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Impaired Spatial Memory in Mice Lacking CD3{ Is
Associated with Altered NMDA and AMPA Receptors
Signaling Independent of T-Cell Deficiency

Antoine Louveau,' Julie Angibaud,' Fabienne Haspot,' Maria Cecilia Opazo,? Reynald Thinard,' Virginie Thepenier,'
Stéphane J. Baudouin,' Laurent Lescaudron,'? Philippe Hulin,* Claudia A. Riedel,> and Héléne Boudin'>

'INSERM Unité Mixte de Recherche 1064, Institut Transplantation Urologie Nephrologie, Centre Hospitalier Universitaire Nantes, Université de Nantes,
44300 Nantes, France; ?Facultad de Ciencias Bioldgicas y Medicina Universidad Andrés Bello, Santiago 8370146, Chile; *Unité de Formation et de Recherche
Sciences et Techniques, Université de Nantes, 44300 Nantes, France; “Cellular and Tissular Imaging Core Facility, Université de Nantes (MicroPICell)
IFR26, 44300 Nantes, France; and >INSERM Unité Mixte de Recherche 913, L’Institut des Maladies de I'’Appareil Digestif, Université de Nantes, 44035
Nantes, France

The immunoreceptor-associated protein CD3{ is known for its role in immunity and has also been implicated in neuronal development
and synaptic plasticity. However, the mechanism by which CD3{ regulates synaptic transmission remains unclear. In this study, we
showed that mice lacking CD3( exhibited defects in spatial learning and memory as examined by the Barnes maze and object location
memory tasks. Given that peripheral T cells have been shown to support cognitive functions and neural plasticity, we generated CD3¢ '~
mice in which the peripheral T cells were repopulated to a normal level by syngeneic bone marrow transplantation. Using this approach,
we showed that T-cell replenishment in CD3{ '~ mice did not restore spatial memory defects, suggesting that the cognitive deficits in
CD3{ '~ mice were most likely mediated through a T-cell-independent mechanism. In support of this idea, we showed that CD3¢{
proteins were localized to glutamatergic postsynaptic sites, where they interacted with the NMDAR subunit GluN2A. Loss of CD3{ in
brain decreased GluN2A-PSD95 association and GluN2A synaptic localization. This effect was accompanied by a reduced interaction of
GluN2A with the key NMDAR downstream signaling protein calcium/calmodulin-dependent protein kinase II (CaMKII). Using the
glycine-induced, NMDA-dependent form of chemical long-term potentiation (LTP) in cultured cortical neurons, we showed that CD3¢
was required for activity-dependent CaMKII autophosphorylation and for the synaptic recruitment of the AMPAR subunit GluAl.
Together, these results support the model that the procognitive function of CD3¢ may be mediated through its involvement in the NMDAR

downstream signaling pathway leading to CaMKII-dependent LTP induction.

Introduction

Many canonical immune molecules are expressed in the nervous
system and play important roles in neurodevelopment and
synaptic plasticity (Boulanger, 2009). These include molecules
of the adaptive immune system, such as members of the major
histocompatibility complex class I (MHCI) and of the
immunoreceptor-associated CD3 complex (Huh et al., 2000;
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Goddard et al., 2007; Nakamura et al., 2007; Baudouin et al.,
2008; Fourgeaud et al., 2010; Glynn et al., 2011). CD3{ is a trans-
membrane adaptor signaling protein first characterized in T cells
as a component of the CD3 complex, the signaling module of the
TCR. This receptor recognizes peptide fragments presented by
MHC molecules and is thus responsible for antigenic recognition
(Samelson et al., 1985). Moreover, CD3{ participates in intrathy-
mic T-cell differentiation, which is arrested in mice lacking
CD3{, leading to a marked reduction of circulating T cells (Liu et
al., 1993; Love et al., 1993; Malissen et al., 1993). Genetic inacti-
vation of CD3{ also highlighted its critical role in neuronal de-
velopment and plasticity. At early developmental stages, CD3¢
acts as a downstream mediator of the ephrinA1/EphA4 signaling
pathway to inhibit neurite extension (Angibaud et al., 2011) and
is required for activity-dependent refinement of the retinal gan-
glion cell axon projections to the thalamus (Huh et al., 2000; Xu
et al., 2010). In addition, CD3{ negatively regulates dendritic
complexity in retinal ganglion cells and cultured hippocampal
neurons (Baudouin et al., 2008; Xu et al., 2010). Synaptic func-
tions were also altered in CD3{-deficient mice, which showed a
reduced glutamatergic synaptic activity in the retina (Xu et al.,
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2010) and defects in synaptic plasticity in the hippocampus, as
reflected by an enhanced long-term potentiation (LTP) and a lack
of long-term depression (Huh et al., 2000; Barco et al., 2005).
However, the role of CD3{ in synaptic-plasticity-dependent cog-
nitive behavior, in particular in learning and memory, is cur-
rently unknown. In addition, the mechanisms by which CD3¢
regulates synaptic function remain poorly understood and might
be initiated by two distinct but nonexclusive processes. One pro-
cess would involve immune-mediated mechanisms triggered by
peripheral CD3{-expressing T cells. Indeed, several studies indi-
cated that circulating T cells play a supportive role in cellular
plasticity important in neurogenesis and cognition (Brynskikh et
al., 2008; Wolfetal.,2009; Derecki et al., 2010; Kipnis et al., 2012),
suggesting that the decreased level of circulating T cells in CD3¢-
deficient mice might affect neural plasticity. The second process
would rely on a direct regulation of glutamate receptors distribu-
tion and downstream signaling pathways by neuronal CD3¢
known to localize at glutamatergic synapses (Baudouin et al.,
2008).

In this study, we examined the role of CD3{ in spatial learning
and working memory. In addition, we explored the significance
of the aforementioned mechanisms in CD3{-mediated cognitive
behavior and neuronal plasticity. Our data showed that CD3¢-
deficient mice exhibited impaired learning and memory that was
independent of T-cell deficiency but associated with decreased
synaptic GluN2A and altered NMDA-dependent plasticity man-
ifest by inhibition of calcium/calmodulin-dependent protein ki-
nase II (CaMKII) activation and GluA1 synaptic recruitment.

Materials and Methods

Animals

C57BL/6 CD45.2 " CD3Z */~ mice were obtained from the CDTA center
in Orleans (France). Animals were maintained as heterozygotes on a
C57BL/6 background. Newborns or 17-d-old mice embryos were geno-
typed by PCR amplification as described previously (Malissen et al.,
1993). C57BL/6 CD45.1 * mice were obtained from Charles River Labo-
ratories. Mice were maintained on a 12 h light-dark cycle in a
temperature-controlled room with ad libitum access to water and food.
Age-matched littermates were used for all experiments. All protocols
were performed in accordance with French standard ethical guidelines
for laboratory animals (Agreements #CEEA.2012.42, CEEA.2012.43,
CEEA.2012.44).

RNA extraction and PCR

Total RNAs were extracted from 8-week-old CD3¢ ™% and CD37 '~
mice hippocampi and homogenized in 1 ml of TRIzol reagent for 5 min
at room temperature, followed by chloroform extraction and isopropa-
nol precipitation. After centrifugation and washing in ethanol, RNA was
resuspended in water. After Turbo DNase treatment (Invitrogen), 2 ug
of RNA was reverse transcribed with a MMLV-reverse transcriptase sys-
tem (Invitrogen). The synthesized cDNA (200 ng) was denatured for 10
min at 96°C and subjected to 40 cycles of 3 s at 96°C, 3 s at 60°C, 50 s at
68°C, and a final extension step of 10 s at 72°C using the Veriti Thermal
cycler (Applied Biosystems). The reaction occurred in a total volume of
20 pl using the AmpliTaq Gold PCR Master Mix (Applied Biosystems).
For the amplification of CD3{ mRNA, the sense oligonucleotide primer
was 5'-AGGGAAGCAGAAGATGAAGTGG-3' and the antisense oligo-
nucleotide primer was 5'-TATGCAGGGCATCATAGGTGTC-3’ giving
rise to a 485 and 380 bp fragment mRNA for CD3¢*/* and CD3¢ /'~
mice, respectively. Internal standards were generated by amplifying the
GAPDH mRNA using the following oligonucleotide primers: 5'-CTAC
AGCAACAGGGTGGTGG-3' (sense) and 5'-TATGGGGGTCTGGGAT
GG-3' (antisense). PCR products were loaded on a 1% agarose gel for
analysis.
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Behavioral studies

