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CKAMP44: A Brain-Specific Protein
Attenuating Short-Term Synaptic
Plasticity in the Dentate Gyrus

Jakob von Engelhardt,* Volker Mack,"?* Rolf Sprengel,® Netta Kavenstock,* Ka Wan Li,
Yael Stern-Bach,* August B. Smit,” Peter H. Seeburg,® Hannah Monyer™t

CKAMP44, identified here by a proteomic approach, is a brain-specific type | transmembrane
protein that associates with AMPA receptors in synaptic spines. CKAMP44 expressed in Xenopus
oocytes reduced GluAl- and A2-mediated steady-state currents, but did not affect kainate- or
N-methyl-p-aspartate (NMDA) receptor—mediated currents. Mouse hippocampal CA1 pyramidal
neurons expressed CKAMP44 at low abundance, and overexpression of CKAMP44 led to stronger
and faster AMPA receptor desensitization, slower recovery from desensitization, and a reduction
in the paired-pulse ratio of AMPA currents. By contrast, dentate gyrus granule cells exhibited
strong CKAMP44 expression, and CKAMP44 knockout increased the paired-pulse ratio of AMPA
currents in lateral and medial perforant path—granule cell synapses. CKAMP44 thus modulates
short-term plasticity at specific excitatory synapses.

MPA receptors (AMPARs) mediate most
Aof the fast excitatory transmission in the

vertebrate central nervous system, and
their function is regulated by subunit composition,
posttranslational modifications, and protein-protein
interactions (/). Several AMPAR-interacting pro-
teins such as TARPs (transmembrane AMPAR
regulatory proteins), Sol-1, and cornichons have
been identified that affect the receptors’ subcellular
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localization, synaptic stabilization, and kinetics
(2-5). We searched for previously unknown
AMPAR-interacting proteins using immuno-
precipitation and mass spectrometry of AMPAR
complexes [see Supporting Online Material
(SOM)]. This proteomic search suggested an
interaction of AMPARSs with the gene product of
the Mus musculus RIKEN c¢cDNA gene locus
2700045P11Rik. Our reverse transcription poly-
merase chain reaction (RT-PCR) analysis identi-
fied this protein as a type I transmembrane protein,
containing an extracellular N-terminal cysteine-
rich motif, with eight cysteines highly conserved
across vertebrate species. We named the protein
according to its predicted molecular weight of 44
kD CKAMP44 (cystine-knot AMPAR modulat-
ing protein) (Fig. 1A). The CKAMP44 gene is
located on mouse and human chromosome 16 and
contains five translated exons. The CKAMP44
precursor protein of 424 amino acids features an

N-terminal signal peptide (23 amino acids) and a
single putative transmembrane segment (20 amino
acids), the latter separating the N-terminal extra-
cellular region (128 amino acids) from the
cytoplasmic segment (253 amino acids), which
terminates in a PDZ type II ligand motif (Glu-Val-
Thr-Val). Six of the eight cysteine residues in
CKAMP44 might stabilize a Cys-knot structure
found in w-conotoxins (Fig. 1A) (6). CKAMP44
might thus operate as an endogenous modulator of
the AMPARSs.

The gene for CKAMP44 is specifically
expressed in the brain, as demonstrated by a
tissue-specific Northern blot (Fig. 1B). RT-PCR
on RNA from different mouse tissues confirmed
the brain-specific expression and revealed two
splice variants, CKAMP44a and CKAMP44b,
that differ by only 48 bases (Fig. 1B). In situ
hybridization on horizontal mouse brain sections
with a probe recognizing both splice variants of
CKAMP44 indicated neuronal expression in the
majority of brain regions, including hippocam-
pus, cerebral cortex, striatum, thalamus, olfactory
bulb, and cerebellum (Fig. 1C). CKAMP44
mRNA can be seen in most brain structures
during embryonic and postnatal development.

