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Voltage-gated Ca2+ channel
 　Voltage-gated calcium channels （VGCCs） 
or voltage-dependent Ca2+ channels （VDCCs） 
are ion channels that are expressed widely 
and mainly in excitable cells, and mediate Ca2+ 
influx in response to membrane depolarization.  
Because Ca2+ functions as a critical intracellular 
messenger, Ca2+ infl uxes not only depolarize the 
membrane potential but also regulate various 
intracellular processes1）. VGCCs are involved 
directly and indirectly in a broad spectrum of 
cellular processes.  

INACTIVATION OF VOLTAGE-GATED CA2+ CHANNELS AND CONE-ROD 
DYSTROPHY CORD7

Minoru Wakamori1），Yoshitsugu Uriu2），Takafumi Miki2），
Shigeki Kiyonaka2） and Yasuo Mori2）

Abstract　Active zones are highly specialized sites for release of neurotransmitter in presynaptic nerve terminals.  
The spacing between voltage-dependent calcium channels （VDCCs） and synaptic vesicles at active zones is thought 
to infl uence the dynamic properties of synaptic transmission.  Recently we have demonstrated a novel molecular 
interaction between VDCCs and an active zone scaffolding protein, rab3-interacting molecule 1 （RIM1）.  The 
RIM1 induced a pronounced deceleration of inactivation rate and a depolarizing shift of the inactivation curve of 
recombinant P/Q-type VDCC expressed as α1Aα2/δβ1a complex in baby hamster kidney cells.  During 2-s voltage-
displacement to -30 mV, which is the threshold of the P/Q-type VDCC activation, almost all channels were inactivated 
in the absence of the RIM1 （closed-state inactivation）, but less than 20% of the channels were inactivated in 
the presence of the RIM1.  Thus, the RIM1 coordinates calcium signaling and spatial organization of molecular 
constituents at presynaptic active zone.
 　A mutation has been identified for an autosomal dominant cone-rod dystrophy CORD7 in the RIM1 gene. 
Interestingly, the aff ected individuals showed signifi cantly enhanced cognitive abilities across a range of domains. The 
mouse RIM1 arginine-to-histidine substitution （R655H）, which corresponds to the human CORD7 mutation, modifi es 
RIM1 function in regulating VDCC currents elicited by the P/Q-type Cav2.1 and L-type Cav1.4 channels.  The data 
can raise an interesting possibility that CORD7 phenotypes including retinal defi cits and enhanced cognition are at 
least partly due to altered regulation of presynaptic VDCC currents.
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　 Multiple types of VDCCs are distinguished 
on the basis of biophysical and pharmacological 
properties2）.  High voltage-activated types of 
VDCCs known for their essential involvement 
in neurotransmitter release are N-, P/Q-, R-, and 
L-types3-5）.  Molecularly, it has been accepted that 
VDCCs are heteromultimeric protein complexes 
comprised of the pore-forming α1 subunit , 
designated as Cav, and auxiliary subunits such 
as α2/δ, β, and γ3）.  The α1 subunit is encoded by 
at least 10 distinct genes, subdivided into three 
major families, Cav1 （L type）, Cav2 （N, P/Q and R 
type）, and Cav3 （T type）, whose correspondence 
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with functional types is largely elucidated2,6）.  
The cytoplasmic β subunit interacts with the α1 
subunit to enhance functional channel expression 
through trafficking to the plasma membrane7,8）.  
The β subunits dramatically modulate multiple 
gating parameters in activation and inactivation 
processes9-12）.

