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The Ankyrin Repeat-rich Membrane Spanning (ARMS)/Kidins220
Scaffold Protein Is Regulated by Activity-dependent Calpain
Proteolysis and Modulates Synaptic Plasticity*
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The expression of forms of synaptic plasticity, such as the
phenomenon of long-term potentiation, requires the activity-
dependent regulation of synaptic proteins and synapse compo-
sition. Here we show that ARMS (ankyrin repeat-rich mem-
brane spanning protein)/Kidins220, a transmembrane scaffold
molecule and BDNF TrkB substrate, is significantly reduced in
hippocampal neurons after potassium chloride depolarization.
The activity-dependent proteolysis of ARMS/Kidins220 was
found to occur through calpain, a calcium-activated protease.
Moreover, hippocampal long-term potentiation in ARMS/
Kidins220!/" mice was enhanced, and inhibition of calpain in
these mice reversed these effects. These results provide an ex-
planation for a role for the ARMS/Kidins220 protein in synap-
tic plasticity events and suggest that the levels of ARMS/
Kidins220 can be regulated by neuronal activity and calpain
action to influence synaptic function.

Activity-dependent changes in protein function and com-
position are known to accompany changes in synaptic effi-
cacy. Such processes are frequently mediated by calcium sig-
naling and have been well studied in the synaptic plasticity
process of long-term potentiation (LTP).4 Activity-induced
synaptic changes can occur through up-regulation of proteins
via novel gene transcription (1). Synaptic proteins can also
undergo regulated turnover or degradation through protea-
some-mediated (2) or calpain-mediated (3, 4) proteolysis.
The cysteine protease calpain is ideal for executing activity-

dependent proteolysis of proteins because its enzymatic activ-
ity is induced by increases in intracellular calcium levels (5).

Calpain activation leads to cleavage of synaptic targets such as
the postsynaptic density (PSD) scaffold molecules glutamate
receptor-interacting protein (GRIP) and PSD-95 (6, 7), as well
as cytoskeletal molecules such as spectrin (8), which allows
the remodeling of the synapse that accompanies synaptic
plasticity. Calpain can also alter glutamate receptor function
by targeting receptor subunits (9–16).
One molecule that may play a role in synaptic plasticity is

ARMS (ankyrin repeat-rich membrane spanning protein) or
Kidins220 (kinase D-interacting substrate of 220 kDa). Ini-
tially identified as an interactor of Trk and p75 neurotrophin
receptors (17), as well as a protein kinase D substrate (18),
ARMS/Kidins220 is a transmembrane scaffold protein that is
highly expressed in the nervous system. Strikingly, it is phos-
phorylated by Trk and Eph receptors, but not by other growth
factor tyrosine kinase receptors such as EGF (17). Therefore,
ARMS/Kidins220 represents a receptor tyrosine kinase sub-
strate that lends signaling specificity to certain neuronal path-
ways (17, 19). In the central nervous system, the TrkB recep-
tor phosphorylates ARMS/Kidins220 after brain-derived
neurotrophic factor (BDNF) binding. Because BDNF and
TrkB are highly responsive to neuronal activation, we hypoth-
esized that downstream signal transducers such as ARMS/
Kidins220 might also be involved in activity-dependent events
as a mechanism for facilitating synaptic plasticity.
Here we show that the calcium-activated protease calpain is

responsible for degrading ARMS/Kidins220 after neuronal
activation. In vivo, genetic reduction of ARMS/Kidins220 lev-
els leads to enhanced LTP, and this effect of ARMS/Kidins220
on LTP is dependent on calpain. These data indicate that
ARMS/Kidins220 levels can be regulated by neuronal activity
through calpain proteolysis, which has consequences for hip-
pocampal synaptic plasticity.

