
Neurobiology of Disease
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Activity-induced expression of Arc is necessary for maintenance of long-term potentiation and for memory consolidation. In transgenic
(TG) mice with neuronal production of human amyloid precursor protein (hAPP) and hAPP-derived amyloid-� (A�) peptides, basal Arc
expression was reduced primarily in granule cells of the dentate gyrus. After exploration of a novel environment, Arc expression in these
neurons was unaltered in hAPP mice but increased markedly in nontransgenic controls. Other TG neuronal populations showed no or
only minor deficits in Arc expression, indicating a special vulnerability of dentate granule cells. The phosphorylation states of NR2B and
ERK1/2 were reduced in the dentate gyrus of hAPP mice, suggesting attenuated activity in NMDA-dependent signaling pathways that
regulate synaptic plasticity as well as Arc expression. Arc reductions in hAPP mice correlated with reductions in the actin-binding protein
�-actinin-2, which is located in dendritic spines and, like Arc, fulfills important functions in excitatory synaptic activity. Reductions in
Arc and �-actinin-2 correlated tightly with reductions in Fos and calbindin, shown previously to reflect learning deficits in hAPP mice.
None of these alterations correlated with the extent of plaque formation, suggesting a plaque-independent mechanism of hAPP/A�-
induced neuronal deficits. The brain region-specific depletion of factors that participate in activity-dependent modification of synapses
may critically contribute to cognitive deficits in hAPP mice and possibly in humans with Alzheimer’s disease.
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Introduction
Alzheimer’s disease (AD) results in progressive impairment of
memory consolidation. Memory retrieval is also affected in a
characteristic pattern, in which recent memories are more vul-
nerable than older memories (Eustache et al., 2004; Sadek et al.,
2004). These impairments suggest an early vulnerability of the
hippocampus and a subsequent disruption of neocortical net-
works sustaining consolidated memories (Wiltgen et al., 2004).
Although the differential loss of neurons in specific brain regions
in AD has been mapped carefully (Braak and Braak, 1991; West et
al., 1991; Corder et al., 2000), little is known about the neuronal
populations that first become dysfunctional, and even less about
the underlying molecular mechanisms. Understanding the pro-
cesses that cause neuronal dysfunction in AD and related models
could guide the development of treatments to prevent AD, pre-

serve learning and memory in its early stages, and maximize cog-
nitive functions in the later stages of the illness.

Transgenic (TG) mouse models with neuronal production of
human amyloid precursor protein (hAPP) and hAPP-derived
amyloid-� (A�) peptides develop a range of AD-like alterations,
including age-dependent deficits in learning and memory (Hig-
gins and Jacobsen, 2003; Walsh and Selkoe, 2004; Kobayashi and
Chen, 2005). However, the cellular and molecular substrates of
these cognitive deficits remain to be identified. Our previous
analysis of hAPP mice (Palop et al., 2003) and reports by others
(Dickey et al., 2003, 2004) suggested that the depletion of synap-
tic activity-dependent proteins may play a critical role in A�-
induced cognitive decline. Particularly intriguing to us in this
context were alterations in the immediate-early gene product Arc
(activity-regulated cytoskeleton-associated protein), the expres-
sion of which has been used previously to image cellular networks
involved in encoding of contextual information (Guzowski et al.,
1999; Burke et al., 2005).

Arc is expressed predominantly in cortical and hippocampal
glutamatergic neurons; it is required for maintenance of long-
term potentiation (LTP) and for memory consolidation (Lyford
et al., 1995; Guzowski et al., 2000; Steward and Worley, 2001).
Stimulated neurons rapidly increase Arc mRNA expression,
which allows for the identification of neuronal network activity
(Lyford et al., 1995; Guzowski et al., 1999; Temple et al., 2003;
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Vazdarjanova and Guzowski, 2004). Furthermore, Arc mRNA is
induced in activated neuronal ensembles in the hippocampus
that respond to specific environments, providing a potential net-
work mechanism for encoding spatial and contextual informa-
tion (Guzowski et al., 1999; Vazdarjanova and Guzowski, 2004).

To further elucidate the role of Arc and related factors in
hAPP/A�-induced neuronal deficits in vivo, we studied hAPP TG
mice that have high levels of A� in the hippocampus and neocor-
tex and that develop age-related synaptic deficits as well as im-
pairments in learning and memory (Hsia et al., 1999; Mucke et
al., 2000; Palop et al., 2003). We monitored Arc expression in
their brains at baseline and after behavioral or pharmacological
stimulation to determine whether A� affects Arc expression dif-
ferentially in different neuronal populations, whether it affects
only induced or also basal Arc expression, whether the reported
block to Arc induction can be overcome by pharmacological
stimulation of excitatory neurotransmitter receptors, and
whether disruption of Arc expression depends on the parenchy-
mal deposition of fibrillar A� in amyloid plaques. We also tested
whether Arc expression deficits may be linked to deficits in other
synaptic plasticity-related factors, including alterations in the
NMDA-mediated signaling pathway.

