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Defects in p21-activated kinase (PAK) are suspected to play a role in cognitive symptoms of Alzheimer’s disease (AD). Dysfunction in PAK
leads to cofilin activation, drebrin displacement from its actin-binding site, actin depolymerization/severing, and, ultimately, defects in
spine dynamics and cognitive impairment in mice. To determine the role of PAK in AD, we first quantified PAK by immunoblotting in
homogenates from the parietal neocortex of subjects with a clinical diagnosis of no cognitive impairment (n ⫽ 12), mild cognitive
impairment (n ⫽ 12), or AD (n ⫽ 12). A loss of total PAK, detected in the cortex of AD patients (⫺39% versus controls), was correlated
with cognitive impairment (r 2 ⫽ 0.148, p ⫽ 0.027) and deposition of total and phosphorylated tau (r 2 ⫽ 0.235 and r 2 ⫽ 0.206, respectively), but not with A␤42 (r 2 ⫽ 0.056). Accordingly, we found a decrease of total PAK in the cortex of 12- and 20-month-old 3xTg-AD
mice, an animal model of AD-like A␤ and tau neuropathologies. To determine whether PAK dysfunction aggravates AD phenotype,
3xTg-AD mice were crossed with dominant-negative PAK mice. PAK inactivation led to obliteration of social recognition in old 3xTg-AD
mice, which was associated with a decrease in cortical drebrin (⫺25%), but without enhancement of A␤/tau pathology or any clear
electrophysiological signature. Overall, our data suggest that PAK decrease is a consequence of AD neuropathology and that therapeutic
activation of PAK may exert symptomatic benefits on high brain function.

Introduction
Synaptic dysfunction occurs early in Alzheimer’s disease (AD)
and is thought to underlie cognitive impairment before widespread neuronal loss (Selkoe, 2001; Calon et al., 2004; Moolman
et al., 2004; Masliah et al., 2006; Scheff and Price, 2006; Rodríguez
and Verkhratsky, 2011; Selkoe, 2011; Huang and Mucke, 2012). It
has been postulated that p21-activated kinase (PAK)-related molecular pathways are essential to synaptic health and therefore are
potential therapeutic targets in AD (Zhao et al., 2006; Ma et al.,
2008; Huang et al., 2011; Dubos et al., 2012). PAKs are serine/
threonine protein kinases (Bokoch, 2003; Boda et al., 2006; Kreis
and Barnier, 2009; Huang et al., 2011) that play critical roles in
regulating the formation and maintenance of postsynaptic dendritic spines through actin remodeling (Rousseau et al., 2003;
Salminen et al., 2008; Kreis and Barnier, 2009; Szczepanowska,
2009). PAK inhibition causes cognitive impairment in
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dominant-negative PAK-transgenic mice (dnPAK; Hayashi et al.,
2004), in adult mice after intracerebral infusion of inhibitors
(Zhao et al., 2006), and in double PAK1/3 knock-out mice
(Huang et al., 2011).
Decreases in cytosolic PAK concentrations have been found in
the cortex and hippocampus of persons who died with advanced
AD (Heredia et al., 2006; Zhao et al., 2006; Ma et al., 2008;
Nguyen et al., 2008). Moreover, immunohistochemical studies
showed a cofilin-positive cluster labeling of active PAK in AD
patients (Zhao et al., 2006). PAK dysfunction was proposed to
lead to cofilin activation, drebrin displacement from its actinbinding site, actin depolymerization/severing, and, ultimately,
defects in spine dynamics (Minamide et al., 2000; Bokoch, 2003;
Zhao et al., 2006; Kreis and Barnier, 2009; Dubos et al., 2012).
This pathogenic hypothesis is supported by data in cultured hippocampal cells and in rodents, in which intracerebral injections
of PAK inhibitors induced drebrin translocation from membrane
to cytosol (Zhao et al., 2006; Ma et al., 2008). Accordingly, reduction of PAK catalytic activity in vivo induces a decrease in the
spine density within cortical neurons and shifts the overall spine
distribution toward spines of shorter length with larger postsynaptic densities (Hayashi et al., 2004; Hayashi et al., 2007). Converging data indicate that PAK activation is essential for the
maturation and maintenance of dendritic spines and thus for
the proper functioning of the brain. PAK activation therefore
represents a promising therapeutic target in AD and other
dementias.
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Figure 1. PAK loss in AD correlates with disease severity in human. A, Actin-normalized PAK was decreased in AD patients compared with controls, based on clinical diagnoses. B, C, Decreases in
actin-normalized PAK (B) and pPAK (C) were observed in individuals with definitive neuropathological diagnosis of AD (CERAD 1) compared with those with a “probable” diagnosis of AD (CERAD 2)
or low AD probability (possible or none, CERAD 3 or 4). D–G, Linear regression analyses showed that actin-normalized PAK (in the soluble fraction) was correlated negatively with the ratio of insoluble
tau fraction on the soluble tau fraction (D) and insoluble PHFtau (E), but not with the accumulation of insoluble A␤42 (F ), but was positively associated with global antemortem cognitive score (G).
H, Examples of Western blot results obtained for PAK and pPAK in control, MCI, and AD patients. All samples were run simultaneously on the same SDS-PAGE gels. Statistical analyses: one-way
ANOVA/Dunnett’s multiple-comparison test (A), Kruskal-Wallis/Dunn’s multiple-comparison test (B,C), and linear regression (D–G).

To determine the significance of a decrease of PAK activity in
AD pathophysiology, we: (1) investigated the relationship of
PAK, cognitive deficits, and A␤/tau neuropathologies in subjects
with no cognitive deficits, mild cognitive impairment, or AD; (2)
characterized age-related PAK alterations in an animal model of
AD, the 3xTg-AD mouse; (3) investigated whether PAK inactivation potentiates an AD-relevant behavioral and molecular phenotype in vivo by crossing 3xTg-AD mice with dnPAK mice
(Hayashi et al., 2004); and (4) sought to determine whether the
electrophysiological parameters known to be impaired in AD
mice models (Harris et al., 2011; Verret et al., 2012), and more
specifically in 3xTg-AD mice (Arsenault et al., 2011), were corrected or aggravated by PAK defects.