Barnes maze task. The Barnes maze task was used to assess spatial refer-
ence memory (Barnes, 1979). One of the advantages of the Barnes maze
task is that it is not influenced by stress as much as other similar tasks and
no strong aversive stimuli or deprivation are used as reinforcement. The
apparatus used in this experiment consisted of a white circular platform
(90 cm in diameter) elevated 1 m above the floor, with 20 equally spaced
holes (5 cm diameter) at the periphery of the maze. A dark escape box was
placed under only one hole randomly chosen for each mouse. The maze
was placed in a room with distal environmental cues to allow mice to
properly locate the target hole. An aversive noise (Combo Tuner Metro-
nome TM40; Korg) was used as motivation to escape in the dark box. The
apparatus was clean between each trial to prevent the use of local olfac-
tory cues. The test was divided in two phases. Mice were trained 4 times/d
for 4 d to find the target hole. Sessions within each day were separated by
15 min. Memory performance of the mice was assessed by one trial
performed 24 h (day 5 [D5]) and 8 d (D12) after the last training. A video
camera was used to record the behavior of the mice during both the
training sessions and the tests. For the training sessions, mice were gently
picked up from the tail and placed for 10 s in the middle of the platform
under a box before the beginning of the session. After 3 min, if the mice
did not find the correct hole, they were gently directed toward the target
hole and allowed to descend into the escape box, where they were left for
1 min in an aversive noise-free environment. The time to enter into the
target hole and the velocity of the mice were measured. Search strategies
used by the mice to locate the target hole during the training were ana-
lyzed. Search strategies were scored as random if the mouse displayed a
nonsystematic search strategy with multiple crossings through the center
of the maze or if it did not locate the hole within the 3 min. Search
strategies were scored as serial if the mouse moved around the edge of the
maze and past at least three adjacent holes before entering the escape
hole. Finally, search strategies were scored as spatial if the mouse moved
directly toward the direction of the escape hole from the center of the
maze, and did not explore a hole more than two holes away from the
target hole. Proportion of random, serial, and spatial strategies was
scored for each days of training and compared between mouse geno-
types. For the tests trials (D5 and D12), the escape box was removed and
mice were allowed to explore the maze for 90 s. The number of visits
(when a mouse dipped its head into a hole) into the target hole and the
two direct adjacent holes were measured. CD3¢ /T CD3¢YT, and
CD3¢ '™ naive and grafted (42 d after graft) mice at 12 weeks of age were
used for this study. Analyses were performed on 8—11 animals per group.
Data are presented as mean = SEM. Data analysis was performed using
Excel and GraphPad Prism 5 software and statistical analyses were per-
formed using two-way ANOVA with Bonferroni post hoc test.

Object location memory task. The experimental apparatus used in this
study was a square box made of opaque white plastic (50 cm X 50 cm).
The mice were first habituated to the box for 15 min and were then placed
for 10 min in the box with four different plastic objects positioned in a
defined spatial orientation (training). Twenty-four hours later, the mice
were placed in the same box with the same four objects, but two of them
had switched locations (test). The time spent exploring the objects in
novel and old (familiar) locations was measured for 10 min. Exploration
of an object was assumed when the mouse approached an object and
touched it with its vibrissae, snout, or forepaws. The object location
preference was calculated as the exploration time of the old or novel
location objects/total exploration time. Analyses were performed on 12-
week-old CD3{ /% (n = 6),CD3{™'~ (n = 4),and CD3{ '~ (n = 5)
mice. Data analyses were performed using Excel and GraphPad Prism 5
software and statistical analyses were performed using two-way ANOVA
with Bonferroni post hoc test.

Bone marrow transplantation

Age-matched CD45.2™" (6 weeks old) CD3¢*'* and CD3¢ '~ mice
(recipient mice) were anesthetized with an intramuscular injection of
Rompun/Ketalar (4 mg/kg xylazine; 40 mg/kg ketamine) and received
x-ray total body irradiation (2 Gy; Faxitron 160 CP) 610 h before bone
marrow transplantation (BMT). BM cells (BMCs) were isolated from
adult CD45.1 * C57BL/6 female mice (donor mice) by flushing the tibiae
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and femurs using a 26-gauge needle with Media 199 containing 10 mm
HEPES (Invitrogen), 10 pg/ml DNase (Sigma Aldrich), and 4 pg/ml
gentamycin (BioWhittaker). After filtration through a 100 um filter,
BMCs were centrifuged for 5 min at 800 X g at 4°C. BMCs were resus-
pended in Media 199 containing 10 mm HEPES (Invitrogen), 10 pg/ml
DNase (Sigma Aldrich), and 4 ug/ml gentamycin (BioWhittaker) at a
density of 30.10° cells/ml. Recipient mice were injected intravenously
with 15 X 10° cells.

Flow cytometry analysis

Two, 6, and 8 weeks after BMT, grafted CD3¢ (1 =11) and grafted
CD3¢ ™'~ (n = 10) mice were anesthetized with 4% isoflurane (Forene)
with 0.8 L/min of O, and 300 ul of blood was collected from the maxillary
vein with a 20-gauge needle in an Eppendorf with 20 ul of heparin. The
same procedure was performed with 12-week-old naive CD3¢ ™" (n =
7)and CD3{ ™'~ (n = 9) mice. After red cell lysis, peripheral blood cells
were suspended in FACS buffer (10 g/L BSA and 0.1% azide in PBS) and
stained for 30 min for extracellular markers with antibodies for CD45.2
conjugated to fluorescein isothiocyanate (FITC, 1 ug/ml; BD Biosci-
ences), and CD3e (2 ug/ml; BD Biosciences) or TCRB (1 ug/ml; BD
Biosciences) conjugated with phycoerythrin. Labeled cells were analyzed
with a FACS LSR II (BD Biosciences) and Flow]Jo software (TreeStar). To
obtain an accurate cell count, cells were gated using forward versus side
scatter to eliminate debris, pulse width versus area to select singlet cells,
and DAPI labeling to eliminate dead cells. Data analyses were performed
using Excel and GraphPad Prism 5 and statistical analyses were per-
formed using a Kruskal-Wallis test with Dunn post hoc test.

Culture of cortical neuron and pharmacological treatments
Cultures of astrocytes were first prepared to constitute a glial feeder layer.
Briefly, the cortex was dissected from postnatal day 1 newborn rat fore-
brains and dissociated by trypsin and DNase. Cells were then plated at a
density of 35 X 10 cells/cm? in minimal essential medium (MEM)
containing 10% FCS, 0.6% D-glucose, and 100 pg/ml streptomycin. The
medium was replaced with serum-free MEM containing N2.1 supple-
ments 24 h before the neuron culture.

Mouse cortical neuron culture was prepared from embryonic day 17
brains of CD3¢ '~ and CD3¢ */* littermate mice and genotyped by PCR
amplification as described above. After dissection of the cortex, the tissue
was enzymatically dissociated with trypsin and mechanical trituration.
Cells were plated on glass coverslips coated with poly-L-lysine (1 mg/ml;
Sigma Aldrich) at a density of 7 X 107 cells/cm? for immunostaining or
18 X 107 cells/cm* for Western blot in neuronal plating medium com-
posed of MEM containing 10% FCS, 0.6% p-glucose, 100 pg/ml strep-
tomycin, 100 UI/ml penicillin, and 1 mMm sodium pyruvate. Cells were
transferred 3 h later to a dish containing a glial feeder layer in serum-free
MEM containing N2.1 supplements. At 2 d in vitro (DIV), 5 uM cytosine
arabinoside was added. Cells were used at 15 DIV for both immunostain-
ing and Western blot.

For glycine-induced long-term potentiation (Gly-LTP), 15 DIV neu-
rons were incubated for 5 min in a Mg”*-free ACSF containing the
following (in mm): 125 NaCl, 2.5 KCl, 26.2 NaHCO,, 1 NaH,PO,, 11
glucose, and 2.5 CaCl, with 100 uMm glycine (Sigma Aldrich), followed by
a 15 min incubation in ACSF supplemented with 1.25 mm MgCL,. For
forskolin/rolipram treatment (F/R), 15DIV neurons were incubated for
16 h with 50 um forskolin (Sigma Aldrich) and 0.1 uMm rolipram (Sigma
Aldrich) in neuronal culture medium. After treatment, cells were fixed
for immunostaining or collected for Western blot analyses.

Immunostaining

Neurons at 15 DIV were fixed in PBS containing 4% paraformaldehyde
(PFA) and 4% sucrose for 15 min except for NMDA receptor immuno-
staining, for which cells were fixed in MeOH for 20 min at —20°C.
Neurons were permeabilized for 5 min at room temperature (RT) in
0.25% Triton X-100 in PBS (only if PFA fixation), washed twice with
PBS, and incubated for 30 min at 37°C in PBS containing 10% BSA.
Neurons were incubated overnight at RT with primary antibodies diluted
in PBS containing 3% BSA and 0.02% azide. Antibodies used were the
following: rabbit anti-CD3{ (1 ug/ml; Spring Bioscience), mouse
anti-PSD95 (1 ug/ml; Abcam), mouse anti-glutamic acid decarbox-
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ylase (anti-GAD, 1:2; Hybridoma Bank), rabbit anti-GluA1 (0.5 ug/ml;
Calbiochem), mouse anti-GluN1 (2.5 pg/ml; BD Pharmingen), rabbit
anti-GluN2A (5 pg/ml; Millipore), mouse anti-GluN2B (5 ug/ml; Neu-
roMab), mouse anti-CaMKII« (5.8 wg/ml; Affinity Bioreagents), mouse
anti-SV2 (Hybridoma Bank); mouse anti-Synapsin I (2 wg/ml; Synaptic
Systems), and rabbit anti-Synapsin I (0.02 wg/ml; Sigma). After washing,
neurons were incubated for 45 min at 37°C with the appropriate FITC-
conjugated or Alexa Fluor 568-conjugated secondary antibodies diluted
in PBS containing 3% BSA and 0.02% azide. Neurons were washed with
PBS and mounted with ProLong Gold Antifade Reagents with DAPI
(Invitrogen).