EXPERIMENTAL PROCEDURES

Materials—The following pharmacological reagents were
obtained from Sigma-Aldrich: epoxomicin (1 !M), lactacystin
(10 !M), chloroquine (50 !M), MDL28170 (20 !M), and EGTA
(2.5 mM). N-Acetyl-Leu-Leu-Met (25 !M) was obtained from
Calbiochem. The calpain inhibitor BDA-410 (100 nM) was
kindly provided by the Mitsubishi Tanabe Pharma Corp.
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The following antibodies were used: anti-ARMS/Kidins220
C-terminal rabbit polyclonal (1:4000) (17), anti-actin mouse
monoclonal (1:1000; A4700, Sigma), anti-spectrin mouse
monoclonal (1:5000; MAB1622, Chemicon), anti-GluA1 (for-
merly GluR1) C-terminal rabbit polyclonal (1:1000, AB1502,
Chemicon), and anti-GluA2 (formerly GluR2) rabbit poly-
clonal (1:1000; Chemicon).
Production of the ARMS/Kidins220 N-terminal Antibody—

The coding sequence of amino acids 1–402 of ARMS/
Kidins220 was inserted into a M15 pQE31 vector (Qiagen) to
generate a His6-tagged version. Following transformation and
growth of Escherichia coli to log phase, protein expression
was induced with 0.4 mM isopropyl "-D-1-thiogalactopyrano-
side. The cells were grown for an additional 3.5 h at 25 °C,
pelleted, and then resuspended in 25 mM Tris-HCl (pH 7.8),
300 mM KCl, 2 mM "-mercaptoethanol, and protease inhibi-
tors. The cells were lysed using a French press. After centrifu-
gation, the pellet was resuspended in 6 M urea, PBS, and 0.1%
Triton X-100, and after removal of cell debris, the superna-
tant was incubated with nickel-nitrilotriacetic acid-agarose
beads (Qiagen) at 25 °C for 45 min. Subsequently, the beads
were washed with 100 mM Tris-HCl (pH 8), 6 M urea, and 20
mM imidazole, and the His-tagged protein was eluted with
500 mM imidazole. The protein was dialyzed in 20 mM
HEPES-NaOH (pH 7.4), 0.1 M urea, 5% glycerol, and 150 mM
NaCl and stored at !20 °C.
The purified His-tagged N-terminal fragment (amino acids

1–402) of ARMS/Kidins220 was used for immunization of
two rabbits by BioGenes GmbH following standard proce-
dures. Affinity-purified antibodies were isolated using anti-
gen-specific CNBr-Sepharose columns and tested for immu-
noreactivity. The antibody was used in Western blots at a
dilution of 1:200.
Primary Hippocampal Cultures—Primary hippocampal

neurons were dissected from day 18–19 Sprague-Dawley rat
embryos in Ca2"- and Mg2"-free Hanks’ balanced salt solu-
tion (Invitrogen) supplemented with 0.37% glucose, digested
with 0.05% trypsin, mechanically dissociated with fire-pol-
ished Pasteur pipettes, and plated in poly-D-lysine-coated 12-
well plates at 250,000 neurons per well. Cells were grown in
Neurobasal medium (Invitrogen) supplemented with B27
supplement (Invitrogen), 0.37% glucose, 0.5 mM glutamine
(Invitrogen), and 1.2 !g/ml 5-fluoro-2-deoxyuridine. Fresh
medium was added to the cells every 3–4 days.
Cells were stimulated at 14 to 21 days in vitro with 50 mM

KCl or 200 !M glutamate. For KCl treatments, cells were col-
lected at time points after the addition of 50 mM KCl to the
cell medium. For glutamate treatments, 200 !M glutamate
was added to the medium for 1 min, and then the medium
was completely replaced with conditioned medium without
glutamate. Cells were collected at time points after the re-
moval of glutamate. When pharmacological inhibitors were
used, they were applied to the cells 30 min prior to stimula-
tion and were maintained throughout the stimulation.
Western Blots—Cells were collected using 80 !l of 1# SDS

buffer per well of each 12-well plate and boiled for 5 min. A
12-!l sample was separated on SDS-polyacrylamide gels,
transferred to PVDF membranes (Millipore), and incubated

with primary and HRP-conjugated secondary antibodies. Im-
munoreactive proteins were visualized by ECL detection
(Amersham Biosciences) and film autoradiography. Band in-
tensities were quantified using ImageJ software, and statistical
analysis was performed using GraphPad Prism software. All
results were obtained from at least three independent
experiments.
Electrophysiology in ARMS/Kidins220"/! Mice—ARMS/

