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Although we are beginning to understand the late stage of neurodegenerative diseases, the molecular defects associated with the initiation
of impaired cognition are poorly characterized. Here, we demonstrate that in the adult brain, the coxsackievirus and adenovirus receptor
(CAR) is located on neuron projections, at the presynapse in mature neurons, and on the soma of immature neurons in the hippocampus.
In a proinflammatory or diseased environment, CAR is lost from immature neurons in the hippocampus. Strikingly, in hippocampi of
patients at early stages of late-onset Alzheimer’s disease (AD), CAR levels are significantly reduced. Similarly, in triple-transgenic AD
mice, CAR levels in hippocampi are low and further reduced after systemic inflammation. Genetic deletion of CAR from the mouse brain
triggers deficits in adult neurogenesis and synapse homeostasis that lead to impaired hippocampal plasticity and cognitive deficits. We
propose that post-translational CAR loss of function contributes to cognitive defects in healthy and diseased-primed brains.
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Significance Statement
This study addressed the role of the coxsackievirus and adenovirus receptor (CAR), a single-pass cell adhesion molecule, in the
adult brain. Our results demonstrate that CAR is expressed by mature neurons throughout the brain. In addition, we propose
divergent roles for CAR in immature neurons, during neurogenesis, and at the mature synapse. Notably, CAR loss of function also
affects hippocampal plasticity.

Introduction
Cell adhesion molecules (CAMs) are multifunctional proteins
that play various roles in all tissues in cell migration, signaling,
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ion transport, and cell– cell and cell– extracellular matrix attachment. CAMs such as the cadherins, ephrins, neurexins, and
NCAM (a member of the Ig superfamily) play critical roles in
general brain homeostasis (Togashi et al., 2009). CAMs regulate
adult neurogenesis, dendritic spine development, and synapse
remodeling, which, when combined, form the basis of neuronal
plasticity. During synaptogenesis, CAMs influence axonal
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growth; path finding and target recognition; the differentiation of
presynaptic and postsynaptic specializations; and the regulation
of synapse size, stability, strength, and plasticity (Yamagata et al.,
2003). When defects in CAM functions occur, they can lead to
neurological and psychiatric diseases.
In combination with genetic triggers, a compounding and
unifying factor in the physiopathology of many brain diseases is a
proinflammatory environment that perturbs synapse homeostasis and adult neurogenesis (Lucas et al., 2006). A proinflammatory environment, whether initiated in the brain or systemically,
is responsible for impaired cognition in the healthy brain and
amplifies cognitive defects in many neurodegenerative diseases,
including Alzheimer’s disease (AD) (Holmes et al., 2009). Proinflammatory cytokine-induced cognitive defects can be recapitulated in healthy and AD mice (Valero et al., 2014), highlighting
the global repercussions in brain homeostasis. Conspicuously,
the mechanistic link is poorly understood.
The coxsackievirus and adenovirus receptor (CAR) is a singlepass transmembrane protein belonging to the Ig superfamily
(Freimuth et al., 2008). Its extracellular region contains two globular Ig-like domains and its cytoplasmic tail harbors proteininteracting motifs (Loustalot et al., 2016). CAR functions are best
characterized in epithelial cells, where it acts as a CAM and participates in the maintenance of tight junctions (Honda et al.,
2000; Coyne and Bergelson, 2005). As the name suggests, CAR
was identified as an attachment molecule for group B coxsackieviruses and some adenoviruses (Roelvink et al., 1999), including
canine adenovirus type 2 (CAV-2) (Soudais et al., 2000). Because
CAV-2 vectors preferentially infect neurons and can be transported efficiently from axon terminals to efferent regions (Soudais et al., 2001, 2004), the vectors have become powerful tools to
investigate anatomical organization of neural circuits and higherorder brain functions and to treat brain diseases (Junyent and
Kremer, 2015). Existing data indicate that CAR is responsible for
CAV-2 neuron binding, entry, and retrograde axonal transport
(Salinas et al., 2009, 2014).
Although a role for CAR in brain development has been proposed (Patzke et al., 2010), its cellular and subcellular location
and functions in the adult brain are poorly characterized. Here,
we demonstrate that, in the healthy brain, CAR is abundant in
axon tracks throughout the brain, on the soma of immature neurons in the dentate gyrus (DG), in the mossy fibers of the stratum
lucidum (SLu), at the presynapse in some mature neurons, and
recruited to activated presynapses. Genetic deletion of CAR in the
mouse brain affects adult neurogenesis, synaptic function, and
behavior. In addition, we show that a proinflammatory environment induced by AD and/or systemic inflammation is associated
with CAR loss in the hippocampus. Together, our data link posttranslational CAR loss in the hippocampus to inflammation,
modulation of hippocampal plasticity, and impaired cognition in
healthy and diseased brain.