We used a CKAMP44-specific antibody that
recognizes both splice variants (see fig. S1 for
antibody specificity) to determine whether the in-
teraction of endogenous CKAMP44 and AMPARs
is subunit specific. The antibody immunoprecip-
itated proteins associated with CKAMP44 from
forebrain lysates of wild-type mice and of mice
lacking either the AMPAR subunit GluAl,
GluA2, or GluA3. The immunoprecipitates from
all three genetically altered mouse lines coprecip-
itated CKAMP44 and AMPARs, indicating that
the interaction is not subunit specific (Fig. 1D).
We also detected TARP-y-2 and small amounts of
PSD-95 in CKAMP44 immunoprecipitates from
all genotypes. Thus, TARP-y-2 and CKAMP44
appear to participate in the same AMPAR com-
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plexes. The lack of the N-methyl-p-aspartate
(NMDA) receptor (NMDAR) subunit GluN2B
in the immunoprecipitates points to an AMPAR-
specific association of CKAMP44.

We subsequently studied the subcellular
distribution of CKAMP44 by biochemical frac-
tionation of forebrain homogenates. CKAMP44
was enriched in a Triton X-100—insoluble post-
synaptic density (PSD) fraction together with
GluAl, PSD-95, and TARP-y-2, indicating post-
synaptic localization of endogenous CKAMP44
(Fig. 2A). We expressed, along with enhanced
green fluorescent protein (EGFP), in cultured
hippocampal neurons recombinant CKAMP44
tagged with a FLAG epitope at the N terminus
(FLAG-CKAMP44). We observed a strong signal
for FLAG at the surface of dendritic spines of
transfected neurons, confirming that CKAMP44
is a type | transmembrane protein that is localized
in spine heads, which also can be visualized by
GluAl or GluA2/A3 staining (Fig. 2B). Close
proximity of FLAG-CKAMP44 to the pre-

synaptic marker synapsin I further indicates that
CKAMP44 is synaptically localized.

In Xenopus laevis oocytes that express GluAl,
GluA2, or GluA3, agonist-evoked currents with
coapplication of cyclothiazide (CTZ) to prevent
desensitization were prominently reduced when
CKAMP44 was coexpressed (the CKAMP44a
splice variant was used for recombinant expres-
sion throughout this study) (Fig. 3A and table S2).
Due to the slow perfusion of glutamate, only
steady-state currents were measured in oocytes
(see also fig. S2 and table S4 for peak and steady-
state currents in nucleated patches in the presence
of CTZ). A surface biotinylation assay on GluA1-
expressing oocytes revealed no obvious change in
either total or surface GluA1 protein levels (Fig.
3B). CKAMP44 inhibition of GluA1 steady-state
current was a function of the cRNA ratio of
CKAMP44/GluA1 injected into oocytes (Fig. 3C
and table S2), suggesting a stoichiometric ratio
between GluA1 and CKAMP44. Glutamate dose-
response experiments showed that CKAMP44
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ebellum. (D) Coimmunoprecipitation (IP) with antibody against CKAMP44 (anti-CKAMP44) or nonspecific
antibodies (IP IgG) of CKAMP44-associated proteins from forebrain lysates of adult mice deficient in the
AMPAR subunit GluA1 (A1), GluA2 (A2™"), or GluA3 (A3™") and of wild-type (WT) mice. Of each input
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right). IgG, immunoglobulin G.
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coexpression decreases the glutamate median ef-
fective concentration (ECs) (fig. S3A and table
S2). CTZ dose-response experiments revealed
that CKAMP44 coexpression not only reduces
the potency of CTZ in preventing AMPAR de-
sensitization, but also increases the EC5y of CTZ
(fig. S3B and table S2). CKAMP44 did not affect
currents of the nondesensitizing AMPAR mu-
tant GluA1 L497Y (in which Leu®®” is replaced
with Tyr) (7) (fig. S3C and table S2), suggesting
a role for CKAMP44 in the desensitization of
AMPARs, which we subsequently confirmed in
neurons.