Kidins220"/! mice have been described previously (20). Hip-
pocampi were dissected from 3–6-month-old male ARMS/
Kidins220"/! mice and wild-type littermates and cut into
400-mm transverse slices with a tissue chopper (Electron Mi-
croscopy Sciences). Slices were incubated in an interface
chamber at 29 °C for 90 min before recording, where they
were subfused with artificial cerebrospinal fluid consisting
of 124 mM NaCl, 4.4 mM KCl, 1.0 mM Na2HPO4, 25 mM
NaHCO3, 2.0 or 2.5 mM CaCl2, 2.0 or 1.3 mM MgSO4, and 10
mM glucose and bubbled with 95% O2 and 5% CO2. A bipolar
tungsten-stimulating electrode and a glass micropipette (5–10
megohms, filled with artificial cerebrospinal fluid) recording
electrode were placed in the stratum radiatum in the CA1
region, and extracellular field potentials were recorded. Basal
synaptic transmission was assayed by plotting the stimulus
voltages (V) against the slopes of the field excitatory postsyn-
aptic potentials to generate input-output relations. For LTP
experiments, baseline stimulation was delivered every minute
for 15 min at an intensity that evoked a response of $35% of
the maximum evoked response. LTP was induced using a
#-burst stimulation of four pulses at 100 Hz, with bursts re-
peated at 5 Hz, and each tetanus including three 10-burst
trains separated by 15 s. In experiments using the calpain in-
hibitor BDA-410, slices were perfused with the inhibitor (100
nM) 20 min before LTP induction.

RESULTS

LTP Is Enhanced in ARMS/Kidins220"/! Mice—We previ-
ously reported a line of mice heterozygous for the ARMS/
Kidins220 gene that display a 30–40% reduction of ARMS/
Kidins220 protein compared with wild-type animals (20).
Homozygous mutants die at an embryonic age. To examine
the effect of ARMS/Kidins220 reduction on synaptic plastic-
ity, acute hippocampal slices were taken from 3–6-month-old
ARMS/Kidins220"/! mice, and electrophysiology measure-
ments were performed. LTP at the Schaffer collateral-CA1
synapse was induced using a #-burst stimulus, and the slopes
of the field excitatory postsynaptic potentials were recorded.
Strikingly, in ARMS/Kidins220"/! mice, LTP was enhanced
compared with wild-type animals (Fig. 1A; F(1,17) % 5.084,
p & 0.05, two-way analysis of variance). ARMS/Kidins220"/!

mice also exhibited increased synaptic transmission at lower
stimulus intensities (Fig. 1B). These data indicate that levels of
ARMS/Kidins220 in vivo regulate synaptic transmission and
synaptic plasticity.
ARMS/Kidins220 Is Degraded after Neuronal Activation by

KCl Depolarization—It was previously shown that ARMS/
Kidins220 protein levels respond to long-term changes in
neuronal activity (21). When the sodium channel blocker te-
trodotoxin was used to inhibit hippocampal cultures over a