Reduction of distance between synaptic 
vesicles and VDCCs by RIM1

 　The active zone is the specifi c site for action 
potential dependent exocytosis of neurotrans-
mitters at synapses of the nervous system 
across species13,14）.  The molecular organization 
of active zones, where synaptic vesicles are 
docked in the close vicinity of VDCCs at the 
presynaptic membrane, is essential for the 
control of neurotransmitter release triggered 
by depolarization-induced Ca2+ inf lux.  The 
spacing between VDCCs and vesicles at active 
zone is particularly thought to influence the 
dynamic properties of synaptic transmission15）, 
because there are many Ca2+-binding proteins, 
which chelate free Ca2+, in the cell.  We have 
identified β subunit interacting proteins using 
yeast two-hybrid screening with a mouse 
brain complementary DNA library.  One of 
the proteins is the Rab3-interacting molecule 1 

（RIM1）16）.  in vitro pulldown assays using GST 
fusion constructs identifi ed the RIM1 C terminus 

（residues 1079‒1463） as a major β4 subunit-
interaction domain.  Full-length RIM1 was 
coimmunoprecipitated with β4 subunit of VDCC.  
Further we characterized the association 
between native VDCCs and RIM1 biochemically, 
using sucrose density gradient fractionation of 
neuronal VDCC complexes from mouse brains 
through microsome preparation.  Western blot 
analysis of sucrose gradient fractions showed 
cosedimentation of RIM1 with Cav2.1 and β4 
subunit, but not from lethargic mice, which lack 
β4 subunit.
　 The RIM1 was originally identified as a 
putative eff ector for the synaptic vesicle protein 
Rab317）, and comprises the RIM superfamily 
with other members that share C2B domain at 
their C-termini18）.  RIM1 interacts with several 
other active zone protein components, including 
Munc13, ELKS/CAST, RIM-BP, or Liprins, to 
form a protein scaff old in the presynaptic nerve 
terminal19-23）.  Mouse knockouts revealed that, 
in diff erent types of synapses, RIM1 is essential 
for diff erent forms of synaptic plasticity22, 24）.  In 
the CA1-region Schaffer-collateral excitatory 
synapses and in GABAergic synapses, RIM1 is 
required for maintaining normal neurotransmit-

Figure 1　 Domain structure of mouse RIM1. 
Arrows indicate molecules interacting with RIM1 at the following domains: Zn2+, Zn2+-finger like domain; PDZ, PDZ 
domain; C2A and C2B, fi rst and second C2 domains; PXXP, proline-rich region.  The protein region encoded by clone #2-5 
is also indicated.  “Adapted from reference 16 with permission”
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ter release and short-term synaptic plasticity.  In 
contrast, in excitatory CA3- region mossy fi bre 
synapses and cerebellar parallel fi bre synapses, 
RIM1 is necessary for presynaptic long-term, 
but not short-term, synaptic plasticity.  In 

autaptic neurons, the deletion of RIM1 causes 
a significant reduction in the readily releasable 
pool of vesicles, alters short-term plasticity, and 
changes the properties of evoked asynchronous 
release25）.  

Figure 2　 Eff ects of RIM1 on the inactivation properties of recombinant neuronal VDCCs.
（a） Inactivation of P/Q-type Cav2.1 currents in BHK cells expressing α2/δ and β-subunits.  For comparison of inactivation 
time courses after expression of RIM1 constructs, the peak amplitudes are normalized for Ba2+ currents elicited by 2-s 
pulses to 0 mV from a holding potential （Vh） of ‒100 mV.  （b） Inactivation of N-type Cav2.2, R-type Cav2.3, or L-type Cav1.2 
currents in BHK cells expressing α2/δ and β4b.  The Vh is ‒100 mV for Cav2.2 or Cav1.2, and ‒110 mV for Cav2.3.  （c） Left: 
inactivation curves for Cav2.1 in BHK cells expressing α2/δ and β1a.  Right: inactivation curves for Cav2.1 in BHK cells 
expressing α2/δ and diff erent β-subunits.  （d） Inactivation curves for Cav2.2, Cav2.3 （left）, or Cav1.2 （right） in BHK cells 
expressing α2/δ and β4b.  （e） RIM1 prolongs the time between fi rst channel opening and last closing within a single-channel 
trace of Cav2.1 in BHK cells expressing α2/δ and β4b.  Seven consecutive unitary traces are shown.  The mean values for 
the time of each trace are 184.2 ± 33.3 ms （n = 117 traces） for vector and 502.8 ± 33.3 ms, （n = 101） for RIM1.  The time 
for traces without opening is counted as 0 ms.  （f） Left: Cav2.1 currents induced by 100 Hz AP trains for 1 s in BHK cells 
expressing α2/δ and β1a.  Right: percentage of currents in response to the last stimulus compared to the peak current （n = 6 
for vector and n = 4 for RIM1）.  Data points are mean ± S.E.M.  ***P < 0.001.  “Adapted from reference 16 with permission”
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Modulation of VDCCs inactivation by 
RIM1