We recorded from acute hippocampal brain
slices of wild-type, CKAMP44-overexpressing,
and knockout (KO) mice, first investigating CA1
pyramidal cells, which express relatively small
amounts of CKAMP44 (Fig. 1C). Hence, addi-
tional CKAMP44, overexpressed by virus-mediated
gene transfer (8), should affect AMPAR function
in these cells. In outside-out patches of CAl
pyramidal cells, current amplitude and rise time
of AMPAR-mediated currents evoked by 1-ms
glutamate (1 mM) pulses were not altered by
overexpression (or KO) of CKAMP44, but we
observed a significant increase in the deactivation
time constant (Tgeaer) of CKAMP44-overexpress-
ing cells (Fig. 3D and table S3; see table S4 for
deactivation kinetics in nucleated patches). The
difference in tge,e Was much more pronounced in
the presence of CTZ (fig. S4A and table S3).

There was no difference in the desensitization
time constant (Tges) of AMPAR-mediated currents
to a 500-ms glutamate pulse in outside-out patches
of CKAMP44-overexpressing or CKAMP44 KO
cells compared to controls (fig. SSA and table S3).
The steady-state currents during these 500-ms
glutamate pulses were usually too small for
quantification in outside-out patches. We thus
evoked AMPAR-mediated currents in nucleated
patches and found in CKAMP44-overexpressing
cells a reduction in both steady-state current and
Tges- Conversely, nucleated patches of CKAMP44
KO CALl cells exhibited an increased steady-
state current and Ty (fig. S5B and table S4). The
effect of CKAMP44 on desensitization was also
reflected in a more pronounced desensitization
10 ms after a short glutamate pulse, and a
significantly slower recovery from desensitization
in nucleated patches fiom CKAMP44-overexpressing
CA1l cells but, in contrast, in a reduced de-
sensitization and faster recovery from desensi-
tization in nucleated patches from CKAMP44
KO CAI1 cells (Fig. 3E and table S4). The effect of
the KO indicates that CKAMP44, despite its
seemingly low abundance, has a functional role
in CA1 pyramidal neurons. This was also found
by short hairpin RNA-mediated knockdown
(fig. S6 and table S4), providing evidence
against compensatory mechanisms by the KO.
Together, these results show that CKAMP44
modulates most of the tested electrophysio-
logical properties of extrasynaptic AMPARSs, includ-
ing the ECs and ICs of glutamate (fig. S7 and
table S4).
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To investigate synaptic AMPAR function, we  plitudes of AMPAR-mediated EPSCs (recorded ~ There was no difference in the —=70/+40 mV EPSC
evoked excitatory postsynaptic currents (EPSCs)  at =70 mV in the presence of 1 mM extracellular  amplitude ratio or in the AMPAR-mediated cur-
by Schaffer collateral/commissural fiber stimula-  Mg?") were normalized to the amplitude of rent decay time constant in wild-type, CKAMP44-
tion and recorded them in CA1 neurons. Peak am-  NMDAR-mediated EPSCs (recorded at +40 mV).  overexpressing, and CKAMP44 KO CA1 neurons.

A subcellular fractions B

CKAMP44

TARPY2

GluA1
PSD95

Syn.

Fig. 2. CKAMP44 is enriched at postsynaptic sites of excitatory synapses. (A)
Immunoblots for CKAMP44, TARP-y-2, GluAl1, PSD95, and Synapsin (Syn.) of
subcellular fractions from adult mouse forebrain homogenate. Synaptos.,
synaptosomes; syn. memb., synaptosomal membranes; PSD, Triton X-100—
insoluble postsynaptic density fraction. (B) Synaptic and dendritic distribution