Materials and Methods
TG mice. We studied 5- to 8-month-old heterozygous TG and nontrans-
genic (NTG) mice from lines J20 and I5. Line J20 expresses hAPP carry-
ing the Swedish and Indiana FAD (familial AD) mutations (hAPPFAD),
and line I5 expresses wild-type hAPP (hAPPWT) at comparable levels
(Mucke et al., 2000). In both lines, neuronal expression of hAPP is di-
rected by the platelet-derived growth factor (PDGF) �-chain promoter.
Mice were N12–N15 offspring from crosses between heterozygous TG
mice and C57BL/6J NTG breeders. Gender had no detectable effect on
any of the parameters analyzed (data not shown). All experiments were
approved by the Committee on Animal Research of the University of
California, San Francisco.

Novel environment. Four to 5 d before the experiment, female mice
were pair-housed (one hAPPFAD mouse and one NTG control per cage),
whereas male mice were singly housed. Mice assigned to novel environ-
ment exploration were then transferred to a larger cage (45 � 25 � 20
cm) in an adjacent room. The new room differed markedly in size, shape,
light, and furnishing. The new cage was uncovered and contained differ-
ent bedding and five novel objects. The mice were allowed to explore the
new environment for 2 h; the remaining mice stayed undisturbed in their
home cages.

The activity (ambulatory movements, rearing, sniffing, digging) of the
mice and their interactions with the novel objects were quantified from
video records during the first 10 min of each hour in the new cage. An
object-interaction event was defined as any close exploratory activity
with any novel object. Observers were blinded to genotype. After the
observation period, alternate groups of mice assigned to the home cage or
novel environment conditions were taken to an adjacent room, deeply
anesthetized, and perfused transcardially.

Kainate injections. Kainate (Sigma, St. Louis, MO) was dissolved in
PBS to 1.8 mg/ml for intraperitoneal injection. All mice (three TG and
three NTG) given injections of 18 mg/kg kainate displayed tonic– clonic
seizures starting 10 – 45 min after the injection. Of 28 mice (16 TG and 12
NTG) given injections of 10 mg/kg kainate, only one TG mouse devel-
oped seizure activity and was excluded from additional analyses. All mice
were killed 2 h after the injection.

Tissue preparation. Anesthetized mice were flush-perfused transcardi-
ally with phosphate buffer, followed by 4% phosphate-buffered parafor-
maldehyde. The brains were removed and drop-fixed with the same fix-
ative at 4°C for 48 h. After rinsing with PBS, brains were transferred to
30% sucrose in PBS at 4°C for 24 h and coronally sectioned with a sliding
microtome. Ten subseries of floating sections (30 �m) were collected per
mouse and kept at �20°C in cryoprotectant medium until use. Each
subseries contained sections throughout the rostrocaudal extent of the

forebrain. All solutions were prepared with autoclaved water containing
0.1% diethyl pyrocarbonate and filtered (pore size, 0.22 �m).

In situ hybridization. Antisense and sense cRNA probes were generated
from a linearized plasmid containing full-length Arc cDNA (�3 kbp)
with T7 and T3 polymerase (Promega, Madison, WI) and premixed
RNA-labeling nucleotide mixes containing digoxigenin (Roche Molecu-
lar Biochemicals, Palo Alto, CA). The yield and integrity of cRNA ribo-
probes was confirmed by gel electrophoresis. In situ hybridization was
performed on floating coronal sections (30 �m). After removing cryo-
protectant medium with PBS, floating sections were fixed in 4% buffered
paraformaldehyde, treated with 0.005% proteinase K in Tris-HCl, pH
8.0, EDTA, and 0.5% Tween for 15 min, and incubated with 1.335%
triethanolamine, 0.175% HCl, and 0.25% acetic anhydride for 10 min.
Between steps, sections were washed three times with PBS and 0.5%
Tween at room temperature. Sections were then incubated with prehy-
bridization buffer containing 50% formamide, 5� SSC, 5� Denhardt’s
solution, salmon sperm DNA, and yeast tRNA for 4 – 6 h at room tem-
perature. Riboprobes were diluted in the prehybridization buffer, heated
to 70°C, and added to the sections. Hybridization was done at 67°C for
16 h. Hybridized sections were washed once with 5� SSC, followed by
washes in 0.2� SSC at 67°C for 4 h. Sections were transferred to Tris,
saline, and 0.5% Tween buffer, blocked with 10% heat-inactivated sheep
serum, and incubated overnight with sheep anti-digoxigenin-alkaline
phosphatase (1:5000; Roche Molecular Biochemicals). Finally, nitroblue
tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (1:50; Roche Mo-
lecular Biochemicals) in NTMT (100 mM NaCl, 100 mM Tris-HCl, pH
9.5, 50 mM MgCl2, 0.1% Triton X-100) buffer was used to visualize the
signal. No signal was detected when sense Arc riboprobe was used (data
not shown).