 　To elucidate the functional signifi cance of the 
direct RIM1-β4 coupling, we characterized whole-
cell Ba2+ currents through recombinant VDCCs 
expressed as α1α2/δβ complexes in baby hamster 
kidney （BHK） cells.  RIM1 was tested with 
VDCC containing various neuronal α1-subunits, 
N-type Cav2.2, P/Q-type Cav2.1, R-type Cav2.3, 
and L-type Cav1.2.  The most prominent effect 
of RIM1 on VDCC currents was observed on 
inactivation parameters.  The rate of inactivation 
was dramatically decelerated （Fig. 2a,b）.  P/
Q-type Cav2.1 channel currents in response to 
test pulse to 0 mV were inactivated within 500 
ms in the absence of RIM1, however, less than 
70% of the channels were inactivated even after 
the 2-s test pulse to 0 mV in the presence of 
RIM1.  N-type Cav2.2, R-type Cav2.3, and L-type 
Cav1.2 VDCCs also inactivated slowly in the 
presence of RIM1 （Fig. 2b）.  RIM1 signifi cantly 
shifted the inactivation curves （Fig. 2c,d）, 
which is obtained by the double-pulse protocol.  
VDCC currents evoked by 20-ms test pulse 
to 0 mV after the 10-ms repolarization to -100 
mV following 2-s holding potential displacement 
from -80 to 0 mV with 10-mV increments.  In 
P/Q-types, RIM1 coexpression shifted the 
half inactivation potential by +24.6 mV and 
elicited an inactivation curve with a component 
susceptible to inactivation induced at high 
voltages （V0.5 ‒ RIM1 = ‒45.9 mV, V0.5 + RIM1 
= ‒21.3 mV; V0.5 is the potential to give a half-
value of inactivation） and a non-inactivating 
component.  In N- and R-types, the major phase 
in biphasic inactivation curves was switched 
from low voltage-induced phases （V0.5 and ratio; 
‒64.5 mV and 0.91 for N, and ‒78.2 mV and 0.91 
for R） to high voltage-induced phases （V0.5 and 
ratio; ‒20.8 mV and 0.61 for N, and ‒27.9 mV and 
0.53 for R）.  The non-inactivating component of 
the L-type inactivation curve was significantly 

augmented by RIM1 （from 0.07 to 0.25）.  In P/
Q-type channels, the effects on kinetics and 
voltage-dependent equilibrium of inactivation 
were elicited by RIM1 after replacement of β4b 
with other β-subunits including β1a, β2a and β3, 
and as well by the C-terminal truncated mutants 
RIM1（1079-1463） and RIM1（1258-1463） but 
not by RIM1（1079-1257） （Fig. 2a,c）.  After 
RIM1 coexpression, single-channel currents 
clearly demonstrated prolongation of mean time 
between first channel opening and last closing 
within a trace during 750-ms depolarization to 
20 mV without significant changes in single-
channel amplitude （0.59 pA） （Fig. 2e）.  This 
observation corresponds well with the whole-cell 
data and suggests the predominant stabilization 
by RIM1 of the non-inactivating mode26） in 
P/Q-type channels.  Instead of square test 
pulses, we used action potential  waveforms, 
a more physiological voltage-clamp protocol 
to reveal closed-state inactivation27）.  action 
potentials began at －80 mV and peaked at 33 
mV.  Maximal rising and falling slopes were 
300 V/s and －100 V/s, respectively.  Currents 
evoked by the action potential waveforms 
further support the profound suppression of 
voltage-dependent inactivation by RIM1 （Fig. 
2f）.  The observed eff ect of RIM1 on P/Q-type 
inactivation is attributable to its association 
with the β -subunits, since replacement of β4 
with its C-terminal truncation constructs, that 
directly act on α1