Fig. 3. CKAMP44 overexpression modulates AMPAR- A i c
mediated currents. (A) GluA1-, GluA2-, and GluA3- but glu
not Gluk2- or GluN1/2B-mediated steady-state cur-

rents (with coapplication of CTZ) in oocytes are strongly

reduced by coexpression of CKAMP44. Sample traces

are shown for GluAl-mediated currents without and 10s
with coexpression of CKAMP44. Error bars represent
the mean + SD. (B) The ratio of surface bound (S) to
total (T) GluAl is unaffected by coexpression of
CKAMP44, as quantified by Western blot analysis of
total and biotinylated protein. (C) Inhibition of GluA1-
mediated steady-state current is dependent on the
concentration of CKAMP44-RNA injected into the
oocyte. Error bars represent the mean + SD. (D)
Overexpression of CKAMP44 increases the deactivation
time constant (tgea) Of AMPAR-mediated currents.
Error bars represent the median = IQR (interquartile
range). (E) Overexpression of CKAMP44 leads to
slower, and CKAMP44 KO to faster, recovery from
desensitization (two 1-ms glutamate pulses with ctrl
interpulse-intervals of 10, 30, 100, 300, 1000, and
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cultured hippocampal neurons at 20 days in vitro, expressing recombinant
FLAG-CKAMP44 and GFP. Surface FLAG-CKAMP44 was detected by anti-FLAG
(middle). For the analysis of synapsin 1, triple staining (merged) was
performed with anti-Synapsin 1, anti-Flag, and anti-GFP. Scale bars, 5 pm.
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Neither was there a difference in the interevent
interval (IEI), amplitude, rise time, and decay time
constant of miniature EPSCs (mEPSCs) (Fig. 4A
and table S5).

We noticed an increase in Ty, for currents in
outside-out patches but, unexpectedly, no change
in the decay of synaptic EPSCs and mEPSCs. To
reveal a potential effect of CKAMP44 on synaptic
EPSCs, we used CTZ, which increases the dif-
ference in Tye, Substantially in outside-out patches
of control and CKAMP44-overexpressing cells
(fig. S4A). In the presence of CTZ (100 uM), we

A

observed a pronounced kinetic mEPSC decay
difference between control and CKAMP44-over-
expressing cells (fig. S4B and table S5). Thus,
CKAMP44 affects synaptic AMPAR function.
Paired-pulse experiments of EPSCs, evoked
at IEIs of 20 to 3000 ms, revealed a strong
reduction in the paired-pulse ratio (PPR) for IEIs
of 20 to 200 ms in CA1l cells overexpressing
CKAMP44, compared to control cells. AMPA
PPR (in the presence of APV) was not different
in CA1 neurons of CKAMP44 KO and control
cells (Fig. 4B and table S5; see fig. S8 and table

+40 mV
Py |100 pA EPSC
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Fig. 4. CKAMP44 modulates the PPR of AMPAR-mediated synaptic transmission. (A) Neither CKAMP44
overexpression nor KO changes the AMPA/NMDA ratio of evoked EPSCs (upper traces), the peak amplitude,
or the IEl of mEPSCs (lower traces) in CA1 pyramidal cells. Error bars represent the mean + SD. (B) Control

and CKAMP44 KO CA1 cells show a stronger facilitating
overexpressing cells. There is no difference in the PPR of

PPR of AMPAR-mediated EPSCs than do CKAMP44-
NMDAR-mediated currents. Error bars represent the

mean + SEM. (C) The paired-pulse depression observed during MPP stimulation in control and CKAMP44-

overexpressing DG granule cells is switched to paired-

pulse facilitation by CKAMP44 KO (left). The weak

paired-pulse facilitation observed during LPP stimulation in control and CKAMP44-overexpressing cells
becomes strong by CKAMP44 KO (middle). Lack of effect on NMDA PPR by CKAMP44 KO (right)
demonstrates the postsynaptic effect of AMPA PPR changes. Error bars represent the mean + SEM.

