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Synaptic adhesion molecules regulate synapse development through trans-synaptic
adhesion and assembly of diverse synaptic proteins. Many synaptic adhesion molecules
positively regulate synapse development; some, however, exert negative regulation,
although such cases are relatively rare. In addition, synaptic adhesion molecules regulate
the amplitude of post-synaptic receptor responses, but whether adhesion molecules
can regulate the kinetic properties of post-synaptic receptors remains unclear. Here we
report that Cimp, a homophilic adhesion molecule of the Ig domain superfamily that is
abundantly expressed in the brain, reaches peak expression at a neonatal stage (week 1)
and associates with subunits of AMPA receptors (AMPARS) and kainate receptors (KARs).
Clmp deletion in mice increased the frequency and amplitude of AMPAR-mediated
miniature excitatory post-synaptic currents (MEPSCs) and the frequency, amplitude, and
decay time constant of KAR-mediated mEPSCs in hippocampal CA3 neurons. Cimp
deletion had minimal impacts on evoked excitatory synaptic currents at mossy fiber-CA3
synapses but increased extrasynaptic KAR, but not AMPAR, currents, suggesting
that Cimp distinctly inhibits AMPAR and KAR responses. Behaviorally, Cimp deletion
enhanced novel object recognition and susceptibility to kainate-induced seizures, without
affecting contextual or auditory cued fear conditioning or pattern completion-based
contextual fear conditioning. These results suggest that Clmp negatively regulates
hippocampal excitatory synapse development and AMPAR and KAR responses in the
neonatal hippocampal CA3 as well as object recognition and kainate seizure susceptibility
in mice.

Keywords: synaptic adhesion molecule, synaptic transmission, AMPA receptors, kainate receptors, NMDA
receptors, hippocampus, learning and memory, seizure

INTRODUCTION

Synaptic adhesion molecules mediate and regulate diverse aspects of synapse development and
function (Dalva et al, 2007; Shen and Scheiffele, 2010; Siddiqui and Craig, 2011; Takahashi
and Craig, 2013; Um and Ko, 2013; Ko et al.,, 2015; de Wit and Ghosh, 2016; Jang et al., 2017;
Krueger-Burg et al., 2017; Stidhof, 2017; Sudhof, 2018; Yuzaki, 2018; Kurshan and Shen, 2019;
Ribic and Biederer, 2019). Synaptic adhesion molecules localized to early axo-dendritic contacts
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FIGURE 1 | Distribution patterns of Cimp mRNAs. (A) Domain structure of Clmp. Ig,,c2, immunoglobulin V/C2-like; TM, transmembrane. (B) Distribution patterns of
Clmp mRNA in the mouse brain at E18 and P1, P7, P14, P21, and P56, as revealed by isotopic in situ hybridization. (C) Expression of CiImp mRNA
(Continued)

Frontiers in Synaptic Neuroscience | www.frontiersin.org 7 December 2020 | Volume 12 | Article 567075



Jang et al.

Clmp Regulates KAR-mediated Seizure Susceptibility

Clmp mRNA signals at week 8, but not at week 1. Scale bar, 200 um.

FIGURE 1 | in Vglut1/2-positive glutamatergic neurons (upper panels) and Gad1/2-positive GABAergic neurons (lower panels) in the neocortex and hippocampus in
the mouse brain [week 1 (P7)], as revealed by fluorescence in situ hybridization (FISH). Coronal brain sections were doubly stained for Clmp and Vglut1/2 or Gad1/2,
and counterstained with DAPI (nuclear stain; blue). Images at right show enlarged views of white boxes in the images at left. The yellow arrows indicate neurons that
express both Clmp and neuronal markers. Note that the DG area shows faint signals for Clmp mRNA. Scale bar, 300 wm (left) and 20 pm (right). (D,E) Age-dependent
changes in the distribution patterns of CiImp mRNA in the hippocampus of the mouse brain at weeks 1 and 8, revealed by FISH. Note that the DG area shows strong

reaching a peak at approximately week 1 and decreasing to adult
levels around week 3, an expression pattern that contrasted with
that of PSD-95, a major excitatory post-synaptic protein (Sheng
and Sala, 2001), which steadily increased until reaching a peak at
about week 3 (Figure 2B).

Biochemical fractionation experiments on whole mouse brain
samples at week 1 indicated that Clmp protein is enriched
in synaptic fractions, including crude synaptosomes (P2), the
synaptic vesicle fraction (P3), the synaptosomal membrane
fraction (LP1), and the synaptosomal vesicle fraction (LP2)
(Figure 2C). Subcellular distribution patterns at week 6 were
similar to those at week 1, although levels of Clmp protein in the
LP2 fraction were decreased at week 6 (Figure 2D). Intriguingly,
Clmp protein was not enriched in post-synaptic density (PSD)
fractions at week 1 or 6 (Figures 2E,F). These results contrast
sharply with the abovementioned enrichment of Clmp protein
in synaptic membrane and synaptic vesicle fractions, suggesting
that Clmp protein is present at synaptic sites but is not tightly
associated with the PSD.

IgSF11, a relative of Clmp, binds to the PDZ domains (PDZ1
+ PDZ2) of PSD-95 through its C-terminal PDZ-binding motif
(Jang et al., 2016). The C-terminal tail of the Clmp protein
containing the last four residues, FQTV, partly resembles the
Class I PDZ domain-binding motif (X-S/T-X-V) (Sheng and
Sala, 2001). We thus tested whether Clmp could directly bind
to and form a complex with PSD-95 in heterologous cells. Clmp
failed to bind PSD-95, whereas IgSF11 did form a complex
with PSD-95 in a manner that required the last four amino
acid (aa) residues (Figure 2G). Molecular modeling indicated
steric hindrance between the F residue in the FQTV sequence of
the Clmp tail and the tail-binding pocket of the PDZ1 domain
of PSD-95 (Figure 2H), which is predicted to suppress the
interaction. These results indicate that Clmp is unable to bind
PSD-95, a major component of the PSD, in line with the limited
enrichment of Clmp in PSD fractions.