Immunohistochemistry. Microtome sections (30 �m) were stained
with the standard avidin– biotin/peroxidase method. Briefly, after
quenching endogenous peroxidase activity and blocking nonspecific
binding, sections were incubated with rabbit anti-Arc (1:8000; a gift from
S. Chowdhury and P. F. Worley, Johns Hopkins University School of
Medicine, Baltimore, MD), rabbit anti-calbindin (1:15,000; Swant, Bell-
inzona, Switzerland), mouse anti-�-actinin-2 (1:10,000; Sigma), or biotin-
ylated mouse anti-A� (1:500, 3D6; Elan Pharmaceuticals, South San Fran-
cisco, CA) antibody. Nonbiotinylated primary antibodies were detected with
biotinylated goat anti-rabbit (1:200; Vector Laboratories, Burlingame, CA)
or donkey anti-mouse (1:500; Jackson ImmunoResearch, West Grove, PA)
antibody. Diaminobenzidine was the chromagen.

Quantitative analysis of brain sections. Arc mRNA and Arc immunore-
activity (IR) were quantitated as described previously (Temple et al.,
2003). Heavily labeled Arc-expressing cells in the granular layer were
counted in every 10th section throughout the rostrocaudal extent of this
layer with a 20� objective by an investigator blinded to genotype and
treatment. Results are presented as the total number of positive cells
counted per hemibrain. For each mouse, closely matching results were
obtained in the opposite hemibrain (data not shown). Quantitations
were confirmed by two independent experimenters (data not shown).

The relative levels of Arc mRNA and Arc IR in the CA1 pyramidal
layer, CA1 stratum radiatum, and neocortex (primary somatosensory
cortex) were quantitated by measuring the integrated optical density
(IOD) in three sections (30 �m thick, 300 �m apart) between �1.70 and
�2.80 mm from bregma with the BioQuant Image Analysis System
(R&M Biometrics, Nashville, TN). Two IOD measurements per region
and section were taken. The intensity of Arc mRNA labels in NTG mice
removed directly from their home cage was defined as 1. Relative levels of Arc
IR were obtained by determining in each section the ratio between IOD
values in the region of interest and IOD values in the thalamus (background
IR). Arc expression in the respective regions of other mice was expressed
relative to this baseline. IRs for calbindin, �-actinin-2, Fos, and A� (plaque
load) were quantified as described previously (Palop et al., 2003).

Western blot analysis. A McIlwain tissue chopper was used to cut hemi-
brains into 450-�m-thick horizontal sections from which the dentate
gyrus was microdissected on ice. For protein quantifications, dentate
gyrus samples from each hemibrain were pooled and homogenized on ice
in buffer containing 320 mM sucrose, 10 mM Tris-HCl, pH 7.4, 10 mM

EDTA, 10 mM EGTA, 1% deoxycholate, protease inhibitor mixture
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(Roche Molecular Biochemicals), and phos-
phatase inhibitor mixtures I and II (Sigma).
Samples were then briefly sonicated on ice and
centrifuged at 5000 � g for 10 min. Equal
amounts of protein (determined by the Brad-
ford assay) were resolved by SDS-PAGE on
4 –12% gradient gels and transferred to nitro-
cellulose membranes. For analysis of phospho-
proteins, membranes were labeled with anti-
pY1472 antibody (1:1000 rabbit polyclonal;
Chemicon, Temecula, CA) or anti-dually phos-
phorylated extracellular signal-regulated ki-
nase 1/2 (ERK1/2; 1:2500 rabbit polyclonal;
Cell Signaling, Beverly, MA), followed by incu-
bation with HRP-conjugated goat anti-rabbit
IgG (1:5000; Chemicon) secondary antibody.
For analysis of total protein levels, blots were
stripped and reprobed with anti-NR2B anti-
body (1:10,000 rabbit polyclonal; Chemicon)
or anti-pan-ERK1/2 (1:2,500 rabbit polyclonal;
Cell Signaling). Bands were visualized by ECL
and quantitated densitometrically with Quan-
tity One 4.0 software (Bio-Rad, Hercules, CA).

Statistical analysis. Statistical analyses were
performed with SPSS 10.0 (SPSS, Chicago, IL).
Differences between means were assessed by
unpaired, two-tailed Student’s t test or by
ANOVA, followed by Tukey–Kramer post hoc
test. Differences between expected and ob-
served frequencies were assessed by � 2 test.
Correlations were examined by simple regres-
sion analysis. Null hypotheses were rejected at
the 0.05 level.