Materials and Methods
Mice, neuron cultures, and human tissue samples. Nestin-Cre mice and
CAR flox/flox mice (Tronche et al., 1999; Chen et al., 2006) were crossed to
generate CAR-CNS KO mice. Unless specified otherwise, experiments
were performed on ⬃2-month-old CAR flox/flox and CAR flox/flox nestinCre littermates. Animal from both sexes were used and the numbers of
animals of each sex is provided in the figure legends or directly in the
figures themselves. The samples from 3xTgAD mice were described previously (Valero et al., 2014). Animals used in histological procedures
were anesthetized with intraperitoneal injection of ketamine (100
mg/kg) and xylazine (10 mg/kg) and then perfused with 4% PFA in PBS.
All applicable international, national, and/or institutional guidelines for
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the care and use of animals were followed. Human brain samples were
processed in accordance with European bioethics laws regarding patient
information: written consent was obtained from participant. AD and
control hippocampal extracts have been described previously (Marcello
et al., 2012). Primary hippocampal neurons were prepared from OF1
embryonic day 18 (E18) mice embryos. Depolarization was obtained by
treating neurons with 90 mM KCl for 5 min in solution containing the
following (in mM): 5 HEPES, 10 glucose, 2.5 CaCl2, 1 MgCl2, and 137
NaCl. Assays with CAV-2 fiber knob (FK CAV) were performed as described previously (Salinas et al., 2014).
Immunohistochemistry and immunofluorescence. For CAR immunohistochemistry (IHC), free-floating coronal sections of brain were rinsed
in PBS, pH 7.2, and then treated with 0.5% H2O2 and 10% methanol in
PBS for 15 min and washed with PBS. Sections were permeabilized with
PBS-T (PBS with 0.5% Triton X-100) and incubated for 1 h in 10% FBS
in PBS-T. Sections were incubated overnight at 4°C with goat anti-CAR
Ab (R&D Systems). Two rabbit anti-CAR antibodies (Bethyl A302– 847A
and Atlas HPA003342) gave identical signals during immunofluorescence (IF) assay in wild-type (WT) and CAR-CNS KO mice. Sections were
then sequentially incubated for 2 h with biotinylated horse anti-goat Ab
(Vector Laboratories) and then incubated with the avidin-biotinperoxidase complex (Vector Laboratories) before peroxidase reaction.
For IF assays, free-floating coronal sections of brain were rinsed in PBS,
pH 7.2, permeabilized with PBS-T, and incubated for 1 h in blocking
solution (10% FBS in PBS-T). Sections were then incubated overnight at
4°C with goat anti-CAR (R&D Systems), mouse anti-PSA-NCAM (Developmental Studies Hybridoma Bank) or mouse anti-NeuN (Millipore). Sections were then incubated sequentially for 2 h with the
corresponding secondary antibodies (Life Technologies). Dissociated
primary neurons were washed with PBS and permeabilized with 4%
PFA/PBS or ⫺20°C methanol/acetone. Cells were then washed 3 times in
PBS, permeabilized, and blocked for 30 min in PBS containing 2% bovine albumin/10% horse serum/PBS. Cells were incubated with the following primary antibodies overnight at 4°C: goat anti-CAR (R&D
Systems); mouse anti-VGLUT, rabbit anti-gephyrin, and mouse antiVGAT (Synaptic Systems); mouse anti-PSD95 (Abcam); mouse antisynaptophysin (SYP) (Sigma-Aldrich); and mouse anti-MAP2 (Roche),
followed by three washes with PBS. Incubation with the appropriate
secondary antibodies was performed for 1 h at room temperature, followed by 3 washes with PBS. The coverslips were mounted on slides with
fluorescent mounting medium (DAKO) containing DAPI. Images were
acquired using a Zeiss LSM 780 confocal microscope with ZEN imaging
software.
Analyses of synaptic proteins. Presynaptic and postsynaptic protein extracts from the hippocampi of control and CAR-CNS KO mice were used
in immunoblotting. After behavioral studies, mice were killed by decapitation and hippocampi were removed, frozen, and stored at ⫺80°C.
Tissues were sonicated in 5% SDS/PBS and the protein concentration
was measured using the BCA Kit (Pierce, France). Five to 15 g of proteins were loaded, separated by SDS-PAGE (12%), and transferred to a
PVDF membrane. Membranes were blocked and incubated overnight at
4°C with mouse anti-VGLUT, mouse anti-VGAT, rabbit anti-gephyrin,
rabbit anti-GABA-A receptor ␥2, rat anti-NCAM 180 (Synaptic Systems), mouse anti-PSD95 (Abcam), mouse anti-NR1 (Millipore), and
mouse anti-SYP and anti-␤-tubulin (␤-tub) (Sigma-Aldrich). Membranes were then rinsed and incubated for 1 h at room temperature with
the appropriate HRP-conjugated secondary antibodies (Sigma-Aldrich).
ECL reagents were used to reveal peroxidase activity. Band intensity was
normalized to ␤-tubulin levels and quantified using ImageJ software.
Preparation of the synaptosome postsynaptic density (PSD) and presynaptic web (PSW) fractions was performed as described previously (Garside et al., 2009). Electrophysiology on sagittal hippocampal slices was
performed as described previously (Chafai et al., 2012). Recordings were
conducted in an average of three slices per animal.
In vitro neuron depolarization assays. Primary hippocampal neurons
were prepared from OF1 E18 mice embryos (Charles River Laboratories)
as described previously (Salinas et al., 2014). To study CAR involvement
in neurotransmission, chemical protocols were used to induce depolarization or LTP on mature hippocampal neurons (days in vitro 21, DIV21)
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Figure 1. CAR in axons and on the soma of cells in the hippocampus. A, Representative image of anti-CAR IHC in a coronal section from the brain of a healthy adult mouse. Solid black arrows show
intense CAR staining in layer I and near layer IV/V of the cerebral cortex and posterior corpus callosum. B, Magnification of the black boxed area in A showing CAR labeling in the hippocampus, soma
of cells in the DG SGZ and GCL (solid black arrows), in axons projecting from the entorhinal cortex (black arrowhead) and in the SLu (open arrows). C, Magnification of the white boxed area in
B showing IHC and IF (black and white open arrows, respectively) staining of CAR in fibers within the SLu. D, Magnification of black boxed area in B showing IHC and IF staining (black and white
arrowheads, respectively) of CAR on the soma and projections from cells in the SGZ and GCL. Scale bars: A, 1 mm; B, 100 m; C, D, 50 m.

(Kang and Schuman, 1995; Ackermann and Matus, 2003). Depolarization was obtained by treating neurons with the following (in mM): 90
KCl, 5 HEPES, 10 glucose, 2.5 CaCl2, 1 MgCl2, and 137 NaCl for 5 min.
LTP was induced by treating neurons with a 20 ng/ml final concentration
of recombinant BDNF (Peprotech) with or without boiling for 45 min.
Treatments with FK CAV were performed first on ice for 10 min and then
the medium was changed and the neurons incubated at 37°C for the
indicated times. Cytokines (murine and human TNF and IFN-␥) were
purchased from Peprotech.
mRNA quantification. Total RNA was extracted from brain of 3xTgAD
mice and reverse transcribed using random hexamer primers (Roche)
and SuperScript III Reverse Transcriptase (Invitrogen). For quantitative
analyses, primers that selectively amplify murine CAR were used (forward: TCTTCTGCTGTCACAGGAAAC and reverse: CTGGGGACT
TGGTTATACTGC) and real-time PCR was performed using SYBR
Green PCR mix and LC 480 machine (Roche).
Adult neurogenesis. Mice received intraperitoneal injections of BrdU or
EdU at a dose of 100 mg/kg body weight and were perfused with 4%
PFA/PBS. Brains were removed and processed for IHC or IF. EdU was
detected by adding the Click-iT reaction buffer (from the Click-iT EdU
imaging kit; Invitrogen).
Behavior assays. Behavior testing (Maurice et al., 2009) was performed
between 10:00 and 14:00 hours. In all experiments, CAR flox/flox animals
were used as controls. For locomotion measure, mice were placed in the
center of an open white Plexiglas box (50 ⫻ 50 ⫻ 50 cm) equipped with
infrared light-emitting diodes and their movements monitored for 10
min using Videotrack software (Viewpoint). For cognitive tests, mice
were subjected to a series of behavioral tests to assess anxiety, learning,
and memory, finishing with the most stressful procedures: open-field,
elevated-plus maze, Y maze, and water maze (spatial reference memory
procedure during 5 d, probe test on day 6, and visible platform procedure
during 3 d).
Statistical analyses. Statistical tests and analyses were performed and
verified by the SERANAD Complex Biological Data Analysis Service
(http://www.igmm.cnrs.fr/spip.php?rubrique168&lang⫽en). p ⬍ 0.05 is
reported as significant.