Materials and Methods
Patients and handling of brain tissue
Samples from the parietal cortex of 36 individuals from the Religious
Orders Study were divided into three groups based on clinical diagnoses:
12 with mild cognitive impairment (MCI), 12 with AD, and 12 with no
cognitive impairment, as described previously (Bennett et al., 2002; Bennett, 2006; Tremblay et al., 2007; Julien et al., 2009). MCI defines a group
of otherwise healthy elderly subjects with a markedly elevated risk of
developing AD and a more rapid rate of decline in cognitive functions
(Boyle et al., 2006). In addition, MCI is considered as a possible early

clinical manifestation of AD (Bennett et al., 2005). Each participant underwent a uniform structured baseline clinical evaluation, details of
which have been described previously (Bennett et al., 2002; Bennett et al.,
2005; Bennett, 2006). Briefly, the composite index of global cognition
combined 19 separate tests including measures of episodic, semantic, and
working memory, as well as perceptual speed and visuospatial ability
(Wilson et al., 2002). At death, each case was assigned a Braak score based
on neurofibrillary tau pathology, a senile plaque score based on modified
Consortium to Establish a Registry for Alzheimer’s Disease (CERAD)
criteria, and a diagnosis based on the National Institute on Aging–Reagan
criteria by a neuropathologist shielded to all clinical data (Bennett et al.,
2005). To further investigate the link between PAK and the CERADbased neuropathological diagnosis, we added parietal cortex samples of
19 AD patients and 22 controls obtained from the Douglas Hospital
Research Centre (Quebec) brain bank, which have been fully described in
previous studies (Fig. 1C; Julien et al., 2008; Julien et al., 2009). In Julien
et al. (2009), the neuropathological diagnosis of AD was made only at
neuropathological examination and was based on CERAD scores. In all
subjects, cerebellar pH was measured to assess the degree of preservation
of the tissue (Kingsbury et al., 1995; Calon et al., 2003). Concentrations of
A␤ and tau were assessed using ELISA and Western immunoblotting,
respectively, in the inferior parietal cortex of all volunteers, as described
previously (Tremblay et al., 2007; Julien et al., 2008). Relevant information regarding all subjects involved in this study is available in a previous
publication (Julien et al., 2009).

Arsenault, Dal-Pan et al. • PAK Inactivation in Alzheimer’s Disease Context

J. Neurosci., June 26, 2013 • 33(26):10729 –10740 • 10731

Transgenic models

Western immunoblotting

All procedures were approved by the Laval University animal ethics committee ( protocol 10-037) and were performed according to the guidelines of the Canadian Council on Animal Care. The 3xTg-AD mouse
model has been described previously (Oddo et al., 2003a; Oddo et al.,
2003b; Mastrangelo and Bowers, 2008; Phivilay et al., 2009; Julien et al.,
2010; Arsenault et al., 2011). In brief, 3xTg-AD mice express the mutated
gene PS1M146V (knock-in) and mutated human genes APPSwe and
tauP301L in the same locus, both under the control of the mouse Thy1.2
regulatory element (Oddo et al., 2003a; Oddo et al., 2003b; Mastrangelo
and Bowers, 2008). These transgenic mice develop an age-related progressive neuropathological phenotype that includes both plaques and
tangles distributed along a regional pattern similar to AD (Oddo et al.,
2003a; Ackl et al., 2005; Mastrangelo and Bowers, 2008; Martinez-Coria
et al., 2010). Finally, this AD mouse model presents behavioral and cognitive changes that are correlated with the development of the A␤ and tau
pathology (Sterniczuk et al., 2010). Nontransgenic (NonTg) mice were
derived from the original mouse line and were of the same genetic
background.
PAK inactivation in 3xTg-AD mice was generated by crossing homozygous 3xTg-AD mice with heterozygous mice expressing the dnPAK
transgene, which codes for a PAK autoinhibitory domain binding to PAK
catalytic site (Hayashi et al., 2004). Expression of this autoinhibitory
domain therefore decreases PAK1/2/3 kinase activity (Zhao et al., 1998;
Zenke et al., 1999; Hayashi et al., 2004). dnPAK transgene expression is
under control of the CaMKII promoter, leading to an expression restricted to the postnatal forebrain (Hayashi et al., 2004). In addition,
dnPAK was marked with a myc-tag sequence fused in-frame to the N
terminus of the autoinhibitory domain-PAK sequence (Hayashi et al.,
2004). This crossing produced heterozygous 3xTg-AD mice expressing the dnPAK transgene (3xTg-AD ⫹/⫺ ⫻ dnPAK ⫹/⫺) or not
(3xTg-AD ⫹/⫺ ⫻ dnPAK ⫺/⫺). Animals were killed at either 12 or 20 months
and the parietotemporal cortex was used to quantify proteins and neuropathological markers. Both females and males were used in this study.

Protein concentration was determined using bicinchoninic acid assays
(Pierce). For Western immunoblotting, equal amounts of protein per
sample (15 g) were added to Laemmli’s loading buffer, heated to ⫹95°C
for 5 min before loading, and subjected to SDS-PAGE (8%). Proteins
were electroblotted onto PVDF membranes (Millipore) before blocking
in 5% nonfat dry milk and 1% BSA in PBS-Tween 20 for 1 h. Membranes
were immunoblotted with appropriate primary and secondary antibodies followed by chemiluminescence reagents (Lumiglo Reserve; KPL).
Band intensities were quantified using a Kodak Image Station 4000 MM
Digital Imaging System (Molecular Imaging Software version 4.0.5f7;
Carestream Health). The following antibodies were used in this study:
anti-actin (ABM), anti-cofilin (Cell Signaling Technology), anti-drebrin
(MBL International), anti-synaptophysin clone SVP-38 (Millipore),
anti-PAK1 (Invitrogen), anti-PAK3 and anti-total PAK (Cell Signaling
Technology), anti-phospho-PAK1/2/3 ( phosphorylated at serine 141;
Invitrogen), anti-total tau clone tau13 (Covance), and anti-phospho-tau
clones CP13 ( phosphorylated at serine 202/threonine 205; gift from Dr
Peter Davies, Albert Einstein College of Medicine, New York), and AD2
( phosphorylated at serines 396 and 404; Bio-Rad).

Preparation of tissue samples
Tissue extracts (50 mg of mouse tissue or 100 mg of human tissue) were
homogenized in 4 (human) or 8 (mouse) volumes of TBS containing a
complete protease inhibitor mixture (Roche), 10 g/ml pepstatin A, 0.1
mM EDTA, and phosphatase inhibitors (1 mM each of sodium vanadate
and sodium pyrophosphate, 50 mM sodium fluoride). The frozen samples were sonicated briefly (3 ⫻ 10 s) and centrifuged at 100,000 ⫻ g for
20 min at ⫹4°C to generate a TBS-soluble fraction (soluble or cytosolic
fraction). The TBS-insoluble pellets were sonicated in 8 (mice) or 4 (human) volumes of lysis buffer (150 mM NaCl, 10 mM NaH2PO4, 1% Triton
X-100, 0.5% SDS, and 0.5% deoxycholate) containing the same protease
and phosphatase inhibitor mixture. The resulting homogenate was centrifuged at 100,000 ⫻ g for 20 min at ⫹4°C to produce a lysis buffersoluble fraction (detergent-soluble or membrane fraction). The pellet
(detergent-insoluble fraction) was homogenized in 175 l of 90% formic
acid followed by sonication (3 ⫻ 10 s). The mouse supernatant was
divided in two portions and dried out with a SpeedVac (Thermo Savant).
One portion was solubilized in guanidine-HCl (5 M guanidine in TrisHCl 0.05 M) and then sonicated shortly for solubilization to be used for
ELISA; the other portion was solubilized in Laemmli’s buffer for Western
immunoblotting. For the human tissue, the resultant suspension was
centrifuged (13,000 ⫻ g at ⫹4°C for 20 min) and 20 l of each supernatant was neutralized with 1:30 dilution of Tris-base 1 M, pH 10, to be used
for ELISA (see below). The rest of the supernatants were dried out with a
SpeedVac, solubilized in Laemmli’s buffer, and processed for Western
immunoblotting (insoluble fraction; see below).