28） but cannot bind RIM1, failed 
to significantly affect inactivation in N-type 
channels.  In support, BADN, the dominant 
negative form for the RIM1 action on VDCC βs, 
significantly diminished the effect of RIM1 on 
inactivation of P/Q channels.   When Ca2+ was 
used （5 mM） as a physiological charge carrier 
in the experimental condition to induce Ca2+-
dependent inactivation29）, RIM1 still exerted 
prominent suppressive effects on inactivation, 
slowing the speed and shifting the voltage 
dependence toward depolarizing potentials in 
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P/Q-type expressed in HEK cells （Fig 3a,b）.  
Importantly, in rat pheochromocytoma PC12 
neuroendocrine cells, BADN and co-application of 
siRNAs specifi c for RIM1 and RIM2 accelerated 
inactivation and shifted the inactivation curve 
for toward hyperpolarizing direction （Fig. 
3c,d）.  This supports physiological significance 
of the eff ect of RIM1 via β on VDCC activation.   
Notably, as observed in RIM1-expressing cells, 
voltage-dependent inactivation of presynaptic 
VDCC currents at membrane potentials ≥ ‒40 
mV was demonstrated in the previous report30）.  
Thus, RIM1 exerts strong eff ects on kinetics and 
voltage dependence of inactivation of N-, P/Q-, R- 
and L-types.
　 Many therapeutic drugs interact with voltage- 
gated channels.  The molecular mechanisms of 

drug actions are usually explained by the three 
main functional voltage-gated channel model, 
including resting （R）, active or open （O）, and 
inactivated （I） states1）.  In this context, the 
RIM1 effects can be explained by the three- 
states-model.  In the absence of RIM1, channels 
go into inactivation state through open state at 
a membrane potential of 0 mV.  On the other 
hand, in the presence of RIM1, channels stay 
open state preferentially, and then move into 
inactivation state slowly.  At -50 mV, 80% of 
the channels are inactivated in the absence of 
RIM1, however, in the presence of RIM1 almost 
all channels stay resting state.  Because -50 mV 
is subthreshold voltage, at -50 mV, resting state 
channels move into inactivation state directly in 
the absence of RIM1.  RIM1 removes the direct 

Figure 3　 Physiological relevance of eff ects of RIM1 on inactivation properties of VDCCs.
（a） Eff ects of RIM1 and BADN on the inactivation properties of native VDCCs in PC12 cells maintained for 7-9 culture 
passages.  Left: normalized currents recorded from PC12 cells transfected with vector, RIM1, and BADN.  Middle: inactivation 
curves induced by 2-s holding potential displacement.  Right: comparison of current densities at 10 mV （n = 18, 15, and 9 cells 
for vector, RIM1, and BADN, respectively）.  （b） Acceleration of inactivation by coapplication of siRNAs specifi c for RIM1 and 
RIM2 （siRIM1 & siRIM2） in VDCC currents recorded from PC12 cells.  PC12 cells were maintained for 2-3 culture passages.  
Left: normalized currents evoked by step pulses to 20 mV.  Middle: inactivation curves induced by 2-s holding potential 
displacement.  Right: comparison of current densities at 10 mV （n = 6 and 8 cells, for control GAPDH siRNA （siControl） and 
siRIM1 & siRIM2, respectively）.  Data points are mean ± S.E.M.  “Adapted from reference 16 with permission”
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route from the resting state to the inactivation 
state.  
 　P-type current was f irst ident i f ied in 
cerebellar Purkinje cells and is characterized by 
very slow inactivation kinetics31,32）.  Thereafter, 
Q-type current was identified in cerebellar 
granule cells and is characterized by fast 
inactivation kinetics32）.  Although P- and Q-type 
VDCCs show distinct properties, knock-out 
studies clearly demonstrated that both of them 
are coded by the same Cav2.133,34）.  Human 
Cav2.1 did not produce the P-type current but 
produced the Q-type current, when expressed 
in human embryonic kidney cells35）.  However, 
the P-type current was recorded in the knock-
in mice which express the human Cav2.1 instead 
of mouse Cav2.136）.  These results suggested that 
some additional factors, such as post-translational 
processing or interaction with other proteins, 
may be necessary to produce the P-type current.  
One of the candidates to change the channel 
types is RIM1.
　 In terms of RIM1 eff ects on other functional 
parameters such as voltage dependence of 
activation, activation kinetics, and current 
densities at diff erent voltages in current-voltage 
relationships, VDCCs can be categorized into 
two different groups.  In β4b-expressing BHK 
cells, the current densities of the N- and P/
Q-type were significantly augmented by RIM1, 
while those of the R- and L-type （Cav1.2） 
were unaffected by RIM1.  In P/Q-type, the 
C-terminal region （1079-1463）, that carries the 
β association site, was sufficient for the RIM1 
action to enhance the current density.  By 
contrast, activation speeds were significantly 
decelerated and activation curves were shifted 
toward positive potentials by RIM1 in R- and 
L-type, but not in N- and P/Q-type.  When 
β4b was replaced with other β -isoforms, the 
augmentation of P/Q-type current densities by 
RIM1 was abolished, whereas the eff ect by RIM1 
on activation speed of P/Q-type was induced 