ARMS/Kidins220 Proteolysis and Synaptic Plasticity
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course of 48 h, ARMS/Kidins220 protein levels increased, and
when the $-aminobutyric acid receptor inhibitor bicuculline
was used to increase activity in cultures, ARMS/Kidins220
protein levels decreased. Because such treatments have been
shown to induce homeostatic changes in neurons (22), these
data suggest that ARMS/Kidins220 acts as an activity sensor
with a possible role in synaptic plasticity.
To study the regulation of ARMS/Kidins220 due to acute

neuronal activation, we depolarized rat hippocampal cultures
with 50 mM KCl, a stimulus that is widely used to study activi-
ty-dependent neuronal changes (23–25). Cultures were
treated with KCl, and lysates were collected at different times
and probed by Western blot for ARMS/Kidins220 protein
using antibodies directed against the C terminus (17) and the
N terminus.
Neuronal activation caused a reduction in ARMS/Kidins220

levels to $50% of basal levels within 3 h as a result of protein
degradation (Fig. 2, A and B). The N-terminal antibody not
only showed degradation of the full-length 220-kDa ARMS/
Kidins220 protein, but also detected smaller sized degradation
products at $140, 120, and 85 kDa. These were present at low
levels in untreated cultures and accumulated with prolonged
neuronal activation (Fig. 2A, arrows a, b, and c). Addition of
the calcium chelator EGTA to the culture medium prevented
KCl-induced degradation of ARMS/Kidins220, indicating that
extracellular calcium influx after membrane depolarization is
required (Fig. 3, A and B). Taken together, these data indicate
that KCl-induced neuronal activation causes calcium-medi-
ated degradation of full-length ARMS/Kidins220 to smaller
sized fragments.
Glutamate-Induced Neuronal Activation Causes ARMS/

Kidins220 Degradation—In addition to KCl, glutamate, the
most prominent excitatory neurotransmitter in the nervous
system, is commonly used to activate cultured neurons to in-
duce physiological synaptic activity (26). To demonstrate that
activity-induced ARMS/Kidins220 degradation is not re-
stricted to KCl depolarization, we assayed ARMS/Kidins220
protein levels after glutamate treatment of hippocampal
cultures. Similar to the effect of KCl, full-length ARMS/
Kidins220 was degraded when neurons were activated by gluta-

mate (Fig. 4A). Additionally, the same N-terminal degradation
products also were detected (Fig. 4A, arrows a, b, and c). The
degradation of ARMS/Kidins220 and the accumulation of the
smaller fragments were prevented by the addition of EGTA
(Fig. 4B). These results indicate that ARMS/Kidins220 degra-
dation can result from multiple forms of neuronal activation,
including that induced by glutamate.

FIGURE 2. ARMS/Kidins220 is degraded upon KCl activation of hip-
pocampal neurons. A, ARMS/Kidins220 is degraded upon neuronal activation
by KCl. Hippocampal cultures (14–21 days in vitro) were depolarized with 50
mM KCl for the indicated times. Cell lysates were immunoblotted for ARMS/
Kidins220 using antibodies against the C or N terminus and for actin as a load-
ing control. In response to neuronal activation, 220-kDa full-length ARMS/
Kidins220 as detected by both C- and N-terminal antibodies was degraded,
leading to the accumulation of smaller sized fragments as detected by the N-
terminal antibody (arrows), estimated to be 140 (a), 120 (b), and 85 (c) kDa. 95-
and 150-kDa nonspecific bands were detected by the N-terminal antibody. B,
quantification of ARMS/Kidins220 protein levels in hippocampal neurons after
KCl depolarization, as detected with the C-terminal antibody, normalized to
actin levels, and plotted relative to untreated control (n % three independent
experiments; data are represented as the means ' S.E.).