ELISA

A␤40 and A␤42 from human brain samples were measured with the
hAmyloid ␤40/␤42 ELISA HS kits (The Genetics Company), as described
previously (Tremblay et al., 2007). Amyloid ␤40/␤42 ELISA kits (Biosource) were used to analyze mouse tissue. Both ELISAs were performed
in the soluble and insoluble protein fraction according to the manufacturers’ recommendations and the plates were read at 450 nm using a
Synergy HT multidetection microplate reader (Biotek).

Immunohistofluorescence staining
Hemi-brains were postfixed with 4% PFA (4°C overnight), cryoprotected with 20% sucrose-PBS, snap frozen at ⫺80°C, and microtome
sectioned into coronal (25 m) sections. Washes in 0.1 M PBS, pH 7.4,
were performed between each step of the immunohistofluorescence protocols. Free-floating brain sections from 3xTg-AD mice with or without
dnPAK transgene were blocked for 1 h in a PBS solution containing 5%
horse serum (Invitrogen) and 0.4% Triton X-100. Sections were then
incubated overnight at 4°C with primary antibodies in the blocking solution:
rabbit anti-Myc-Tag (1:100; Cell Signaling Technology), rabbit antipPAKs141 (1:100; Invitrogen Corporation), and mouse anti-neuronal nuclei (NeuN, 1:1000; Millipore). After incubation with primary antibodies,
slices were exposed to AF-conjugated donkey anti-rabbit and anti-mouse
secondary antibodies (1:1000; Invitrogen). Finally, slices were counterstained with DAPI (Invitrogen), mounted on SuperFrost Plus slides
(Thermo Fisher Scientific), treated with 0.5% Sudan black (in 70% methanol) for 5 min, and placed under coverslips with Mowiol mounting medium.
Sections were transferred onto SuperFrost Plus slides and placed under coverslips with Mowiol mounting medium.

Slice preparation for electrophysiology recordings
Brain slices were prepared as described previously (Zhang and Arsenault,
2005; Arsenault and Zhang, 2006). Briefly, mice were deeply anesthetized
with ketamine (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.) and decapitated. The brain was removed quickly (⬍60 s) and placed in an ice-cold
solution containing the following (in mM): 210 sucrose, 3.0 KCl, 1.0
CaCl2, 3.0 MgSO4, 1.0 NaH2PO4, 26 NaHCO3, and 10 glucose saturated
with 95% O2/5% CO2. Horizontal slices of 300 m were cut from inferior
to superior brain with a vibrating tissue slicer (VT 1000s; Leica) and kept
at room temperature in ACSF containing the following (in mM): 124
NaCl, 3.0 KCl, 1.5 CaCl2, 1.3 MgCl2, 1.0 NaH2PO4, 26 NaHCO3, and 20
glucose saturated with 95% O2/5% CO2. Slices were allowed to recover
for at least 1 h before recording (n ⫽ 9 –10).

Patch-clamp recording
For recording, a slice was transferred to a submerge-type chamber and
continuously exposed to ACSF heated to 30 –32°C saturated with 95%
O2/5% CO2 and flowing at a rate of 2.0 ⫾ 0.2 ml/min. The slices were
viewed first with a 4⫻ objective and the deep layer of the entorhinal
cortex was located beside the hippocampus. For most animals, two to
three slices were recorded per hemisphere. Large deep layer neurons in
the entorhinal cortex were then viewed under near-infrared illumination
with a 40⫻ water-immersion objective (Fluor, 40⫻, 0.80W; Nikon) and
a charge-coupled device camera (IR-1000; Dage MTI).
Patch pipettes were pulled from thick-walled borosilicate glass (1.5/
0.84 mm; WPI) on a horizontal puller (P-97; Sutter Instruments). The
pipette solution contained the following (in mM): 100 KMeSO4, 15 KCl,
4 ATP-Mg, 10 creatine phosphate, 10 HEPES, 0.5 EGTA, pH 7.2, adjusted with KOH, 275–280 mOsm. Electrodes had resistances between 4
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and 6 M⍀. The seal resistance was ⬎2 G⍀. Whole-cell recordings were
made at the soma with a Multiclamp 700A amplifier (Molecular Devices). The access resistance, usually between 10 and 30 M⍀, was monitored throughout each experiment and only recordings with stable access
were used. Experiments were conducted using the Axograph 4.9 program
(Molecular Devices) or pClamp 9.2 (Molecular Devices). Data were digitized at 8 or 16 kHz and were either not filtered or filtered at 1 kHz,
depending on the recording protocol.

Data analysis for electrophysiology experiments
This study included two sets of electrophysiological experiments. The
first investigated association between PAK and selected physiologic parameters ( passive properties and spontaneous EPSC) known to change
in 3xTg-AD mice (Arsenault et al., 2011). This investigation was performed in homozygous mice and the mean of three to five recorded
neurons was used to compare with molecular data. The second set of
experiments were performed to determine physiologic parameters modulated by PAK activity. These experiments were conducted in heterozygous mice and comparison was performed for each neuron.
Electrophysiological recordings were analyzed with Clampfit 9.2 (Molecular Devices). Passive properties (input resistance, cell capacitance
[CC], resting potential) were studied in current-clamp mode given the
stronger accuracy for this recording configuration than voltage-clamp
mode (Golowasch et al., 2009). The input resistance was estimated from
the slope of the graph of voltage variation versus hyperpolarized current
injection using the equation V ⫽ IR * I, where IR is input resistance, V is
voltage variation, and I is the injected current. The injected current duration was 400 ms and current intensities were 50, 100, 150, and 200 pA.
CC was estimated from the linear slope of the plot of I * T ⫽ CC * V (i.e.,
for a first-order resistance-capacitance circuit), where T is the time constant of voltage variation measured by fitting a single exponential function for a voltage decay over time, V ⫽ V⬁ (1 ⫺ e ⫺T /(IR *CC )), and V⬁ is
the asymptote, so that T ⫽ RC (i.e., V ⫽ 0.632 V⬁) using a graphical
method. CC corresponds to the linear slope of the graph displaying the
relationship between I * T versus V. sEPSCs were quantified in voltageclamp mode and neurons were held at ⫺60 mV (near the reversal potential for GABAAR-mediated currents). The sEPSCs were automatically
detected using the event detection package of Clampfit 9.2. This package
uses multiple preestablished templates to optimize the detection of synaptic events.

