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Summary

Presynaptic activation of protein kinase A (PKA) in-
duces LTP in cerebellar parallel fiber synapses. Pre-
synaptic LTP is known to require the active zone pro-
tein RIM1q«, but the underlying induction mechanism
remains unclear. We now show that PKA directly phos-
phorylates RIM1a at two sites. Using paired re-
cordings from cultured cerebellar granule and Pur-
kinje neurons, we demonstrate that LTP is absent in
neurons from RIM1a KO mice but is rescued by pre-
synaptic expression of RIM1«. Mutant RIM1« lacking
the N-terminal phosphorylation site is unable to rescue
LTP in RIM1« knockout neurons but selectively sup-
presses LTP in wild-type neurons. Our findings sug-
gest that PKA-mediated phosphorylation of the active
zone protein RIM1« at a single N-terminal site induces
presynaptic LTP.

Introduction

Synaptic plasticity is a change in the efficacy of synaptic
transmission, as observed, for example, during long-
term potentiation (LTP). Synaptic plasticity is instrumen-
tal in the development of synaptic networks and their
modification during learning and memory. Two principal
forms of LTP have been described, a postsynaptic form
that involves regulation of AMPA-type glutamate recep-
tors, and a presynaptic form that involves a modification
of the secretory machinery (reviewed in Nicoll and Ma-
lenka, 1995; Hansel et al., 2001). Postsynaptic LTP is
induced by an NMDA-receptor dependent mechanism,
while presynaptic LTP requires activation of protein ki-
nase A (PKA). Although postsynaptic LTP is generally
considered to be more widely distributed, presynaptic

*Correspondence: thomas.sudhof@utsouthwestern.edu (T.C.S),
dlinden@jhmi.edu (D.J.L.)

‘Present address: Institut fir Neuropathologie, Universitat Bonn,
Sigmund-Freud-Str. 25, 53105 Bonn, Germany.

LTP is expressed in some of the most abundant synapses
in brain, including hippocampal mossy fiber synapses
(Weisskopf et al., 1994; Huang et al., 1994), corticotha-
lamic and corticostriatal synapses (Castro-Alamancos
and Calcagnotto, 1999; Spencer and Murphy, 2002), and
cerebellar parallel fiber synapses (Salin et al., 1996; Lin-
den, 1997).

Long-term potentiation of the parallel fiber-Purkinje
neuron synapse in the cerebellum has been suggested
to underlie aspects of motor learning (Marr, 1969; Me-
dina and Mauk, 2000; see Hansel et al., 2001, for review).
In recent years, the molecular underpinnings of cerebel-
lar LTP have begun to be revealed: during sustained
stimulation at 2-8 Hz, Ca?* influx into presynaptic termi-
nals (Sakurai, 1990; Hirano, 1991; Shibuki and Okada,
1992; Salin et al., 1996; Linden, 1997) activates Ca?*/
calmodulin-sensitive adenylate cyclase ACI (Storm et
al., 1998), resulting in the production of cAMP (Salin et
al., 1996; Linden, 1997). cAMP in turn activates presyn-
aptic PKA (Salin et al., 1996; Linden, 1997; Chavis et al.,
1998; Linden and Ahn, 1999). A similar signaling pathway
mediates induction of LTP at hippocampal mossy fiber
synapses in spite of the fact that cerebellar parallel fiber
and hippocampal mossy fiber synapses differ dramati-
cally in ultrastructure and exhibit distinct forms of short-
term plasticity (Zalutsky and Nicoll, 1990; Katsuki et al.,
1991; Weisskopf et al., 1994; Huang et al., 1994; Tong
et al., 1996; Villacres et al., 1998). In addition, changes
in glutamate receptors may contribute to the induction
of mossy fiber LTP (Yeckel et al., 1999; Kapur et al.,
2001; but see Mellor and Nicoll, 2001). Mossy fiber LTP
is established without apparent changes in presynaptic
resting Ca®* (Regehr and Tank, 1991) or spike-evoked
Ca?t influx (Kamiya et al., 2002). Both hippocampal
mossy fiber LTP (Xiang et al., 1994; Weisskopf and Ni-
coll, 1995; Lopez-Garcia et al., 1996; Tong et al., 1996)
and cerebellar parallel fiber LTP (Hirano, 1991; Linden
1997, 1998; Chavis et al., 1998) are expressed as an
increase in neurotransmitter release, suggesting that
PKA induces LTP by phosphorylating presynaptic pro-
teins.