Results
CAR is in axons, at the presynapse, and on the soma of cells in
the DG
To characterize CAR cellular and subcellular location, we analyzed the distribution of CAR in the brains of WT mice by IHC
and IF. CAR staining is notable in the posterior corpus callosum,
between layers IV and V of the cerebral cortex, and in layer I of the
cerebral cortex, which is primarily axons from other cortical areas
and apical dendrites of local neurons (Fig. 1A). In the hippocampus, CAR staining overlaps with the axons projecting from the
entorhinal cortex and in mossy fibers in the SLu (Fig. 1 B, C).
Despite strong axon labeling in most regions, cell bodies are
strikingly devoid of CAR. However, somatic CAR staining was
notable in some cells the subgranular zone (SGZ) and their projections in the granular cell layer (GCL) of the DG (Fig. 1 B, D). In
contrast to the report describing CAR expression in the human
brain (Persson et al., 2006), we did not detect CAR in cells with
glia-like morphology in the mouse brain.
In addition to the preferential transduction of neurons,
CAV-2 vector transport from the injections site to cell bodies in
efferent regions can be remarkably efficient in some neuron
types, suggesting that CAR is likely located at the presynapse
(Junyent and Kremer, 2015). To address CAR subcellular distribution, we isolated synaptosomes from mouse brains and
showed that CAR is present in the synapotosome fraction (Fig.
2A). In epithelial cells, CAR forms high-affinity intercellular
homodimers via its Ig-like D1 and D2 domains. To determine
whether the intercellular CAR–CAR interaction is similar at the
highly specialized neuron synapse, we separated the PSD from
the PSW plus vesicles (PSW⫹V) component. Whereas the biochemical separation of these two fractions is not without minor
cross-contamination, we nonetheless find that CAR is exclusively
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Figure 2. CAR is a synaptic protein. A, CAR is present in presynaptic fractions in the mature mouse brain. Synaptosomes from adult mouse brain were screened for CAR. Representative
immunoblots showing input, synaptosome, PSD, and PSW⫹V. SYP was used as a marker for the PSW⫹V; NR1 and PSD95 as markers for the PSD; and NeuN for soma. B, CAR is present in presynaptic
fractions in the mature human brain. Synaptosomes isolated from adult human cortex were screened for CAR levels by immunoblotting. Shown is a representative immunoblot of CAR expression at
the presynapse. C, Hippocampal neurons (ⱖDIV14) were costained for endogenous CAR (in magenta) and with the presynaptic marker SYP (in green). Arrows show double-positive structures
(36.1 ⫾ 4.1% of SYP ⫹ structures contain CAR). D, E, DIV14 murine hippocampal neurons were labeled for glutamatergic and GABAergic synapses using VGLUT (D) and VGAT (E), respectively.
Colocalization (white arrows) with PSD95 indicates synapses. CAR colocalizes with VGLUT and VGAT, showing that CAR was expressed in excitatory and inhibitory synapses. F, Hippocampal neurons
(ⱖDIV21) were costained for endogenous CAR (in magenta) and MAP2 (in green) to visualize dendritic spines (white arrows). Scale bars: C, F, 10 m; D, E, 15 m.

in the presynapse fraction (Fig. 2A). We also found that CAR is in
the presynapse fraction of synaptosomes prepared from human
brain (Fig. 2B). To address CAR location using another approach, we stained mature (⬎DIV14) primary hippocampal
neurons for CAR. In these neurons, CAR is present in the
somato-dendritic and axonal compartments and colocalizes with
the synaptic marker SYP (36.1 ⫾ 4.1% of SYP ⫹ structures contain CAR; Fig. 2C). In addition, CAR puncta overlap with
VGLUT, PSD95, and VGAT (Fig. 2 D, E), demonstrating that in
these conditions, CAR is present at the synapse in excitatory and
inhibitory synapses. Consistent with the biochemical assays, at
DIV21, when dendritic spines are fully mature, we were unable to
detect CAR in dendritic spines (Fig. 2F ). These data are consistent with the lack of CAR at or near the postsynapse. Together,
these data demonstrate that CAR is preferentially expressed by
neurons in the mouse brain, on the soma of cells in the SGZ of the
DG, in the mossy fibers in the SLu, and in axons projecting from
the entorhinal cortex. At the synapse, CAR is at the presynapse
and undetectable at the postsynapse, suggesting that intercellular
CAR–CAR interactions that predominate in epithelial cells are
not occurring at the synapse.
CAR loss of function affects hippocampal GCL organization
To better understand CAR function in the brain, we generated
conditional CAR KO (CAR-CNS KO) mice by crossing nestin-Cre