Image analyses and quantification

Images were acquired with 63X, numerical aperture (NA) 1.4 oil-
immersion objective using a digital camera (AxioCam HRC; Zeiss)
driven by AxioVision Release 4.2 software. For 3D reconstruction, high-
resolution confocal image stacks were acquired using a Leica SP1 laser
scanning microscope equipped with argon 488 nm, DPSS 561 nm, and
He-Ne 594 nm lasers and a 63X, NA 1.4 oil-immersion objective. In each
sample, the two fluorophores (Alexa Fluor 488 paired with Alexa Fluor
594) were imaged separately using sequential scanning to eliminate the
possibility of overlapping emission. The step size of the z-stack was 0.25
pum. The 3D reconstruction was performed using Amira 3D V4.1 Soft-
ware (Visualization Sciences Group).

The quantification was performed using Image] software. The number
of clusters (GluN1, GluN2A, GluN2B, GluAl, and PSD95) per length
unit of dendrite was determined for each selected neuron in one to two
dendrites. To define clusters, thresholds for individual neurons and
channels was chosen manually and corresponded to at least two times the
average intensity of fluorescence in the dendritic shaft. To define synaptic
clusters, the binary images of each postsynaptic molecule (GluNI,
GluN2A, GluN2B, GluAl, and PSD95) were compared with binary im-
ages of synapsin clusters. Any postsynaptic cluster that had at least one
pixel of overlap with a presynaptic cluster was defined as synaptic. For
Gly-LTP experiments, the percentage of synaptic GluA1 clusters cor-
responds to the percentage of thresholded GluA1 puncta overlapping
with a binary image of the PSD95 image. The number of CaMKII-
immunoreactive spines was counted in two dendrites of each selected
neurons.

A total of 30—40 neurons were analyzed for each experimental condition
from three to four independent cultures. Data analysis was performed using
GraphPad Prism 5.0 software. Values indicate mean *+ SEM. Group com-
parison was made by Student’s  test or by two-way ANOVA with Bonferroni
post hoc test as indicated.

Western blot and co-immunoprecipitation

To analyze CD3{ protein expression, forebrains from adult CD3¢*/*
(n =5) and CD3¢ '~ (n = 6) mice were homogenized using a Teflon
homogenizer in RIPA lysis buffer (50 mm Tris, 150 mm NaCl, 1% NP40,
0.5% sodium deoxycholate, 0.1% SDS, 1 mm EDTA, pH 8.0) and solubi-
lized for 30 min at 4°C. The resulting suspension was centrifuged at
20,000 X gfor 20 min and the supernatant was analyzed by Western blot.
The synaptosome and synaptic membrane fractions were obtained from
forebrains of 30-d-old Sprague Dawley rats. Forebrains were homoge-
nized using a Teflon homogenizer in 5 mm Tris-HCI, pH 7.4, containing
320 mM sucrose, 0.5 mMm EGTA, and protein inhibitor mixture (PIC;
Sigma Aldrich). After centrifugation at 1000 X g for 10 min, the super-
natant (S1) was saved. The pellet was washed, homogenized in the pre-
vious buffer, and centrifuged for 10 min at 1000 X g. The second
supernatant (S2) was collected, mixed with the first supernatant (S1),
and then centrifuged at 4°C for 20 min at 12,000 X g. The pellet (total
membrane fraction P2) was resuspended in 5 mm Tris-HCl, pH 8.1,
containing 320 mM sucrose, 0.5 mm EGTA, and 1 mu dithiothreitol. The
resulting suspension was layered on a discontinuous sucrose step gradi-
ent (0.32 M/1 M/1.2 M sucrose in 5 mm Tris-HCI, pH 8.1) and centrifuged
at 150,000 X g for 2 h at 4°C. The synaptosome fraction was collected at
the interface between the 1/1.2 M sucrose gradient and diluted 10 times
with the lysis buffer (5 mm Tris-HCI, pH 8.1, containing 0.5 mm EGTA).
For synaptic membrane preparation, the synaptosome fraction was in-
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cubated under soft agitation for 30 min at 4°C. The lysed solution was
centrifuged at 33,000 X g for 30 min at 4°C and the pellet was resus-
pended in 5 mum Tris-HCI, pH 8.1, containing 320 mm sucrose, 0.5 mm
EGTA, and 1 mwm dithiothreitol. The resulting suspension was layered on
a discontinuous sucrose step gradient (0.32 M/1 M/1.2 M sucrose in 5 mm
Tris-HCL, pH 8.1) and centrifuged at 250,000 X g for 1 h at 4°C. The
synaptic membrane fraction was collected at the interface between the
1/1.2 M sucrose gradient.

To analyze the protein expression of the synaptic receptors (GluN1,
GluN2A, GluN2B, and GluN1) in CD3Z*'* and CD3{ /™ mice brains,
membrane brain homogenates (P2) and synaptosome-enriched frac-
tions were generated. Forebrains from adult CD3¢ T (n = 4) and
CD3¢ '~ (n = 4) mice were homogenized using a glass Teflon homog-
enizer in 10 mum Tris-HCI, pH 7.4, containing 320 mm sucrose and PIC.
The resulting suspension was centrifuged at 700 X g for 10 min. The
supernatant was collected, centrifuged at 100,000 X g for 30 min, and
the pellet was resuspended in 10 mwm Tris-HCl, pH 7.4 (P2). For the
synaptosome-enriched membrane fraction, the pellet of the membrane
fraction was resuspended in 5 mm Tris-HCI, pH 8.1, containing 0.5% of
Triton X-100, 320 mM sucrose, and PIC and solubilized for 1 h at 4°C.
The resulting suspension was centrifuged at 100,000 X g for 1 h at 4°C.
The pellet was then resuspended in the same buffer and centrifuged at
100,000 X gfor 1 hat4°C. The pellet was resuspended in 5 mm Tris-HCI,
pH 8.1, containing 0.5% of Triton X-100, 320 mm sucrose, and PIC.

For neuronal culture analyses, 15 DIV neurons were scrapped into
cold PBS containing PIC, pelleted, and resuspended in Laemmli buffer.
Analyses were performed on 3—4 different cell cultures.

For co-immunoprecipitation (co-IP), membrane brain homogenates
from CD3Z ™" (n = 4) and CD3Z /™ (n = 4) brains were solubilized in
TBS (50 mm Tris-HCI, 0.15 M NaCl, pH 7.4) containing 1% Triton X-100
and PIC for 4 h at 4°C. After centrifugation for 30 min at 20,000 X g, the
supernatant was collected and incubated overnight with 4 ug of rabbit
anti-CD3{ (Spring Bioscience), mouse anti-CD3{ (Santa Cruz Biotech-
nologies), anti-GluN2A (Millipore), or anti-GluN2B (Millipore) anti-
bodies coupled to protein A or protein G Sepharose beads (GE
Healthcare). After centrifugation for 2 min at 3000 X g, the pellet was
washed with TBS containing 1% Triton X-100 and PIC and then twice
with Tris-NaCl (50 mm Tris-HCI, 300 mm NaCl, pH 7.4) and twice with
TBS. After centrifugation for 2 min at 3000 X g, the beads were resus-
pended in Laemmli buffer and analyzed by immunoblot. For control
experiments, the same procedure was followed except that the solubilized
membrane suspension was added to Sepharose beads coupled to control
IgG antibodies.