The idea that presynaptic phosphorylation triggers
LTP is exciting, as it suggests that a simple mechanism
may determine how much release is triggered by a given
concentration of Ca?*. The central role of the secretory
apparatus in parallel fiber and mossy fiber LTP was
confirmed by the observation that LTP is abolished in
mutant mice that lack the synaptic vesicle protein Rab3A
or the active zone protein RIM1«, which bind to each
other (Castillo et al., 1997, 2002; Wang et al., 1997).
However, it is unknown how the requirement for these
proteins relates to PKA. Numerous presynaptic proteins
are phosphorylated by PKA, but no presynaptic PKA
target has been identified that is essential for LTP. For
example, PKA-dependent phosphorylation of synapsins
at the N terminus regulates binding of synapsins to syn-
aptic vesicles (Hosaka et al., 1999), but synapsins are
not essential for mossy fiber LTP (Spillane et al., 1995).
Similarly, rabphilin (which is also a Rab3A binding pro-
tein) is phosphorylated by PKA (Lonart and Sidhof,
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1998), but is also not required for mossy fiber LTP
(Schluter et al., 1999). In contrast, Rab3A, which is es-
sential for mossy fiber LTP (Castillo et al., 1997), is not
phosphorylated by PKA.

RIM1a is an attractive candidate effector for PKA in
the induction of presynaptic LTP since RIM1« is required
for cerebellar parallel fiber and hippocampal mossy fiber
LTP (Castillo et al., 2002), is a central component of the
active zone (Schoch et al., 2002), and binds to Rab3A,
which is also essential for mossy fiber LTP (Castillo
et al., 1997). We have now tested this hypothesis by
examining whether RIM1« is phosphorylated by PKA
and whether its phosphorylation is essential for induc-
tion of parallel fiber LTP. The latter experiments were
performed in a cell culture system in which granule cell-
Purkinje neuron pairs can be transfected presynaptically
(Linden, 1997; Linden and Ahn, 1999) to probe the im-
portance of the observed phosphorylation sites. Our
data suggest that phosphorylation of RIM1« at a single
site is essential for triggering LTP and, thus, identify a
phosphoswitch that regulates presynaptic active zone
function.

Results

Phosphorylation of RIM1«

To test whether phosphorylation of RIM1a by PKA may
mediate induction of presynaptic LTP, we examined
phosphorylation of RIM1« in synaptosomes. Synapto-
somes are metabolically active pinched-off nerve termi-
nals that are capable of Ca**-triggered release (Whitta-
ker, 1993). We isolated mossy fiber synaptosomes from
the CAS3 region of the hippocampus, labeled them with
inorganic *P,, and incubated them in the presence and
absence of the phosphatase inhibitor okadaic acid (Fig-
ure 1A). Because the level of protein phosphorylation
in synaptosomes is set by the balance of kinase and
phosphatase activities, inhibiting dephosphorylation by
okadaic acid is an effective method to screen for phos-
phorylated proteins (Lonart and Sudhof, 1998). We then
lysed the synaptosomes in SDS-PAGE buffer to solubi-
lize the otherwise insoluble RIM1«, quenched the SDS
with Triton X-100, and immunoprecipitated RIM1a. The
resulting autoradiographs revealed that RIM1« was ro-
bustly phosphorylated in an okadaic acid-sensitive
manner (Figure 1A).

We next asked whether PKA is involved in RIM1a
phosphorylation. We stimulated cAMP production in
synaptosomes by application of 50 wM forskolin, a po-
tent activator of adenylate cyclase, and immunoprecipi-
tated RIM1a using rabphilin as a positive control be-
cause rabphilin is phosphorylated by PKA in mossy fiber
synaptosomes (Lonart and Stidhof, 1998). We found that
RIM1a phosphorylation was stimulated upon activation
of PKA with forskolin similar to rabphilin phosphorylation
(Figure 1B). Because the rabphilin antibodies cross-
reacted with RIM1«, the rabphilin immunoprecipitations
isolated RIM1a together with rabphilin and confirmed
the similarity between their phosphorylation patterns
(Figure 1B and data not shown).

We had previously shown that forskolin specifically
stimulated phosphorylation of rabphilin in mossy fiber
synaptosomes isolated from the CA3 region of the hip-
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Figure 1. Region-Specific cAMP-Stimulated Phosphorylation of
RIM1a

(A) Synaptosomes from mossy fiber nerve terminals of the hippo-
campal CA3 region were labeled with inorganic *2P, treated with 1
wM okadaic acid or control buffer, and immunoprecipitated with a
RIM1a-specific antibody or preimmune serum (PIS). Samples were
analyzed by SDS-PAGE and autoradiography.

