantylated glycine was
added at the C-terminal to increase its stability and
lipophilicity. The peptide was synthesized by solid
phase synthesis and purified by reverse-phase high-
performance liquid chromatography to 96% purity,
and the sequence of the peptide was confirmed
by mass spectrometry, as described previously [26,
30]. P021 is quite stable in artificial gastric juice
(∼90% during 30 min) and in artificial intestinal juice
(∼100% during 120 min). BBB studies on P021,
which were carried out through a commercial service
(APREDICA, Watertown, MA, USA), demonstrated
that a sufficient amount of P021 crossed the BBB to
exert its effect in the brain [25].

Animals and housing

The 3xTg-AD mouse is one of the most widely-
used animal models described so far as it replicates
all histopathological and behavioral hallmarks of AD
[37]. The 3xTg-AD mice contain two mutations asso-
ciated with familial AD (APP Swedish and PSEN1
M146V) and one tau mutation, P301L of frontotem-
poral dementia. These mice display both plaque and
tangle pathology. Cognitive impairments occur sev-
eral months prior to plaques and tangles [33, 38].
The homozygous 3xTg-AD mice were obtained from
Dr. Frank LaFerla (University of California, Irvine)
through the Jackson Laboratory (New Harbor, ME,
USA). Mice were housed and bred in accordance
with approved protocols from our Institutional Ani-
mal Care and Use Committee (IACUC), according
to the PHS Policy on Human Care and Use of Lab-
oratory animals (revised January 2013). This study
was performed on homozygous 3xTg-AD and genetic
background matched 129sv WT female mice. Female
3xTg-AD mice were chosen because previous stud-
ies demonstrated consistent and higher A� burden
and worse cognitive performance in female 3xTg-AD
than male mice [39–41]. Mice were group-housed (4
animals per cage) with a 12:12 h light/dark cycle and
with ad libitum access to food and water.

Treatment of animals with P021

We treated from the day of the delivery of pups
till their weaning on postnatal day 21 (PND 21)
their 2–3-month-old 3xTg-AD and wild-type (WT)
mother mice with compound P021 in mouse chow, or
as control with vehicle feed, and the female pups were
separated from the dams and kept on the same P021
or vehicle diet till PND120 (Fig. 1). Treatment was
administered as 60 nmol peptide/g formulated diet
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(Research Diets; New Brunswick, NJ). The vehicle-
treated control animals received the same diet but
without the peptide. On average, each mouse con-
sumed ∼2.7 g diet/day. The body weights of mice
were measured every week from the second week.

Behavioral procedures

Morris water maze
The Morris water maze is a behavioral procedure

mostly used to study spatial learning and memory, a
hippocampal [42]. A total of 42 female mice were
subjected to the Morris water maze task after they
reached the age of 90 days. The test was performed
in a circular white pool (with a diameter of 180 cm
and a height of 60 cm) filled with nontoxic white
dye-tinted water and maintained at room tempera-
ture (20 ± 1◦C). The maze was designed with two
virtual principal axes, with each line bisecting the
maze perpendicular to the other one to divide the
maze into four equal quadrants. The end of each line
demarcates four cardinal points: north, south, east,
and west. A platform was positioned in the middle of
one of the quadrants submerged 1 cm below the water
surface. Each mouse performed 4 trials for 4 consec-
utive days from semi-random start positions to find
the hidden platform [43]. Each trial was terminated as
soon as the mouse climbed onto the hidden platform.
If a mouse failed to find the platform within 90 s, it
was gently guided to the platform. At the end of each
trial, the mouse was left on the platform for 20 s, then
removed, dried, and returned to its home cage. A 90 s
probe test without platform was performed 24 h after
the last trial.

Novel object recognition test
The novel object recognition memory task which

mainly requires perirhinal cortex [44] was used to
evaluate short term/episodic memory in mice through
an evaluation of the difference in the exploration time
of novel and familiar objects [45]. The testing appara-
tus was a classic open field (i.e., a PVC square arena,
50 × 50 cm, with walls 40 cm high). The open field
was placed in a part of the room separated from the
investigator and was surmounted by a video camera
connected to a computer. The general procedure con-
sisted of three different phases: a habituation phase
(4 sessions of 10 min each on four consecutive days),
a sample phase (5th day), and a test phase (5th day).
On the first four days, the mice were individually sub-
mitted each day to a familiarization session of 10 min
during which they were introduced in the empty arena