All samples (7-30 ug) were boiled at 95°C for 5 min and then transferred
to ice before being loaded on a 10% SDS-PAGE and transferred to a nitro-
cellulose membrane. The membrane was blocked with 5% dried milk in 20
mu Tris-HCl, pH 7.4, containing 0.45 M NaCl and 0.1% Tween 20 (TBST),
except for phosphoprotein, for which the membrane was blocked with 5%
BSA in TBST. The membrane was then incubated overnight with a primary
antibody diluted in TBST containing 5% dried milk (5% BSA for phospho-
protein). The primary antibodies used in this study were as follows: mouse
anti-EphA4 (1 pg/ml; Invitrogen), rabbit anti-CD3¢ (0.5 ug/ml; Spring Bio-
science), mouse anti-PSD95 (1 ug/ml; Abcam), mouse anti-GluN1 (1 ug/
ml; BD Pharmingen), rabbit anti-GluN2A (2 pg/ml; Millipore), mouse anti-
GIuN2B (2 pg/ml; NeuroMab), rabbit anti-GluAl (5 ug/ml; Calbiochem),
rabbit anti-Phospho831 GluAl (Millipore), rabbit anti-Phospho286
CaMKII (1:200; Promega), mouse anti-CaMKlIa (0.5 pg/ml; Thermo Sci-
entific), or mouse anti-GAPDH (0.2 ug/ml; Santa Cruz Biotechnologies).
The membrane was then washed in TBST, incubated for 1 h in peroxidase-
conjugated goat anti-rabbit antibody (1:1000) or in peroxidase-conjugated
donkey anti-mouse antibody (1:1000), and visualized using an enhanced
chemiluminescence kit (GE Healthcare) and Fujifilm LAS-400 imaging
analysis system. Quantification of signal intensity was performed using Mu-
ligauge V3.0 software. For phosphorylation analysis, signal intensity of the
phosphoprotein was divided by the signal of the total protein and normal-
ized to control values. The statistical analysis was performed using two-way
ANOVA with Bonferroni post hoc test. For co-IP quantification, signal in-
tensity of the co-IP protein was normalized to the signal intensity of the
protein in the input sample and then divided by the signal intensity of the
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immunoprecipitated protein. All statistical analyses were performed using
GraphPad Prism 5 software.

Results

CD3( knock-out leads to spatial learning and working
memory deficits

The expression of a nonfunctional truncated CD3¢{ mRNA lack-
ing exon 2 was verified in the hippocampi of CD3¢ /™ mice (Fig.
1A). Immunoblots from mouse brain homogenates labeled with
CD3/{ antibody confirmed that no CD3{ protein was expressed in
the knock-out mice, as described previously (Fig. 1B; Malissen et
al.,, 1993).

Ten- to 12-week-old CD3Z '~ mice did not differ signifi-
cantly from congenic CD3¢*'* animals in overall health and
appearance, body weight, or spontaneous behavior in the home
cage. The learning and spatial memory performances of
CD3{ '~ mice were evaluated with the Barnes circular maze test,
a hippocampus-dependent cognitive task that requires spatial
reference memory (Barnes, 1979; Bach et al, 1995). Both
CD3¢*"* (n=8)and CD3{ '~ (n = 11) mice learned to locate
the escape hole with the hidden box during the course of the
training period (D1-4), as indicated by a progressive reduction
in the time needed to reach the target hole (Fig. 1C). However,
CD3Z '~ mice did not perform as well as CD3¢ /" mice, as
indicated by a significant increase of the time needed to find the
escape hole at D2 and D4 of the training compared with
CD3¢*"* mice (D2: CD3,7/*:96.5 + 11.35; CD3/ ' : 142.8 =
11.35,p <0.05D4: CD3{ "' *:50.9 = 15.45;,CD3¢ /7:103.2 =
13.3 s, p < 0.05, two-way ANOVA followed by Bonferroni post
hoc test; Fig. 1C). No difference in velocity between the groups
was observed, indicating that CD3{*'* and CD3¢ /" mice
showed comparable motor capacity (Fig. 1D). However,
CD3¢""" and CD3¢ /™ mice showed a different search strategy
profile to locate the escape tunnel during the training period.
Initially, both wild-type and mutant mice mainly used the ran-
dom strategy, in which mice explored many holes in an unsys-
tematic fashion with many center crossings. On DI, the
proportion of random strategy was 96.8 * 3.1% and 97.7 + 2.3%
for CD3¢ """ and CD3¢ '~ mice, respectively (Fig. 1 E, F). Start-
ing from D2, CD3{ """ mice transiently used the serial-search
strategy, characterized by a methodical exploration of consecu-
tive hole and thereafter progressively shifting to a spatial-search
strategy, the most efficient strategy in which mice take the direct
course to the escape tunnel. Although mutant mice were able to
shift from the random to the serial strategy, they failed to use the
spatial strategy consistently (Fig. 1 E,F). On D4, the end of the
training period, the spatial strategy was used by 40.6 * 14.9% and
15.9 = 5.1% of CD3{ ™" (n = 8) and CD3{ /™ (n = 11) mice,
respectively (p < 0.05; two-way ANOVA with Bonferroni post
hoc test). Probe trials in which the escape box was removed were
performed at D5 and D12. The working memory was assessed by
counting the number of nose pokes into the target hole, which
corresponds to the former location of the escape box, and to its
adjacent holes. For both probe tests at D5 and D12, the group of
CD3¢ """ mice showed a preference for the target hole compared
with adjacent holes, indicating a good memory of that location
(number of nose spokes for the target vs adjacent holes was 3.5 *
0.5vs0.7 £0.2atD5,p <0.001;2.7 £ 0.6 vs 1.0 = 0.2at D12, p <
0.05; two-way ANOVA with Bonferroni post hoc test; Fig. 1G,H ).
In contrast, the group of CD3{ '~ mice showed no significant
difference between the target and adjacent holes, suggesting im-
pairment in working memory (number of nose spokes = 1.7 =
0.4vs0.7 = 0.2atD5,p > 0.05;1.2 = 0.6 vs 0.5 = 0.2at D12,p >
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0.05; two-way ANOVA with Bonferroni post hoc test). It has been
reported that CD3¢ /™ mice exhibit developmental abnormali-
ties of the visual system (Huh et al., 2000; Xu et al., 2010), which
might in turn affect the visual abilities required to locate the
escape hole using extramaze visual cues. In contrast, CD3¢ /™
mice showed an absence of retinal deficiency and an electro-
retinogram similar to that of CD3¢ /™ mice (Xu et al., 2010).
Therefore, the behavior of CD3Z */~ mice in the Barnes maze should
entirely reflect the learning and memory performance of these mice
without the interference of potential visual defects. During the
course of the training period, CD3Z "/~ mice exhibited a similar
pattern to the CD3¢ '~ mice, with a significant increase in the time
needed to reach the target hole at D4 compared with CD3¢ ™'+ mice
(CD3¢*™" 50,9 + 15.4'5,CD3¢ ™ 101.7 + 23.3 5, p < 0.05; two-
way ANOVA with Bonferroni post hoc test; Fig. 1C). As shown in
Figure 1, G and H, probe trials performed at D5 and D12 indicated
that CD3¢ "'~ mice did not significantly differentiate between the
target and adjacent holes. Compared with CD3¢ /" and CD3¢ ™/~
mice, the group of CD3¢ "'~ mice showed an intermediate pheno-
type, suggesting a gene-dose-dependent effect on memory. This
result shows that the poor performance of the heterozygous
CD3¢ """ mice in the Barnes maze was attributable to spatial learn-
ing and memory deficits and not to visual impairment.

Spatial learning and working memory were also assessed using
a spatial location memory task. In this task, mice were habituated
for 10 min to four different objects placed in a defined spatial
orientation. Mice were tested 24 h later in a new object configu-
ration in which two objects were moved to a novel location. Con-
tacts with the “old location” and “novel location” objects were
counted in both sessions. There were striking effects on reex-
ploration of the displaced objects, in which a renewed interest
(increased contacts) with the object was observed in wild-type
but not in CD3{ '~ and CD3{ "/~ mice, as indicated by the
percentage of preference for the novel location compared with
the old location (CD3¢ ™" 60.3 + 3.8% vs 39.7 = 3.8,n = 6,p <
0.05; CD3Z "'~ 49.5 + 2.3% vs 50.5 * 2.3%, n = 5, p > 0.05;
CD3§_/_ 48.2 * 3.7% vs 51.8 £ 3.7%, n = 4, p > 0.05; two-way
ANOVA with Bonferroni post hoc test). Together, these results
support a role of CD3{ in spatial learning and working memory.