Increased AMPAR and KAR mEPSCs and
Decreased NMDAR mEPSCs in Clmp™-
Hippocampal CA3 Neurons

Clmp protein is detected at synaptic sites, despite not being
enriched in PSD fractions, and previous studies indicate that the
Clmp relatives, IgSF11, and CAR, regulate excitatory synaptic
transmission in the hippocampus (Jang et al., 2016; Wrackmeyer
et al,, 2019). We thus tested if Clmp deletion in mice alters
synaptic transmission in the hippocampus, where Clmp is most
strongly expressed (Figure 2A). To this end, we generated mice
carrying a homozygous deletion of exons 3-5 of the Clmp
gene (Clmp~/~) (Supplementary Figures 3A,B). Complete loss
of Clmp protein was confirmed by immunoblot analyses using

whole-brain lysates of the Clmp~/~ brain and an antibody
directed against the last 29 aa residues of the protein generated
as part of the present study (Supplementary Figure 3C). At
P7, Clmp~/~ mice showed a Mendelian ratio of 0.30:0.50:0.20
(WT, Clmp*/=, and Clmp~/~), indicative of a reduction
in the proportion of Clmp™/~ mice compared with the
expected ratio of 0.25:0.50:0.25 and similar to a previous report
(Langhorst et al., 2018). In line with this, Clmp~/~ mice
displayed decreased (~50%) survival rate during post-natal
stages (Supplementary Figure 3D).

We next examined miniature post-synaptic currents in
Clmp~/~ hippocampal regions, including CAl, CA3 and the
DG, at week 1 (Figure3A), the developmental stage at
which Clmp expression peaks. Clmp~/~ pyramidal neurons
in the CA3 region showed increases in both the frequency
and amplitude of miniature excitatory post-synaptic currents
(mEPSCs) (Figure 3B). In contrast, Clmp_/ ~ pyramidal neurons
in the CAl and DG region showed unaltered mEPSCs
(Figures 3C,D). Inhibitory synaptic transmission, determined
by measuring miniature inhibitory post-synaptic currents
(mIPSCs), was unaltered in CA3 neurons (Figure 3E), indicative
of a selective increase in excitatory transmission. Importantly,
DCG-1V, a selective agonist of group II metabotropic glutamate
receptors (mGluR2/3) that is known to reduce synaptic
transmission at mossy fiber inputs but not at associational
inputs in the CA3 region (Yoshino et al, 1996), fully
reversed the increased mEPSC frequency and amplitude in
Clmp~/~ CA3 pyramidal neurons (Figure 3F), by more strongly
decreasing mEPSCs in Clmp~/~ than in WT CA3 neurons
(82% vs. 65% in mEPSC frequency) (Figures 3B,F). In addition,
another mGIuR2/3 agonist, LY354740, eliminated the genotype
differences in the frequency and amplitude of mEPSCs between
WT and Clmp~/~ CA3 neurons (Figure 3G), by less strongly
decreasing Clmp~/~ mEPSCs (69 vs. 34% in mEPSC frequency)
(Figures 3B,G).

The abovementioned mEPSCs in different hippocampal
regions, including CA3, are mainly mediated by AMPARs. We
thus tried to isolate mEPSCs mediated by KARs or NMDARs.
KAR-mEPSCs, isolated by the selective AMPAR antagonist GYKI
53655 and the NMDAR blocker AP5, showed increases in the
frequency and amplitude as well as in the decay time constant but
not in the rise time (Figure 3H). In addition, NMDAR-mEPSCs,
isolated by the AMPAR/KAR antagonist NBQX, revealed a
decrease in the frequency but not amplitude (Figure 3I).
Together, these results collectively suggest that Clmp deletion
leads to changes in AMPAR, KAR, and NMDAR mEPSCs in
Clmp~/~ CA3 neurons; increased frequency and amplitude of
AMPAR mEPSCs, increased frequency, amplitude, and decay
time constant of KAR mEPSCs, and decreased frequency of
NMDAR mEPSCs.
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FIGURE 2 | Cimp protein is enriched in synaptic, but not PSD, fractions and fails to interact with PSD-95. (A) Levels of Cimp proteins in different brain regions (6
weeks, rat), revealed by immunoblot analysis. Cx, cortex; Hc, hippocampus; Cb, cerebellum; OR, other brain regions. (B) Changes in Cimp protein levels during
stages of post-natal brain developmental (rat), revealed by immunoblot analysis. PSD-95, a control post-synaptic protein; B-actin, a loading control. (C,D) Subcellular
fractionation patterns of Clmp protein in the rat brain (weeks 1 and 6), revealed by immunoblot analysis. Note that Clmp protein is more abundant in synaptic
membrane and vesicle fractions (P2, P3, LP1, and LP2) at week 1 and also at week 6, although at this latter stage, LP2 levels are strongly reduced. H, homogenates;
P1, cells and nuclei-enriched pellet; P2, crude synaptosomes; S2, supernatant after P2 precipitation; S3, cytosol; P3, light membranes; LP1, synaptosomal
membranes; LS2, synaptosomal cytosol; LP2, synaptic vesicle-enriched fraction. (E,F) Minimal enrichment of Cimp proteins in PSD fractions in the rat brain (weeks 1
and 6). PSD |, Triton X-100 once; PSD II, Triton X-100 twice; PSD IlI, Triton X-100 and sarcosyl. (G) Cimp does not form a complex with PSD-95 in HEK293T cells.
IgSF11, a positive control for PSD-95 association; IgSF11 AC3, a mutant IgSF11 that lacks PSD-95 binding; Transf, Transfection; IP, immunoprecipitation; HA,
HA-tag. (H) Molecular modeling indicates steric hindrance between the F residue in the Cimp C-terminus and the tail-binding pocket in the PDZ1 domain of PSD-95,
predicted using the structures of the PDZ1 and PDZ2 domains of PSD-95 (PDB 3GSL) and the last 10 aa residues of Cimp and IgSF11. Dotted red circles, tail-binding
pockets in the PDZ domain; dotted white circles, last four aa residues of Clmp and IgSF11. The surface is color-coded based on electrostatic potential, contoured
from —5.0 kT/e (red: acidic) to +5.0 kT/e (blue: basic). Hydrophobic surface patches are shown in white. Scale bar, 1 nm.