Behavioral analysis
Social recognition. This test was based on the propensity of an adult
mouse to interact less with a known mouse than with an unknown mouse
of the same sex and age (Kaidanovich-Beilin et al., 2011; Winslow, 2001).
In this paradigm, two mice were exposed to each other for a 20 min
period in a transparent plastic arena (40 cm ⫻ 22 cm ⫻ 18 cm) and the
time that animal spent exploring its dyad partner (sniffing, following,
grooming the partner, crawling over or under) was measured. Then, the
same mice were reexposed 24 h later and the reduction of exploratory
activity for the known partner was used as an indicator of social memory.
Mice were tested at 20 months of age in dyads of one 3xTg-AD ⫹/⫺ ⫻
dnPAK ⫺/⫺ and one 3xTg-AD ⫹/⫺ ⫻ dnPAK ⫹/⫺ mice.
Anxiety-like behavior. Anxiety was assessed using light/dark box test,
which is based on the innate aversion of rodents to brightly illuminated
areas and on the spontaneous exploratory behavior of rodents in response to the mild stressors novel environment and light. The test apparatus consists of a small dark “safe” compartment and a large illuminated
“aversive” compartment (Bourin and Hascoët, 2003). Animals were positioned in the dark compartment and the time spent in the illuminated
compartment was measured for 10 min. In addition, the number of
alternances between each compartment was analyzed.
Vertical/motor activity. To determine whether motor impairments
could affect the social and exploratory behaviors in mice, a 10 min vertical activity test was also performed in a transparent plastic arena (20
cm ⫻ 40 cm ⫻ 30 cm) in parallel with black and white box testing.
Exploratory behavior. Exploratory behavior of mice was assessed in a
squared arena (1 m ⫻ 1 m) with holes in each corner. Hole board exploration is a behavioral paradigm that is used frequently in mice and re-

quires no training (Crawley, 1985). The time spent in active exploration
for the 4 holes was measured during a single 5 min daily session for 3
consecutive days.

Statistical analysis

Values are expressed as mean ⫾ SEM. Statistical comparisons between
groups were performed depending on the normality of distribution and
variances equivalence between groups. For analysis in human samples, in
cases of equal variance and normal distribution, ANOVA followed by
post hoc pairwise comparisons (e.g., Dunnett) were used when appropriate. Groups of data that failed tests for normality and equal variance were
analyzed by the nonparametric Kruskal–Wallis test followed by Dunn’s
test. In the animal studies, statistical comparisons were performed using
a two-way ANOVA for the study of two variables simultaneously. When
variable interaction was detected, statistical comparisons were performed using a one-way ANOVA followed by the Tukey-Kramer post hoc
test. When only two groups were compared, unpaired Student’s t test was
performed, except for unequal variance, for which a Welch’s t test was
used. Finally, for both human and animal studies, the coefficient of determination (r 2) and the significance of the degree of linear relationship
between various parameters were determined with a simple regression
model. Statistical analyses were performed using JMP statistical analysis
software (version 8.0.2).

Results
Loss of PAK in AD is associated with symptoms
and neuropathology
We first quantified PAK in the TBS-soluble protein fractions
from the parietal cortex of individuals clinically determined as
MCI or AD and compared them with controls. We found 39%
lower PAK concentrations in subjects with a diagnosis of AD, but
no significant differences in those with MCI (Welch ANOVA:
p ⫽ 0.012, Dunnett’s multiple-comparison test: p ⬍ 0.01 for AD
vs controls; Fig. 1A). To further link actin-normalized PAK level
with the neuropathological diagnosis, we added parietal cortex
samples from the Douglas Hospital cohort to the analysis. All
subjects were classified according to CERAD-based neuropathology diagnosis. We detected a 30% lower PAK concentration in
individuals with a definite neuropathologic diagnosis of AD compared with individuals with a lower probability of AD (Kruskal–
Wallis: p ⫽ 0.0095, Dunn’s multiple-comparison test: p ⬍ 0.01
for definite AD versus probable/possible/no AD; Fig. 1B). We
also observed a significant decrease in phospho-PAK in persons
with a CERAD score of 1 (definitive AD; Kruskal-Wallis: p ⫽
0.0036, Dunn’s multiple-comparison test: p ⬍ 0.01 for definite
AD vs possible/no AD and, p ⬍ 0.05 for definite AD vs “probable”
AD; Fig. 1C). Next, we sought to establish the relationship between PAK levels and other common neuropathological markers
of AD. Correlative analyses showed that actin-normalized PAK
was inversely correlated with the insoluble/soluble tau ratio (Fig.
1D) and the accumulation of insoluble phospho-tau (Fig. 1E).
However, no relationship was detected with the levels of insoluble A␤42 (Fig. 1F ). Finally, a positive correlation was observed
between postmortem cortical PAK levels and the global cognitive
score measured antemortem (Fig. 1G). The strongest associations were established with episodic memory (r 2 ⫽ 0.16; p ⫽
0.0212) and perceptual speed (r 2 ⫽ 0.23; p ⫽ 0.0047). Partial
correlation analyses showed that, after adjusting for insoluble
phospho-tau, the significance of the relationship between PAK
and cognitive scores was lost (r 2 ⫽ 0.08; p ⫽ 0.39), whereas the
correlation between phospho-tau and cognitive scores was not
affected by PAK levels (r 2 ⫽ 0.26; p ⫽ 0.0018). Such data may
suggest that the association between PAK and cognition is mediated by tau, which is consistent with PAK loss being a consequence of AD neuropathology. Overall, these data confirm that
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Figure 2. Characterization of PAK, membrane cofilin, and drebrin impairments in homozygous 3xTg-AD mice according to age. A, Soluble PAK1/2/3 was decreased in 12- and 20-month-old
3xTg-AD mice compared with NonTg mice of the same age. No statistical differences were found between the two genotypes in young animals (4 months). B, When comparing both genotypes at
different ages, we observed no alteration of soluble phospho-PAK in 3xTg-AD mice at 4, 12, or 20 months. C, Loss of soluble PAK1/2/3 was observed in both isoforms 1 and 3 at all ages. Despite an age
effect for drebrin level, we did not found any change of membrane cofilin (D) or drebrin (E) levels in 3xTg-AD compared with NonTg mice. Values are expressed as mean ⫾ SEM. Statistical
comparisons were performed using a one-way ANOVA followed by a Tukey-Kramer post hoc test (age comparison, A–C) and an unpaired t test (D,E). *p ⬍ 0.5, **p ⬍ 0.01, ***p ⬍ 0.001.

the clinical and neuropathological progression of AD is associated with a loss of PAK.

(Fig. 2 D, E, respectively), which is consistent with our previous
results (Julien et al., 2008; Phivilay et al., 2009).