<«

(Figure legend continued.) ~ and (D3~ mice were immunoblotted with an anti-(D3Z
antibody. -1, Cognitive behavior of (D3¢ ~/~ mice in the Barnes maze task (C—H) and in the
object location memory task (/). C, Performance measured as time to reach the target escape
hole improved significantly in all groups over the course of training, but (D3¢ ™/~ and
(D3Z /™ groups required a significantincreased amount of time tofind the escape route. Data
aremean = SEM (n = 8-11).%p < 0.05 (D3 ™/ vs (D3¢ ~/7); #p < 0.05(CD3Z '+ vs
(D3Z*'™), two-way ANOVA with Bonferroni post hoc test. D, No difference in average veloc-
ities was found between (D3§+’+ and (D3¢ ~/~ mice. Data are mean = SEM (n = 8-11).
E, Schematic diagram depicting the search strategies used by the mice during the training
period. F, Percentage of random, serial, or spatial search strategy used by the mice over the
course of training. Data are mean = SEM (n = 8-11). Compared with CD3§+’+ mice, the
proportion of spatial search strategy used by (D3 ~/~ mice is significantly reduced at D4
(p << 0.05, two-way ANOVA with Bonferroni post hoc test). G, H, Probe tests were performed
after the last training session on the Barnes maze at D5 (G) and D12 (H). Spatial memory was
assessed by measuring the number of visits into the target hole and the two adjacent holes.
(D3~ and (D3Z /™ mice failed to show a preference for the target hole at both D5 and
D12. Data are mean == SEM (n = 7-11). *p < 0.05; **p << 0.01; ***p < 0.001, two-way
ANOVA with Bonferroni post hoc test. /, (D3 ~/™ and (D3¢ /™ failed to show preference for
a novel object location in the object location memory task. The histogram represents the per-
centage of object location preference measured by the time spent in exploring objects in old or
novel location/total time spent in exploring objects during a 10 min period. Data are mean =+
SEM (n = 4—6). *p < 0.05, two-way ANOVA with Bonferroni post hoc test.
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Impaired spatial memory of CD3{~'~ mice is independent of
T-cell deficiency

Mice lacking CD3( exhibited a marked decrease in circulating
T cells (Liu et al., 1993; Love et al., 1993; Malissen et al., 1993),
which might account for the cognitive impairment observed in
CD3¢ ™'~ mice. Indeed, in mice with a normal immune system,
depletion of T cells by administration of anti-CD4 antibodies or
the immunosuppressive drug FTY720 resulted in cognitive im-
pairment within 7 d in a water maze paradigm (Wolf et al., 2009;
Derecki et al., 2010). Immunodeficient mice injected with
splenocytes from wild-type counterparts showed a significant
improvement of their performance on learning and memory
tasks (Kipnis et al., 2004), whereas injection of T-cell-depleted
splenocytes did not affect their performance, indicating that cog-
nitive improvement was T-cell dependent (Brynskikh et al., 2008;
Ron-Harel et al., 2008). To determine whether the T-cell defi-
ciency of CD3¢ ™'~ mice might underlie their impaired memory
performance, CD3{ '~ mice were repopulated to a normal level
of T cells by syngeneic BMT and subsequently evaluated for
memory performance in the Barnes maze. Donor and recipient
mice expressed different alleles of the CD45 and can therefore be
differentiated by flow cytometry using this congenic marker. Ir-
radiated CD3¢ /" and CD3/ ~/~ CD45.2 mice received 15 X 10°
BMC:s from C57BL/6 CD45.1 mice and immune cell reconstitu-
tion was analyzed by flow cytometry from blood samples at 14,
42, and 56 d after transplantation (Fig. 2A). Importantly, all
grafted mice developed multilineage mixed chimerism as as-
sessed by the presence of monocytes and B cells (data not shown)
as soon as 14 d after BMT and by the presence of T cells 42 d after
BMT. We observed a progressive increase of donor-derived
T cells (CD45.27) in both CD3¢ ™" and CD3{ '~ mice (Fig.
2A,B). In CD3Z*'* mice, the T-cell population at D42 com-
prised 38.2 £ 3.9% of donor-derived T cells (CD45.1-positive),
whereas the remaining cells corresponded to CD45.2-positive
T cells normally produced by CD3¢ *'* mice. This percentage of
chimerism (~40% donor/60% recipient) is expected for immu-
nocompetent mice (Fehr et al., 2010). In contrast, in CD3¢ '~
mice originally devoid of circulating T cells, the majority of
T cells were donor-derived CD45.1-positive T cells. At D42,
91.8 = 2.6% of total circulating T cells originated from the graft
(Fig. 2B). Moreover, 42 d after BMT, the proportion of mature
T cells (CD3e- and TCRB-positive cells) in grafted CD3¢ ™" and
CD3{ '~ mice was similar to naive CD3 ™" mice. This result
indicated that the BM cells engrafted efficiently and that trans-
planted CD3Z '~ mice develop normal level of donor-derived
T cells (CD3e ™ 25.99 *+ 1.56% and 18.61 * 1.37% of total cells
for grafted CD3¢"'" and grafted CD3{ '~ mice, respectively;
TCRB™ 26.51 = 1.62% and 20.50 = 1.42% of total cells for
grafted CD3¢ /" and grafted CD3{ '~ mice, respectively; n =
10-11, p > 0.05; Kruskal-Wallis test with Dunn post hoc test;
Fig. 2C,D). Working memory was assessed in the Barnes maze at
D42 after BMT. Despite T-cell replenishment, grafted CD3¢ '~
mice still showed no preference for the target hole compared with
the adjacent holes (Fig. 2E). Notably, comparable levels of T cells
were observed in CD3¢ "'+ and CD3{ /™ mice at the end of the
behavioral session at D56, suggesting that the efficiency of T-cell
repopulation remained similar in both groups during the entire
behavioral test period (Fig. 2A). The failure of T-cell replenish-
ment to restore memory performance in CD3¢ /" mice sug-
gested that the impaired learning and working memory of
CD3¢ '~ mice was likely independent of the T-cell deficiency.
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Comparisons were made with the naive (D3¢ group. E, Memory performance of grafted

D32+ and (D3 /™ mice in the Barnes maze task analyzed 42 d after BMT. Probe trials were performed at D5 of the test, after 4 d of training. Spatial memory was assessed by measuring the
number of visits into the target hole and the two adjacent holes. Naive and grafted (D3 ~/~ mice failed to show a preference for the target hole. Data are mean = SEM (n = 8—11). ***p < 0.001;

*¥p < 0.01, two-way ANOVA with Bonferroni post hoc test.

Decrease of synaptic GluN2A subunit and GluN2A-PSD95
interaction in CD3{’~ mice

In the CNS, CD3{ is mostly expressed in neurons (Baudouin et
al., 2008; Xu et al., 2010; Angibaud et al., 2011). In cortical cul-
tured neurons from CD3{ ™" mice, CD3{ immunoreactivity is
distributed in clusters mainly overlapping the glutamatergic syn-
aptic marker PSD95, in agreement with previous data from rat
hippocampal cultured neurons (Fig. 3A; Baudouin et al., 2008).
Moreover, no overlap was observed between CD3{ and the
GABAergic synaptic marker GAD, indicating the preferential lo-
calization at glutamatergic synapses (Fig. 3B). No CD3( staining
was observed in CD3{ ™/~ neurons, supporting the specificity of
the immunostaining provided by the CD3{ antibody (Fig. 3C).
To further detail the synaptic localization of CD3{, neurons im-
munolabeled for CD3¢ and either the postsynaptic NMDA recep-
tor (NMDAR) subunit GluN1 or the presynaptic protein SV2
were analyzed by confocal microscopy to achieve a 3D recon-
struction. The representation of 3D reconstruction indicated an
overlap of the CD3{ and GluN1 immunolabeling, whereas CD3¢
clusters were mostly apposed to SV2 clusters without any detect-
able overlap, supporting a postsynaptic localization of CD3( in
cortical neurons (Fig. 3D). The synaptic localization of CD3{ was
further confirmed by immunoblot analysis from rat brains, in
which the expression of CD3{ was detected in the synaptic mem-