Moderately Changed Kinetics of Evoked evoked excitatory transmission in MF-CA3 pathway, one of
M p y

Excitatory Synaptic Transmission at the principal inputs to the CA3 neurons. The amount of

c|mp-/- MF-CA3 Synapses evoked excitatory post-synaptic current (eEPSCs), measured in

Because the abovementioned results suggest that Clmp negatively the presence of the NMDAR antagonist AP5, was normal at

regulates miniature excitatory post-synaptic currents at CA3 Clmp~/~ MF-CA3 synapses, as indicated by the input-output
synapses, we tested whether Clmp also negatively regulates curve of EPSC amplitudes plotted against stimulus intensities
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FIGURE 3 | Increased AMPAR and KAR mEPSCs and decreased NMDAR mEPSCs in Cimp~/~ hippocampal CA3 neurons. (A) Schematic diagram showing synaptic
pathways in the hippocampus. PP, performant pathways; MF, mossy fiber pathway; AC, associational commissural pathway; SC, Schaffer collateral pathway; LS/MS,
lateral/medial septum; EC, entorhinal cortex; DG, dentate gyrus; CA1/2/3, Cornu Ammonis area 1/2/3; Sub, subiculum. (B) Increased frequency and amplitude but
unaltered rise time and decay time constant in AMPAR mEPSCs in CA3 pyramidal neurons in CImp~/~ mice (week 1). Data are presented as means + SEM. [n = 23
neurons from 7 mice (WT) and 26, 7 (KO), *P < 0.05, **P < 0.01, Student’s t-test (frequency and amplitude)]. (C) Normal AMPAR mEPSC frequency, amplitude, rise
time, and decay time constant in CA1 pyramidal neurons in Cimp~/~ mice (week 1). [n = 13, 4 mice (WT), and 10, 4 (KO), ns, not significant, Student’s t-test
(frequency and amplitude)]. (D) Normal AMPAR mEPSC frequency, amplitude, rise time, and decay time constant in DG cells in Clmp~/~ mice (week 1). [n = 23, 5
mice (WT), and 17, 5 (KO), ns, not significant, Student’s t-test (frequency and amplitude)]. (E) Normal AMPAR mIPSC frequency, amplitude, rise time, and decay time
constant in CA3 pyramidal neurons in Clmp =/~ mice (week 1). [n = 20, 4 (WT), and 15, 4 (KO), ns, not significant, Student’s t-test (frequency and amplitude)]. (F) No
genotype difference between WT and Clmp~/~ CA3 pyramidal neurons (week 1) in the frequency and amplitude of AMPAR mEPSCs measured in the presence of
with DCG-IV treatment (2 wM) throughout recordings. [n = 30, 8 (WT), and 25, 8 (KO), ns, not significant, Student’s t-test (frequency and amplitude)]. (G) No genotype
difference between WT and Cimp~/~ CA3 pyramidal neurons (week 1) in the frequency and amplitude of AMPAR mEPSCs measured in the presence of with
LY354740 treatment (0.5 M) throughout recordings. [n = 14, 4 (WT), and 13, 4 (KO), ns, not significant, Student’s t-test]. (H) Increases in the frequency, amplitude,
and decay time constant, but unaltered rise time, in KAR mEPSCs in CA3 pyramidal neurons in CiImp~/~ mice (week 1). Data are presented as means + SEM. [n =
16 neurons from 8 mice (WT) and 15, 8 (KO), *P < 0.05, ***P < 0.001, Student’s t-test]. (I) Decreased frequency but normal amplitude, rise time, and decay time
constant in NMDAR mEPSCs in CA3 pyramidal neurons in CImp~/~ mice (week 1). Data are presented as means + SEM. [n = 18 neurons from 4 mice (WT) and 18,
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(Figures 4A,B). Notably, however, Clmp~/~ eEPSCs displayed
increased fast-rise and slow-decay (but not fast-decay) time
constants (Figures 4C-F) characteristic of the kinetic properties
of AMPAR- and KAR-mediated eEPSCs, respectively.

Isolation of KAR-mediated evoked EPSCs using the AMPAR
antagonist GYKI 53655, which were sensitive to NBQX (AMPAR
and KAR antagonist) (Supplementary Figure 4), revealed that
the peak amplitude of KAR eEPSCs was unaltered at Clmp~/~
MEF-CA3 synapses (Figures 4G,H); kinetics of KAR eEPSCs
were not analyzed because of the apparent presence of multiple
components. Consistent with this, the ratio of KAR eEPSCs
to total eEPSCs was unaltered at Clmp~/~ MF-CA3 synapses
(Figures 4L)). In addition, AMPAR eEPSCs, obtained by

subtracting KAR eEPSCs from total eEPSCs, and the ratio of
KAR to AMPAR eEPSCs were unchanged at MF-CA3 synapses
(Figures 4K,L). NMDAR-mediated EPSCs at Clmp_/ ~ MF-CA3
synapses, isolated by NBQX treatment, showed unaltered peak
amplitude and kinetic parameters (rise time and decay constant)
(Figures 4M-P).

In the A/C-CA3 pathway, AMPAR/KAR eEPSCs were
unaltered in Clmp~/~ mice (Figures4Q-S). AMPAR/KAR
eEPSCs in the PP-CA3 pathway were not analyzed because of
the small sizes of eEPSCs. These results collectively suggest that
Clmp deletion induces a moderate change in the kinetics of
AMPAR/KAR eEPSCs without affecting the peak amplitudes of
AMPAR, KAR, or NMDAR eEPSCs at MF-CA3 synapses.