in order to become familiar with the apparatus. On the
fifth day, each mouse was first submitted to the sam-
ple phase where two identical objects were placed in
a symmetric position from the center of the arena,
and the mouse was allowed to freely explore the
objects for 8 min. After a 20 min delay during which
the mouse was returned to its home cage, the ani-
mal was reintroduced in the arena to perform the
test phase. During the test phase, the mouse was
exposed to two objects for another 10 min: a famil-
iar object (previously presented during the sample
phase) and a new object, placed at the same loca-
tion as that of other object during the sample phase.
Data collection was performed using a video tracking
system (ANY-Maze software, version 4.5, Stoelting
Co., Wood Dale, IL, USA), that was used to manu-
ally score exploratory behavior including time spent
exploring the new object and time spent exploring
the old object. Each object is assigned a zone and a
keyboard button to be identified. The researcher only
needs to press the key at the beginning or the end of
experiment. The object discrimination was evaluated
by the index [DI = (Tn – Tf)/(Tn + Tf)] during the test
phase.

Tissue processing

After completion of the behavioral tasks at post-
natal day 120, Female animals were perfused, and
brain tissue was collected for immunohistochemical
and biochemical analysis. The animals were anes-
thetized with avertin (600 mg/kg) and trans cordially
perfused with 0.1 M phosphate buffered saline (PBS).
After perfusion, the brains were removed from the
skull immediately. Hippocampus and cerebral cortex
were dissected from the left hemisphere, immedi-
ately frozen on dry ice, and then stored at –80◦C
for biochemical analysis. The complete right hemi-
sphere was immersion fixed in 4% paraformaldehyde
in 0.1 M PBS for 24–48 h for immunohistochemical
staining.

Western blots

The tissue from left cortex stored at –80◦C from
each mouse was homogenized in a Teflon-glass
homogenizer to generate 10% (w/v) homogenate.
The pre-chilled homogenization buffer contained
50 mM Tris–HCl (pH 7.4), 8.5% sucrose, 2 mM
EDTA, 2 mM EGTA, 10 mM �-mercaptoethanol plus
the following protease and phosphatase inhibitors:
0.5 mM AEBSF, 10 �g/mL aprotinin, 10 �g/mL
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Table 1
Primary antibodies used in this study

Antibody Specificity Species Type Dilution Source

CNTF CNTF R Mono- 1:1000 WB Abcam (ab46172)
BDNF BDNF R Mono- 1:1000 WB Santa Cruz Biotechnology
TrkB TrkB R Mono- 1:1000 WB Abcam (ab33655)
GAPDH GAPDH R Poly- 1:1000 WB Santa Cruz Biotechnology
GluR1 GluR1 R Mono- 1:1000 WB EMD Millipore
Synaptophysin Synaptophysin M Mono- 1:3000 WB Millipore
SMI 52 MAP2 M Mono- 1:4000 WB Sternberger Monoclonals Inc
PSD95 PSD95 R Poly- 1:1000 WB Cell Signaling Technology
NR1 NMDAR1 R Mono- 1:500 WB Abcam
GluR 2/3 GluR2 + 3 R Mono- 1:2000 WB Abcam
Synapsin-1 Synapsin 1 R Poly- 1:40000 WB Enzo Life Sciences
CREB CREB M Mono- 1:1000 WB Cell Signaling Technology
p-CREB Ser133 R Mono- 1:1000 WB Cell Signaling Technology
SMI22 GFAP M Mono- 1:2000 WB Sternberger Monoclonals Inc. (Lutherville, MD)

Mono-, monoclonal; Poly-, polyclonal; p-, phosphorylated; M, mouse; R, rabbit; WB, western blot.

leupeptin, 4 �g/mL pepstatin, 5 mM benzamidine,
20 mM �-glycerophosphate, 50 mM sodium fluoride,
1 mM sodium orthovanadate, and 100 nM okadaic
acid. Each homogenate was boiled in 2 × Laemmli
sample buffer for 5 min, and protein concentration
was measured by PierceTM 660 nm protein assay
(Thermo Scientific, Rockford, IL, USA).