Decrease of PAK is replicated in the 3xTg-AD mouse
To further probe whether brain expression of tau and A␤ neuropathologies can cause a reduction in PAK in vivo, we quantified
PAK levels in the parietotemporal cortex from the 3xTg-AD
mouse model at different ages (Fig. 2). We found a decrease in
cortical concentrations of total PAK in 12- and 20-month-old
3xTg-AD mice compared with NonTg controls, but not at 4
months of age, which is consistent with an age-related progressive loss of PAK (Fig. 2A). In contrast, the concentration of
phospho-PAK remained unchanged (Fig. 2B). In addition, the
levels of the two main cerebral isoforms of PAK, PAK1 and PAK3,
were both decreased in the parietotemporal cortex of 12-monthold (⫺26%, p ⬍ 0.01, and ⫺9%, p ⬍ 0.05, respectively) and
20-month-old (⫺11% and ⫺18%, respectively, p ⬍ 0.05 for
both) 3xTg-AD mice (Fig. 2C). These results indicate that the
3xTg-AD mouse replicates the decrease in PAK observed in AD
patients.
Based on previously described cellular pathways, inactivation
of PAK should lead to downstream cofilin activation and removal
of the spine actin-regulatory protein drebrin from the membrane
compartment (Zhao et al., 2006). However, despite an ageinduced decrease of drebrin levels, the concentration of cofilin
and drebrin in the detergent-soluble membrane fraction remained unaltered in 3xTg-AD mice compared with NonTg mice

Transgenic PAK inactivation leads to a decrease of the
postsynaptic protein drebrin
So far, the results gathered from human samples and in the
3xTg-AD mice strongly suggested a tight association between
PAK and AD-like neuropathology, clinical symptoms, and electrophysiological defects, but did not infer a causal role of PAK. To
discriminate whether alterations found in 3xTg-AD mice are
dependent of PAK activity, we crossed the 3xTg-AD mice with
dnPAK mice to generate heterozygous 3xTg-AD mice with
(3xTg-AD ⫹/⫺ ⫻ dnPAK ⫹/⫺) or without (3xTg-AD ⫹/⫺ ⫻ dnPAK ⫺/⫺) PAK activity deficiencies.
Because the product of dnPAK transgene is labeled with a
myc-tag sequence (Hayashi et al., 2004), we first performed immunofluorescence analysis using an antibody raised against anti
myc-tag. As expected, we observed a strong staining of the dnPAK
transgene in 3xTg-AD mice with genetically PAK inactivation,
but no staining in 3xTg-AD mice (Fig. 3A). This confirms that
dnPAK expression was restricted to the cortex of 3xTg-AD ⫻
dnPAK mice in our study. Moreover, we observed a strong colocalization with the neuronal nuclei (NeuN) protein, indicating
that the dnPAK transgene was mostly expressed in neuronal cells
(Fig. 3A). We next conducted immunohistofluorescence experiments using an antibody directed against pPAK (ser141, activated PAK). An apparent decrease of pPAK cortical staining was
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observed in 3xTg-AD ⫻ dnPAK mice
compared with 3xTg-AD mice (Fig. 3A).
Colocalization with NeuN labeling was
also confirmed (Fig. 3A). Using Western
blotting analysis, we found a decrease of
phospho-PAK (ser141) in 3xTg-AD ⫹/⫺ ⫻
dnPAK ⫹/⫺ at 12 and 20 months of age
(⫺27% and ⫺33%, respectively, p ⬍
0.01), confirming the effectiveness of the
dnPAK transgene in reducing PAK activation (Fig. 3B). A small compensatory upregulation of PAK1 (⫹14%, p ⬍ 0.05),
but not PAK3, was observed in 3xTgAD ⫹/⫺ ⫻ dnPAK ⫹/⫺ mice compared
with 3xTg-AD ⫹/⫺ ⫻ dnPAK ⫺/⫺ mice at
12 months, but not at 20 months (Fig.
3C). dnPAK transgene expression did not
induce any effect on detergent-soluble cofilin levels in 3xTg-AD mice regardless of
their age (Fig. 3D). Despite a reduction
with age (two-way ANOVA, p ⫽ 0.014),
no significant difference in phosphocofilin levels was detected between
3xTg-AD and 3xTg-AD ⫻ dnPAK mice.
Nevertheless, PAK inactivation induced a
25% decrease of detergent-soluble drebrin level, a postsynaptic protein ( p ⬍
0.05; Fig. 3F ), in 20-month-old 3xTgAD ⫹/⫺ ⫻ dnPAK ⫹/⫺ mice. This result
was consistent with studies indicating that
the membrane localization of drebrin is
dependent on PAK activation (Zhao et al.,
2006; Ma et al., 2008). Separate Western
blot analyses showed that dnPAK expression in NonTg mice led to a nonsignificant trend toward a decrease of drebrin
(2.68 ⫾ 0.62 in NonTg mice vs 1.35 ⫾
0.26 in dnPAK mice, n ⫽ 6 per group, p ⫽
0.0776). Although these data must be interpreted carefully due to low statistical
power, they suggest that drebrin loss requires both PAK inactivation and AD
neuropathology. Detergent-soluble levels
of the presynaptic protein synaptophysin
were also analyzed, but no significant
change was observed whatever the age of
3xTg-AD mice (Fig. 3G).
PAK modulation can influence social
recognition in 3xTg-AD mice
A battery of behavioral tests was performed to determine the cognitive impact
of dnPAK expression in 3xAD-Tg mice.
First, the general motor activity was found
to be decreased in 3xTg-AD mice, but unaltered by PAK inactivation (Fig. 4A, p ⬍
0.05). Second, in the black and white box
paradigm, animals from the three different groups spent similar time in the illuminated box (Fig. 4B). However, NonTg
mice showed a higher number of alternances between compartments compared
with 3xTg-AD and 3xTg-AD ⫻ dnPAK

Figure 3. Consequences of PAK inactivation in 12- or 20-month-old heterozygous 3xTg-AD mice. A, Myc-Tag immunofluoresence (green) in the cortex confirmed that the dnPAK transgene was only expressed in neurons (NeuN in red) from 3xTg-AD ⫻
dnPAK mice compared with 3xTg-AD mice. pPAK immunostaining (green) in the cortex highlighted a neuronal localization (NeuN
in red) of pPAK (s141) and an apparent decrease in 20-month-old 3xTg-AD mice with genetically PAK inactivation compared with
3xTg-AD mice (n ⫽ 3 per group). Western blot analyses revealed that dnPAK transgene expression reduced pPAK (B) and increased
the level of PAK1 in 12-month-old mice, but was inefficient to modulate PAK3 at both ages (C) in the soluble fraction. dnPAK
transgene expression did not induce any effect on cofilin (D) or phospho-cofilin (E) levels in the cortex of 3xTg-AD mice. Interestingly, drebrin level was reduced in 20-month-old mice in the membrane fraction (F ). Finally, no significant effect was observed on
detergent-soluble synaptophysin level whatever the age of mice (G). Square bar equals 100 m. Values are expressed as mean ⫾
SEM. Statistical analyses were performed using an unpaired t test. For PAK3 analysis (C), only the upper band was used. *p ⬍ 0.05,
**p ⬍ 0.01.