Results
Brain region-specific decreases in
basal and induced Arc expression in
hAPPFAD mice
In NTG controls removed directly from
their home cage, basal Arc mRNA expres-
sion in the forebrain was widespread and
relatively uniform in cortical and hip-
pocampal pyramidal neurons but more
discrete in the dentate gyrus, where scat-
tered granule cells exhibited high levels of
labeling (Fig. 1A,C). This expression pat-
tern is consistent with previous reports
(Lyford et al., 1995; Temple et al., 2003).
Basal Arc expression in hAPPFAD mice was
similar, except for a prominent reduction
in Arc-expressing granule cells (Figs. 1A, 2C–F). It should be
noted in this context that the PDGF promoter used in these mice
directs widespread neuronal production of hAPP/A� in different
lines of TG mice (Games et al., 1995; Rockenstein et al., 1995;
Mucke et al., 2000).

To determine whether granule cells of hAPPFAD mice upregu-
late Arc expression when a new context is encountered, mice were
allowed to explore a novel environment for 2 h. In NTG mice,
environmental exploration markedly increased Arc expression in
all regions expressing Arc at baseline (Figs. 1B,C, 2A,C–F), con-
sistent with previous findings (Temple et al., 2003). In hAPPFAD

mice, exploration significantly increased Arc expression in the
CA1 pyramidal layer, CA1 stratum radiatum, and neocortex, but
not in granule cells, which showed no evidence of Arc induction
(Figs. 1B, 2B,C–F).

To investigate whether the Arc expression deficit in hAPPFAD

mice was also evident at the protein level, we labeled brain sec-
tions with an anti-Arc antibody. Environmental exploration
markedly increased Arc IR in cortical and hippocampal areas in
NTG mice (Fig. 3). Arc IR was concentrated in neuronal nuclei in
mice that explored the novel environment but not in mice that
were maintained in the home cage (data not shown). In hAPPFAD

mice that explored the novel environment, Arc IR levels in-
creased in the pyramidal layer and stratum radiatum of CA1, as
well as in the neocortex, but not in the granular layer of the
dentate gyrus (Fig. 3B–F). Inductions of Arc IR in the CA1 region
and the neocortex were similar in magnitude in hAPPFAD mice
and NTG controls (Fig. 3D–F).

To determine whether the granule cell induction of other
immediate-early genes was also affected in hAPPFAD mice, we
examined the expression of Fos. At baseline, hAPPFAD mice had
fewer Fos-immunoreactive granule cells than NTG controls (Fig.
4A,C), consistent with previous observations (Palop et al., 2003).

Figure 1. Brain region-specific deficits in basal and stimulated Arc expression in hAPPFAD mice. NTG and TG (hAPPFAD ) mice
were placed into a novel environment or left in their home cage. Two hours later, they were anesthetized and perfused transcar-
dially. Arc in situ hybridization was performed on floating coronal sections. A, Basal Arc mRNA levels in the hemibrain, neocortex,
and hippocampus of mice maintained in the home cage. B, Arc mRNA levels in mice that had explored the new environment. Note
the increased Arc expression in multiple brain regions, including the CA1 pyramidal layer (arrowhead), after exploration of the
novel environment, and the selective decrease in Arc expression in the granule cell layer of hAPPFAD mice (arrows) under basal (A)
and stimulated (B) conditions. C, Higher-magnification images of different brain regions in NTG mice. Novel env., Novel environ-
ment. Scale bars: A, B, 1 mm (top), 250 �m (middle, bottom); C, 50 �m.
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After environmental exploration, hAPPFAD mice showed no in-
crease in the number of Fos-immunoreactive granule cells,
whereas NTG mice showed a robust increase (Fig. 4B,C). In
contrast, Fos induction in the CA1 pyramidal layer was similar in
hAPPFAD mice and NTG controls (Fig. 4A,B). Granule cell levels
of Fos and Arc expression in hAPPFAD mice were tightly corre-
lated both at baseline (R 2 � 0.82; p � 0.001) and after environ-
mental exploration (R 2 � 0.84; p � 0.001), suggesting that
hAPP/A� affects a regulatory mechanism common to different
immediate-early genes.

To exclude the possibility that the deficits in Arc and Fos
induction in hAPPFAD mice resulted from deficits in exploratory
drive and a consequent lack of sensory stimulation, we moni-
tored the motor activity of mice in the novel environment.

hAPPFAD mice interacted more with the novel objects than NTG
controls (Fig. 4D) and were slightly more active in general (data
not shown), indicating that they had no deficits in exploratory
drive.

Resistance of hAPPFAD TG granule cells to Arc induction can
be overcome by kainate-induced seizure activity
To determine whether the deficits in Arc induction in granule
cells of hAPPFAD mice are attributable to a general inability to
upmodulate Arc expression, we challenged mice with a seizure-
inducing dose of kainate (18 mg/kg). After 2 h, Arc expression
increased markedly in granule cells of both NTG and hAPPFAD