The samples were resolved by 10% SDS-PAGE
and electro-transferred onto Immobilon-P mem-
branes (EMD Millipore, Billerica, MA, USA). The
blots were then probed with primary antibodies
(Table 1) and developed with the corresponding
HRP-conjugated secondary antibody and enhanced
chemiluminescence kit (Pierce Biotechnology). Den-
sitometric quantification of protein bands in Western
blots was analyzed using Multi Gauge version 3.0
software (FUJIFILM North America, Valhalla, NY,
USA).

Reverse transcription-polymerase chain reaction
analysis (RT-PCR)

The total RNA from left hippocampus was ex-
tracted by using an RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) and reversed transcribed
using SuperScript III first-strand synthesis system
for reverse transcription-polymerase chain reaction
(Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Using the Master-cycler Nexus
Thermal Cycler (Eppendorf, Hamburg, Germany),
reactions were carried out at 94◦ for 5 min for initial
denaturation and then at 94◦ for 30 s, 57◦ for 30 s, and
72◦ for 45 s. After 38 cycles of amplification, addi-
tional extensions were done at 72◦ for 5 min. Products
were resolved and examined by 2% agarose gel elec-

Table 2
PCR primers used in this study

Gene name Sequence (5’ to 3’)

BDNF Forward AGCAGAGTCCATTCAGCACC
Reverse CCGCTAGGAAGCCAACTTCA

CNTF Forward GAGAGCCATTATGGGGCCAA
Reverse ACGTGGGTCAACCCTACTTG

NR1 Forward ACTCCCAACGACCACTTCAC
Reverse GTAGACGCGCATCATCTCAA

NR2A Forward CTCTGATAATCCTTTCCTCCAC
Reverse GACCGAAGATAGCTGTCATTTACT

NR2B Forward TCCATCAGCAGAGGTATCTACAG
Reverse CCGTTGACTCCAGACAGGTT

GluR1 Forward CAATCACAGGAACATGCGGC
Reverse TCTCTGCGGCTGTATCCAAG

PSD95 Forward TCTGTGCGAGAGGTAGCAGA
Reverse AAGCACTCCGTGAACTCCTG

Synapsin Forward CAGCACAACATACCCTGTGG
Reverse GGTCTTCCAGTTACCCGACA

Synaptophysin Forward TGCCAACAAGACGGAG
Reverse GGCGGATGAGCTAACT

MAP2 Forward TTGGTGCCGAGTGAGAAGA
Reverse GTCTGGCAGTGGTTGGTTAA

trophoresis. The RT-PCR primers used in this study
are shown in Table 2.

Statistical analysis

The statistical analyses were conducted using
SPSS version 17.0 (©SPSS Inc., 1989–2007, Chi-
cago, IL, USA), and GraphPad Prism version 8.0
(GraphPad Software Inc., La Jolla, CA, USA). Data
are presented as mean ± S.E.M. The normality of
the data was determined using Kolmogorov–Smirnov
test. For analysis involving multiple groups, three-
way or two-way ANOVA with post hoc Tukey’s
multiple comparisons test (as indicated) was used.
Further intergroup comparisons were also performed



636 W. Wei et al. / P021 Treatment Early Prevents AD

using unpaired, two-tailed t tests. For all purposes,
p < 0.05 was considered as statistically significant.

RESULTS

Treatment with P021 initiated during early
development prevents memory deficits during
adult age in 3xTg-AD mice

Our previous studies showed that P021 treatment
from embryonic day 8 to postnatal day 21 could
prevent some of the Down’s syndrome features in
Ts65Dn trisomic mice [31] and cognitive deficits and
Alzheimer-like pathology in 3xTg-AD mice [34]. In
the present study, we investigated whether initiation
of P021 treatment at birth can also prevent neuroplas-
ticity deficits and cognitive impairment in 3xTg-AD
mouse model of AD. We administered P021 from
postnatal day 1 to adult age and studied its effect
on the behavior and the neuronal plasticity (Fig. 1).
Unlike CNTF which is known to cause aneroxia and
severe muscle cramps, P021 treatment did not show
any apparent adverse effects, such as motor deficits,
nor did it affect body weight (Fig. 2A).

To investigate whether chronic treatment with
P021 started from the day of birth can rescue spa-
tial cognitive impairment in 3×Tg-AD mice, Morris
water maze test was conducted. While the P021 treat-
ment showed no significant effect on escape latency
(Fig. 2B) and no difference in the first entrance into
the target platform (Fig. 2C) and number of target
crossings (Fig. 2D) in probe test, the P021-treated
3xTg-AD mice significantly spent more time in the
target quadrant than the mice treated with vehicle
diet (Fig. 2E) and there was no difference in the
swim speed between P021- and vehicle-treated mice
(Fig. 2F). Altogether, these results suggest a preven-
tion of spatial cognitive impairment by P021 in 3xTg
mice.