Frontiers in Synaptic Neuroscience | www.frontiersin.org

10

December 2020 | Volume 12 | Article 567075


https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/synaptic-neuroscience#articles

Jang et al. Clmp Regulates KAR-mediated Seizure Susceptibility

A B (& D MF-CA3 EPSC E MF-CA3 EPSC
DG — CA3 (MF-CA3 synapses) MF-CA3 EPSC < MF-CA3 EPSC T -
owr < 500 g 25 <
Stim  CA1 @ Cimp —- § 400 - <§( 2o _ %
5 300 £~ g <
© 015 =5
AT |
5ms @ @ Cimp —/— ol T o
EC MF o 8
pee) w0 305 " §
Clmp (Week 1) PSR 8 o s
Stimulus Intensity (LA) h W o
F H | )
MF-CA3 EPSC G s J Synaptic KAR
< %
~ 250 KAR EPSG £ 100 KAR-EPSC KAR-EPSC / MF-CA3 EPSC 8 ns,
%‘ g S 80 |owr Q
S [%]
& < 200 owr £ 60 | ®Cmp-i- ,4¢ o wr g
E, },5) 150 @ Cimp /- E 40 ! KAR-EPSC @ Cimp -/ N
> g 8 20 A =
£ 3 100 b ory o
§ g 10 pA % o LO™ n 100 pA Qo
> ; 50 10ms PSS 5ms i :
3 o MF-CA3 EPSC g *
« Stimulus Intensity (WA
Y (WA) RO
K L KA/ AMPA N 0 NMDAR-EPSC
< AMPAR-EPSC 9 ns NMDAR-EPSC g NMDAR-EPSC ns
% 500 (Subtracted) ﬁ ;), 400
E 400 § 50 ms E 300 ¢ é
S 300 ] 100 pA S 500 o
5§ 200 : x 5 £
O 100 owr = o 100 O wr v
@ @ Cimp - s owr o & @ Cimp - 2
i 0 < @ Cimp —I- w 0
PSR g PSS
Stimulus Intensity (uA) Stimulus Intensity (uA)
P Q R S
NMDAR-EPSC
ns AC-CA3 EPSC e AC-CA3 EPSC
CA3 — CA3 (A/C-CA3 synapses) e 300
o wr 3
7 @ Cimp - 2 200 59
= 2
7 & 100 owr
3 7] @ Cimp -
o oo
PSP SS

Clmp (Week 1)

W o

Stimulus Intensity (uA)

FIGURE 4 | Moderately changed kinetics of evoked excitatory synaptic transmission at Cimp~/~ MF-CA3 synapses. (A) Schematic diagram showing the MF-CA3
pathway and sites of electrical stimulation and evoked EPSC (€EPSC) measurements. (B,C) Normal amounts of eEPSCs at MF-CA3 synapses of Cimp~/~ mice
(week 1), as indicated by the input-output relationship between eEPSC amplitudes plotted against stimulus intensities. Data are presented as means + SEM. [n = 6
neurons from 6 mice (WT and KO), ns, not significant, two-way ANOVA with Sidak’s multiple comparison test]. (D-F) Increased fast-rise time constant (involving
AMPARS), unaltered fast-decay time constant (involving AMPARSs), and increased slow-decay time constant (involving KARs) of eEPSCs at MF-CA3 synapses of
Clmp~/~ mice (week 1). [n = 6, 6 (WT and KO), ns, not significant, **P < 0.01, ns, not significant, Student’s t-test]. (G,H) Normal amounts of KAR eEPSCs at MF-CA3
synapses of Cimp~/~ mice (week 1), as indicated by the input-output relationship between KAR eEPSC amplitudes plotted against stimulus intensities. [n = 6, 6 (WT
and KO), ns, not significant, two-way ANOVA with Sidak’s test]. (1,J) Normal ratios of KAR eéEPSCs and total eEPSCs at MF-CA3 synapses of CImp~/~ mice (week 1).
[n =6, 6 (WT and KO), ns, not significant, Student’s t-test]. (K) Normal amounts of AMPAR eEPSCs, obtained by subtracting KAR eEPSCs from total eEPSCs, at
MF-CA3 synapses of CImp~/~ mice (week 1), as indicated by the input-output relationship between AMPAR eEPSC amplitudes plotted against stimulus intensities. [n
=6, 6 (WT and KO), ns, not significant, two-way ANOVA with Sidak’s test]. (L) Normal ratios of KAR- and AMPAR-mediated eEPSCs (KA/AMPA ratio) at MF-CA3
synapses of Cimp~/~ mice (week 1). [n = 6, 6 (WT and KO), ns, not significant, Student’s t-test]. (M,N) Normal amounts of NMDAR eEPSCs at MF-CA3 synapses of
Clmp~/~ mice (week 1). [n = 13, 6 (WT and KO), ns, not significant, two-way ANOVA with Sidak’s multiple comparison test]. (O,P) Normal rise and decay time
constants in NMDAR eEPSCs at MF-CAS synapses of Clmp~/~ mice (week 1). [n = 13, 6 (WT and KO), ns, not significant, Student’s t-test]. (Q=S) Normal amounts of
eEPSCs at A/C-CA3 synapses of Cimp~/~ mice (week 1), as indicated by the input-output relationship between eEPSC amplitudes plotted against stimulus
intensities. [n = 16, 14 (WT), and 15, 13 (KO), ns, not significant, two-way ANOVA with Sidak’s multiple comparison test].