(B) Same as (A), except that 3P labeled mossy-fiber synaptosomes
were treated with 50 wM forskolin or control buffer, and *P labeled
proteins were immunoprecipitated with antibodies against RIM1a
or rabphilin (Rph). Note that the rabphilin antibody crossreacts with
RIMs. Numbers on the left indicate positions of molecular weight
markers.

(C) Synaptosomes from the hippocampal CA1 and CA3 regions were
labeled with *P and treated either with control buffer, 50 .M for-
skolin alone, 20 mM KCI alone, or forskolin and KCI together. Pro-
teins were separately immunoprecipitated with antibodies to RIM1q,
rabphilin, and synapsins, and analyzed by SDS-PAGE and autoradi-
ography (top) or Phospholmager quantitation of RIM1a phosphory-
lation (bottom). For quantitative analysis, results were normalized to
the control condition (set at 100%); data shown are means = SEMs
from seven independent experiments. Statistical significance was as-
sessed using a Kruskal-Wallis one-way ANOVA followed by Dunett’s
test for multiple pairwise comparisons (asterisks = p < 0.05).

pocampus, but not in synaptosomes obtained from the
CAT1 region of the hippocampus (Lonart and Sudhof,
1998). To determine whether RIM1a phosphorylation is
also regionally regulated, we compared the phosphory-
lation of RIM1« in synaptosomes prepared from the CA1
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Figure 2. Identification of the RIM1a Phos-
phorylation Sites for PKA

(A) Sequences of the two PKA consensus
phosphorylation sites of rat RIM1a aligned
with the corresponding sequences from RIMs
2-4 (top), domain structure of RIM1« (middle),
and positions of the various RIM1a GST-
fusion proteins used to examine PKA-depen-
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recombinant proteins that cover the entire
RIM1a sequence were incubated with y*2P-
ATP and the catalytic subunit of PKA for 5
min, and analyzed by SDS-PAGE and autora-
diography or Coomassie blue staining as indi-
cated. Phosphorylated proteins are identified
by asterisks. For consistency, the amino acid
numbering refers to rat RIM1a that includes
various inserts at alternatively spliced posi-

Autoradiograph

and CAS3 regions using rabphilin and synapsins as posi-
tive controls. We stimulated synaptosomes with 50 uM
forskolin or 20 mM KCI (which depolarizes the membrane
and induces Ca?" influx), and analyzed the phosphoryla-
tion of RIM1q, rabphilin, and synapsins by immunopre-
cipitation followed by SDS-PAGE and autoradiography
(Figure 1C). The phosphosignal for all proteins was
higher in CA1 synaptosomes than in CA3/mossy fiber
synaptosomes, possibly because the former contain a
higher concentration of active nerve terminals. Forskolin
appeared to enhance RIM1a phosphorylation only in
CA3 synaptosomes, but not in CA1 synaptosomes,
whereas KCI was without significant effect (Figure 1C).
Rabphilin phosphorylation, in contrast, was enhanced
by KCI depolarization as described (Lonart and Stidhof,
1998). Since the signals induced by forskolin were not
as strong as those induced by okadaic acid (compare
Figure 1A with Figures 1B and 1GC; this is probably due
to the fact that RIM1a is also phosphorylated by other
kinases), we quantitated the phosphorylation of RIM1a
by Phospholmager detection. This quantitation con-
firmed that RIM1a phosphorylation is stimulated by for-
skolin in CA3- but not CA1-region synaptosomes (Figure
1C). Thus RIM1a phosphorylation correlates with the
region-specific PKA regulation of glutamate release (Lo-
nart and Sudhof, 1998; Lonart et al., 1998) and with
presynaptic mossy fiber LTP (Huang et al., 1994; Weiss-
kopf et al., 1994).

RIM1« Is Phosphorylated by PKA at Two Sites

RIM1«a contains two classical consensus sequences for
PKA phosphorylation, one between the N-terminal zinc
finger and the central PDZ domain (residues 410-413),
and a second at the very C terminus (residues 1545-
1548; Figure 2A). These sequences are highly conserved
in vertebrate RIMs but absent from invertebrate RIMs.
To determine whether these sites are phosphorylated

Coomassie Blue

tions (Wang et al., 1997), but the recombinant
proteins lack these inserts, resulting in an ap-
parent discrepancy between expected and
observed molecular sizes.

by PKA and to search for potential additional PKA phos-
phorylation sites, we examined purified recombinant
GST-fusion proteins that completely cover RIM1a in
overlapping fragments. Fusion proteins were incubated
with ¥P-y-ATP and the catalytic subunit of PKA and
were analyzed by SDS-PAGE, Coomassie blue staining,
and autoradiography (Figure 2B). The two fusion pro-
teins that contain the PKA consensus sequences, but
not other fusion proteins, were phosphorylated to near
stoichiometry (0.8 mol phosphate/mol protein for GST-
RIM377-5'¢ and 0.6 mol phosphate/mol protein for GST-
RIM®0-181%) To validate that serine 413 and serine 1548
were phosphorylated in these fusion proteins, we mu-
tated the serine 413 and serine 1548 to alanine or aspar-
tate. These mutations inhibited phosphorylation by
=90%, confirming that these sites are the primary sub-
strates for PKA (data not shown).