To examine whether treatment with P021 could
rescue the short-term memory impairment in 3 × Tg-
AD mice, we conducted a one-trial novel object
recognition task with a 20 min interval between the
sample phase and the test phase. In the one-trial novel
object recognition task, mice spent equal amounts
of time exploring the two identical objects during
the 8 min sample phase (Fig. 2G). After 20 min,
one object during sample phase was replaced with
a novel object during a 5 min test phase. 3xTg-Vh
mice showed impairment by spending lesser time
than WT-Vh mice in exploring the novel object in
the novel object recognition test, whereas 3×Tg-

AD mice treated with P021 spent more time than
the mice treated with vehicle only in exploring the
novel object than the familiar object in the test phase
(Fig. 2H). These data clearly indicate short-term
memory impairment in 3×Tg-AD mice was pre-
vented by treatment with P021 started at the time of
the birth. Unlike cognitive improvement produced by
P021 treatment in wild type middle to old age mice
and aged rats in previous studies [24, 26, 46], the 3-4
month old WT mice tested in the present study did not
show any significant improvement in cognition. This
lack of effect of P021 treatment in 3-4-month-old
mice was probably due to optimal cognitive activity
at this age.

P021 treatment increases levels of transcription
and expression of BDNF in mouse brain

Previously we reported that the beneficial effect of
P021 on neurogenesis and cognitive function in aged
3xTg-AD mice and rats occurs through BDNF/TrkB
pathway [26, 27]. To learn whether the preven-
tive therapeutic effect of P021 in the present study
involved the BDNF/TrkB pathway or CNTF, we
investigated changes in levels of transcription and
expression of BDNF and CNTF.

To assess the transcription level of BDNF and
CNTF, we performed RT-PCR and found that BDNF
was dramatically decreased in the hippocampus of
3xTg-Vh mice compared with WT control mice,
and 3xTg-P021 mice, while no significant changes
were detected in the level of CNTF among the four
groups of animals (Fig. 3A, B). Treatment with P021
increased the protein level of BDNF in both WT mice
and 3xTg-AD mice; P021 treatment did not show any
significant effect on levels of pro-BDNF, TrkB, or
CNTF in 3xTg-AD mice (Fig. 3C, D). These results
indicate that initiation of P021 treatment at birth can
increase the level of BDNF in mice.