Extracellular and Cytoplasmic Regions of
Clmp Interact With AMPARs and KARs
How does Clmp affect the kinetics of AMPAR- and KAR-

mediated EPSCs? One possibility involves the interaction
of Clmp with AMPARs and KARs. To address this

possibility, we tested whether Clmp formed a complex
with  AMPAR or KAR subunits in heterologous cells.
Notably, we found that Clmp indeed formed a complex
with GluA1l and GluA2 subunits of AMPARs in HEK293T cells
(Figures 5A,B).

Frontiers in Synaptic Neuroscience | www.frontiersin.org

11 December 2020 | Volume 12 | Article 567075


https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/synaptic-neuroscience#articles

Jang et al. Clmp Regulates KAR-mediated Seizure Susceptibility

A B c g lgg, TM GluA1 GIuA2 GluK2 GIuK5
Transf: Input (5%) IP: HA Transf: Input (5%) IP: HA il N
e el e W cmpwr For o+ ox [g
HA-Clmp - + - + HAClmp — + — + °
G(L“E/;”) o+ (3(:(“5‘2) +oF o+ T H A Clmp ECD-TM + + + 4+ |7
a a 7]
= — - =
100~ (I GluA1 100 NI GluAz —H"HEl cmpECDPDGFRTM + + +  + (3
= = 2
“- - s - @ cm —l— cmpicD-PDGFRTM  + + - 4+ <
D E
Transf: Input (2.5%) IP: HA Transf: Input (2.5%) IP: HA
HACImpECD-TM — 4 — — = — + — — — HACIMpECD-TM — + — — = — + — — —
HA-CImp ECD-PDGFRTM — — + — — — — 4+ — — HA-CImp ECD-PDGFRTM — — + — = — — + — —
HACImp ICD-PDGFRTM — — — 4+ — — — — 4 — HA-CImp ICD-PDGFRTM — — — 4+ — — — — 4 —
HA-CImpWT — — — —+ — — — — + HA-CImpWT — — — — + — — — — +
GILAT-WT + + +++ + + + + + GIUA2WT + + ++ + + + + + +
(kDa) (kDa) .
100- WS- - o=@ - = GluA1 100~ < - =ee -~ GluA2
48- - e Cimp WT 48- - - Clmp WT
- Clmp ECD-PDGFR TM Clmp ECD-PDGFR TM
35- Clmp ECD-TM 35- . Clmp ECD-TM
25— - ‘ Clmp ICD-PDGFR T™M 25- - - Clmp ICD-PDGFR TM
F G
Transf: Input (2.5%) IP: HA Transf: Input (2.5%) IP: HA
HA-CImpECD-TM — + — — — — + — — — HA-CImpECD-TM =— 4 — — — — + — — —
HA-CImp ECD-PDGFRTM — — + — — — — 4+ — — HA-CImp ECD-PDGFRTM — — + — — — — + — —
HA-CImp ICD-PDGFRTM — — — + = — — — + — HA-CImp ICD-PDGFRTM — — — + — — — — + —
HACImpWT — — — — + — — — — + HACImpWT — — — — + — — — — +
GluK2-myc + + + + + + + + + + GluKS-myc  + + + + + + + + +
(kDa) (kDa) -
S e w— — 4 . - e — G o =
100 e = EHEE 4 cuke 100~ - Gluk5
48~ - '. Clmp WT 48~ - " Clmp WT
h . - Clmp ECD-PDGFR TM - - Clmp ECD-PDGFR TM
35- | - ’ Clmp ECD-TM 3%- | - . Clmp ECD-TM
25- - @ CimpICD-PDGFRTM 25- - @ CimpICD-PDGFR TM
FIGURE 5 | Extracellular and cytoplasmic regions of Clmp interact with AMPARs and KARs. (A,B) Clmp forms a complex with GluA1 and GIuA2 subunits of AMPARs.
HEK293T cells transfected with HA-Clmp and GluA1/2, or GIuA1/2 alone, were subjected to immunoprecipitation (IP) with HA antibodies and immunoblotting with the
indicated antibodies. HA-IgSF11, N-terminally HA-tagged Clmp. (C) Schematic diagram of Cimp deletion variants, and summary of coimmunoprecipitation
experiments using these variants to test binding to GIuA and GluK. ECD-TM, extracellular domains of CImp + transmembrane domain of Cimp; ECD-PDGFR TM,
extracellular domains of Cimp + transmembrane domain from unrelated PDGF receptor; ICD-PDGFR TM, intracellular/cytoplasmic domain of Clmp + transmembrane
domain from unrelated PDGF receptor. (D,E) All Clmp deletion variants form a complex with AMPAR subunits (GluA1 and GluA2). HEK293T cells transfected with the
HA-tagged deletion variants of Cimp and GluA1/2, or GluA1/2 alone, were subjected to immunoprecipitation with HA antibodies and immunoblotting. (F,G) All Cimp
deletion variants form a complex with GluK2 and GIuK5, with the exception of Cimp-ICD (cytoplasmic domain), which showed no binding to GluK2. HEK293T cells
transfected with the HA-tagged deletion variants of Clmp and GluK2/5, or GluK2/5 alone, were subjected to immunoprecipitation with HA antibodies and
immunoblotting.