and CAR flox/flox mice (Fig. 3A; see Materials and Methods). CARCNS KO mice thrived, have no obvious phenotypic differences
compared with WT mice, express CAR in somatic tissues, but
have no detectable CAR expression in the brain (Fig. 3B). IHC
analyses in CAR-CNS KO mice confirm the specificity of the CAR
antibodies and staining in control mice (Fig. 3C). By comparing
cresyl violet staining of WT, CAR flox/flox (hereafter referred to as
control) and CAR-CNS KO mice, we found that there were no
gross morphological anomalies in the CAR-CNS KO mouse brain
(Fig. 3D). However, upon detailed examination, we found that
the GCL of the DG in CAR-CNS KO mice is less densely packed
and occupies a greater area than in control littermates (Fig.
3 E, F ). This difference in area is significant for the GCL ( p ⬍
0.05), but not for the pyramidal layer of CA1 or CA3 (data not
shown). These data suggest that CAR loss of function may affect
hippocampal neurotransmission.
CAR loss perturbs hippocampal synaptic plasticity
Because CAR loss of function affects the organization of the DG,
we investigated whether the global plasticity of hippocampal neurotransmission is affected. We therefore measured short-term
plasticity as paired-pulse facilitation (PPF, measured as pairedpulse ratio, PPR) and long-term plasticity as LTP induction and
maintenance in organotypic slices from CAR-CNS KO mice.
Schaffer collaterals were stimulated and evoked field EPSPs
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(fEPSPs) were recorded in the stratum radiatum of the CA1 area. After stable recording baseline activity, high-frequency
stimulation (HFS) was applied to induce
LTP (Fig. 4A). No significant differences
were observed between PPRs from male
CAR-CNS KO and control male mice before or 60 min after HFS (Fig. 4B). By contrast, PPRs from female CAR-CNS KO
mice were significantly lower than PPRs
from female controls (Fig. 4C). To visualize LTP, the level of post-HFS potentiation is expressed as a percentage of the
mean fEPSP amplitude before LTP induction. Male CAR-CNS KO mice have LTP
levels comparable to controls, as observed
by the increased fEPSPs peaks after HSF
for both groups (Fig. 4D). Conversely, in
female CAR-CNS KO mice, the levels of
post-HFS potentiation rapidly decreased
(Fig. 4E). After 60 min, the amplitude of
the fEPSPs in female CAR-CNS KO mice is
not different from baseline activity,
whereas in controls, increased fEPSPs
peaks were observed from 10 to 60 min
after HSF. Together, these data demonstrate that CAR loss of function perturbs
global hippocampal synaptic plasticity
and neurotransmission in a sex-biased
manner.
Impaired adult
hippocampal neurogenesis
Adult neurogenesis influences learning
and memory by the generation and integration of neurons into existing networks
(Lepousez et al., 2015). In the adult mouse
brain, neurogenesis is restricted to the
subventricular zone and the SGZ of the
DG in the hippocampus. To identify
the subpopulation of CAR ⫹ cells in the
SGZ, we coincubated sections with antiCAR and anti-PSA-NCAM Abs (PSANCAM is a marker of immature neurons).
We found that cells with CAR on the soma
and their projections in the inner layer
of the DG are also PSA-NCAM ⫹ (Fig.
5 A, B). Staining with CAR and NeuN (a
marker of mature neurons) shows that
some “NeuN-low” cells also have CAR
staining on the cell body (Fig. 5C).
We then investigated whether CAR Figure 3. CAR-CNS KO mice have hippocampal defect. A, Deletion of Cxadr in the CNS. Example of genotyping results using
loss of function affects proliferation, sur- primers flanking the Cxadr exon 2 region. B, Immunoblot analyses from control (CT) and CAR-CNS KO mice showed deletion of CAR
vival, and/or differentiation of adult new- (⬃46 kDa) in the brain, whereas expression in skeletal muscle and liver is similar to controls. ␤-tubulin was used as a loading
born neurons in the DG. To address this control. C, IHC of CAR expression in CT and CAR-CNS KO mice. D, Brain morphology revealed by luxol blue staining of CT and
question, proliferating cells in the brains CAR-CNS KO mice. E, Cresyl violet and luxol fast blue coloration of CT and CAR-CNS KO brains. Coronal brain sections of the DG: boxed
of CAR-CNS KO mice were tagged using region is magnified in the panel on the right to show the GCL. F, Average area of the GCL in CT and CAR-CNS KO mice. The number
thymidine analogs that incorporate into of animals in groups is indicated within the columns. Scale bars: C, 1 mm; D, 1 mm; E, 20 m.
the genome of dividing cells. The fate of
after injection allows one to quantify neuron survival/differentinewborn CAR ⫺ cells in the DG was evaluated by comparing
ation. In both groups, the number of EdU ⫹ cells in the DG was
EdU ⫹/NeuN ⫹ and EdU ⫹/PSA-NCAM ⫹ cells in CAR-CNS KO
similar (Fig. 5 F, G). However, there were significantly fewer
versus control mice (Fig. 5 D, E). Killing mice 1 d after injection
allows one to quantify proliferation, whereas killing mice at 28 d
EdU ⫹ neurons (NeuN ⫹) in both male and female CAR-CNS KO
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Figure 4. Effect of CAR loss of function on neurotransmission. A, fEPSPs recordings were performed in hippocampal slices from adult female control (CT) and CAR-CNS KO mice. Representative
recordings of the fEPSPs before (black) and after (red) HFS. The LTP (comparison between red and black traces) is shown. B, PPR in male CT and CAR-CNS KO mice. C, PPR in female CT and CAR-CNS KO
mice. Results are expressed as the ratio between the fEPSP peaks of response 1 and 2. These measures were performed before (basal activity) and after induction of LTP (60 min after HFS). The number
of slices in each group is indicated within the columns. D, LTP induction in male CT and CAR-CNS KO mice. E, LTP induction in female CT and CAR-CNS KO mice. LTP was assessed for 1 h after a 10 min
stable baseline response. fEPSP peak data were converted to percentages by setting the baseline fEPSP peak data to 100%. Results are expressed as means ⫾ SEM. The number of animals in groups
is indicated within the columns. Data were analyzed using an unpaired Student’s t test (B, C) or a two-way ANOVA followed by a Sidak test (D, E). *p ⬍ 0.05, **p ⬍ 0.01.

mice compared with control mice 28 d after injection (Fig. 5H). The
decrease in mature neurons is mirrored by an increase in the percentage of EdU ⫹ immature (PSA-NCAM ⫹) neurons (Fig. 5I). Together, these data demonstrate that adult NPC proliferation and
survival are not significantly affected, whereas NPC differentiation
is.
Synapses are perturbed in the CAR-CNS KO
mouse hippocampus
Because CAR loss of function affects global hippocampal plasticity
and some CAMs can also be targeted to synapses during plasticity
(Ackermann and Matus, 2003), we investigated whether activation
or chemical induction of LTP affects presynaptic CAR. We therefore
compared the location of SYP and CAR after neuronal depolarization. By measuring CAR/SYP colocalization, we found that the percentage of CAR ⫹ synapses increased (Fig. 6A). We then investigated
whether CAR levels change at the synapse after the induction of
neuronal plasticity. To this end, we incubated hippocampal neurons
with BDNF and quantified of CAR/SYP colocalization. Using this
assay, we found that CAR can be recruited to synaptic termini (Fig.
6B).

Synaptic plasticity also involves a feedback loop to ensure the
production and targeting of actors involved in neurotransmission through recruitment/exclusion of proteins, local mRNA
translation, and transcription. We therefore investigated whether
CAR loss of function affects hippocampal synapse content and/or
genesis. To monitor synaptic protein content in CAR-CNS KO
mice, the levels of several synapse proteins were quantified by
immunoblotting. In male CAR-CNS KO mice, VGAT and SYP
were lower compared with controls (Fig. 6C). Unexpectedly, in
female CAR-CNS KO mice, the majority of hippocampal synapse
proteins assayed here are present at lower levels compared with
control mice (Fig. 6D). To further characterize CAR at the synapse, we quantified the synapse protein content in synaptosomes
prepared from the hippocampus (Fig. 6E) and found that the
difference in synapse protein levels in CAR-CNS KO did not vary
significantly compared with controls, which could be consistent
with a synaptic loss occurring globally in the hippocampus that
cannot been seen on isolated synaptosomes. Together, these data
suggest that CAR loss of function affects global hippocampal synaptic content, but that there is likely a difference in synapse number, type, and/or maturation level in female CAR-CNS KO mice.
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Figure 5. CAR involvement in adult neurogenesis. GCL of the DG (A) and SLu (B) of CT mice were stained with anti-CAR, anti-PSA-NCAM, and DAPI. C, GCL of the DG of CT mice was stained with
anti-CAR, anti-NeuN, and DAPI. Boxed regions in the upper left panel in A–C are expanded in the upper right panels. White arrows show overlapping expression. D–I, Adult neurogenesis in
CAR-CNS KO mice. Two-month-old mice were injected with thymidine analogs and brains were processed 1 and 28 d after injection by IF. Confocal microscopy images showing cells positive for EdU
and NeuN (D) and EdU and PSA-NCAM (E). F, G, Quantification of proliferative cells (incorporation of a thymidine analog) in the SGZ of the DG in CT and CAR-CNS KO mice at 1 and 28 d after injection.
H, Percentage of new neurons/DG [(EdU ⫹ ⫹ NeuN ⫹ cells/EdU ⫹ cells) ⫻ 100] CT and CAR-CNS KO mice 28 d post-injection. I, Percentage of immature neurons/DG [(EdU ⫹ ⫹ PSA-NCAM ⫹
cells/EdU ⫹ cells) ⫻ 100)] CT and CAR-CNS KO mice 28 d after injection. Results are expressed as means ⫾ SEM and were analyzed using an unpaired t test. *p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍ 0.001.
The number of animals in groups is indicated within the columns. Scale bars: A–G, 50 m; D, E, 10 m.