P021 treatment activates BDNF-TrkB pathway in
3xTg-AD mice

The activation of the BDNF-TrkB pathway is
important in the development of memory and the
growth of neurons. Here we investigated whether
P021 activates the BDNF-TrkB pathway by determin-
ing the levels of downstream factors. Western blots
results showed that relative levels of phosphorylated-
PLC (p-PLC), p-CaMK2, p85 subunit of PI3K, p-Akt,
p-GSK3�, p-MEK, and p-ERK were all increased
significantly after P021 treatment in the cortex of
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Fig. 2. Treatment with P021 started at birth prevents cognitive impairment in 3xTg-AD mice. Treatment with P021 for 120 days had no
significant effect on body weight as compared with the Vehicle treatment in 3xTg-AD or WT mice (A). Morris water maze (B-F) and novel
object recognition tests (G-H) were carried out from day 90 onwards. B) Escape latency during 4 consecutive days training with hidden
platform was higher in 3xTg-AD than WT controls, and treatment with P021 did not reverse it (three-way ANOVA, Days, F (3, 112)=48.93,
p = 0.0001; genotype, F (1, 112)=29.99, p = 0.0001; treatment, F (1, 112) = 0.03422, p = 0.8536; two-tailed t tests, WT-Vh versus 3Tg-Vh,
p = 0.0405). During the probe trial, while no significant difference was found in first entrance into the target zone (C), number of crossings
the target (D) among the four groups of animals, (E) 3×Tg-AD-Vh spent lesser time than the WT-Vh mice and the 3xTg-AD-P021 mice
in the target quadrant (Two-way ANOVA, Interaction F (1, 32) = 3.927, p = 0.0562; Treatment F (1, 32) = 10.27, p = 0.0031; genotype F (1,
32) = 4.160, p = 0.0497; Tukey’s multiple comparisons test, WT-Vh versus 3xTg-Vh, p = 0.0060; 3xTg-Vh versus 3xTg-P021, p = 0.0216). G)
In the one-trial novel object recognition test, the mice spent equal amounts of time exploring the two identical objects during the 8-min sample
phase (Three-way ANOVA, genotypes x treatments x objects). H) One of the two objects was then changed to a novel object during a 5 min
test phase. 3 × Tg-AD-Vh mice spent less time exploring the novel object than the familiar object in the test phase compared with the WT
and 3xTg-AD-P021mice (Two-way ANOVA, Interaction F (1, 28) = 11.02, p = 0.0025, Treatment F (1, 28)=20.93, p = 0.0001, genotype F (1,
28) = 0.9513, p = 0.3377; Tukey’s multiple comparisons test, WT-Vh versus 3xTg-Vh, p = 0.0003; 3xTg-Vh versus 3xTg-P021, p = 0.0002).
Data were analyzed by three-way or two-way ANOVA and are shown as mean ± S.E.M. n = 10 for WT-Vh; n = 10 for WT-P021; n = 11 for
3xTg-Vh; n = 11 for 3xTg-P021. ∗p < 0.05, ∗∗p < 0.01.
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Fig. 3. Treatment with P021 started at birth increases mRNA and protein levels of BDNF but not CNTF. After 120 days treatment with
P021- or vehicle- diet, the mice were killed and mRNA level in hippocampus (A, B) and protein level in cortex (C, D) were analyzed.
Densitometric quantifications of RT-PCR (B) and western blots (D) normalized with GAPDH. BDNF mRNA level (A, B) significantly
decreased in the 3 × Tg-AD-Vh compared with the WT-Vh (p = 0.0405) and 3xTg-AD-P021 mice (p = 0.0001). There was no difference
in the level of CNTF mRNA among the four groups of animals. P021 treatment increased the protein level of BDNF in WT-P021 mice
(p = 0.0016) and 3xTg-AD-P021 mice (p = 0.0172) (C, D); no significant difference was found in CNTF, pro-BDNF and TrkB among the
four groups of mice. Data were analyzed by two-way ANOVA followed by a Tukey’s multiple comparisons test and further intergroup
comparisons were performed using unpaired, two-tailed t tests. Data are expressed as mean ± S.E.M. n = 10 each for WT-Vh and WT-P021;
n = 11 each for 3xTg-Vh and 3xTg-P021. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

3xTg-mice, although only level of p-Akt was notably
reduced in 3xTg-Vh mice compared with WT mice
(Fig. 4A, B). Altogether, these findings revealed that
the initiation of treatment with P021 at birth can acti-
vate BDNF-TrkB pathway in 3xTg-AD mice.

P021 treatment modulates changes in
neuroplasticity in the hippocampus in
3xTg-AD mice

Glutamate is the brain’s major excitatory neuro-
transmitter, and its release can trigger the depolar-
ization of postsynaptic neurons. AMPA and NMDA
receptors are two major ionotropic receptors that are
especially suspected of being involved in learning
and memory. To learn the effect of P021 on gluta-
mate receptors, we determined their levels in P021-
and vehicle-treated control mice by western blots.
We found an increase in levels of NR2A, GluR1,
GluR2 + 3, and a decrease trend in the level of p-
CREB in 3xTg-Vh mice; the level NR2A was further
elevated after P021 treatment, while the decrease of

p-CREB was reversed in 3xTg-P021 mice. Besides,
levels of NR1 and NR2B were significantly increased
by P021 treatment, and the level of NR2A was higher
in the WT-P021 mice than in WT-Vh mice (Fig. 5A,
B). Furthermore, we studied mRNA levels of gluta-
mate receptors using RT-PCR and found that P021
significantly increased the levels of NR1 and NR2A
mRNAs and there was a trend of increase in NR2B
in the hippocampus, while no statistical difference of
NR2B and GluR1 were detected (Fig. 5C, D). Taken
together, these results suggest that P021 could pro-
mote the synaptic plasticity through modulating their
mRNA levels, especially those of NR1 and NR2A,
and could also enhance the phosphorylation of CREB
in 3xTg mice.