FIGURE 1. Decreased levels of ARMS/Kidins220 in vivo lead to enhanced LTP and increased basal synaptic transmission at the Schaffer collateral-
CA1 synapse. A, ARMS/Kidins220"/! mice display enhanced LTP. LTP was induced by a #-burst stimulus (arrow) in acute hippocampal slices from 3– 6-
month-old ARMS/Kidins220"/! mice and wild-type littermates. Each point represents the average of three successive events (WT, black circles, n % 8; ARMS/
Kidins220"/!, white circles, n % 11; data are represented as the means ' S.E.). B, input-output curve shows increased basal synaptic transmission at lower
stimulus intensities in ARMS/Kidins220"/!mice. Input-output curve of field excitatory postsynaptic potential slope (fEPSP) (V s!1) versus stimulus (V) at
Schaffer collateral-CA1 synapses in adult hippocampal slices from ARMS/Kidins220"/! and wild-type mice (WT, black circles, n % 11; ARMS/Kidins220"/!,
white circles, n % 15; *, p & 0.05, t test; data are represented as the means ' S.E.).
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ARMS/Kidins220 Degradation Is Independent of Protea-
somes or Lysosomes—Activity-dependent turnover of proteins
at the PSD is a mechanism for protein composition regulation
at the highly dynamic synapse (27). Proteasomal activity is
implicated in the turnover of PSD proteins (2) and can be reg-
ulated by BDNF (28). We first hypothesized that the degrada-
tion of ARMS/Kidins220 after neuronal activity was due to
the action of proteasomes. Inhibitors of proteasomes were
used to determine whether they could prevent ARMS/
Kidins220 degradation. Incubation of hippocampal cultures
with the proteasomal inhibitor epoxomicin or lactacystin dur-
ing KCl stimulation did not attenuate ARMS/Kidins220 deg-
radation, indicating that proteasomal digestion was not the
primary mechanism of degradation (Fig. 5, A and C).
Another degradation pathway is through lysosomes, where

hydrolases digest proteins in acidic compartments after inter-
nalization from the cell membrane. Because ARMS/Kidins220
is a transmembrane protein, we investigated whether blocking
lysosomal action using chloroquine, which deacidifies lyso-
somes and inactivates lysosomal proteases, could block

ARMS/Kidins220 degradation. Incubation of hippocampal
cultures with chloroquine during KCl stimulation had no sig-
nificant effect on ARMS/Kidins220 degradation, suggesting
that the degradation did not occur through the lysosomal
pathway (Fig. 5, B and C).
ARMS/Kidins220 Degradation Is Due to Calpain Proteolysis—

Alternatively, activity-induced proteolysis of ARMS/Kidins220
could occur through the action of proteases that are activated
by calcium. One potential candidate is calpain. The two major
isoforms of calpain, !- and m-calpain, are highly expressed in
neurons and respond to micro- and millimolar concentrations
of intracellular calcium, respectively, in part through the
binding of calcium directly to domains in the molecule (5).
Calpain acts at neutral pH in the cytosol and at the cell mem-
brane to cleave a wide range of targets. Furthermore, calpain
activity has been implicated in synaptic functions and neuro-
degenerative diseases (3, 4).
To investigate whether calpain degrades ARMS/Kidins220,

hippocampal cultures were incubated with the calpain inhibi-

FIGURE 3. ARMS/Kidins220 degradation induced by KCl depolarization
requires extracellular calcium. A, hippocampal cultures were depolarized
with 50 mM KCl for 3 h in the presence of the calcium chelator EGTA, and
ARMS/Kidins220 protein levels were assessed by Western blot. EGTA fully
rescued the degradation of full-length ARMS/Kidins220 and the appearance
of N-terminal degradation fragments (arrows a, b, and c). Actin is shown as a
loading control. 95- and 150-kDa nonspecific bands were detected by the
N-terminal antibody. B, quantification of ARMS/Kidins220 protein levels in
A, as detected with the C-terminal antibody, normalized to actin levels, and
plotted relative to untreated control (n % three independent experiments;
**, p & 0.01, t test; data are represented as the means ' S.E.).