www.sciencemag.org SCIENCE VOL 327

REPORTS I

S5 for CKAMP44 influence on trains of five
EPSCs at 10 Hz). This indicates that the slower
recovery from desensitization observed for extra-
synaptic AMPARs in CKAMP44-overexpressing
cells also holds true for synaptic receptors and
therefore reduces the PPR of synaptic EPSCs.
PPR measurements commonly probe presynaptic
function (release probability). To rule out that
presynaptic function is altered by CKAMP44
overexpression, we measured the PPR of NMDAR-
mediated EPSCs at =30 mV in the presence of
an AMPAR antagonist. There was no differ-
ence in the NMDAR-mediated EPSC PPR in
control and CKAMP44-overexpressing cells
(Fig. 4B and table S5), showing that AMPAR-
mediated EPSC changes upon PPR are a
consequence not of alterations in presynaptic
release probability, but of changed postsynaptic
AMPAR function.

CKAMP44 mRNA expression is higher in
the granule cell layer of the dentate gyrus (DG)
than in the CAl area (Fig. 1C). We thus
performed PPR experiments in the DG. As lateral
perforant path (LPP) and medial perforant path
(MPP) synapses differ in PPR by facilitation in
the LPP and depression in the MPP (9), we
investigated the PPR of both pathways separate-
ly. Neither LPP nor MPP PPR was altered by
overexpression of CKAMP44, although there
was a trend toward a reduction in MPP PPR.
We observed a significant increase in the PPR of
LPP and MPP synapses in cells from CKAMP44
KO mice, as compared to controls. NMDAR-
mediated EPSCs, investigated for the LPP in
control and CKAMP44 KO mice, revealed
unchanged PPRs (Fig. 4C and table S6). The
unaltered AMPAR PPR in cells overexpressing
CKAMP44 and the strong increase in
CKAMP44 KO cells indeed indicate that most
synaptic AMPARs in DG granule cells interact
with CKAMP44, in stark contrast to AMPARSs in
CA1 neurons.

We identified CKAMP44 as a constituent of
AMPAR complexes. The most characteristic
CKAMP44 features are the extracellular Cys-
knot and C-terminal PDZ-like ligand motif. The
PDZ-like interaction site could be necessary for
the postsynaptic localization of the membrane-
bound CKAMP44. The Cys-knot might well
interact with the extracellular domain of the
AMPARs. Six of the eight Cys-knot forming
cysteines share the Cys-pattern with w-conotoxins.
It is possible that the Cys-knot of CKAMP44
shares mechanistic features with the Cys-knot of the
recently identified snail conotoxin Cys-ikot-ikot
that disrupts AMPAR desensitization (10).

CKAMP44 bound to different AMPAR as-
semblies and can therefore affect any AMPAR
type. The transmembrane AMPAR regulatory
proteins (TARPs) also fail to show subunit pref-
erence (3, 11, 12). The interaction with
CKAMP44 influences AMPAR function, chang-
ing many of the physiological AMPAR proper-
ties. There are some similarities in CKAMP44’s
modulatory role and that of TARPs and the recently
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identified cornichon homologs 2 and 3 (2), because
CKAMP44 also slows AMPAR deactivation,
although in a less pronounced manner, and,
similarly to TARPs, CKAMP44 increases gluta-
mate affinity (3, 12, 13).

However, CKAMP44 differs considerably
from other AMPAR auxiliary proteins in its modu-
lation of AMPAR desensitization. It modulates
AMPAR function by increasing desensitization,
decreasing T4, and slowing the recovery from de-
sensitization, whereas TARPs and cornichons re-
duce and slow desensitization (2, 3, 12). The
influence of CKAMP44 0n Tyeaer and Tyes iS nOte-
worthy, as TARPs and comichons increase both
Teact AN Tyes (2, 3, 12). Coregulation of Tgeqer and
Tges (increase or decrease of both) was also ob-
served for most AMPAR mutations that, for
example, influence the dimer interface stability
(14, 15). In contrast, AMPAR mutations in the
ligand-binding cleft that affect the stability of the
closed-cleft conformation (interaction between
domains D1 and D2) have opposite effects on
Tgeact ANd Tqes. Mutations that disrupt interactions
between these domains decrease Tgeqe and increase
Tges In addition, such mutations decrease agonist
affinity and also accelerate recovery from desen-
sitization (/6). Conversely, mutations that stabilize
the closed-cleft conformation slow both deacti-
vation and recovery from desensitization, and in-
crease agonist apparent affinity (/7). Therefore, the
effects of CKAMP44 on AMPAR properties are
consistent with CKAMP44 stabilizing the closed-
cleft conformation of the ligand-binding core.