mice (Fig. 5A), indicating that granule cells of both groups can, in

Figure 2. Lack of Arc induction in granule cells of hAPPFAD mice after exploration of a novel
environment. A, B, In situ hybridization illustrates the heterogeneity of Arc-expressing cells in
the dentate gyrus and the differential susceptibility of distinct neuronal populations to impair-
ments in Arc expression in hAPPFAD mice. Note the induced Arc expression in granule cells
(arrow), hilar cells (arrowhead), and proximal CA3c pyramidal cells (arrowhead) in an NTG
mouse (A) and the selective absence of Arc mRNA induction in the granule cells (arrow) of an
hAPPFAD mouse (B). The bottom panels depict higher-magnification images from the squared
regions in A and B. Scale bars: top, 100 �m; bottom, 50 �m. lm, Stratum lacunosum-molecu-
lare; mol, molecular layer; gl, granular layer; hil, hilus. C–F, Quantitation of Arc expression at
baseline and after exploration of a novel environment (Novel env.). The number of Arc-positive
granule cells and the optical density of in situ hybridization labels in other brain regions were
assessed in coronal sections from NTG controls (�) and hAPPFAD mice (f) that had (�) or had
not (�) explored a novel environment (n � 11–12 per genotype and condition). hAPPFAD mice
had significantly fewer Arc-positive cells in the granular layer of the dentate gyrus than NTG
controls, both at baseline and after exploration (C). Basal levels of Arc mRNA in the CA1 pyra-
midal layer (D), CA1 stratum radiatum (E), and neocortex (F ) were similar in hAPPFAD mice and
NTG controls. In both groups, Arc mRNA expression in these regions increased robustly after
exploration of the novel environment. *p � 0.01 versus home-caged group of the same geno-
type (Tukey–Kramer test). Error bars indicate SEM. n.s., Nonsignificant.

Figure 3. Brain region-specific Arc expression deficits in hAPPFAD mice are also detectable at
the protein level. Arc immunostaining was performed on floating coronal sections. A, Basal
levels of Arc IR in the neocortex and hippocampus of mice maintained in their home cage. B,
Arc-immunoreactive levels in mice that had explored a new environment. Note the increased
Arc expression after environmental exploration in the neocortex and in the CA1 pyramidal layer
(arrowheads) and the selective decrease in basal (A) and stimulated (B) Arc IR in the granular
layer of hAPPFAD mice (arrows). Scale bars, 250 �m. C–F, Quantitation of Arc-immunoreactive
levels. The number of Arc-immunoreactive granule cells and the optical density of immunola-
bels in other brain regions were assessed in NTG (�) and hAPPFAD (f) mice that had (�) or
had not (�) explored a novel environment (Novel env.; n � 11–14 per genotype and condi-
tion). hAPPFAD mice had significantly fewer Arc-immunoreactive cells in the granular layer than
NTG controls under basal conditions and showed no increase in Arc IR after exploration (C). Arc
IR in the CA1 pyramidal layer (D), CA1 stratum radiatum (E), and neocortex (F ) were similar in
hAPPFAD mice and NTG controls under both basal and stimulated conditions. *p � 0.01 versus
home-caged group of the same genotype (Tukey–Kramer test). Error bars indicate SEM. n.s.,
Nonsignificant.
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fact, upmodulate Arc expression in response to this type of coor-
dinated network stimulation.

To test whether hAPPFAD mice have an increased threshold
for kainate-mediated Arc induction, we challenged NTG and
hAPPFAD mice with a lower dose of kainate (10 mg/kg), which did
not elicit obvious seizure activity. Even this putatively non-
epileptic dose of kainate elicited marked increases in granule cell
Arc expression in some of the mice. Notably, a significantly lower
proportion of hAPPFAD mice than NTG mice had such marked
Arc induction after receiving the lower dose of kainate (Fig. 5B).
In the remainder of the mice, which showed less than maximal
induction of Arc, the lower dose of kainate augmented Arc
expression in granule cells only in NTG controls but not in
hAPPFAD mice (Fig. 5C,D).

Deficits in Arc expression are independent of plaque
deposition but influenced by A� levels
The synaptic and behavioral deficits we identified previously in
different hAPPFAD lines were independent of the deposition of
A� as amyloid plaques (Hsia et al., 1999; Mucke et al., 2000; Palop
et al., 2003). In contrast, attenuated Arc induction identified by
quantitative RT-PCR in the entire hippocampi of another line of
hAPPFAD mice was ascribed specifically to amyloid deposition
(Dickey et al., 2004). However, early plaque formation in our
hAPPFAD mice did not correlate with Arc expression in granule
cells or CA1 pyramidal cells, either at baseline or after environ-
mental exploration (Fig. 6A,B).

To further investigate whether Arc deficits in hAPP mice de-
pend on plaque deposition, we compared TG mice expressing

hAPPFAD (line J20) or hAPPWT (line I5). These lines have com-
parable levels of transgene expression in the brain but different
levels of A� (Mucke et al., 2000). A� levels are significantly lower
in line I5 than in line J20, and hAPPWT mice from line I5 never
develop amyloid plaques. However, these hAPPWT mice clearly
have higher A� levels than NTG controls and do develop subtle
age-dependent synaptic deficits (Mucke et al., 2000). hAPPWT

mice had less severe deficits in Arc and Fos expression than
hAPPFAD mice (Fig. 6C,D), suggesting an A� dose effect that is
likely independent of plaque formation. Calbindin reductions
reached significance only in hAPPFAD mice, but not in hAPPWT mice
(Fig. 6E), consistent with previous findings (Palop et al., 2003).