brane fraction (Fig. 3E). We next assessed by immunofluores-
cence studies in cortical neuron cultures whether the lack of
CD3¢ would affect the distribution of glutamate receptors. Im-
munostaining for NMDAR (Fig. 4A) and AMPA glutamate re-
ceptor (AMPAR) subunits and for the scaffolding molecule
PSD95 were performed at 15 DIV in CD3¢ ™" and CD3¢ '~
cultured neurons. For each examined synaptic protein, the total
number of clusters along dendrites, including synaptic and extra-
synaptic clusters, was similar in CD3¢ */* and CD3Z ~/~ neurons
(Fig. 4B). In contrast, the number of synaptic clusters, quantified
by double labeling with the presynaptic protein Synapsin I,
showed that the proportion of synaptic NMDAR subunit
GIuN2A was reduced in CD3{ '~ neurons compared with
CD3{ ™" neurons (56.02 * 3.27% and 39.48 * 3.87% of total
clustersin CD3¢ ™" and CD3Z ~/~ neurons, respectively, n = 30,
p < 0.01, Student’s ¢ test; Fig. 4A,C). The number of synaptic
clusters for GluN1, GIuN2B, AMPAR subunit GluA1, and PSD95
was unchanged (Fig. 4C). In agreement with these in vitro data,
Western blots performed with synaptosome-enriched fractions
from mice brain indicated that the amount of GluN2A was sig-
nificantly reduced in mutant mice compared with CD3Z*"*
(GluN2A signal intensity normalized to GAPDH level was
338.5 = 43.4in CD3{ ™™ mice; 164.7 = 7.7% in CD3{ '~ mice,
n=15,p <0.01; two-way ANOVA with Bonferroni post hoc test),
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whereas no modification of GluN1 and GluN2B expression level
was observed (Fig. 4 D, E). Interestingly, no significant change in
GluN1, GluN2B, or GluN2A subunit levels was detected in the
whole membrane fraction (Fig. 4 D, E). These results suggest that
the lack of CD3({ selectively affects synaptic accumulation of
GluN2A without interfering with the cellular expression levels.
We next investigated whether CD3{ would interact with gluta-
mate receptors by performing co-IP experiments. Mice brain
homogenates solubilized in 1% Triton X-100 were immunopre-
cipitated with a monoclonal CD3{ antibody and the immunopre-
cipitates were analyzed by immunoblot for GluN2A and GluAl.
As shown in Figure 4F, only GluN2A was detected in the protein
complex. Control experiments using a nonspecific IgG or per-
formed with CD3¢ '~ brain lysate showed an absence of
GluN2A signal in the immunoprecipitated complex, indicating
the specificity of the interaction between CD3{ and GIluN2A.
Having shown that CD3{ interacts with GluN2A and that its
absence downregulates the synaptic localization of GluN2A, we
speculated that CD3{ may facilitate the association of NMDARs
with the membrane-associated guanylate kinase (MAGUK) pro-
tein PSD95, a major scaffolding molecule involved in the cell
surface stabilization and synaptic localization of NMDARs (Kor-
nau etal., 1995; Steigerwald et al., 2000; Lavezzari et al., 2003). To
test this hypothesis, the association between PSD95 and its pref-
erential interacting subunit GluN2A was studied by co-IP assay in
CD3¢ """ and CD3¢ '~ mouse brain lysates. The signal intensity
of the co-IP PSD95 was weaker in CD3Z '~ than in CD3Z /"
brain lysate, indicating that the interaction between PSD95 and
GIuN2A is disrupted in CD3Z ™'~ mice (signal co-IP PSD95 in
arbitrary units: 5.2 * 2.5 and 0.4 * 0.4 in CD3{"'" and
CD3¢ '~ mice, respectively, p < 0.05, Mann—-Whitney test; Fig.
4G,H). These experiments identify CD3{ as a novel interacting

partner of GluN2A. This interaction seems to consolidate the
association between GluN2A and PSD95, which might conse-
quently promote the synaptic expression of GluN2A-containing
NMDARs in neurons.

Defect in activity-dependent CaMKII autophosphorylation in
CD3{ '~ neurons

In addition to the synaptic anchoring of NMDARs, PSD95 is
critical to assembly of the NMDA receptor-associated protein
complex, thereby supporting the functional coupling of
NMDARs with downstream signaling at synapses (Sheng and
Kim, 2011; Sanz-Clemente et al., 2013). We thus investigated
whether the lack of CD3{ might affect downstream signaling
pathways at glutamatergic synapses. We have reported previously
that CD3( interacts with the ephrin receptor EphA4 and acts
downstream of an ephrinA1/EphA4 pathway to mediate early
neuronal morphogenesis (Angibaud et al., 2011). In mature neu-
rons, EphA4 is a component of the glutamatergic synapses and is
involved in the regulation of dendritic spine morphology and
hippocampal synaptic plasticity (Grunwald et al., 2004; Murai
and Pasquale, 2004; Inoue et al., 2009). Increased synaptic activ-
ity induces the processing of EphA4 by y-secretase, resulting in
the formation of a cleaved EphA4 intracellular domain (EICD),
which has the ability to enhance the formation of dendritic spines
(Inoue et al., 2009). We postulated that CD3¢ might be part of a
NMDA-EphA4 receptor protein complex and might therefore
regulate the level of EphA4 processing in a coordinated manner
with synaptic activation. We thus examined whether the lack of
CD3¢ would alter the level of EICD. Western blot analysis of
EICD showed no difference in brain lysates from CD3¢ /" and
CD3{ '™ mice (Fig. 5A, B). The processing of EphA4 was further
analyzed in primary cortical neuron cultures in which the spon-
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Figure4. (D3isrequired forthe synapticlocalization of GluN2A and the GIuN2A—PSD95 interaction. A, Representative images of 15 DIV cultured cortical neurons from (D3¢ ™/ and (D3 ~/~
mice double labeled with GIuN2A and Synapsin |. Scale bar, 10 .em. B, The number of GluN1, GIuN2A, GIuN2B, GluA1, and PSD95 clusters per length of dendrite was measured in 15 DIV (D3¢ A
and (D3Z /™ cultured cortical neurons immunostained for each protein (n = 3—4). €, Levels of synaptic GIuN1, GluN2A, GIuN2B, GluA1, and PSD95 clustersin 15 DIV (D32 */* and (D3¢ ~/~
cultured cortical neurons immunostained by double labeling of each postsynaptic protein with the presynaptic protein synapsin |. Data are mean = SEM (n = 3—4). ***p < 0.01, Mann—Whitney
test. D, Western blot analysis of NMDAR subunits in total membrane fraction and synaptosome-enriched fraction from (D32 */* and (D3¢ ~/~ mouse brains. E, Quantification of the expression
of NMDAR subunits in the total membrane fraction and synaptosome-enriched fraction of (D3 */* and (D3Z /™ mouse brains normalized to GAPDH. Data are mean == SEM (n = 4 for each
group). **p < 0.01, Mann—Whitney test. F, GIuN2A, but not GluA1, is co-immunoprecipitated with (D3¢ from (D32 */* mice brain lysate. Mice brain membrane homogenates solubilized in 1%
Triton X-100 were immunoprecipitated with (D3 antibody. The immunoprecipitates were resolved by SDS-PAGE and probed with GIuN2A or GluA1 antibodies. GIuN2A is not detected in protein
complex immunoprecipitated from (D3Z /™ mice brain lysate. Input lanes contain 5% of extract used for IP. G, Disruption of GIuN2A-PSD95 interaction in (D32 /™ mice. (D3¢ ™/ and
(D3Z ~'~ mice brain membrane homogenates solubilized in 1% Triton X-100 were immunoprecipitated with GluN2A antibody and immunoblotted with a PSD95 antibody. Input lanes contain 5%
of extract used for IP. H, Quantification of the co-IP PSD95 signal with GluN2A antibody from mouse brain lysates. Signal intensity of co-immunoprecipitated PSD95 was normalized to signal intensity
of PSD95 input, divided by signal intensity of IP GIuN2A. Values are mean == SEM (n = 4). *p << 0.05, Mann—Whitney test.

taneous synaptic activity was increased by application of the ad-
enylate cyclase activator forskolin and the phosphodiesterase
inhibitor rolipram (F/R), a treatment previously shown to induce
EICD production (Inoue et al., 2009). This treatment enhanced
the processing of EphA4 similarly in CD3Z*'* and CD3¢ '~
neurons (Fig. 5C,D), indicating that CD3( is likely not involved
in the synaptic-activity-induced processing of EphA4.

CaMKII is a key synaptic signaling molecule at glutamatergic
synapses and has a well documented role in the induction of LTP
(Lisman et al., 2012). The current model is that the opening of
NMDARs during the induction of LTP leads to calcium entry that
triggers activation of CaMKII. This calcium elevation induces the
synaptic translocation of CaMKII and its binding to NMDARSs.
Then, the autophosphorylation at the threonine-286 (T286) in
the a-isoform switches the kinase into an active conformation
that persists even after the calcium concentration falls to baseline
levels. The autophosphorylation of CaMKII is a prerequisite for
changes in synaptic strength, such as LTP (Giese et al., 1998;
Hudmon and Schulman, 2002). We investigated whether the

synaptic translocation and level of autophosphorylated CaMKII
would be affected by the lack of CD3{. NMDA-dependent syn-
aptic plasticity was induced in cortical neuron cultures using a
Gly-LTP protocol. Application of glycine in the absence of Mg**
induces the selective activation of synaptic NMDARs (Lu et al.,
2001), resulting in LTP manifest by long-lasting increase in
mEPSC amplitude and frequency (Lu et al., 2001; Kopec et al.,
2006) and synaptic translocation of CaMKII and GluA1 (Liao et
al., 2001; Lu et al., 2001; Oh and Derkach, 2005; Sharma et al.,
2006). In CD3¢*'* neurons, Gly-LTP stimulates the transloca-
tion of CaMKII from dendritic shafts to spines by more than
2-fold, whereas this effect was abolished in CD3¢ '~ neurons
(control vs Gly-LTP, p < 0.001 for CD3¢{ and p > 0.05 for
CD3{ /7, two-way ANOVA followed by Bonferroni post hoc
test; Fig. 6A,B). Moreover, increase of autophosphorylated
CaMKII at T286 was significantly induced by Gly-LTP in
CD3Z " but absent in CD3{ '~ neurons (control vs Gly-LTP,
p < 0.05 for CD3¢*'* and p > 0.05 for CD3{ /", two-way
ANOVA followed by Bonferroni post hoc test; Fig. 6C,D). A key
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(D3Z s not required for the activity-induced processing of EphA4. A, Western blot analysis of the cleaved EphA4 intracellular domain EICDin CD3Z */* and (D3Z ~/~ mouse brains.