by the β-subunits other than β4b: activation was 
decelerated in the presence of β1a, β2a, and β3 

（Fig. 3d, right panel）.  The RIM1 eff ect shifting 
activation curve toward positive potentials was 
also elicited by β2a in P/Q-type.  Thus, the group 
comprised of the N- and P/Q-type and the group 
comprised of the R- and L-type （Cav1.2） behave 
contrastively with regard to sensitivity to RIM1 
in activation kinetics, voltage dependence of 
activation, and current densities.
 　A synapse-localized E3 ubiquitin ligase, 
SCRAPPER, regulates neural transmission. 
SCRAPPER directly binds, ubiquitinates and 
degradates RIM1. In neurons from Scrapper- 
knockout （SCR-KO） mice, RIM1 had a longer half-
life with significant reduction in ubiquitination. 
As a result of the RIM1 degradation defect, SCR-
KO mice displayed altered electrophysiological 
synaptic activity, i.e., increased frequency of 
miniature excitatory postsynaptic currents37）. This 
phenotype of SCR-KO mice is similar to RIM1 
overexpression. 

Enhancement of neurotransmittere 
release by the association of VDCC β 

subunit with RIM1
　 To gain insight into the physiologica l 
relevance of the RIM1 interaction with the 
VDCC complex, we assessed neurotransmitter 
release from PC12 cells in which diverse 
high voltage-activated types of VDCCs were 
characterized in detail26,38）.  PC12 cells were 
transfected with RIM1 construct cDNAs along 
with the choline acetyltransferase （ChAT） gene 
that synthesizes ACh for synaptic vesicles39）.  
The ACh release triggered by a Ca2+ influx 
in response to membrane depolarization via 
high K+ stimulation （elevation of extracellular 
K+ concentration from 4.7 mM to 49.9 mM） 
was significantly potentiated by full-length 
RIM1.  ACh release was also enhanced by the 
Rab3-interacting N-terminal Zn2+ finger RIM1 
subfragment （11-399） or by the C-terminal 
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β -interacting RIM1 domain （1079-1463） that 
maintains VDCC currents, but not by the middle 
subfragment RIM1（400-1078）.  In PC12 cells, 
BADN signifi cantly suppressed ACh release, in 
sharp contrast with the full-length RIM1.  In 
cultured cerebellar neurons, similar suppression 
by BADN and potentiation by the full-length 
RIM1 were observed for glutamate release upon 
high K+ stimulation.  The results suggest that 
RIM1 can potentiate neurotransmitter release 
through its interaction with VDCC β in PC12 
cells.