BDNF-TrkB signaling is reported to upregulate
translational activity at the synapse. Along with the
synaptic markers we also investigated the expression
levels of the dendritic marker microtubule-associated
protein (MAP) HMW-MAP2, and MAP1b which in
adult brain is localized in dendritic spines [47, 48];
both MAPs serve as very useful putative synaptic
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Fig. 4. P021 treatment activates BDNF-TrkB signaling pathway in 3xTg-AD mice. A) Protein levels of PLC�, CaMK2, PKC, PI3K, AKT,
GSK3�, MEK, and ERK in cortex were determined by western blots. B) Densitometric quantifications of blots were normalized to those
of GAPDH blots employed as a loading control. P021 treatment increased the ratios of p-PLC�/PLC� (p = 0.0016), p-CaMK2/CaMK2
(p = 0.0107), p-PKC/PKC (p = 0.0004), PI3K p85 (p = 0.0001), p-AKT/AKT (p = 0.0001), p-GSK3�/GSK3� (p = 0.0047), p-MEK/MEK
(p = 0.0019), and p-ERK/ERK (p = 0.0208) in the 3 × Tg-AD mice. Data were analyzed by two-way ANOVA followed by a Tukey’s multiple
comparisons test and are expressed as mean ± S.E.M. ∗p < 0.05, ∗∗p < 0.01.

markers. Western blot results showed that levels of
synapsin 1, MAP1b, and MAP2 were increased in
the cortex of 3xTg-Vh mice. While 3xTg-P021 mice
exhibited an increase in the level of MAP1b, no
significant differences in expressions of PSD95 or
synaptophysin were found (Fig. 6A, B). We studied
astrocytes, a key cell type of neuroinflammation in
the brain, with antibody against glial fibrillary acidic
protein (GFAP) and found no significant changes
in the level of GFAP among the four groups of
animals (Fig. 6A, B). In addition, we determined
the mRNA levels of the above synaptic markers.
We found a trend decrease of PSD95, and robust

decrease of synapsin 1, synaptophysin and MAP2
mRNA in the hippocampus in 3xTg-vh mice, and
P021 treatment remarkably increased the mRNA lev-
els of synapsin 1, PSD95, and MAP2 (Fig. 6C,
D). Altogether, these findings indicated that the
beneficial therapeutic effect of P021 on cognitive
impairment could be due to the increase in neuronal
plasticity.

DISCUSSION

The present study shows for the first time that neu-
rotrophic treatment initiated during early postnatal
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Fig. 5. P021 treatment increases the NMDA receptor-dependent CREB activation in 3×Tg-AD mice. Protein levels in cortex (A) and the
mRNA levels in hippocampus (C) were analyzed by Western blots and RT-PCR, respectively. Densitometric quantifications of western blots
(B) and RT-PCR (D) were normalized against the loading control GAPDH. The protein expressions of NMDAR1 (p = 0.0107), NMDAR2A
(p = 0.0156), NMDAR2B (p = 0.0027) and the ratio of p-CREB/CREB (p = 0.0126) were increased after treatment with P021 (A, B), whereas
GluR2 + 3 was decreased (p = 0.0249). The mRNA levels of NMDAR1 (p = 0.0012) and NMDAR2A (p = 0.0155) in hippocampus were
increased after treatment with P021 (C, D). Data were analyzed by two-way ANOVA followed by a Tukey’s multiple comparisons test and
are expressed as mean ± S.E.M. ∗p < 0.05, ∗∗p < 0.01.

development can not only prevent the Alzheimer-
like cognitive deficit but also ameliorate synaptic
dysfunction in adult 3xTg-AD mice. These data sug-
gest that adjusting the brain milieu by providing
neurotrophic support at critical period of brain devel-
opment can be potentially an effective therapeutic
strategy for prevention of the disease later in life in
genetic cases of AD and related tauopathies.

To date, there are no effective interventions that
can cure, halt or prevent the progression of AD. Both
in human AD cases and in various transgenic mouse

models of this disease including 3xTg-AD mice used
in the present study, cognitive dysfunction and loss
of neuronal plasticity are known to precede A� and
tau pathologies [49–51]. Thus, an ideal drug would
be one that can prevent and rescue neurodegeneration
and cognitive impairment.