Arc expression deficits in hAPPFAD mice correlate with
depletions of �-actinin-2 in the molecular layer
Arc induction critically depends on signal transduction cascades
triggered by NMDA receptor activation (Lyford et al., 1995;
Steward and Worley, 2001). Because the actin-binding protein
�-actinin-2 plays a key role in the assembly of NMDA receptors
in dendritic spines as well as in the modulation of these receptors
by Ca 2� (Wyszynski et al., 1997; Krupp et al., 1999), we examined
the expression of �-actinin-2 in the molecular layer of the dentate
gyrus, where granule cell dendrites receive afferent input.
�-Actinin-2 levels were much lower in hAPPFAD mice than in
NTG controls and less severely affected in hAPPWT mice (Figs. 6F
and 7A). The reductions in �-actinin-2 correlated tightly with
deficits in Arc expression at baseline and after environmental
exploration (Fig. 7B), suggesting that deficits in Arc expression

Figure 4. Granule cells of hAPPFAD mice also fail to increase Fos expression after environ-
mental exploration. A, B, Typical patterns of Fos IR in the hippocampus of mice that were kept
in their home cage (A) or allowed to explore a novel environment (B). Note the lack of Fos
induction in the granule cells (arrow) and the normal Fos induction in CA1 pyramidal cells
(arrowhead) in hAPPFAD mice. Scale bar: A, 250 �m. C, The number of Fos-positive granule cells
was quantified in NTG (�) and hAPPFAD (f) mice that had (�) or had not (�) explored a novel
environment (Novel env.; n � 17–19 per genotype and condition). hAPPFAD mice had signifi-
cantly fewer Fos-immunoreactive cells in the granular layer of the dentate gyrus than NTG
controls, both at baseline and after exploration. **p � 0.01 versus home-caged group of the
same genotype (Tukey–Kramer test). n.s., Nonsignificant. D, Object interactions in the novel
environment were quantified from video records during two 10 min periods. *p � 0.05 versus
NTG (Student’s t test). Error bars indicate SEM. n.s., Nonsignificant.

Figure 5. Induction of Arc mRNA expression by kainate. A, Very high levels of Arc mRNA in
granule cells and CA1 pyramidal cells in NTG and hAPPFAD mice 2 h after injection of 18 mg/kg
kainate, which elicited seizures in both groups of mice. Scale bar, 250 �m. B, Proportion of mice
in which injection of 10 mg/kg kainate resulted in similarly high levels of Arc induction in
granule cells but without eliciting obvious seizure activity (n � 12–15 per genotype). **p �
0.01 versus NTG (� 2 test). C, D, In the remaining mice, 10 mg/kg kainate resulted in more
moderate or no induction of Arc (C). Compared with saline-injected controls (�) of the same
genotype, 10 mg/kg kainate (�) augmented Arc induction only in NTG controls but not in
hAPPFAD mice (C, arrow; D). n � 4 –5 mice per genotype for saline; n � 7–14 per genotype for
kainate. *p � 0.05 (Tukey–Kramer test). Error bars indicate SEM. KA, Kainate.
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may be related to alterations in excitatory dendritic spines. Re-
ductions in Arc (Fig. 7C) and �-actinin-2 (data not shown) both
correlated with calbindin reductions, which have been shown
previously to reflect learning and memory deficits in hAPPFAD

mice (Palop et al., 2003), underscoring the potential functional
relevance of these molecular alterations.

Decreased activity of the NMDA receptor-dependent
signaling pathway in the dentate gyrus of hAPPFAD mice
To assess more directly whether alterations in NMDA receptor-
dependent signaling might be responsible for Arc expression def-
icits in hAPPFAD mice, we examined phosphorylation of tyrosine
1472 of the NR2B subunit, which increases the activity of NMDA
receptors (Moon et al., 1994; Wang and Salter, 1994) and is asso-
ciated with LTP induction (Rosenblum et al., 1996; Rostas et al.,
1996). Western blot analysis of the dentate gyrus revealed marked

reductions in phosphorylated NR2B in hAPPFAD mice compared
with NTG controls and no change in total NR2B levels (Fig. 7D).