Arsenault, Dal-Pan et al. • PAK Inactivation in Alzheimer’s Disease Context

J. Neurosci., June 26, 2013 • 33(26):10729 –10740 • 10735

Figure 4. PAK inactivation impaired social recognition in 20-month-old 3xTg-AD mice. (A) NonTg mice showed higher general activity than 3xTg-AD mice, as reflected in a vertical activity test
over a 10 min observation span. B, Time spent in the illuminated compartment of the black and white box was not significantly different in NonTg, 3xTg-AD, and 3xTg-AD ⫻ dnPAK mice. C, 3xTg-AD
and 3xTg-AD ⫻ dnPAK mice showed a similar number of alternances, but both were lower than NonTg, suggesting that the level of anxiety was not influenced by PAK inhibition. D, Exploratory
behavior was similarly decreased in 3xTg-AD and 3xTg-AD ⫻ dnPAK mice compared with NonTg animals. E, Social events in which a mouse interacts with its dyad partner were recorded (sniffing,
following, grooming the partner, crawling over or under) at day 1 and at day 2. F, 3xTg-AD mice with normal PAK activity had a 40% reduction of interaction time with their dyad mate at day 2
compared with day 1. In contrast, PAK-deficient 3xTg-AD mice displayed the same interaction time with their partner at day 1 and day 2, consistent with a complete absence of social recognition.
Values are expressed as mean ⫾ SEM. Statistical comparisons were performed using an unpaired Student’s t test. *p ⬍ 0.05, ***p ⬍ 0.001.

mice (Fig. 4C, p ⬍ 0.001). Therefore, our results are suggestive of
a higher anxiety level in 3xTg-AD mice, which, however, remained unaffected by the expression of dnPAK. Spontaneous
exploration in a new environment was also evaluated. All animals
showed a normal decrease of their exploratory behavior in the
second and the third day compared with the first (Fig. 4D). The
number of exploratory events recorded was lower in both
3xTg-AD and 3xTg-AD ⫻ dnPAK mice compared with NonTg
mice (Fig. 4D). Therefore, as described previously (Arsenault et
al., 2011; Bories et al., 2012), 3xTg-AD transgenes decreased the
motivation to explore a new environment (Fig. 4D), a behavior
that remained unaltered by the expression of dnPAK.
To determine whether PAK inactivation translated into social
behavior defects, the capacity of groups of animals to recognize
their peers was documented. To assess sociability in animal models, several behavioral tests have been developed (for review, see
Silverman et al., 2010). The social recognition test is based on the
propensity of an adult mouse to spend more time interacting
with an unknown mouse than with a known mouse (Winslow,
2001; Kaidanovich-Beilin et al., 2011; Fig. 4E) and is frequently
used to show memory impairments in rodents (Winslow, 2001;
Bilkei-Gorzo et al., 2005; Zhao et al., 2006). Our data revealed a
significant increase of the social recognition ratio in 3xTg-AD ⫹/⫺ ⫻