AD is characterized by abnormalities in synaptic
plasticity associated with deficits in BDNF function
[52–54]. Studies have shown reduction (21–30%) in
pro-BDNF in patients with mild cognitive impair-
ment and major reduction (40%) in terminal patients
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Fig. 6. P021 treatment rescues dendritic and synaptic deficits in 3 × Tg-AD mice. Protein levels in cortex (A) and the mRNA levels in
hippocampus (C) were analyzed. Densitometric quantifications of western blots (B) and RT-PCR (D) were normalized against the loading
control GAPDH. 3xTg-Vh mice showed increase of protein expressions of synapsin, MAP1, and MAP2, while MAP1 was further increased
by P021 treatment (p = 0.0117) (A, B). The mRNA levels (C, D) of synapsin, synaptophysin, MAP1, and MAP2 were decreased, and treatment
with P021 rescued the levels of PDS95 (p = 0.0167), synapsin (p = 0.0374), and MAP2 (p = 0.0003) in 3xTg-AD mice. Data were analyzed
by two-way ANOVA followed by a Tukey’s multiple comparisons test and are expressed as mean ± S.E.M. n = 4. ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001.

[53]. The blood level of BDNF is decreased in both
AD and mild cognitive impairment patients [55].
Decreased BDNF protein levels were also reported in
3xTg-AD transgenic mouse line [56]. BDNF mRNA
and protein levels were found to be reduced in
postmortem brain samples of AD patients [57–59].
Although neurotrophic factors have been suggested
as essential contributors to the etiology of AD, BDNF
itself does not have pharmacokinetics suitable for sys-
temic administrations due to its short plasma half-life
and poor BBB penetration [60].

P021 is a small water-soluble compound that
was administered successfully orally in diet in the

present study. The compound has plasma half-life > 3
h and stability of ∼90% in gastric and ∼100%
in intestinal juice and is BBB permeable [27, 33].
Thus, this small molecule mimetic overcomes the
main limitation associated with therapeutic usage
of neurotrophic factors such as CNTF and BDNF
as peripherally administered neurotrophic factors
poorly reach the central nervous system. In pre-
vious studies we showed that P021 can enhance
dentate gyrus neurogenesis and memory processes
via inhibiting leukemia inhibitory factor (LIF) sig-
naling pathway [26, 30, 31]. In the present study
we found that initiation of P021 treatment at birth
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can increase the transcription and the translation of
BDNF in the brain in 3xTg-AD mice. The present
study provides a novel evidence that treatment with
P021 initiated during early development can pre-
vent the Alzheimer-like cognitive impairment and
synaptic dysfunction, probably via increased BDNF
expression which activates the BDNF-TrkB pathway.

BDNF protein is widely distributed in the neu-
ronal cell body, axons, and dendrites in the CNS
[61], and is also widely involved in neural plas-
ticity important for learning and memory [62, 63].
BDNF signaling is elicited when it binds to TrkB
which modifies its downstream targets leading to
various neuronal processes. BDNF activates the sig-
naling cascades such as PLC/PKC, MEK/ERK, and
PI3K/Akt [64]. Activation of PI3K/Akt pathway
through BDNF/TrkB interaction inhibits cell apop-
tosis and leads to protein synthesis. The PI3K/Akt
pathway also modulates NMDAR-dependent synap-
tic plasticity [65–67] and regulates adult neural
hippocampal progenitor proliferation and differen-
tiation through activation of CREB [68, 69]. The
MEK/ERK signaling cascade regulates protein syn-
thesis during neuronal differentiation [70]. It also
actives CREB that is critical for early response gene
expression [71, 72], for cytoskeleton protein syn-
thesis [66], and dendritic growth and branching in
hippocampal neurons [73, 74]. BDNF through PLC�-
dependent pathway evokes activation of CAMK2 and
PKC, which subsequently increase Ca2+ ion concen-
tration [75, 76], while the PKC dependent pathway
is reported to enhance synaptic plasticity [77, 78].

The transcription of BDNF gene is regulated by
CREB phosphorylation [79]. The phosphorylation
of CREB is known to play a critical role in long-
term synaptic plasticity and memory formation [80,
81]. The neuroprotective effect can also be achieved
due to synaptic NMDAR stimulation and subsequent
increase of the nuclear Ca2+ influx, which also results
in activation of CREB and increase in expression of
genes coding proteins involved in neuroprotection
[82, 83]. In the present study, we found that treatment
with P021 during early development can increase the
expression of NMDAR and significantly enhance the
phosphorylation of CREB in 3xTg-AD mice.