Cone-rod dystrophy CORD7
 　A mutation has been identif ied for an 
autosomal dominant cone -rod dystrophy 
CORD7 in the RIM1 gene that is localized to 
chromosome 6q1440）. A four-generation British 
family with CORD7 first experienced reduced 
color vision and visual acuity between the ages 
of 20 and 40 years.  As the disorder progressed, 
they had diffi  culty seeing in bright light, and one 
individual reported visual problems in dim light.  
At the onset of symptoms, retinal pigmentary 
changes were already present around the 
fovea, simulating bull ’s eye dystrophy, which 
developed into macular atrophy41）.  Interestingly, 
the aff ected individuals also showed signifi cantly 
enhanced cognitive abilities across a range of 
domains42）.  Thus, the CORD7 RIM1 mutation 
is characterized by retinal dystrophy and 
enhanced brain function. To elucidate the 
mechanisms underlying these phenotypes, a 
nucleotide （G to A） substitution, that replaces 
Arg-655 with His in the middle C2A domain 
reported for its ability to bind to VDCC α1-
subunit24）, was introduced in the mouse RIM1 
cDNA to yield a construct which carries a 
mutation corresponding to human CORD7 RIM1 
mutation R844H40）.  The mouse clone differs 
from the human clone in having a deletion 
in the region between the Zn2+- finger-like 
and PDZ domains.  In this region, no specific 

functional domains have yet been identifi ed. Co-
immunoprecipitation experiments suggested 
an intact interaction between RIM1 mutant 
R655H and the VDCC β4b-subunit. To elucidate 
the functional effects of the RIM1 mutant, we 
characterized whole-cell Ba2+ currents through 
recombinant VDCCs expressed as α1α2/δβ4b 
complexes containing neuronal α1-subunits 
Cav2.1 of P/Q-type VDCCs or Cav1.4 of L-type 
VDCCs.  These VDCCs were selected, because 
P/Q-type Cav2.1 plays an important role in 
neurotransmitter release from central neurons2）, 
while L-type Cav1.4 is found at high densities in 
photoreceptor terminals43,44） and is known for its 
association with X-linked congenital stationary 
night blindness45）. When compared to wild-type 
RIM1 （WT）, R655H signifi cantly increased the 
non-inactivating component of P/Q-type Cav2.1 
currents （from 0.30 ± 0.04 （n = 6） to 0.43 ± 
0.03 （n = 9）; p < 0.01）. Inactivation parameters 
of L-type Cav1.4 currents were unaffected by 
R655H RIM1.  In terms of activation properties, 
the voltage dependence of P/Q-type （Cav2.1） 
current activation was shifted toward negative 
potentials and activation speed was increased 
by R655H expression.  Furthermore, RIM1-
mediated augmentation of Cav2 .1 current 
density was signifi cantly enhanced by R655H. In 
contrast to Cav2.1 currents, the RIM1-mediated 
hyperpolarizing shift of Cav1.4 activation was 
abolished by the mutation. The eff ects of R655H 
on activation speed and current density were 
indistinguishable from those of WT RIM1 for 
Cav1.4 channels.  
　 The mouse RIM1 mutant R655H, equivalent 
to the human CORD7 mutation, alters RIM1 
function in regulating VDCC currents.  For P/
Q-type Cav2.1 VDCC, important in neurotrans-
mitter release at central synapses, the CORD7 
mutation accelerated activation, and enhanced 
the RIM1-mediated suppression of inactivation 
and augmentation of current density, likely 
leading to enhanced neurotransmitter release 
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and synaptic transmission. In contrast , for 
L-type Cav1.4 VDCC, a predominent player in 
glutamate release from photoreceptor terminals, 
the CORD7 mutation abolished the RIM1- 
mediated hyperpolarization of current activation, 
likely resulting in impaired synaptic transmission 
at ribbon synapses of the visual system. The 
variable effects of this CORD7 mutation on 
different presynaptic VDCCs may underlie the 
two reported nervous system phenotypes, retinal 
dystrophy and enhanced cognitive abilities.
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