dnPAK ⫹/⫺ mice compared with 3xTg-AD ⫹/⫺ ⫻ dnPAK ⫺/⫺
mice at 20 months of age (⫹56%, p ⬍ 0.001; Fig. 4F ), which was
not explained by changes in motor performances, motivation,
or anxiety levels (Fig. 4A–D). In other words, social interactions with a known partner were not reduced in 3xTg-AD ⫹/⫺ ⫻
dnPAK ⫹/⫺ mice on day 2 compared with day 1, whereas a clear
decrease in social interactions was noted in 3xTg-AD ⫹/⫺ ⫻ dnPAK ⫺/⫺ mice. Therefore, disrupted PAK activity led to a complete
loss of social recognition in 3xTg-AD ⫹/⫺ ⫻ dnPAK ⫹/⫺ mice.
Transgenic PAK inactivation leads to a transient decrease of
A␤ and tau deposition
To determine whether PAK plays a causal or amplifying role in
the development of neuropathological markers of AD, we quantified A␤ and tau in the soluble and insoluble fractions of parietotemporal cortex of 12- or 20-month-old 3xTg-AD mice with
or without concomitant dnPAK transgene expression. We first
found that PAK inactivation did not affect the soluble levels of
A␤40 and A␤42 in 3xTg-AD mice (Fig. 5 A, B). However, PAK
dysfunction significantly reduced the amount of both A␤40 and
A␤42 in the insoluble fraction in 3xTg-AD ⫹/⫺ ⫻ dnPAK ⫹/⫺
mice at 12 months of age (⫺35% for both, p ⬍ 0.05), but not at 20
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months of age (Fig. 5C,D). In addition, we
observed a 58% decrease of insoluble/
soluble tau ratio in 3xTg-AD ⫹/⫺ ⫻
dnPAK ⫹/⫺ mice compared with 3xTgAD ⫹/⫺ ⫻ dnPAK ⫺/⫺ mice at the age of 12
months ( p ⬍ 0.01; Fig. 5E). Again, this
decrease was ultimately lost at 20 months
of age (Fig. 5E). No significant changes
were observed in the soluble phosphotau/soluble tau ratio or the concentration of insoluble phospho-tau (Fig. 5F,G).
These experiments suggest that a reduction
in brain PAK activity can exert a beneficial
effect on A␤ and tau deposition, at least
transiently, and that the disruptive effect of
PAK inactivation on social recognition does
not require an enhancement of A␤ and tau
deposition in the brains of 3xTg-AD mice.
Loss of CC and hyperactivity of
excitatory synapses in 3xTg-AD mice
were not influenced by PAK activity
As reported previously (Arsenault et al.,
2011), entorhinal cortex deep layer neurons
of 12-month-old homozygous 3xTg-AD
mice present normal resting potential (Fig.
6A) and decreased CC (Fig. 6B). Interestingly, here we found a strong positive correlation between soluble total PAK and the CC
(Fig. 6C). In addition, the frequency of
sEPSC recordings was higher in 3xTg-AD
neurons (Fig. 6D,F), whereas their amplitudes were lower (Fig. 6E,F). This suggests
that homozygous 3xTg-AD cortical neurons display abnormalities of intrinsic or
synaptic properties that are associated with
PAK concentrations.
To further investigate the electrophysiological function of PAK in AD, we
studied the effect of PAK inactivation
on the same intrinsic and synaptic properties of deep-layer lateral entorhinal cortex
neurons of NonTg mice (3xTg-AD ⫺/⫺ ⫻
dnPAK ⫺/⫺), heterozygous 3xTg-AD mice
(3xTg-AD ⫹/⫺ ⫻ dnPAK ⫺/⫺), and heterozygous 3xTg-AD mice with a deficiency of PAK Figure 5. PAK inactivation reduced A␤ and tau depositions in 12- and 20-month-old heterozygous 3xTg-AD mice. PAK inactivation did not alter concentrations of sA␤40 (A) and sA␤42 (B) in soluble fractions at any age, but decreased iA␤40 (C) and iA␤42
activity (3xTg-AD ⫹/⫺ ⫻ dnPAK ⫹/⫺). We
(D) levels in insoluble fractions from 12-month-old 3xTg-AD mice. Whereas the inactivation of PAK induced a decrease of the
first confirmed that dnPAK expression in insoluble/soluble tau ratio in 12-month-old mice (E), it did not induced any effect on the soluble phospho-tau/total tau ratio in
NonTg mice had no effect on each intrinsic mice whatever their age (F ). Finally, no effect was observed on phospho-tau levels in the insoluble fraction (G). Values are
parameter under study (Fig. 6) and then expressed as mean ⫾ SEM. Statistical comparisons were performed using an unpaired t test. ROD indicates relative optical density.
showed that neurons from heterozygous Comparison between genotype: *p ⬍ 0.05, **p ⬍ 0.01; comparison between age: #p ⬍ 0.05, ##p ⬍ 0.01, ###p ⬍ 0.001.
3xTg-AD ⫹/⫺ ⫻ dnPAK ⫺/⫺ mice displayed
decreased CC and higher sEPSC frequencies
Discussion
compared with NonTg mice (Fig. 6H,I, respectively), as shown preThis study shows that the postmortem PAK concentrations in the
viously in homozygous 3xTg-AD mice, but without any change in
cortex of AD patients are strongly associated with the clinical and
their resting potential (Fig. 6G). However, we found that CC and
neuropathological expression of the disease (Fig. 7). The decrease in
sEPSC frequencies of entorhinal cortex neurons in 3xTg-AD mice
PAK can be replicated in animal models transgenically designed to
remained unchanged with PAK inactivation (Fig. 6H,I, respecdevelop A␤ and tau pathologies. Expression of the dnPAK transgene
tively). Finally, we did not find any difference in the mean amplitude
in 3xTg-AD mice led to reduced PAK activation, as observed in AD
of sEPSCs between groups (Fig. 6J). These results suggest that the
patients. However, this did not aggravate A␤ or tau pathologies,
effects of PAK inactivity on social recognition are not related to the
suggesting that the loss of PAK lies downstream of these canonical
electrophysiological parameters altered in 3xTg-AD animals evaluAD markers. More strikingly, despite no direct deteriorating effects
ated here.
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Figure 6. Intrinsic properties of entorhinal cortex neurons in 12-month-old homozygous 3xTg-AD mice and in 20-month-old 3xTg-AD mice with genetically induced PAK inactivation. A–F,
Expression of transgenes in homozygous 3xTg-AD mice did not change resting potential (A) but decreased CC (B) of entorhinal cortex deep layer neurons. Interestingly, we found a positive correlation
between soluble PAK1/2/3 and the CC (C). Events of sEPSC occurred more frequently in 3xTg-AD neurons (D), but event amplitudes were lower (E). F, Examples of spontaneous EPSC recordings made
in NonTg and 3xTg-AD neurons. NonTg mice are represented in white and 3xTg-AD mice are represented by stripes in graphs. G–K, To investigate the physiological function of PAK in AD, we studied
effects of PAK inactivation in intrinsic and synaptic properties of deep-layer lateral entorhinal cortex neurons of NonTg (white), NonTg with a deficiency in PAK activity (white with black stripes),
heterozygous 3xTg-AD (gray), and heterozygous 3xTg-AD mice with a deficiency of PAK activity (black). Genetically, PAK inactivation in NonTg or 3xTg-AD mice did not influence impairments of
passive properties of entorhinal cortex observed in 3xTg-AD mice, as reflected by resting potential (G) and CC (H ) analyses. Similarly, frequency (I ) and amplitude (J ) of sEPSCs observed in 3xTg-AD
mice were not influenced by PAK activity. K, Examples of sEPSC recordings made in NonTg, 3xTg-AD, and PAK-deficient 3xTg-AD neurons. Values are expressed as mean ⫾ SEM of the numbers of
cells analyzed. Statistical analyses were performed using unpaired t test. *p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍ 0.001.

of PAK dysfunction on CC or synaptic activity in 3xTg-AD mice, a
loss of PAK activity obliterated their social recognition capacity, a
behavior defect reminiscent of a common symptom of AD (Larson
et al., 1992). Therefore, although our study does not pinpoint PAK
dysfunction as an early causal mechanistic event in AD, it suggests
that PAK activity is essential for the maintenance of social recognition functions that are severely compromised in AD.

PAK alteration in AD
In the present study, the diagnosis of AD was associated with
lower PAK and phospho-PAK concentrations in the parietal cortex. This is in agreement with previous Western blot and immunostaining analyses performed in the cortex and hippocampus of AD
patients (Zhao et al., 2006; Ma et al., 2008; Nguyen et al., 2008).
However, no significant difference in PAK was detected in individ-

10738 • J. Neurosci., June 26, 2013 • 33(26):10729 –10740

Figure 7. Counterbalancing the loss of PAK might be of therapeutic value in AD. Late during AD
progression, and not in individuals with mild cognitive impairment, the levels of PAK decrease in the
brain in close relationship with accumulation of tau neuropathology and declining cognitive performance. In the 3xTg-AD mouse model, expression of transgenes leading to A␤ and tau pathologies
inducedaglobaldecreaseofPAK.Conversely,geneticdeactivationofPAKinthe3xTg-ADmouseledto
atransientdecreaseininsolubleA␤ andtau.ThissuggeststhatPAKdecreaseisaconsequencerather
than a cause of A␤ and tau neuropathologies. However, inactivating PAK in the brains of 3xTg-AD
mice generated an animal model closer to AD by decreasing drebrin levels and social recognition
capacities.Overall,ourstudysupportsthehypothesisthatatherapeuticinterventionaimedatincreasing PAK activity may improve AD symptoms without correcting A␤ and tau pathologies.