FIGURE 4. Glutamate activation of hippocampal neurons induces ARMS/
Kidins220 degradation through a calcium-mediated process. A, ARMS/
Kidins220 is degraded upon glutamate treatment of hippocampal neurons.
Hippocampal cultures were stimulated with 200 !M glutamate for 1 min,
and cell lysates were collected at the indicated times after stimulation and
immunoblotted for ARMS/Kidins220. As was the case after KCl depolariza-
tion, full-length ARMS/Kidins220 was degraded, leading to the accumula-
tion of similar smaller sized N-terminal fragments (arrows a, b, and c). Actin
is shown as a loading control. A 150-kDa nonspecific band was detected by
the N-terminal antibody. B, glutamate-mediated ARMS/Kidins220 degrada-
tion requires extracellular calcium. Hippocampal cultures were stimulated
with 200 !M glutamate for 1 min in the presence of EGTA, and cell lysates
were collected 3 h after stimulation. ARMS/Kidins220 protein levels, as de-
tected by the C-terminal antibody, were assessed by Western blot and
quantified. ARMS/Kidins220 levels were normalized to actin levels and plot-
ted relative to untreated control (n % three independent experiments; **,
p & 0.01, t test; data are represented as the means ' S.E.).
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tor MDL28170 or N-acetyl-Leu-Leu-Met during KCl stimula-
tion. Calpain inhibitors rescued degradation of full-length
ARMS/Kidins220, as well as the accumulation of degradation
products (Fig. 6, A and B). Calpain inhibitors also rescued the
ARMS/Kidins220 degradation induced by glutamate treat-
ment (Fig. 6C).
To demonstrate that the degradation of ARMS/Kidins220

is not due to nonspecific proteolysis of membrane proteins,
we probed for the AMPA receptor subunits GluA1 and
GluA2, two synaptic membrane proteins. After KCl depolar-
ization, GluA1 was degraded in a calpain-dependent manner,

which is consistent with previous studies (Fig. 6D) (9, 16, 29).
However, GluA2 remained intact, indicating that the activity
of calpain was directed at specific targets. Taken together,
these data indicate that ARMS/Kidins220 is a specific target
of calpain, which degrades the scaffold molecule in an acti-
vity-dependent manner.
Inhibition of Calpain Activity Rescues LTP Enhancement in

ARMS/Kidins220"/! Mice—A possible explanation for the
enhancement of LTP in ARMS/Kidins220"/! mice is that a
further reduction of the protein levels in these animals by cal-
pain cleavage unmasks a role for ARMS/Kidins220 in regulat-
ing the amounts of synaptic potentiation. To demonstrate a
link between the enhancement of LTP observed in ARMS/
Kidins220"/! mice and calpain-dependent ARMS/Kidins220
proteolysis, we studied the effect of calpain inhibition in the
mice. Acute hippocampal slices were taken from 3–6-month-
old ARMS/Kidins220"/! mice, and LTP was induced in the
presence and absence of BDA-410, a compound that has been
shown to be a potent and selective calpain inhibitor (30, 31).
In a previous study, calpain inhibition by BDA-410 had no
effect on the expression of LTP or on basal transmission in
wild-type mice (32). Our experiments confirmed that this in-
hibitor also did not affect LTP in our wild-type animals (Fig.
7; wild-type mice treated with vehicle (black circles) versus
BDA-410 (black triangles); F(1,13) % 0.14, p ( 0.05, two-way
analysis of variance). However, the inhibitor did rescue the
enhancement of LTP in ARMS/Kidins220"/! mice (Fig. 7;
ARMS/Kidins220"/! mice treated with vehicle (white circles)
versus BDA-410 (white triangles); F(1,12) % 4.907, p & 0.05,
two-way analysis of variance). These data indicate that the
effects of ARMS/Kidins220 expression on LTP can be medi-
ated by calpain.