The role that CKAMP44 exerts on de-
sensitization is opposite to that of TARPs, but
cannot be explained by the replacement or elim-
ination of TARPs from the AMPAR complex.
According to our coimmunoprecipitation studies,
CKAMP44 appears to act on AMPARs associ-
ated with TARPs. Moreover, as demonstrated by
the comparison of CA1 and DG synapses and the
differential expression of CKAMP44, the mod-
ulation of AMPARS occurs to different extents at

these synapses. By contrast, cornichons and TARPs
seem to be essential auxiliary subunits of the
AMPAR complex in the central nervous system.
The CKAMP44-mediated increase in
AMPAR desensitization influences short-term
plasticity of EPSCs by reducing paired-pulse
facilitation. In most synapses, short-term plastic-
ity is thought to reflect changes in transmitter
release probability. There are only a few synapses
for which AMPAR desensitization has been shown
to influence PPR (78-20). Slow recovery from
desensitization, pronounced glutamate spillover,
and high release probability are thought to enable
AMPAR desensitization to influence PPR. As we
have demonstrated here, AMPAR desensitization
can reduce the PPR in CA1l pyramidal and DG
granule cell synapses at physiological temper-
atures provided that recovery from desensitiza-
tion is slow. In CA1 neurons, CKAMP44 expression
is low and, hence, CKAMP44 overexpression is
required to reduce the PPR. In contrast, endog-
enous CKAMP44 expression in DG granule cells
is sufficiently high for CKAMP44 KO to
increase PPR. An approximately fourfold slower
recovery from desensitization was described for
AMPA EPSCs in DG granule cells compared to
CA1l pyramidal neurons, which led to the
hypothesis that this distinction might underlie
the different PPRs in CA1 and DG neurons (21).
Our data confirm this hypothesis and identify
CKAMP44 as the protein that differentially
modulates short-term plasticity in these synapses.
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Circadian Gating of the Cell Cycle
Revealed in Single Cyanobacterial Cells

Qiong Yang,™* Bernardo F. Pando,** Guogang Dong,” Susan S. Golden,? Alexander van Oudenaarden™>t

Although major progress has been made in uncovering the machinery that underlies individual biological
clocks, much less is known about how multiple clocks coordinate their oscillations. We simultaneously
tracked cell division events and circadian phases of individual cells of the cyanobacterium Synechococcus
elongatus and fit the data to a model to determine when cell cycle progression slows as a function of
circadian and cell cycle phases. We infer that cell cycle progression in cyanobacteria slows during a
specific circadian interval but is uniform across cell cycle phases. Our model is applicable to the
quantification of the coupling between biological oscillators in other organisms.

yclic processes in biology span a wide
dynamic range, from the subsecond pe-
riods of neural spike trains to annual
rhythms in animal and plant reproduction (/-3).
Even an individual cell exposed to a constant

environment may exhibit many parallel periodic
activities with different frequencies, such as
glycolytic, cell cycle, and circadian oscillations
(4-8). Therefore, it is important to elucidate how
different oscillators couple to each other (9). In

several unicellular organisms and higher verte-
brates, it has been shown that the circadian
system affects whether cell division is permitted
(10-15); similarly, the yeast metabolic cycle
restricts when the cell divides (/6). Here, we
integrate theoretical and experimental approaches
to investigate how the circadian and cell division
subsystems are coupled together in single cells of
the cyanobacterium Synechococcus elongatus.
To quantify how one clock couples to the
other, we built a model by describing the state of
each cell with its circadian phase 6(7) and cell
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