uals with mild cognitive impairment, suggesting that the loss of PAK
is a relatively late event. Therefore, our results indicate that a decrease
in PAK concentration is closely associated with both clinical symptoms and A␤/tau neuropathologies and argue in favor of an important role of PAK in the disease progression.
Impairments of PAK observed in AD patients are partly
replicated in 3xTg-AD mice
The 3xTg-AD mouse simultaneously expresses tau and A␤ pathologies and is therefore used to model AD (Oddo et al., 2003a).
We observed a loss of PAK in 3xTg-AD mice at 12 and 20 months
of age, but not at 4 months, indicating that PAK is affected by age,
a key factor in the development of AD. This result also demonstrates that the loss of soluble PAK in 3xTg-AD mice is not the
result of an interaction between transgene expression and developmental processes, because the loss of the protein occurs in
adult mice. Interestingly, the loss of PAK coincides with the age
when the animal presents abundant deposition of insoluble proteins (i.e., 12 months; Oddo et al., 2003a; Julien et al., 2008). Our
results indicate that the 3xTg-AD model replicates PAK abnormalities found in AD, but, consistent with the human data, these
observations in animals strongly suggest that the loss of PAK is a
consequence rather than a cause of AD neuropathology.
Downstream alterations of drebrin and cognitive impairment
in AD: a consequence of PAK dysfunction?
PAK is essential to the maturation and maintenance of dendritic
spines and its dysfunction leads to cognitive impairments
through a disruption of actin scaffold within dendrites (Zhao et
al., 2006). PAK dysfunction induces downstream cofilin activation, actin filament depolymerization, drebrin displacement,
and, ultimately, defects in spine dynamics (Minamide et al., 2000;
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Bokoch, 2003; Zhao et al., 2006; Kreis and Barnier, 2009). This
hypothesis is supported by data in cultured hippocampal cells
and in rodents, in which intracerebral injections of PAK inhibitors induced the translocation of drebrin from the membrane to
the cytosol (Zhao et al., 2006; Ma et al., 2008). Incidentally, a loss
of drebrin in the membrane compartment of the brain of AD
patients has been consistently observed by various groups using
different methodologies (Shim and Lubec, 2002; Calon et al.,
2004; Counts et al., 2006; Aoki et al., 2007; Lacor et al., 2007;
Julien et al., 2008). A decrease in drebrin in the membrane fractions can also be detected in the brain of AD transgenic mouse
models, particularly after exposure to dietary risk factors (Calon
et al., 2004; Julien et al., 2010). Therefore, the specific loss of
detergent-soluble drebrin observed here after chronic PAK inactivation is consistent with drebrin being a downstream element of
PAK signalization. In contrast, consistent with previous studies
performed in AD patients and mouse models (Zhao et al., 2006;
Kang et al., 2011), no changes in cofilin and phospho-cofilin
concentrations were observed in our study.
Because PAK is essential for cognitive performance in animals
(Ramakers, 2002; Meng et al., 2005; Zhao et al., 2006; Nekrasova
et al., 2008) and humans (Boda et al., 2004; Zhao et al., 2006;
Morrow et al., 2008; Nikolić, 2008), one could assume that a loss
of PAK activity is detrimental. The loss of drebrin observed here,
as in AD, is consistent with such a hypothesis (Zhao et al., 2006;
Kojima and Shirao, 2007; Kojima et al., 2010; VanGuilder et al.,
2012). Social interaction is a fundamental and adaptive component of the biology in numerous species. In mice, recognition of
conspecifics may be important for maintaining social hierarchy
and for mate choice (Kaidanovich-Beilin et al., 2011). Two unfamiliar mice placed in a neutral arena will usually display important interactions (Kwon et al., 2006). Our results showed a
profound social-cognitive impairment in the 3xTg-AD mice with
PAK dysfunction, suggesting that PAK activity is critical to the
maintenance of these higher social functions. Previous work
showed that dnPAK mice exhibit specific deficits in the consolidation phase of hippocampus-dependent memory (Hayashi et
al., 2004), suggesting that the loss of social recognition is a consequence of memory impairment. Finally, the impaired social
recognition functions and drebrin loss observed suggest that the
3xTg-AD ⫹/⫺ ⫻ dnPAK ⫹/⫺ mouse may mimic more closely the
human disease.
PAK inactivation does not promote the formation of
insoluble depots of A␤ and tau
To determine whether PAK is a cause or a consequence of AD
neuropathology, we investigated the effect of a genetically induced PAK dysfunction on A␤ and tau concentrations in the
3xTg-AD mouse model. Potentiation of AD-like neuropathology
in 3xTg-AD ⫹/⫺ ⫻ dnPAK ⫹/⫺ mice would have been consistent
with a benefic action of PAK. However, in our study, PAK inactivation rather led to a diminution of insoluble A␤ and tau in
12-month-old animals, an effect shown to be transient because it
was lost at 20 months of age. It is important to underscore that the
causal role of both A␤ and tau neuropathologies in AD remains
unclear and relies mostly on correlative clinicopathology (Steinerman et al., 2008; Nelson et al., 2012) or genetic studies (Götz et
al., 2008; O’Brien and Wong, 2011). The present data indicate
that PAK may play a role in the formation of insoluble A␤ or tau
deposits, and thus deserve further investigation. For example,
PAK targeting could be used to modulate the aggregation of proteins into their insoluble form. These data chiefly indicate that the
disruptive effect of PAK inactivation on social recognition does
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not require any clear enhancement of A␤ and tau deposition in
the 3xTg-AD mouse model.
Electrophysiological abnormalities in 3xTg-AD are not
modulated by PAK
Electrophysiological abnormalities such as a loss of CC and increased
frequency of sEPSCs were described recently in 3xTg-AD mice (Arsenault et al., 2011). These observations are consistent with a study
showing that A␤ peptide could enhance sEPSCs (Abramov et al.,
2009), leading to a vicious cycle because synaptic activity is known to
stimulate the production of A␤ peptides (Kamenetz et al., 2003). CC
is a well accepted indication of the membrane surface area of the
patched cell (Golowasch et al., 2009; Arsenault et al., 2011). The
decrease in CC observed in 3xTg-AD animals may reflect neuronal
atrophy (Golowasch et al., 2009), as reported previously in 3xTg-AD
mice (Arsenault et al., 2011). The strong relationship between PAK
levels and the decrease of CC in entorhinal cortical neurons
prompted us to investigate the effect of PAK inactivation on
this neuronal population.
Our patch-clamp experiments in 20-month-old heterozygous
3xTg-AD ⫹/⫺ ⫻ dnPAK ⫹/⫺ mice confirmed what has been found
earlier in homozygous 3xTg-AD mice: a decrease in CC and an
increase of sEPSCs. However, PAK dysfunction did not correct or
aggravate CC or synaptic current changes in the 3xTg-AD mouse,
suggesting that PAK impairments are either downstream of or
occur in parallel with these electrophysiological abnormalities. In
summary, our results suggest that the social recognition deficit
induced by PAK inactivation in 3xTg-AD mice is more likely to
be related to defect in PAK-drebrin signaling rather than to
changes in basic neuron physiology.
Overall, the human and animal data show that a loss of PAK
is associated with AD and is therefore likely a consequence
rather than a cause of A␤ and tau neuropathology. Transgenic
deactivation of PAK in the brain led to AD-like obliteration of
social recognition in 3xTg-AD mice without either enhancing
brain A␤/tau pathologies or leaving a clear electrophysiological signature in neurons. Although the PAK loss does not appear to play a causal role in AD pathogenesis, our results
suggest that increasing the activation of the PAK molecular
cascade may prove beneficial against cognitive or neuropsychiatric symptoms of AD.
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