We next used deletion variants of Clmp to identify the the exception of GluK2, Clmp associates with AMPARs and
domains involved in AMPAR/KAR interactions (Figure5C).  KARs through both extracellular and cytoplasmic domains.
Deletion mutants of Clmp containing only the extracellular Ig

domains, Ig domains 4 transmembrane domain, or cytoplasmic . .
domain were able to associate with GluA1l or GluA2, although A Clmp Deficiency Does Not Alter

the extracellular Ig domains seemed to contribute more strongly Presynaptic Function or Synaptic Plasticity

(Figures 5C-E). These results suggest that both extracellularand @t MF-CA3 Synapses

cytoplasmic regions of Clmp contribute to GluA1/2 binding. We next examined whether Clmp deletion affects presynaptic
In the case of KAR subunits, all deletion variants of  function at MF-CA3 synapses, associational commissural (AC)-

Clmp could associate with GluK5, similar to the results from  CA3 synapses, or perforant path (PP)-CA3 synapses. We found

GluA1/2, although GluK2 failed to associate with a Clmp variant  that paired-pulse ratios were not changed in any of these

containing only the cytoplasmic domain (Figures 5E,G). These ~ CA3 synapse types in the Clmp~/~ hippocampus at week 1

results suggest that the extracellular domains of Clmp are more  (Figures 6A-F).

important than the cytoplasmic domain for interacting with KARs represent one of the major glutamate receptor subtypes

GluK2, but not GluK5. Together, these results suggest that, with  that have been implicated in the regulation of long-term
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FIGURE 6 | Normal presynaptic function and synaptic plasticity at Clmp~—/— CA3 synapses. (A,B) Normal paired-pulse ratios at MF-CA3 synapses of CImp~/~ mice
(week 1). [n = 7 slices from 7 mice (WT and KO), ns, not significant, two-way ANOVA with Sidak’s multiple comparison test]. (C,D) Normal paired-pulse ratios at AC
(associational commissural)-CA3 synapses of CiImp~/~ mice (week 1). [0 = 7, 7 (WT and KO), ns, not significant, two-way ANOVA with Sidak’s multiple comparison
test]. (E,F) Normal paired-pulse ratios at PP (performant path)-CA3 synapses of CImp~/~ mice (week 1). [n = 6, 6 (WT and KO), ns, not significant, two-way ANOVA
with Sidak’s multiple comparison test]. (G-L) Normal LTP and PTP at MF-CA3 synapses of Cimp~/~ mice (8-16 weeks). LTP was induced by a single train of
high-frequency stimuli (125 pulses at 25 Hz). Synaptic transmission at MF-CA3 synapses was validated by inhibition with the group Il mGIuR agonist DCG-IV (l,L) and
by the observed high paired-pulse ratios (H). [n = 7, 7 (WT), and 7, 6 (KO), ns, not significant, Student’s ¢-test (last 10 min)].

potentiation (LTP) at MF-CA3 synapses (Nicoll and Schmitz,
2005), and our data indicate changes in the kinetic properties
of KARs at these synapses in Clmp~/~ mice (Figure 3).
Thus, we asked whether Clmp affects synaptic plasticity at
MF-CA3 synapses (Figure 6G). To this end, we measured
MF-CA3 LTP at weeks 8-16, a time chosen because Clmp
mRNA is detectable in presynaptic neurons (DG granule cells)
of the MF-CA3 pathway at week 8 but not at week 1,
and LTP at MF-CA3 synapses mainly involves presynaptic
mechanisms (Rebola et al., 2017).

However, we detected no genotype difference in LTP at
MF-CA3 synapses (Figures 6H,I) or post-tetanic potentiation
(PTP) (Figure 6])) of excitatory synaptic transmission at MF-CA3
synapses, as validated by the inhibition of synaptic transmission
by the group II mGluR agonist DCG-IV (Figure 6K) and high
paired-pulse ratios (Figure 6L). Together, these results suggest

that Clmp does not affect presynaptic function or synaptic
plasticity at MF-CA3 synapses.

Increased Extrasynaptic KAR Currents and
Decreased NMDAR Currents in Cimp~—/~

Hippocampal CA3 Neurons
The abovementioned alterations in AMPAR- and KAR-mediated
synaptic currents may involve changes in extrasynaptic pools
of these receptors. To this end, we measured extrasynaptic
AMPAR-, KAR- and NMDAR-mediated currents in Clmp~/~
CA3 neurons by applying AMPA, kainate, or NMDA to CA3
neurons in slices and measuring the ligand-induced currents
(mainly extrasynaptic).

Intriguingly, while AMPAR currents were unaltered, KAR
currents were increased, and NMDAR currents were decreased
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(Figures 7A-F). These changes, however, did not accompany
detectable changes in the levels of AMPAR or KAR subunits at
the surface membrane of the hippocampus or in PSD fractions
of whole brains (Figures 7G,H). These results suggest that Clmp
deficiency alters the extrasynaptic functions of AMPARs and
KARs in CA3 pyramidal neurons without affecting the surface
or synaptic expression levels of these receptors.

Enhanced Susceptibility to
Kainate-Induced Seizures and Increased

Novel Object-Recognition Memory

Clmp protein is abundant in the hippocampus (Figure 2A),
and Clmp deletion alters miniature and evoked excitatory post-
synaptic currents in the hippocampal CA3 region (Figures 3,
4). We thus tested whether Clmp deletion affects hippocampus-
dependent learning and memory or AMPA and kainate receptor-
dependent seizure responses in mice.

Clmp~/~ mice showed normal levels of contextual fear
memory acquisition and 24-h retrieval (Figures 8A,B). In the
auditory-cued fear test, Clmp~/~ mice showed normal fear
memory acquisition, 24-h retrieval, and contextual fear renewal
after auditory-cued fear memory extinction (Figures 8C-E).
Clmp~/~ mice also showed normal levels of pattern completion-
based contextual fear memory (Figures 8F,G), which is known to
require intact CA3 function (Nakazawa et al., 2004; Neunuebel
and Knierim, 2014).

Intriguingly, however, Clmp~/~ mice performed better in
the novel object-recognition test, in which the subject mouse
is exposed to two identical objects on day 1, followed by
replacement of one of the two objects with a new one on day
2 (Figures 8H,I). The total object-sniffing time for Clmp~/~
mice was normal, indicating unaltered motivation for object
exploration (Figure 8]). These results show that Clmp deletion
does not affect contextual or auditory cued fear memory or
pattern completion-based contextual fear memory, but does
improve object-recognition memory.