CAR loss of function affects behavior
Because adult hippocampal neurogenesis and synapse homeostasis
are processes associated with cognition, we subjected CAR-CNS KO
mice to a series of behavior tests associated with hippocampal functions. Because CAR could be expressed at the neuromuscular junction (Shaw et al., 2004) and locomotion and exploration deficits can
interfere with cognitive tasks, we initially examined the mobility of
mice in an open-field paradigm. Neither the distance traveled nor
the locomotion speed was significantly different between control
and CAR-CNS KO mice (Fig. 7A,B).
In the elevated plus maze, male and female CAR-CNS KO mice
spent less time in the open arm compared with control mice (Fig.
7C), reflecting an abnormal level of anxiety. In the Y maze, a
nonaversive task based on rodents’ natural exploratory instincts,
spontaneous alternation performances were impaired in male

and female CAR-CNS KO mice (Fig. 7D), suggesting an impact on
spatial working memory deficit. In the Morris water maze, male
and female CAR-CNS KO mice showed a higher latency to find the
hidden platform in the training quadrant compared with control
littermates on days 2–5 (Fig. 7E), suggesting a possible altered
learning process. CAR-CNS KO mice showed no sign of visual
impairment or swimming performance in the visible platform
session (Fig. 7F ). In the probe trial conducted 24 h after training,
control and CAR-CNS KO male mice swam preferentially in the
training quadrant during the 60 s session (Fig. 7G). In contrast,
the time spent in the training quadrant was near the random
values for female CAR-CNS KO mice (Fig. 7H ), suggesting that
the retention of spatial memory is altered in female CAR-CNS KO
mice. Together, our data demonstrate a sex-biased role for CAR
in hippocampal plasticity and, together with possible sensorial,
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affective, or behavioral factors, may underscore a function in spatial memory.
Decreased CAR levels in a
proinflammatory environment and in
the mouse AD brain
To the best of our knowledge, mutations
in the CAR gene (CXADR) have not been
linked with brain dysfunction. Because
CAR plays primordial roles in other tissue
such as the heart, where loss of function is
embryonically lethal (Chen et al., 2006),
this may preclude an association with
brain diseases. However, there are posttranscriptional mechanisms that can lead
to the loss of CAR: studies using nonneuronal cells and tissues suggest that CAR
levels are indirectly reduced by proinflammatory cytokines (e.g., TNF and
IFN-␥) (Vincent et al., 2004). In addition,
CAR is a substrate for ␣, ␤, and
␥-secretases (Zhou et al., 2012), which,
when dysregulated, can be implicated in
the pathogenesis of AD. These observations led us to assay CAR levels in primary
murine hippocampal neurons after ionomycin-induced secretase activation and
TNF and IFN-␥ treatment. As a positive
control for CAR loss, we incubated hippocampal neurons with FK CAV, which
disrupts homodimeric CAR interactions
and induces CAR internalization and degradation (Salinas et al., 2014). After ionomycin treatment, the levels of the CAR
ectodomain increased in the supernatant
and full-length CAR decreased in total cell
extracts (Fig. 8A). CAR levels were also
significantly decreased in primary cultures of murine hippocampal neurons
and adult murine NPCs incubated with
TNF and IFN-␥ in a dose-dependent response (Fig. 8B–D). These data demon4

Figure 6. CAR loss of function affects synapse homeostasis. A, Quantification of colocalization between SYP and CAR when
neuronal depolarization is induced by 90 mM KCl. B, Quantification of colocalization between SYP and CAR after incubation with
BDNF or boiled BDNF. Each condition is the percentage of synapses (SYP ⫹ structures) containing CAR and is expressed as