DISCUSSION

Activity-dependent regulation of synaptic proteins is a crit-
ical process responsible for many observations of synaptic
plasticity. Here we demonstrated that decreased levels of the
ARMS/Kidins220 scaffold protein in vivo led to an enhance-
ment of LTP. In cultured neurons, ARMS/Kidins220 was
down-regulated in an activity-dependent manner, and the
decrease in ARMS/Kidins220 levels was regulated by calpain.
Inhibition of calpain activity in ARMS/Kidins220"/! mice
rescued the changes in LTP. Taken together, our data suggest
that the activity-dependent regulation of ARMS/Kidins220 by
calpain mediates its effects on synaptic plasticity.
It has been proposed that regulated physiological activation of

calpain is critical for synaptic plasticity andmemory formation,
whereas the pathological hyperactivation of calpain leads to neu-
rodegenerative processes (3, 4). Normal activation leads to key
signaling processes, whereas abnormal activation leads to dys-
regulated degradation and neurotoxicity. López-Menéndez et al.
(33) have shown that ARMS/Kidins220 plays a key role during
NMDA-mediated excitotoxicity that is mediated by calpain.
Here we found that calpain cleavage of ARMS/Kidins220 is in-
volved in its ability to influence LTP.We previously showed that
alterations in ARMS/Kidins220 levels in culture led to changes in
synaptic charge, suggesting that ARMS/Kidins220 regulates syn-
aptic activity (21). Recent studies in hippocampal neurons indi-

FIGURE 5. Activity-dependent degradation of ARMS/Kidins220 protein
is not mediated by proteasomes and lysosomes. A, inhibition of protea-
somes does not rescue activity-induced degradation of ARMS/Kidins220.
Hippocampal cultures were depolarized with 50 mM KCl for 3 h in the pres-
ence of the proteasomal inhibitor epoxomicin or lactacystin, and ARMS/
Kidins220 protein levels were assessed by Western blot. Actin is shown as a
loading control. B, inhibition of lysosomes does not rescue activity-induced
degradation of ARMS/Kidins220. Experiments were performed as in A using
the lysosomal inhibitor chloroquine. Actin is shown as a loading control.
C, quantification of ARMS/Kidins220 protein levels in A and B normalized to
actin levels and plotted relative to untreated control (n % three indepen-
dent experiments; data are represented as the means ' S.E.).
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cate that the level of ARMS/Kidins220 protein expression can
influence both excitatory (34) and inhibitory neurotransmission
(35). Intriguingly, lowered ARMS/Kidins220 protein levels in
vivo caused an enhancement of LTP.
We used the highly selective BDA-410 calpain inhibitor to

assess whether calpain activity is linked to the changes in LTP
observed in heterozygous mice expressing reduced levels of
ARMS/Kidins220. Consistent with previous findings, the
BDA-410 inhibitor did not have any effect upon the genera-
tion of LTP or of basal synaptic transmission properties in
wild-type mice (32). However, treatment of hippocampal
slices from ARMS/Kidins220"/! mice resulted in a reversal of
the enhancement of LTP.
These results imply that calpain activity is related specifi-

cally to the generation of LTP in mice with a reduced level of
ARMS/Kidins220. Steady-state levels of ARMS/Kidins220 in
wild-type animals may place a constitutive restraint upon po-
tentiation, perhaps through the inhibition of a rate-limiting
step. Decreases in the ARMS/Kidins220 protein in ARMS/

Kidins220"/! mice would prime or facilitate the ability to
generate LTP at Schaffer collateral-CA1 synapses. The spe-
cific action of the BDA-410 calpain inhibitor upon the ARMS/
Kidins220"/! mice suggests that calpain cleavage of ARMS/
Kidins220 or its many associated proteins may be responsible
for changing hippocampal plasticity.
Calpain has also been shown to regulate MAPK signaling

involved in memory processes through cleavage of the supra-
chiasmatic nucleus circadian oscillatory protein (SCOP), an
inhibitor of MAPK (36). Interestingly, BDNF was implicated
in the induction of calpain to regulate SCOP. Notably, the
calpain activation can also be regulated by BDNF through
MAPK phosphorylation events (37). These studies provide
evidence that calpain is directly involved in synaptic plasticity
through the regulation of several different mechanisms. The
calpain cleavage of glutamate receptor subunits is regulated
by phosphorylation (29). The kinases Fyn and Ca2"/calmodu-
lin-dependent protein kinase II, among others, have been
shown to regulate the sensitivity of targets to calpain cleavage