Lastly, because Clmp deletion leads to increased miniature
excitatory post-synaptic currents in CA3 pyramidal cells and
alters the kinetics of AMPAR- and KAR-mediated evoked
excitatory synaptic transmission, we tested whether Clmp~/~
mice display altered susceptibility to seizures induced by kainate
(a KAR agonist and a partial AMPAR agonist at MF-CA3
synapses), modeling temporal lobe epilepsy (Nadler, 1981; Engel,
1996; Ben-Ari and Cossart, 2000). Notably, Clmp~/~ mice at
both adult and neonatal stages displayed increased susceptibility
to kainate-induced seizure (Figures 8K-M). Together, these
results suggest that Clmp deletion leads to enhanced object
recognition memory and increased susceptibility to kainate-
induced seizures in mice.

DISCUSSION

The present study investigated the spatiotemporal expression
patterns of Clmp, protein interactions of Clmp, and Clmp-
dependent regulation of synaptic transmission and behaviors.
Our results reveal several properties of Clmp that are unique

relative to other members of the CAR subgroup of Ig superfamily
proteins (IgSF11, CAR, and ESAM). First, Clmp expression
reached a peak at around post-natal week 1 (Figure2B),
whereas IgSF11 expression steadily increases during post-natal
brain development (Jang et al, 2016), and CAR expression
reaches a peak around birth (Honda et al, 2000). Second,
Clmp does not have a functional PDZ-binding motif, as
supported by protein-interaction experiments and molecular
modeling (Figures 2G,H), whereas IgSF11, CAR, and ESAM
have canonical PDZ-binding motifs that interact with PDZ
domain-containing proteins. Third, Clmp regulates synaptic
transmission in the hippocampal CA3 region, whereas IgSF11
and CAR regulate synaptic transmission in DG (Jang et al., 2016)
and CA1 (Wrackmeyer et al., 2019) regions, respectively. Fourth,
Clmp interacts with AMPAR subunits (GluAl and GluA2) and
KAR subunits (GluK2 and GluK5) (Figure 5), whereas IgSF11
interacts with AMPAR subunits (GluAl and GluA2) but not
with NMDAR subunits (GluN1); IgSF11 was not tested for
KAR subunit interactions (Jang et al., 2016). CAR was not
tested for the interactions with AMPAR, KAR, or NMDAR
subunits (Wrackmeyer et al, 2019). These results indicate
that CAR subgroup members have distinct spatiotemporal
expression patterns, synapse-regulatory functions, and molecular
interactions with ionotropic glutamate receptors.

Our results indicate that Clmp deletion leads to altered
AMPAR responses in Clmp~/~ CA3 neurons. The increased
frequency and amplitude of AMPAR mEPSCs (Figure 3B) could
be explained by increased excitatory synapse number/maturation
or increased presynaptic release. The latter, however, is
an unlikely possibility because paired pulse facilitations at
three different pathways (MF-CA3, A/C-CA3, and PP-CA3)
onto CA3 neurons were not altered in Clmp™/~ mice
(Figures 5A-H). Therefore, the former (enhanced excitatory
synapse development) is the likely possibility. These changes
at the individual synapse level, however, does not seem to be
reflected at evoked synaptic AMPAR/KAR currents measured at
Clmp~/~ MF-CA3 or A/C-CA3 synapses (Figures 4A-C,Q-S)
or extrasynaptic AMPAR currents in Clmp~—/~ CA3 neurons
(Figures 7A,B). It is possible that other synaptic pathways onto
CA3 pyramidal neurons such as PP-CA3 may be enhanced,
although evoked PP-CA3 currents were not analyzed for their
small sizes. Notably, eEPSCs at Clmp~/~ MF-CA3 synapses
showed increased rise time (Figure 4D), suggesting that Clmp
might regulate the kinetics of AMPAR eEPSCs, although AMPAR
mEPSCs did not show altered kinetic properties (Figure 3B).
These results collectively suggest that Clmp may negatively
regulate the development of AMPAR-containing excitatory
synapses in CA3 neurons.

Clmp deletion also leads to altered KAR responses in
Clmp~/~ CA3 neurons. Similar to the changes in AMPAR
mEPSCs, Clmp~/~ KAR mEPSCs show increases in the
frequency, amplitude, and decay time constant (Figure 3H).
Peak amplitudes of KAR eEPSCs were also unchanged in
the Clmp~/~ MEF-CA3 pathway (Figures 4G,H), again similar
to the results of AMPAR eEPSC measurements. Distinctly,
however, extrasynaptic KAR currents were strongly increased in
Clmp~/~ CA3 neurons, contrary to the unaltered extrasynaptic
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FIGURE 7 | Increased extrasynaptic KAR currents and decreased extrasynaptic NMDAR currents in CiImp~/~ hippocampal CA3 neurons. (A,B) Normal extrasynaptic
AMPAR currents in Cimp~/~ CA3 neurons (1 week), as determined peak currents induced AMPA treatment. [n = 12 neurons from 12 mice (WT and KO), ns, not
significant, Student’s t-test]. (C,D) Increased extrasynaptic KAR currents in Clmp~—/~ CA3 neurons (1 week), as determined peak currents induced kainate treatment.
[n = 11 neurons from 9 mice (WT) and 12, 8 (KO), **P < 0.01, Student’s t-test]. (E,F) Decreased extrasynaptic NMDAR currents in CiImp~/~ CA3 neurons (1 week), as
determined peak currents induced NMDA treatment. [n = 18 neurons from 3 mice (WT) and 17, 3 (KO), *P < 0.05, Student’s t-test]. (G) Comparable levels of total
and surface AMPAR and KAR receptor subunit proteins in the Clmp=/~ hippocampus (P10-11), as determined by immunoblot analyses of total lysates and
avidin/biotin precipitates of surface proteins from the hippocampus. Note that the minimal levels of g-catenin in the surface samples support the authenticity of the
samples. [n = 4 mice (WT and KO), ns, not significant, Student’s t-test]. (H) Comparable levels of PSD-enriched AMPAR and KAR receptor subunit proteins in
Clmp~/~ whole brains (P10-11), as determined by immunoblot analyses of PSD fractions. [n = 6 mice (WT and KO) except for GIUA2 (n = 5 for PSD and 4 for

non-PSD), ns, not significant, Student’s t-test].