means ⫾ SEM of three independent experiments. Greater
than 200 SYP ⫹ structures were analyzed at each condition.
C, D, Effect of CAR loss of function on synapse content in the
hippocampus. Quantification of immunoblots for synaptic
proteins relevant proteins and respective representative immunoblots are shown under the columns. The intensity of the
bands was quantified and normalized to ␤-tubulin levels for
each marker. NB, Some membranes were used for more than
one protein and therefore the same control ␤-tubulin bands
were used to compare the levels of different synaptic proteins.
Results are expressed as a percentage in control mice. Because
differences appeared between sexes, we separated males (C)
and females (D). n ⫽ the number of animals. E, Effect of CAR
loss of function on synapse content from synaptosomes preparation. Quantification of immunoblots for synaptic proteins
relevant proteins and respective representative immunoblots
are shown under the columns. The intensity of the bands was
quantified and normalized to ␤-tubulin levels for each
marker. All results are expressed as means ⫾ SEM and were
analyzed using an unpaired t test. *p ⬍ 0.05, **p ⬍ 0.01.
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strate that TNF and IFN-␥ play a direct
role on CAR processing in neurons.
Systemic inflammation perturbs brain
function via overlapping mechanisms, including proinflammatory cytokines entering the brain, and via microglia activation
and/or cytokine secretion within the brain
(Habbas et al., 2015; Heneka et al., 2015).
We therefore investigated whether global
CAR levels in the brain are affected by systemic inflammation. To address this possibility, we injected lipopolysaccharides (LPS)
from Gram-negative bacteria, which induce
a rapid and strong proinflammatory immune response, into the peritoneal cavity of
healthy mice. We then quantified global
CAR levels by immunoblotting. We found
that at 1 or 7 weeks after injection, no significant change in CAR levels, as assayed by
immunoblotting, was found in any region
(data not shown).
By contrast to the diffuse CAR staining
throughout the axon tracks in most of
the brain (Fig. 1A), immature neurons in
the DG have high levels of somal CAR. We
therefore investigated whether somal
CAR is affected and found that, at 1 week
after LPS injection, CAR staining was
strikingly reduced in immature neurons
in the DG and their axons that project to
CA3. In contrast, PSA-NCAM staining
was unaffected (Fig. 8E), demonstrating
that the lack of CAR immunoreactivity is
not due to the loss of immature neurons.
These data suggest that, during acute induction of proinflammatory cytokines by
systemic stimuli, CAR levels on immature
Figure 7. CAR loss of function affects behavior. Locomotion of CT and CAR-CNS KO mice was analyzed in the open field for 10 min.
neurons and in the SLu are reduced.
Activated secretases and a proinflamma- A, Locomotion activity was evaluated in terms of distance traveled (m) and (B) locomotion speed calculated as total distance over
tory environment are closely linked hall- time in movement (cm/s). The loss of CAR in the CNS did not alter locomotor behavior. C, Anxiety was measured using their ability
marks of several neurodegenerative diseases to explore the open arms of an elevated plus maze. The apparatus consisted of a plus-shape maze with two opposite open and
enclosed arms. The arms extended from a central elevated platform. Each mouse was placed at the center of the maze and could
and create a feedforward loop (Holmes et freely explore for 10 min. Results were expressed as total time spent in the open arms (10 min). Results were pooled as we found
al., 2009). In AD, an inflammatory environ- no difference between males and females. D, Spatial working memory was recorded as described in a three-arm maze converging
ment can lead to increased ␤-secretase at an equal angle. Each mouse was placed at the end of arm and allowed to move freely through the maze during an 8 min session.
(BACE1: ␤-site amyloid precursor protein- The sequence and number of arm entries were recorded. Results are expressed as the percentage of alternations. Results were
cleaving enzyme) expression, A␤ overpro- pooled as we found no difference between males and females. E, The Morris water maze was a circular pool arbitrarily divided into
duction, and senile plaque accumulation four quadrants. A hidden platform was immersed beneath the water surface in the training quadrant. Reference memory training
(Yamamoto et al., 2007), which in turn pro- consisted of 3 swims/d for 5 d with 20 min intertrial time interval. Animals were allowed to swim for 90 s and to use visual
mote an NF-B proinflammatory cytokine extra-maze cues. Mice were then left on the platform for 20 s. The median latency was calculated for each training day
response. Because inflammation, synapse and expressed as mean ⫾ SEM. On day 6, a probe test was performed to measure memory retention. The platform was removed
homeostasis, and perturbation of CAM and each animal was allowed to swim freely for 60 s. The time spent in the training quadrant was determined using Videotrack
software (Viewpoint). Results were pooled as we found no difference between males and females. F, Swimming time to a visible
functions can be associated with neurologic platform over 3 d did not show differences between CT and CAR-CNS KO animals. G, H, Memory retention in CAR-CNS KO mice. The
and psychiatric diseases (Togashi et al., probe test was performed 1 d after the last training session in a single 60 s swim without the platform. The presence in the training
2009)—in particular late-onset AD, which quadrant was analyzed over the chance level (red line at 15 s). There were notable differences between the male and female mice,
is inexorably linked with inflamma- so the results are presented separately. All results are expressed as means ⫾ SEM and the number of animals in groups is indicated
tion—we investigated whether CAR levels within the columns of results. Data were analyzed using an unpaired Student’s t test (A–D, G, H) or a two-way ANOVA followed by
are perturbed in the AD hippocampi. a Tukey post hoc test (E). *p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍ 0.001.
3xTgAD mice recapitulate some AD-related
8-month-old (transitional stage of AD progression) and 16- to 20characteristics, such as an increased level of proinflammatory cytomonth-old (late stage of AD progression) 3xTgAD mice. We found
kines, age-related formation of senile plaques, neurofibrillary tanthat CAR was reduced in both age groups, with a greater decrease in
gles, impaired synapse homeostasis, and cognitive functions (Oddo
et al., 2003). We therefore compared CAR levels in total protein
the older cohort compared with age-matched controls (Fig. 9A,B).
extracts from hippocampi from age-matched controls and 5- to
To determine whether the decrease is due to a pretranslational or
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Figure 8. CAR levels are reduced by secretases and proinflammatory cytokines. A, Primary murine hippocampal neurons were mock or ionomycin treated. Supernatant and cells were collected
separately and assayed for the presence of CAR using an anti-CAR that recognizes the extracellular domains. A representative immunoblot from three independent experiments is shown. ␤-tubulin
was used as a loading control. B, Primary cultures of murine hippocampal neurons were incubated with FK CAV or increasing concentrations of TNF and IFN-␥ for 72 h. Representative immunoblot
showing CAR levels, with ␤-tubulin used as a loading control, are shown. C, Primary cultures of adult NPCs were incubated with FK CAV or increasing concentrations of TNF and IFN-␥ for 72 h.
Representative immunoblot showing CAR levels with ␤-tubulin used as a loading control is shown. D, Quantitative analyses of the data in B. Results are expressed as means ⫾ SEM of three
independent experiments and were analyzed using an unpaired Student’s t test. *p ⬍ 0.05, **p ⬍ 0.01 vs mock condition. E, Effect of systemic inflammation triggered by intraperitoneal injection
of LPS in healthy mice. LPS injections (bottom) triggers CAR loss from SGZ and GCL (left) and SLu of the DG (middle) compared with PBS-injected mice (top row). Representative IHC analyses of
PSA-NCAM in the SLu in LPS-injected mice compared with PBS-injected mice 1 week after injection (right). Scale bars, 50 m.

posttranslational mechanism, we quantified Cxadr mRNA levels using the same samples (Fig. 9C) and did not detect a difference of
Cxadr mRNA levels between WT and 3xTgAD mice, suggesting
posttranslational CAR loss.
Systemic inflammation induced by LPS injections impairs
long-term spatial memory and neurogenesis in healthy and
3xTgAD mice (Valero et al., 2014). LPS-induced defect in spatial
memory is exacerbated in 3xTgAD mice and is associated with
a significant reduction in the number of synaptic puncta. We
therefore investigated whether systemic LPS-induced systemic
inflammation affected CAR levels in the 3xTgAD mouse brain.
To address this possibility, we injected LPS into the peritoneal
cavity of control and 3xTgAD mice. Control and 3xTgAD mice
that had previously shown memory defects (Valero et al., 2014)
were killed 7 weeks after LPS injection and global CAR levels were
quantified by immunoblotting. We found that global CAR levels
in LPS-injected WT and 3xTgAD mice were not significantly
different from PBS-injected controls (Fig. 9 D, E). In contrast,
IHC analyses showed that CAR is strikingly absent from the soma
and neurites of cells in the SGZ of the DG and in the mossy fibers
of the SLu after LPS injections (Fig. 9F ). Of note, there are fewer

CAR⫹ neurons in 3xTgAD mice versus WT healthy mice (Fig.
9G). Moreover, LPS injections significantly reduced CAR levels
on immature neurons in healthy and 3xTgAD mice versus PBSinjected controls. Together, these data demonstrate that CAR
can be lost from the hippocampus in healthy and AD mice via a
posttranslational mechanism induced by systemic inflammation.
CAR levels in the hippocampus of human AD patients
For neurodegenerative diseases, extrapolating results from mice
to humans has been historically challenging. Therefore, we assayed protein extracts from hippocampi from the Braak IV stage
of patients diagnosed with AD and age-matched controls. In the
hippocampi of these well characterized AD patients, the levels of
several synapse proteins, including SYP and SNAP25, were not
altered, demonstrating that significant synapse loss had not yet
occurred (Marcello et al., 2012). Remarkably though, global CAR
levels were significantly decreased already at Braak IV stage of
late-onset AD (Fig. 10 A, B). Together, these data demonstrate
that CAR levels are significantly reduced in the human AD brain
when impaired cognition starts, but dementia is not yet declared.
Moreover, these results demonstrate that the CAR-CNS KO and
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3xTgAD mice reproduce a key aspect of
CAR loss and strengthen the clinical relevance of rodent models.