Forebrain form (D3¢ */* and (D3¢ ~/~ mice were solubilized in RIPA buffer and analyzed by Wester blot using an EphA4 antibody. B, For quantification, EICD signals were divided by EphA4
signals (n = 4). C, Western blot analysis of the activity-induced increase of cleaved EphA4 intracellular domain EICD in (D3¢ /™ and (D32 ~/" cultured cortical neurons. Cultured neurons at 15
DIV wereincubated for 16 h with DMSO (CTRL) or F/R, and EphA4 processing was assessed by Western blot using an EphA4 antibody. D, Quantification of the EICD/EphA4 ratio (percentage of control).

Data are mean = SEM (n = 3).

event to maintain the synaptic localization and active conforma-
tion of CaMKII is the binding of CaMKII to several postsynaptic
density proteins, among which the GluN2 subunits of the
NMDAR appear to be of primary importance. The interaction of
CaMKII with the GluN2A and GIuN2B subunits was assessed by
co-IP from CD3{ ™" and CD3{ '™ mice brain lysates. CaMKII
underwent co-IP with GluN2A from CD3¢ ™/ mice brain but
not from CD3¢ ~/~ mice brain (signal colP CaMKII in arbitrary
units: 87.3 * 60.6 and 0.1 = 0.1 in CD3{ ™" and CD3¢ /",
respectively, p < 0.05, Mann—Whitney test; Fig. 6 E,F). In con-
trast, CaMKII was immunoprecipitated with GluN2B at a similar
level in CD3¢ ™" and CD3{ ™'~ brain homogenates (signal colP
CaMKII in arbitrary units: 16.6 * 12.1 and 10.1 * 3.3 in
CD3¢*"* and CD3¢ /7, respectively, p > 0.05, Mann—Whitney
test; Fig. 6E,F). These data suggest that the reduced-activity-
induced synaptic accumulation and phosphorylation at T286 of
CaMKII in CD3¢ '~ neurons likely results from a defective
CaMKII-GluN2A interaction.

Lack of CD3{ ™/~ impairs activity-dependent synaptic
recruitment of the AMPAR subunit GluA1

The decrease of CaMKII activation in CD3¢ ™/~ neurons might
affect AMPAR channel properties and trafficking. Activated
CaMKII promotes the enhancement of AMPA-mediated trans-
mission during LTP through two main processes. One process
increases the conductance of AMPARs through a CaMKII-
dependent phosphorylation of GluAl, mainly at Ser831 (S831)
(Kristensen et al., 2011). The second process is the insertion of
AMPARSs into synapses. This mechanisms is thought to be
achieved through the CaMKII-dependent phosphorylation of the
GluA1 auxiliary subunit stargazin, which in turn allows AMPAR
to bind to PSD95, resulting in the anchoring of AMPARs at the
synapse (Tomita et al., 2005; Opazo et al., 2010). We thus inves-
tigated whether activity-dependent GluAl phosphorylation at

S831 or GluA1l recruitment at synaptic sites would be affected by
the lack of CD3{. Cortical neuron cultures subjected to Gly-LTP
were analyzed by Western blot for the level of phosphorylated
GluA1l at S831 using a phospho-S831 GluAl antibody. The Gly-
LTP protocol induced an increase of the phospho-S831 GluAl
similarly in CD3¢ ™" and CD3{ ™'~ neurons (Fig. 7A,B). The
effect of Gly-LTP on the synaptic recruitment of GluAl was
achieved by immunofluorescence studies. Neurons were immu-
nolabeled for GluA1 and the postsynaptic marker PSD95. Synap-
tic GluA1 was defined as GluAl clusters colocalized with PSD95
clusters. Gly-LTP induced a >2-fold increase of synaptic GluA1l
in CD3¢™'" neurons compared with mock-stimulated control
(p < 0.01, two-way ANOVA with Bonferroni post hoc test; Fig.
7C,D). In contrast, CD3Z ~/~ neurons failed to undergo the syn-
aptic accumulation of GluA1 upon Gly-LTP (p > 0.05, two-way
ANOVA with Bonferroni post hoc test; Fig. 7C,D). As a control,
PSD95 protein clustering was unaffected by genotype or stimulation
(Fig. 7E). These results suggest that the deficiency of CaMKII auto-
phosphorylation in CD3{ '~ neurons preserves the signaling path-
way required for the GluA1 phosphorylation at S831 but affects the
synaptic recruitment of GluAl.

Discussion

This study identified for the first time the immunoreceptor-
associated protein CD3{ as a key mediator in learning and memory.
We found that the impaired cognitive behavior of CD3¢ '~ mice
is independent of T-cell deficiency, but associated with major
alterations of glutamatergic synapses. Specifically, our data
showed that CD3{ promotes GIuN2A synaptic localization and
the formation of GluN2A-CaMKII complexes. Moreover, CD3¢
is required for NMDA-dependent CaMKII activation and for the
synaptic recruitment of the AMPAR subunit GluA1 (Fig. 8). To-
gether, these results support the model that the procognitive
function of CD3{ may be mediated through its involvement in
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the NMDAR downstream signaling path- A
way leading to CaMKII-dependent LTP
induction.

Our study showed that CD3{-deficient
mice exhibited impaired learning behav-
ior and working memory as examined by
spatial learning and memory tasks in the
Barnes maze and a spatial location mem-
ory task. In CD3¢ /" mice, the level of c
circulating T cells is dramatically reduced
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wild-type T cells had no influence on cog-
nitive behavior of CD3¢ ~/~ mice. This re-
sult suggests that the cognitive deficits of
CD3Z~'~ mice primarily resulted from
the absence of CD3{ in neurons. How-
ever, it remains possible that grafted
T cells exerted a beneficial, but less preva-
lent, effect on memory, which could have
been masked by the dominant direct effect
of the absence of CD3{ on neuronal
functions.

We found a postsynaptic enrichment
of CD3{ at glutamatergic synapses and
defects in Gly-LTP in CD3{ /" neurons,
suggesting essential postsynaptic func-
tions of CD3{ at glutamatergic synapses,
in agreement with previous studies in the
hippocampus and the retina (Huh et al,,
2000; Xu et al., 2010). We now delineate a
mechanism by which CD3{ contributes to
the plasticity of glutamatergic synapses.

GluN2A = ~ —180kDa

]

L
P P
196 GUN2BAb  Input 196 GIuN2B Ab

- — ‘—50kDa

_ = ] o ov
- W —170kDa Cog(;‘ 00’5“

Input
CamkKIl s

ColP-CaMKII
(arbitrary units)
2
S

1

XW¥

GlN2B « & o RS 0.,(4\
Figure6. (D3(is required for the activity-induced CaMKIl translocation to dendritic spines, autophosphorylation, and associ-
ation with the NMDAR subunit GluN2. A, CaMKII detected by immunofluorescence showed an increased localization to dendritic
spines in response to Gly-LTP in (D32 /™, but not (D3Z ~/~, cultured cortical neurons. Scale bar, 5 wm. B, The number of
CaMKII-positive dendritic spines per length of dendrite was measuredin 15DIVCD3Z */* and (D3¢ /™ cultured cortical neurons
immunostained for CaMKII. Data are mean == SEM (n = 3). ***p < 0.001, two-way ANOVA with Bonferroni post hoc test. C, The
increase of CaMKIl phosphorylation at T286 in response to Gly-LTP is abolished in (D3 /™ neurons. The total level of CaMKIl is
unaffected by genotype or stimulation. (D32 */* and (D3¢ /™ cultured cortical neurons at 15 DIV were stimulated by Gly-LTP
and the cellular extracts were analyzed by Western blot using antibodies against phospho-T286 CaMKIl and total CaMKII. D, For
immunoblot quantification, phospho-T286 CaMKIl signals were divided by total CaMKII signals and normalized to control values.
The data represent the mean = SEM (n = 4). *p << 0.05, two-way ANOVA with Bonferroni post hoc test. E, Co-IP of the
GluN2A-CaMKIl and GluN2B-CaMKIl complex from (D32 */* and (D32 ~~ mouse brains. Mouse brain membrane homogenates
solubilized in 1% Triton X-100 were immunoprecipitated with GIuN2A or GIuN2B antibodies. The immunoprecipitates were
resolved by SDS-PAGE and probed with CaMKll antibody. Input lanes contain 5% of extract used for IP. F, Quantification of the co-IP
CaMKII signals with GIuN2A or GluN2B antibody from mouse brains lysates. Signal intensity of co-immunoprecipitated CaMKIl was
normalized to signal intensity of CaMKIl input, divided by signal intensity of IP GIuN2A or GIuN2B. Values are mean == SEM (n =
4-6).*p < 0.05, Mann—Whitney test.