Calcium influx through NMDA receptors leads to down-
stream phosphorylation and activation of ERK1/2, MAPK
(mitogen-activated protein kinase) family members with activi-
ties that are critical for LTP (Thomas and Huganir, 2004).
hAPPFAD mice had reduced levels of phosphorylated ERK1/2 in
the dentate gyrus, without changes in total ERK1/2 levels (Fig.
7E). Because phosphorylation of ERK1/2 is an early event in
NMDA receptor-mediated signaling, which is necessary for Arc
induction (Steward and Worley, 2001), this result further sup-

Figure 6. Arc expression in hAPP mice is independent of early plaque formation but influ-
enced by the extent of A� production. A, B, Arc expression in hAPPFAD mice does not correlate
with early plaque formation. Coronal brain sections of hAPPFAD mice that had (gray dots) or had
not (black dots) explored a novel environment were immunostained for A� deposits or ana-
lyzed by in situ hybridization to determine the number of Arc-positive granule cells in the
dentate gyrus (A) and relative Arc mRNA levels in the pyramidal cell layer of the CA1 region (B).
At baseline and after exploration, neuronal Arc expression in the granular layer and in CA1 did
not correlate with the extent of amyloid deposition in these regions. C–F, Molecular profile of
granule cells in two hAPP lines with similar levels of hAPP expression but different levels of A�
(Mucke et al., 2000). Brain sections from TG mice of hAPPWT line I5 (u) and hAPPFAD line J20
(f) and from NTG littermates of each line (�) were immunostained for Arc (C), Fos (D),
calbindin (E), or �-actinin-2 (F ). n � 9 –12 mice per group; *p � 0.01 (Tukey–Kramer test).
Error bars indicate SEM. Ln, Natural log.

Figure 7. Deficits in Arc expression are associated with reductions in key components of the
NMDA receptor-dependent signaling pathway. A–C, Arc expression deficits in granule cells of
hAPPFAD mice are tightly linked to the depletion of �-actinin-2 in the molecular layer of the
dentate gyrus. Coronal brain sections of NTG and hAPPFAD mice that had (gray dots) or had not
(black dots) explored a novel environment were analyzed by in situ hybridization for Arc or
immunostained for �-actinin-2 or calbindin. Representative sections in A illustrate robust ex-
pression of �-actinin-2 in the molecular layer of an NTG control (left) and depletion of
�-actinin-2 in the molecular layer of an hAPPFAD mouse (right, arrow). Scale bar, 250 �m. At
baseline and after environmental exploration, granule cell expression of Arc correlated strongly
with levels of �-actinin-2 (B), calbindin (C), and Fos (data not shown) in hAPPFAD mice but not
in NTG controls. R 2 and p values in B and C refer to hAPPFAD mice only. Novel env., Novel
environment; Ln, natural log. D, E, Levels of phosphorylated (activated) NR2B and ERK1/2 are
reduced in the dentate gyrus of hAPPFAD mice. Western blot analysis of phosphorylated tyrosine
residue 1472 of NR2B (pY1472) and total NR2B (D) levels and of dually phosphorylated ERK1/2
(pERK1/2) and total ERK1/2 (E) levels illustrates reduced levels of putatively activated NR2B and
ERK1/2 in the dentate gyrus of hAPPFAD mice compared with NTG controls. Quantitation of
bands on comparable blots (bottom) revealed significant reductions in the ratios of phospho/
total NR2B (D) and in phospho/total ERK1/2 (E) in hAPPFAD mice compared with NTG controls
and no change in the levels of total NR2B and total ERK1/2. n � 9 –10 mice per genotype. *p �
0.05 (Student’s t test).Error bars indicate SEM.
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ports the notion that Arc deficits in hAPPFAD mice may result
from impairments in NMDA receptor-mediated signaling.

Discussion
We used immediate-early gene expression imaging to assess the
effects of hAPP/A� on activity patterns of neuronal ensembles in
the brain. Widespread neuronal expression of hAPP/A� im-
paired both basal and induced expression of Arc predominantly
in granule cells of the dentate gyrus. Thus, although granule cells
are relatively resistant to degeneration in AD and hAPP mice
(West et al., 1994; Palop et al., 2003), they are exquisitely vulner-
able to hAPP/A�-induced dysfunction. The reduced phosphory-
lation of NR2B and ERK1/2 in the dentate gyrus suggests that this
impairment may be attributable, at least in part, to an attenuation
of NMDA receptor-dependent signaling. In light of the physio-
logical functions of Arc and the dentate gyrus (Guzowski et al.,
2000; Gilbert et al., 2001), disruption of Arc expression in granule
cells may contribute critically to deficits in learning and memory
in hAPP mice and possibly in AD.

When entire hippocampi of hAPP/presenilin 1 doubly TG
mice were analyzed by RT-PCR, basal Arc expression was found
to be normal, whereas induced expression was attenuated
(Dickey et al., 2004). Our results show that deficits in basal Arc
levels in granule cells could easily be obscured by normal basal
Arc levels in cells of other hippocampal subfields. Attenuated Arc
induction in hAPP/presenilin 1 mice was ascribed specifically to
amyloid deposition (Dickey et al., 2004). However, in our
hAPPFAD mice, Arc expression in granule cells and CA1 pyrami-
dal cells did not correlate with early amyloid deposition, at base-
line or after stimulation. Moreover, we found qualitatively simi-
lar, albeit smaller, deficits in Arc expression in hAPPWT mice
from line I5, which never develop plaques (Mucke et al., 2000).
Although A� levels are typically lower in hAPPWT mice than in
transgene expression-matched hAPPFAD mice, hAPPWT mice
have higher A� levels than NTG controls and can develop age-
dependent synaptic and behavioral deficits (Moechars et al.,
1999; Mucke et al., 2000; Koistinaho et al., 2001). Granule cell
expression of Arc and Fos in hAPPWT mice was indeed lower than
in NTG mice and higher than in hAPPFAD mice, suggesting an A�
dose effect. Our findings support the notion that functional def-
icits in hAPP mice are more likely caused by small nonfibrillar A�
assemblies than by fibrillar A� deposited in amyloid plaques
(Hsia et al., 1999; Klein et al., 2001; Walsh and Selkoe, 2004;
Cleary et al., 2005).