AMPAR currents (Figures 7A-D), suggesting the possibility
that Clmp may suppress the response properties of KARs
such as kainate binding. Therefore, Clmp seems to similarly
suppress the development of AMPAR- and KAR-containing
excitatory synapses but distinctly suppress response properties of
extrasynaptic KARs not AMPARs. Whether these changes would
involve the interactions of Clmp with AMPARs/KARs, which
employee slightly different domains of Clmp (Figure 5), remains
to be determined.

Clmp deletion does not affect LTP at MF-CA3 synapses in
the Clmp~/~ hippocampus (Figures 61,)). This is line with the
lack of changes in hippocampus-dependent memory, including
contextual fear memory, auditory cued fear memory, contextual
fear renewal, and pattern completion-based contextual fear
conditioning (Figures 8A-G). Intriguingly, however, Clmp~/~
mice showed increased novel-object recognition (Figures 8H-J).

Increasing evidence suggests that the dorsal hippocampus is
important for novel object recognition memory (Broadbent et al.,
2010; Antunes and Biala, 2012; Patten et al., 2015; Liu et al,,
2016), although one study reported that the hippocampal CA3
region is less important for object recognition memory in mice
(Stupien et al., 2003). Notably, a recent study has reported a
novel object-dependent increase in c-fos activity in the DG
hilar region (Bernstein et al., 2019), a brain region where Clmp
is expressed in the adult, but not neonatal, stage (Figure 1E;
Supplementary Figures 2A,B). However, previous studies have
associated novel-object recognition memory with brain regions
other than the DG, including the lateral entorhinal cortex,
perirhinal cortex, and hippocampal CAl region (Barker and
Warburton, 2011; Wilson et al.,, 2013; Warburton and Brown,
2015; Furini et al., 2020). Therefore, the brain regions accounting
for the enhanced novel object recognition in Clmp~/~ mice
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FIGURE 8 | Enhanced object recognition memory and increased susceptibility to kainate-induced seizures in Clmp~/~ mice. (A,B) Normal contextual fear memory
acquisition and 24-h retrieval in CiImp~/~ mice (2-6 months). [n = 19 mice (WT) and 17 (KO), ns, not significant, two-way ANOVA with Sidak’s test (acquisition) and
Student’s t-test (24-h retrieval)]. (C-E) Normal cued fear memory acquisition, 24-h retrieval, and contextual fear renewal in CImp~/~ mice (2-4 months). [n = 10 (WT)
and 12 (KO), ns, not significant, two-way ANOVA with Sidak’s test (acquisition) and Student’s t-test (24-h retrieval and renewal)]. (F,G) Normal pattern
completion-based contextual fear conditioning in CImp~/~ mice (2—4 months). A subject mouse fully exposed to context A on day 1 was briefly (8 s) exposed to the
same context on day 2, followed by measurements of context- and pattern completion-dependent freezing on day 3. [n = 10 (WT and KO), ns, not significant,
Student’s t-test]. (H-J) Normal novel object recognition memory in CiImp~/~ mice (2-4 months), as shown by the discrimination ratio for old and new objects. Total
sniffing time was determined as a measure of general motivation for object exploration. [n = 28 (WT) and 18 (KO), **P < 0.01, ns, not significant, Student’s t-test].
(K-M) Increased susceptibility to kainate-induced seizures in adult and neonatal Cimp~/~ mice (2-6 months and P10-12). [n = 18 (WT) and 17 (KO) for 2-6 months,

20 (WT), and 16 (KO) for P10-12, **P < 0.01, **P < 0.001, Student’s t-test].

might involve both hippocampal and non-hippocampal brain
regions expressing Clmp. In addition, the synaptic changes
induced by Clmp deletion in neonatal CA3 neurons may
represent compensatory changes and thus not be causally linked
to the enhanced novel object recognition observed in adult
Clmp~/~ mice.

Clmp~/~ mice also displayed increased susceptibility
to kainate-induced seizures in both neonates and adults
(Figures 8K-M). Our electrophysiological results are mainly
obtained from neonates but not from adults because peak
expression of Clmp was observed at ~P7. However, the similar
kainate-induced seizures in Clmp~—/~ neonates and adults
suggest that the CA3 region may also be excitable in Clmp~/~
adults. The hippocampal CA3 region has been closely linked
to susceptibility to kainate-induced seizures. For instance, mice
lacking the NMDAR subunit GluN1 in the CA3 region show
increased susceptibility to kainate-induced seizures (Fukushima
et al., 2009; Jinde et al., 2009). Because synaptic transmission
in CA3 pyramidal cells is required for kainate-induced seizure
activity (Yu et al., 2016), the enhanced synaptic transmission
in the Clmp™/~ CA3 region may contribute to the increased
susceptibility to kainate-induced seizures. Notably, Clmp
has not been linked to epilepsy. However, the CLMP gene is
expressed in the developing human cerebral neocortex in regions
including the hippocampus, striatum, amygdala, thalamus,
and cerebellum (Kang et al., 2011; Pletikos et al., 2014). In
addition, synaptic adhesion molecules have been increasingly

associated with epilepsy (Gorlewicz and Kaczmarek, 2018),
suggesting the possible association of CLMP with epilepsy
as well.

In conclusion, our study identifies Clmp as a novel synaptic
cell adhesion molecule involved in the negative regulation
of AMPAR/KAR-mediated synaptic transmission in the
CA3 region of the neonatal hippocampus. In addition,
our results implicate Clmp in the regulation of object
recognition and seizure susceptibility. Further studies
on Clmp will help elucidate the mechanisms underlying
synaptic and AMPAR/KAR regulation and behavioral and
brain abnormalities.
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