We found that CD3{ promotes GluN2A
synaptic localization and the GluN2A-
CaMKII interaction. CaMKII binding to the NMDAR subunit
GluN2 seems to have a key role in the CaMKII-dependent LTP
induction (Barria and Malinow, 2005; Zhou et al., 2007). Accord-
ingly, our data show that CD3{ is required for activity-induced
CaMKII autophosphorylation and GluA1 synaptic recruitment,
two key events for LTP and memory formation (Lisman et al.,
2012). Together, these data suggest that the role of CD3{ in cog-
nition is mediated by its contribution to the NMDAR down-
stream signaling pathway leading to CaMKII activation and
subsequent synaptic translocation of GluA1l (Fig. 8).

Our results showed that the lack of CD3({ in cortical neuron
cultures inhibited Gly-LTP, as reflected by a marked decrease of
CaMKII autophosphorylation and GluA1 synaptic translocation.
However, electrophysiological recording in CD3¢ '~ hippocam-
pal slices reported an enhanced NMDA-dependent LTP com-
pared with wild-type mice (Huh et al., 2000). The conflicting
conclusions between the two studies likely result from the differ-
ence in experimental systems (brain hippocampal slices vs corti-
cal neuron culture) and, more importantly, in the paradigm used
to induce LTP. Accordingly, LTP elicited by weak tetanic stimu-

lations of 5 or 10 Hz was abrogated in LIM kinase (LIMK1)-
deficient mice, whereas a more robust stimulation induced by
high frequency of 50 or 100 Hz was shown to have the opposite
effect in LIMK1 knock-out mice, which then exhibited enhanced
LTP (Mengetal.,2002). Weinduced NMDAR-dependent LTP in
cortical neurons by a Gly-induced protocol that requires sponta-
neous release of glutamate from opposing terminals to specifi-
cally activate postsynaptic NMDARs, which is thought to mimic
standard weak LTP protocol (Lu et al., 2001; Kopec et al., 2006;
Fortin et al., 2010). In contrast, Huh et al. used a strong, high-
frequency stimulation (4 X 100 Hz) to induce LTP (Huh et al,,
2000). Similarly to LIMK1, the lack of CD3¢ might differentially
affect the propensity to develop LTP depending on the paradigm
used to induce LTP.

The lack of CD3{ in GluN2A-containing protein complex af-
fects GluN2A in two ways: (1) its synaptic localization, as dem-
onstrated in vivo by immunoblot of synaptosome-enriched
fraction from CD3¢ '~ mice brain and in vitro by GIuN2A im-
munofluorescence of cortical neuron cultures, and (2) its associ-
ation with PSD95 as demonstrated by co-IP experiments. Given
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Figure 7. (D3 is required for activity-induced GluA1 synaptic translocation. A, Western blot analysis of the activity-induced increase of GluA1 phosphorylation at 5831 in (D3 */* and

(D3Z /™ cultured cortical neurons. Cultured neurons at 15 DIV were stimulated by Gly-LTP and the cellular extracts were analyzed by Western blot using antibodies against phospho-5831 GluA1
and total GluA1. B, Quantification is shown as a ratio of phospho-5831 GluA1 to total GluAT normalized to the mean control. Gly-LTP induced a similar increase of phospho-$831in (D3Z */* and
3¢ ~/~ neurons compared with unstimulated cells. Values are mean == SEM (n = 4).*p << 0.05, two-way ANOVA. (, GluA1 detected by immunofluorescence (red) showed an increased synaptic
localization in response to Gly-LTPin (D3¢ /™, butnot (D3¢ ™, cultured cortical neurons. Scale bar, 5 um. D, Levels of synaptic GluA1 determined by the number of GluA1-PSD95 dlusters/total
GluAT clusters. Data are mean == SEM (n = 4). **p < 0.01, two-way ANOVA with Bonferroni post hoc test. E, The number of PSD95 clusters per length of dendrite was determined in 15 DIV

(DB(“Jr and (D3§’/’ cultured cortical neurons immunostained for PDS95. Data are mean = SEM (n = 4).
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ing significant functional role of other
MAGUKS, such as SAP97 and SAP102, and
additional GluN2-binding partners, such as
a-actinin, in the synaptic localization of
NMDARs (Wyszynski etal., 1997; Dunah et
al., 2000). Our data showed that the
decrease in synaptic GluN2A in CD3¢ ™/~
neurons is associated with a massive reduc-
tion of Gly-LTP-induced translocation of
CaMKII to dendritic spine and CaMKII au-
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tophosphorylation at T286. It is now well
established that CaMKII autophosphoryla-
tion is a significant downstream event of
NMDARs activation, leading to the increase
of AMPAR-mediated transmission during
plasticity, and we show now that CD3({ is
required in this process. The maintenance
of CaMKII at postsynaptic sites for pro-
longed period of time and persistence into
an active state critically depends on CaMKII
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Figure 8.  Schematic representation of altered plasticity and mechanisms underlying this effect in (D3 /" mice. In the
absence of (D3¢, the NMDAR-PSD95 complex is loose, thereby inducing a decrease of the synaptic localization of NMDARs, which
in turn affects NMDA-dependent CaMKIl synaptic translocation and activation (1). The defects of CaMKIl activation restrain

AMPARSs synaptic recruitment during LTP (2).

the key involvement of PSD95 in the expression and stabilization
of GluN2A at synapses (Kornau et al., 1995; Sprengel et al., 1998;
Steigerwald et al., 2000), the role of CD3( in regulating synaptic
GluN2A might be mediated through its regulation of the
GluN2A-PSD95 interaction. However, an ~50% reduction of
synaptic GluN2A was observed in CD3¢ ~/~ mice, in contrast to
the total loss of the GluN2A-PSD95 association in CD3¢ '~
mice brains. This discordance suggests that the synaptic localiza-
tion of GluN2A also relies on mechanisms independent of a
GluN2A-PSD95 interaction, consistent with previous studies show-

binding to the GluN2 subunit of NMDARs
(Lisman etal., 2012). Accordingly, we found
a defect in CaMKII interaction with GluN2
inCD3¢ '~ micebrain as reflected by lower
co-IP of CaMKII with GluN2A in CD3¢ ~/~
mice. CD3{ has three immunoreceptor
tyrosine-based activation motifs (ITAM:s)
in its intracellular domain that serve as a docking site for several
kinases, enabling the formation of TCR-signaling protein com-
plex during T-cell activation (Pitcher and van Oers, 2003). In
analogy with T cells, neuronal CD3{ might contribute to the
stabilization of CaMKII in the close proximity of NMDARs at
synaptic sites through an ITAM-mediated docking activity.
To address the consequences of CD3{-mediated signaling cas-
cade in CaMKII-dependent synaptic plasticity, we focused our
studies on two main CaMKII-dependent signaling processes



18684 - ). Neurosci., November 20, 2013 - 33(47):18672—-18685

leading to the potentiation of AMPA receptor function. One pro-
cess is the phosphorylation at S831 of the GluA1 subunit of the
AMPAR resulting in an increase of the channel conductance
(Derkach et al., 1999; Patterson et al., 2010; Lisman et al., 2012).
The second process involves an increase in the number of
AMPARSs at synapses (Shi et al., 1999). Extrasynaptic mobile
AMPARs are trapped through the CaMKII-mediated phosphor-
ylation of the auxiliary subunit stargazin and its binding to PDZ
domain scaffolds, such as PSD95 (Tomita et al., 2005; Bats et al.,
2007; Opazo etal., 2010). We found that the lack of CD3{ had no
effect on the phosphorylation of GluA1 at S831, but inhibited the
activity-induced synaptic recruitment of GluAl. This finding is
consistent with previous studies demonstrating that the capture
of AMPARs at synapse through CaMKII-mediated signaling is
independent of AMPAR phosphorylation at S831 (Opazo et al.,
2010). Therefore, CD3{ is required for the activity-driven en-
hancement of AMPARs at synapses. The exact mechanism by
which CD3({ selectively supports the synaptic recruitment of
GluAl remains to be determined. The cytoplasmic domain of
CD3/{ contains a stretch of basic amino acid residues shown
to bind with high affinity to phosphoinositides, including
phosphatidylinositol-(3,4,5)-trisphosphate (PIP3). This CD3{—
phosphoinositide interaction is required in T cells for the stable
accumulation of the TCR-CD3 complex at the immunological
synapse (DeFord-Watts et al., 2011). PIP3 plays a critical role in
the maintenance and in the CaMKII-induced increase of
AMPARs at synaptic membranes (Arendt et al., 2010). PIP3
seems to act at a very local scale by ensuring PSD-95-mediated
clustering of AMPARs at the postsynaptic membrane and, there-
fore, preventing receptor dispersion into the neighboring extra-
synaptic membrane of the spine. It is possible that CD3¢
contributes to the activity-induced synaptic recruitment of
AMPARs by linking PIP3 with AMPAR-stargazin complex
through PSD95.
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