Are serine 413 and serine 1548 phosphorylated by
PKA in vivo? To address this question, we raised anti-
bodies to synthetic peptides containing the phosphory-
lation sites with a central phosphoserine residue. We
confirmed that the phosphospecific antibodies only re-
acted with their cognate GST-fusion proteins when
these were phosphorylated, and the reactivity was
blocked by the respective phosphopeptides (Figures
3A and 3B). We then employed the phosphospecific
antibodies to determine whether serine 413 and serine
1548 are actually phosphorylated in vivo. Hippocampal
mossy-fiber synaptosomes were treated with control
buffer or okadaic acid as described above, but without
3P, labeling (Figure 1A). Analysis of the synaptosomal
proteins by immunoblotting showed that the phospho-
serine 413 antibody detected only a weak RIM1« signal
in control synaptosomes but a strong phosphoRIM1«
band after okadaic acid treatment (Figure 3C). In addi-
tion, nonspecific bands that did not change upon oka-
daic acid treatment were observed (asterisks in Figure
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Figure 3. Analysis of RIM1a Phosphorylation with Phosphospe-
cific Antibodies

(A and B) Validation of phosphospecific RIM1a antibodies raised
against peptides containing phosphorylated serine 413 (RIM1«
P-ser413) or phosphorylated serine 1548 (RIM1a P-ser1548). Re-
combinant GST-fusion proteins that include the respective phos-
phorylation sites ([A] = RIM1a*-%'¢; [B] = RIM1a%%'%"%) were incu-
bated in the presence of ATP with control buffer or the catalytic
subunit of PKA and immunoblotted with phosphospecific antibodies
in the absence or presence of the phosphopeptide antigens. Reac-
tive bands were visualized with ECL, and equal protein loads were
verified by staining the blots with Ponceau S as indicated.

(C and D) RIM1a phosphorylation in mossy fiber synaptosomes
probed with phosphospecific antibodies. Synaptosomes from 28-
day-old rats were treated with 1 .M okadaic acid or control buffer
and analyzed by immunoblotting with phosphospecific antibodies
to RIM1« (left lanes) phosphorylated at serine 413 (C) or serine 1548
(D) and with a general RIM1a antibody (right lanes). Asterisks mark
nonspecific crossreactivities of the phosphospecific antibodies.

3C). Antibodies against phosphoserine 1548 of RIM1q,
however, only reacted with a faint band corresponding
to RIM1« that exhibited no significant change upon oka-
daic acid treatment (Figure 3D). For all experiments,
control blots with phosphorylation-independent anti-
bodies to RIM1a documented that equal protein loads
were applied (right lanes in Figures 3C-3E).

We next examined whether RIM1a phosphorylation
on serine 413 is mediated by PKA, and whether similar
RIM1a phosphorylation can also be observed in other
synapses that exhibit presynaptic LTP. For this purpose,
we prepared cerebellar synaptosomes that are almost
exclusively derived from parallel fiber synapses (which
exhibit presynaptic LTP). We treated the cerebellar syn-
aptosomes with okadaic acid as a general phosphoryla-
tion stimulus as described above and with the cAMP
analog Sp-8CPT-cAMP-S as a specific stimulus for PKA
(Figure 3E). This cAMP analog induces an LTP-like po-
tentiation of synaptic transmission in cultured neurons
under the same conditions (see below). We found that
both agents equally induced RIM1«a phosphorylation on
serine 413. Again, no change in total RIM1a protein
was observed. Together, these data demonstrate that
phosphorylation of serine 413 in RIM1« is dynamically
regulated in hippocampal and cerebellar synaptosomes
in a manner that correlates with the salient features of
PKA-dependent presynaptic LTP.