FIGURE 6. ARMS/Kidins220 is degraded by calpain upon neuronal activation. A, inhibition of the protease calpain rescues KCl-induced degradation of
ARMS/Kidins220. Hippocampal cultures were depolarized with 50 mM KCl for 3 h in the presence of the calpain inhibitor MDL28170 or N-acetyl-Leu-Leu-
Met (ALLM), and ARMS/Kidins220 protein levels were assessed by Western blot. Both of these inhibitors significantly reduced the degradation of ARMS/
Kidins220 and prevented the appearance of N-terminal degradation fragments (arrows a, b, and c). The 145- and 150-kDa breakdown products of spectrin
mark calpain activity, and actin is shown as a loading control. 95- and 150-kDa nonspecific bands were detected by the N-terminal antibody. B, quantifica-
tion of ARMS/Kidins220 protein levels in A, as detected by the C-terminal antibody, normalized to actin levels, and plotted relative to untreated control (n %
three independent experiments; **, p & 0.01, t test; data are represented as the means ' S.E.). C, hippocampal cultures were stimulated with 200 !M gluta-
mate for 1 min in the presence of the calpain inhibitor MDL28170 or N-acetyl-Leu-Leu-Met, and cell lysates were collected at the indicated times after stim-
ulation. ARMS/Kidins220 protein levels, as detected by the C-terminal antibody, were assessed by Western blot and quantified. ARMS/Kidins220 levels were
normalized to actin levels and plotted relative to untreated control (n % three independent experiments; *, p & 0.05, t test; data are represented as the
means ' S.E.). D, hippocampal cultures were depolarized with 50 mM KCl for the indicated times in the presence or absence of the calpain inhibitor
MDL28170, and the indicated proteins were probed by Western blot. The degradation of full-length ARMS/Kidins220, as well as the appearance of N-termi-
nal degradation fragments (arrows a, b, and c), was correlated with the degradation of GluA1, and the degradation of both proteins was prevented by cal-
pain inhibition. In contrast, GluA2 was not degraded.
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(38, 39). Because ARMS/Kidins220 is a molecule with many
potential phosphorylation sites, its cleavage may be regulated
by the phosphorylation state of the protein.
It is likely that different physiological functions are carried

out by ARMS/Kidins220 because it has multifunctional inter-
actions with many different signaling proteins, such as Trio,
septins, Trk receptors, CrkL, and AMPA and NMDA receptor
subunits (33, 34, 40–42). As a scaffold protein at postsynaptic
sites, ARMS/Kidins220 can potentially participate in protein-
protein interactions in dendritic spine compartments. Con-
spicuously, the C terminus of ARMS/Kidins220 contains a
PDZ domain-binding motif, which has the potential to inter-
act with PDZ domain-containing proteins in the PSD to exert
its scaffolding functions. As a substrate of neurotrophin and
ephrin receptors, as well as calpain, regulation of ARMS/
Kidins220 levels may serve as an important convergence point
for transmitting signals to mediate synaptic plasticity.
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FIGURE 7. Inhibition of calpain prevents enhancement of LTP in ARMS/
Kidins220!/" mice. Acute hippocampal slices from 3–7-month-old ARMS/
Kidins220"/! mice and wild-type littermates were incubated with the
calpain inhibitor BDA-410 before and during LTP induction by a #-burst
stimulus (arrow). Calpain blockade did not affect LTP expression in
wild-type animals, whereas it prevented enhancement of LTP in ARMS/
Kidins220"/! mice. Each point represents the average of three successive
events (WT: vehicle, black circles, n % 7; BDA-410, black triangles, n % 8;
ARMS/Kidins220"/!: vehicle, white circles, n % 7; BDA-410, white triangles,
n % 9; data are represented as the means ' S.E.). fEPSP, field excitatory
postsynaptic potential.
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