Synaptic plasticity, the property of synapses to
undergo long-term changes in synaptic strength, is
believed to be the cellular substrate of learning
and memory [84, 85]. Cognitive deficits in AD are
strongly associated with failure of hippocampal LTP
[86], aberrant expression of synaptic proteins [87] in
the hippocampus. In the present study, we found a

remarkable increase in the mRNA levels of synapsin,
PSD95, and MAP2 by treatment with P021 in 3xTg-
AD mice. These data provide strong evidence that
neurotrophic treatment during early development can
exert long-lasting effect on synaptic plasticity and can
enhance cognitive performance.

BDNF expression depends on various forms of
cellular and synaptic activity, initiated by stimuli of
different modalities [88]. In the present study, the
P021 treatment during early development was found
to increase BDNF gene expression in the hippocam-
pus in 3xTg-AD mice. The relationship between
BDNF expression level and stimulus-evoked cellu-
lar activity indicates reciprocal effect. In the present
study, on the one hand, increased expression of BDNF
by P021-induced inhibition of the binding of LIF
to LIF/CNTF/gp130 tripartite receptor strengthened
synaptic potentiation, improved performance in cog-
nitive function, on the other hand, further increase in
BDNF expression found was probably a consequence
of glutamatergic NMDARs with subsequent activa-
tion of CREB and its binding to BDNF promoter and
initiation of its transcription.

In summary (Fig. 7), we found neurotrophic P021
treatment initiated during early development can
prevent the behavioral impairment and synaptic plas-
ticity dysfunction in 3xTg-AD mice, probably via
increased BDNF expression that modifies its down-
stream targets leading to various neuronal processes,
increasing p-CREB and consequently expression of
genes coding proteins and amelioration of synaptic
protein deficit. Thus, adjusting the brain milieu by
providing neurotrophic support at critical period of
brain development can be potentially an effective
therapeutic strategy for the prevention of AD-like
neuronal plasticity deficit and cognitive impairment.

In our present study, we did not assay the level of
P021 that reached the brain in mice which will have
to wait future studies. The present study employed
only female animals. Thus, the gender difference in
response to the P021 treatment remains to be studied.
In the present study we did not directly investigate
whether the therapeutic beneficial effect of P021 in
3xTg-AD mice involved rescue of any neurotrophic
deficit and/or was a result of increased neurotrophic
activity. The fact that we also found increased in the
level of BDNF and beneficial effect of P021 treatment
on several markers of synaptic plasticity in the WT
animals in the present study indicates that the treat-
ment could be potentially beneficial due an increase in
neurotrophic activity over and beyond normal level.
While 3xTg-AD is an artificial over-expression trans-
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Fig. 7. Proposed mechanism of the therapeutic beneficial effect of
treatment with P021 started from the day of the birth. Chronic
treatment with P021 increases BDNF expression through LIF
signaling/ increase in PKAc� and activation of CREB which
activates the BDNF-TrkB pathways. The interaction between the
receptor TrkB and neurotrophin activates three main intracellular
signaling pathways. The MAPK/ERK kinase (MEK) -extracellular
signal-regulated kinase (ERK) pathway promotes neuronal dif-
ferentiation and growth, and the phosphatidylinositol 3-kinase
(PI3K)–Akt pathway promotes survival and growth of neurons,
and the PLC�–Ca2+ pathway which stimulates protein kinase C
(PKC) and Ca2+-dependent protein kinase (CaMKII) enhances
synaptic plasticity. Activation of CaMKII, ERK and Akt medi-
ates the activation of transcription factor cyclic AMP-responsive
element-binding protein (CREB) which enhances expressions of
BDNF and glutamate receptors.

genic mouse model of familial AD and frontolobar
dementia, in previous studies we found therapeu-
tic beneficial effect of P021 treatment in aged WT
mice and rats, Ts 65Dn trisomic mouse model of
Down’s syndrome, mouse model of traumatic brain
injury, rat models of sporadic AD and autism and
macular degeneration-like changes in aged mice and
rats [24, 26, 29–31, 89, 90]. Because of the ability
of P021 to promote neuro-regeneration and synaptic
plasticity it has the potential to treat not only AD but
also other neurodegenerative diseases and conditions.
P021 treatment is apparently very safe. We did not
find any negative effects of the compound either when
the treatment was carried out during early develop-
ment or at adult age and up to 18 months in mice.
However, a double-blind placebo control human clin-
ical trial remains to be carried out to learn the actual
therapeutic potential of P021.
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