Discussion
Before this study, there were no known
roles for CAR in the adult brain. Here, we
demonstrate in the healthy adult brain
that CAR has cell-type-specific functions.
CAR is predominantly located on neuron
projections and present at the presynapse,
where it can be recruited upon stimulation. In the in the GCL of the DG, CAR
staining is notable on the soma and projections of immature PSA-NCAM ⫹ neurons. In the CAR-CNS KO mouse brain,
CAR loss of function perturbs synapse
content, LTP, adult neurogenesis, and
hippocampal-associated behavior. When
healthy mice are challenged with LPSinduced systemic inflammation, CAR levels notably decrease in the DG. In the
diseased-primed brain, CAR levels are significantly decreased in the hippocampus
of humans during the early phase of lateonset AD. CAR loss also occurs in the
brain of 3xTgAD mice. CAR levels are further reduced in 3xTgAD mice challenged
with LPS.
CAR in the healthy brain
Neuronal plasticity arises from processes including adult neurogenesis, dendritic spine
development, and synapse remodeling. In
the hippocampus, we found an overlapping
pattern of expression/localization between
CAR and PSA-NCAM. The similarities between CAR and PSA-NCAM are notable:
both are widely expressed in the embryonic
and early postnatal brain (Cremer et al.,
2000; Durbec and Cremer, 2001; Loustalot
et al., 2016). In the adult brain, PSA-NCAM
is found in the DG, where its expression corresponds to the period when postmitotic
neuroblasts extend their processes and migrate (Cremer et al., 2000; Durbec and
Cremer, 2001). Moreover, CAR and PSANCAM are also readily detected in the
mossy fibers in the SLu. After newborn
neurons reach the GCL and develop into
mature granule cells, PSA-NCAM (Seki
et al., 2007) and CAR expression are
downregulated and restricted to specific
compartments. These immature neurons
expressing CAR and PSA-NCAM have
unique functional properties, including enhanced synaptic plasticity and a lower
threshold for the induction of glutamatergic
potentiation (Schmidt-Hieber et al., 2004).
These properties make them susceptible to
be recruited upon hippocampal activation.
Synaptic plasticity is associated with synapse
formation, remodeling, and elimination. In

Figure 9. CAR loss in murine AD hippocampus. Representative immunoblots of CAR levels in proteins extracted from the
hippocampi from 5- to 8-month-old (A, top) and 16- to 20-month-old (A, bottom) WT and 3xTgAD mice. B, Quantification of CAR
levels in the immunoblot from A in 3xTgAD mice. CAR levels were normalized to ␤-tubulin. Number of animals is indicated within
the columns. C, Relative Cxadr mRNA levels, normalized to GAPDH mRNA, in hippocampi of WT and 3xTgAD mice. D–G, Wild-type
and 3xTgAD mice were injected in the peritoneal cavity with LPS and killed 7 weeks after injection. D, Representative immunoblot
of CAR levels from hippocampi extract. E, Quantification of the immunoblot shown in D. F, Representative images of CAR staining
(black arrows) in coronal sections containing the GCL (top row) and SLu (bottom row) from mice ⫾ LPS injections. G, Quantification
of CAR ⫹ cells in the GCL from WT and 3xTgAD mice injected in the peritoneal cavity with LPS and killed 7 weeks after injection.
Quantification was performed using ImageJ. A 500-m-long segmented line (10 pixel width) was drawn through the middle of
the GCL and signal intensity along that line was plotted. Each peak above the threshold (80 in the grayscale 0 –255) corresponds to
a neuron (ⱖ6 sections from each of the four mice). Results are expressed as mean ⫾ SEM and were analyzed using an unpaired
Student’s t test. *p ⬍ 0.05, **p ⬍ 0.01, ****p ⬍ 0.0001. Scale bar, 50 m.
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2006). Of particular relevance here is that fibronectin, the extracellular matrix protein mediating integrin effects, also binds CAR
to promote neurite extension in vitro (Patzke et al., 2010).

Figure 10. CAR loss in human AD brain. A, Protein extracts from the hippocampus from AD
patients and age-matched controls were subjected to immunoblotting and CAR level were
normalized to ␤-tubulin. B, Quantitative analyses of CAR and VGLUT levels in A. Results are
expressed as means ⫾ SEM and the number of samples is indicated within the columns. Data
were analyzed using an unpaired Student’s t test. **p ⬍ 0.01.

primary cultures of hippocampal neurons, which resemble immature neurons in the adult hippocampus, CAR is recruited to the
synapse. These observations underscore the potential role of CAR in
neuronal circuit remodeling regulating hippocampal plasticity. It
will be important to determine whether hippocampal CAR, like
NCAM, is modulated posttranslationally after behavior tasks, contextual fear conditioning, or passive avoidance (Sandi, 2004).
In the adult brain, NCAM stabilizes neural circuits. The
polysialylation of NCAM induces anti-adhesion properties, allowing
structural plasticity of neuronal network including activitydependent synaptic plasticity and formation of long-term memory
(Bonfanti, 2006). Abolishing glycosylation of the extracellular domains of CAR may reduce intercellular adhesion (Excoffon et al.,
2007), but how this occurs is unclear. Could glycosylation limit intracellular cis-CAR–CAR interactions and influence CAR function
in newborn or mature neurons? Like nonpolysialylated NCAM,
CAR may be involved in interactions that induce neuronal and neurite outgrowth in some adult neurons (Seidenfaden et al., 2006).
Although our data in the brain of CAR-CNS KO mice poorly dovetail
with a primordial role for CAR during axon growth (Patzke et al.,
2010), they do not exclude the possibility that CAR plays a role in
axon guidance in a subset of neurons.
Assuming that CAR will behave, at least in some respects, as a
prototypical CAM with noncanonical functions, it would not be
surprising that, once recruited to synapses, CAR interacts with
different intracellular and extracellular partners than those on the
somal plasma membrane. Among synaptic CAMs, integrins play
a role in LTP by controlling actin reorganization and spine remodeling in an NMDA-dependent mechanism (Shi and Ethell,