Independent of which particular A� assemblies or hAPP me-
tabolites are responsible for the molecular alterations we identi-
fied in hAPP mice, they might act both within the dentate gyrus
and in regions projecting to this structure. Indeed, because Arc
expression depends on excitatory synaptic activity (Lyford et al.,
1995), the special vulnerability of granule cells to A�-induced
disruptions of Arc expression could be attributable to cell-
autonomous effects and to alterations in network properties.
Consistent with the latter possibility, the lines of hAPP mice an-
alyzed in the current study have depletions of synaptophysin-
immunoreactive presynaptic terminals in the molecular layer of
the dentate gyrus (Mucke et al., 2000), where granule cells receive
most of their input. It is also interesting in this regard that the Arc
expression deficits in our hAPP mice resembled those in NTG
rats after lesioning of the entorhinal cortex (Temple et al., 2003).
The entorhinal cortex is affected early in AD (Hyman et al., 1988)
and is important in computations that take place before and after
cortical information enters the hippocampus (Steffenach et al.,
2005). Thus, molecular alterations and synaptic impairments in

the molecular layer of the dentate gyrus in hAPP mice may reflect, at
least partially, neuronal alterations in laminas II and III of the ento-
rhinal cortex, from which granule cells receive important input.

The results of the current study suggest that A�-induced al-
terations in granule cell input might trigger a vicious cycle that
could progressively disable critical hippocampal functions. A de-
crease in NMDA receptor-dependent signaling, which is critical
for the expression of Arc (Steward and Worley, 2001), may be a
crucial element of this cycle. In the dentate gyrus of hAPPFAD

mice, we found reductions in the phosphorylation states of the
NR2B subunit, which regulates the activity of NMDA receptors
(Salter and Kalia, 2004), and reductions in the MAPKs ERK1/2,
the activities of which are regulated by NMDA receptors
(Thomas and Huganir, 2004). In agreement with our in vivo
results, it has been demonstrated recently in primary neuronal
cultures that A� promotes dephosphorylation of the NR2B sub-
unit and endocytosis of NMDA receptors, attenuating NMDA-
evoked currents and NMDA-dependent signaling pathways
(Snyder et al., 2005).

Notably, an experimental reduction in Arc expression in the
rat hippocampus impaired maintenance of LTP and consolida-
tion of long-term memory (Guzowski et al., 2000). hAPPFAD

mice from line J20 also show deficits in learning and memory that
correlate tightly with depletions of calbindin and Fos in granule
cells of the dentate gyrus (Palop et al., 2003), which in turn cor-
related with Arc deficits in the current study. Because Arc appears
to participate in the modification of activated synapses as an
anchoring or targeting protein (Lyford et al., 1995; Guzowski et
al., 2000), its reduction could destabilize dendritic spines and
contribute to reductions in other synaptic activity-dependent
proteins, including Fos, calbindin, and �-actinin-2, further im-
pairing learning and memory (Molinari et al., 1996; Guzowski,
2002). Alterations in �-actinin-2 and calbindin could in turn
impair NMDA receptor signaling (Wyszynski et al., 1997; Krupp
et al., 1999; Nägerl et al., 2000), on which Arc expression depends
(Lyford et al., 1995; Steward and Worley, 2001).

Because Arc and related factors seem to be intimately involved
in the encoding of specific environmental contexts (Guzowski et
al., 1999; Vazdarjanova and Guzowski, 2004), the vicious cycle
described above would be expected to disrupt the recruitment of
granule cell ensembles during acquisition of contextual informa-
tion. It is tempting to speculate that this process contributes crit-
ically to the visuospatial disabilities of hAPP mice and of patients
with AD. The obliteration of encoding activity in specific neuro-
nal populations involved in learning and memory may also con-
tribute more generally to the impairments of declarative memory
in early AD and to the inexorable loss of memory and other
cognitive functions later on. The vicious cycle triggered by im-
pairments in molecular pathways that both depend on and regu-
late synaptic activity might be broken not only by decreasing A�
levels in the brain but also by normalizing synaptic plasticity.
These approaches are not mutually exclusive and, in combina-
tion, might provide additive or synergistic therapeutic benefits.
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