CAR loss of function and neurogenesis
Both intrinsic and extrinsic mechanisms regulate adult neurogenesis. Like some NCAM isoforms (Burgess et al., 2008), our
data are consistent with a role for CAR in newborn neuron differentiation and integration in existing circuitries. Based on IHC
staining, a significant amount of CAR is in axon tracks and the
majority of CAR in the brain is not lost after acute LPS-induced
inflammation in mice. A striking exception is CAR on the cell
body of immature neurons. CAM processing by secretases regulates neuron proliferation, migration, and plasticity. The juxtaposition of these observations merit further investigations as to
whether CAR processing on immature neurons is a fundamental
event during neurogenesis. In addition to BACE1, CAR is also a
substrate for ␣ and ␥-secretases, which can liberate the CAR ectodomain and intracellular domain. Protease cleavage of CAR
could switch its role to a signaling molecule by the generation of
its intracellular domain because a phosphorylated fragment
of the CAR intracellular domain can be found in the nucleus
(Dephoure et al., 2008). The CAR intracellular domain therefore
may influence transcriptional regulation and affect neurogenesis
and/or synapse homeostasis.
Adult human neurogenesis creates ⬃700 neurons/d in the
DG (Spalding et al., 2013), which, over an average life span,
corresponds to approximately one-third of the total numbers
of neurons in the entire hippocampus (or to the equivalent of
the renewal of the DG). In CAR-CNS KO mice, the disorganization of the GCL in the DG is consistent with abnormal
neuron integration. A similar phenotype is found in mice
lacking Reelin, which modulates CAM-dependent migration
(D’Arcangelo et al., 1995), and therefore CAR loss of function
may impair similar guidance cues.
CAR, hippocampal plasticity, and AD
As the decade-long progression to AD symptoms occurs, synapse
function and adult neurogenesis are battered by recurring acute
and/or chronic proinflammatory insults. A growing body of evidence supports the link between neuroinflammation and cognitive
impairment (Peterson and Toborek, 2014). Similar to the AD brain,
adult neurogenesis and synapse function are perturbed in CARCNS KO mice. In 3xTgAD mice, a decrease in adult NPC proliferation and integration correlates with the presence of senile plaques
and of A␤-containing neurons (Rodríguez et al., 2008). These stimuli increase TNF and IFN-␥ production, which can increase
␥-secretase activity directly through a JNK-dependent MAPK pathway (Liao et al., 2004). Because CAR is also processed by ␣, ␤, and
␥-secretase (Houri et al., 2013), a link between systemic inflammation and CAR loss in the hippocampus is correlative. Habbas et al.
(2015) proposed a mechanistic explanation for TNF-induced memory and spatial impairment involving astrocyte-stimulated secretion
of glutamate, which increases the frequency of presynaptic vesicular
release. However, how, or if, this is related to CAR loss is unclear and
will need further analyses.
CAR at the synapse
In some murine models of brain disorders, synapse content is
altered in an age-dependent process and parallels the onset of
cognitive deficits (Greten-Harrison et al., 2010). Many components of AD pathophysiology affect neurogenesis and synapse
homeostasis and the onset of impaired cognition in AD is an
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enigma: histological analyses of brains from suspected early-stage
AD patients have no striking differences compared with many
age-matched controls. However, synapse dysfunction occurs
early in AD, followed by a gradual presynapse and spine loss.
Notably, at the Braak IV stage, severe synapse loss has not yet
occurred. In a previous study, it was surprising to find that, after
acute CAR depletion in the 6-week-old mouse striatum, a return
to predepletion levels takes at least 1 month (Salinas et al., 2014).
It would not be unexpected to find that CAR replacement is
significantly slower in the aged human brain and, therefore, repetitive CAR depletion, combined with other insults, would have
a detrimental effect on hippocampal plasticity. Our data demonstrating that CAR levels are significantly reduced at early stages of
late-onset AD, before most synaptic protein levels are changed,
underscore CAR’s role in hippocampal plasticity and its likely
impact in AD-related cognitive impairment.

Conclusion
We characterized CAR expression in the healthy and diseased brain
and show that it is a multifunctional CAM in immature and mature
neurons. Using transgenic mice depleted in CAR expression in the
brain, we identify roles for CAR during adult neurogenesis and synapse biology. We delineate a pathway in which secretases and
proinflammatory cytokines perturb CAR levels and affect adult neurogenesis, synapse homeostasis and hippocampal plasticity. We propose that the consequence of recurrent or chronic proinflammatory
insults, combined with the etiological origin of the neurodegenerative diseases, affects CAR function and ultimately reaches a
threshold in aged and diseased brain and exacerbates cognitive decline. Clearly, the connections between CAR-linked defects in adult
neurogenesis, synaptic plasticity, and cognitive tasks and the reduction of synaptic protein levels in the hippocampus will require focused and extended analyses in each area.

CAR and the sexes
It has been noted repeatedly that male and female brains do not
respond identically to biological insults. Conspicuously, female
CAR-CNS KO mice are more affected in synapse content, short- and
long-term synaptic plasticity, and memory retention. This stronger
phenotype in female CAR-CNS KO mice might be due to less neuroprotective mechanisms. One plausible explanation for sex-biased
difference is sex steroid concentrations because the hippocampus
synthesizes estrogen and androgen. Estradiol levels in the hippocampus are 8 nM in male rodents, but ⱕ2 nM in females (Ooishi et al.,
2012). Numerous studies show that estrogens have neuroprotective
properties and improve plasticity and memory processes (Roepke et
al., 2011). However, as noted previously, translational studies from
rodents to humans, especially for neurodegenerative diseases, can be
challenging to interpret. In humans, there is a link between estrogen levels and CAR: the CXADR promoter possesses an estrogenresponsive element (Vindrieux et al., 2011). More efficient
replacement of inflammation-depleted CAR in the male brain via
estrogen-induced transcription would fit attractively into the existing data.
In addition, the interplay between sex steroids and the immune system likely plays an important role. Several neurological
conditions show striking gender imbalances in prevalence and
outcome. Interestingly, autoimmune diseases also have a stronger prevalence in females (Ngo et al., 2014) and a gender link
exists between inflammation states and the propensity to develop
certain diseases. In some mammals, females tend to show enhanced immune responses and resistance to infections, which is
likely due to immunomodulatory actions of sex steroid hormones. In general, estradiol has immune-enhancing effects on
humoral immunity, but a divergent impact on cellular immunity
depending on the dose. Testosterone generally depresses both
humoral and cell-mediated immunity and increases susceptibility to bacterial and viral infections (for review, see Hanamsagar
and Bilbo, 2016). In addition, estrogen can regulate cytokine expression by microglia at the basal level and in the presence of an
inflammatory challenge (Mor et al., 1999; Vegeto et al., 2001;
Barreto et al., 2007), whereas testosterone is known to have an
inhibitory effect on glial activation (Barreto et al., 2007). In a
pathological context such as AD, in which women are more susceptible, accumulating evidence has suggested that sex hormones
might contribute to the etiology of cognitive changes or plasticity
alteration acting through inflammatory reactions (Au et al.,
2016). The sexual dimorphism in hippocampal plasticity observed in CAR-CNS KO mice might also involve differential inflammatory mechanisms.
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