Developmental Regulation of RIM1«
Phosphorylation on Serine 413
Synaptosomes as an ex vivo preparation may not accu-
rately reflect in vivo phosphorylation. Thus, we tested
whether RIM1« is phosphorylated on serine 413 in nor-
mal rat brain using the phosphospecific antibodies. In
these experiments, we probed brain homogenates from
developing rats (postnatal days [P]1-60) to search for a
potential developmental regulation of RIM1a phosphor-
ylation on serine 413. This approach was guided by
the notion that synaptic plasticity likely changes during
development. Thus, if phosphorylation of RIM1« is in-
volved in long-term plasticity, it is likely that RIM1«
phosphorylation is also developmentally regulated.
Brain homogenates were prepared in the presence of
phosphatase inhibitors and examined by immunoblot-
ting with phosphoserine 413-specific and general RIM1«
antibodies. Bands were visualized with HRP-labeled
secondary antibodies and ECL detection and were
quantified with '®l-labeled secondary antibodies and
Phospholmager detection. We found that at birth, en-
dogenous RIM1a was highly phosphorylated on serine
413. Phosphorylation decreased during the first two
postnatal weeks, when most synapses are formed and
synaptic networks mature (Figure 4A). To determine
whether this developmental pattern is typical for a syn-
aptic PKA substrate, we analyzed synapsins that are

(E) RIM1a phosphorylation in cerebellar synaptosomes. Synapto-
somes from 28-day-old mice were treated with 100 .uM of a nonhy-
drolyzable, cell-permeant analog of cAMP, Sp-8CPT-cAMP-S, or
with 1 wM okadaic acid for 5 min, and analyzed with RIM1« antibod-
ies specific for phosphoserine 413 (left lanes) or general RIM1a
antibodies (right lanes) as described in (D).
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Figure 4. Developmental Dynamics of Steady-State Phosphoryla-
tion of RIM1« at Serine 413

Total brain homogenates obtained from 1- to 60-day-old rats in the
presence of phosphatase inhibitors (50 mM NaF and 1 mM Na,VO,)
were analyzed by quantitative immunoblotting with phosphoserine
413 specific and phosphorylation insensitive RIM1« antibodies (A)
or with phosphospecific and phosphorylation insensitive antibodies
to synapsins (B). In each panel, representative blots in which immu-
noreactive bands were visualized with HRP-labeled secondary anti-
bodies are shown on top, and quantitations obtained with 2l labeled
secondary antibodies followed by Phospholmager detection at the
bottom. For both RIM1a and synapsins, quantitations depict the
ratio of the phosphospecific to the total signal; data shown means *+
SEMs (n = 3-4).

also phosphorylated by PKA (reviewed in Greengard et
al., 1993). Examination of synapsin phosphorylation with
a phosphospecific antibody (Hosaka et al., 1999) did
not detect a developmental change (Figure 4B). Both the
RIM1a and synapsin levels increased during postnatal
development in parallel with synaptogenesis as pre-
viously described (Daly and Ziff, 1997; Wang et al., 1997).
However, this increase does not account for the devel-
opmental phosphorylation of RIM1« since the levels of
synapsins increased even more dramatically than those
of RIM1a but synapsin phosphorylation did not (Fig-
ure 4B).

RIM1« Is Essential for LTP in Cultured Cerebellar
Granule Cell-Purkinje Neuron Synapses

To examine the possibility that LTP is triggered by PKA
phosphorylation of RIM1«, we used dispersed cultures
of embryonic cerebellar neurons from wild-type and
RIM1a knockout mice (Schoch et al., 2002). This prepa-
ration was chosen because LTP can be reliably induced

in cultured granule cell-Purkinje neuron synapses with
properties that recapitulate LTP observed in cerebellar
slices, and because granule cells can be efficiently
transfected using a gene gun (Linden and Ahn, 1999).

We first tested whether RIM1a was actually required
for LTP in the culture system as reported in slices (Cas-
tillo et al., 2002). We cultured cerebellar neurons from
wild-type and RIM1a-deficient mice and employed
whole-cell voltage-clamp recordings to identify synapti-
cally connected pairs of granule and Purkinje neurons
(Linden, 1997; Linden and Ahn, 1999). Granule cells were
stimulated by 0.5 ms constant-voltage pulses through a
somatic loose-patch electrode filled with external saline.
Repeated stimulations at 0.1 Hz resulted in a mix of
successful and failed synaptic responses that were av-
eraged to produce a mean EPSC amplitude. Failure of
the presynaptic cell to fire an action potential was rare
(<1% in all experiments) and was not altered by any
treatment (data not shown). Following 10 min of baseline
recording, LTP was induced by stimulation with 100
pulses at 4 Hz (at t = 0 min), and test pulses were
resumed (Figure 5A). In cultures from wild-type mice,
this treatment caused a dramatic potentiation of synap-
tic responses that lasted for the duration of the recording
(205% = 10.1% of baseline at t = 25 min, mean = SEM,
n = 7). However, in cultures from RIM1a knockout mice,
LTP was abolished (102% = 7.8% of baseline att = 25
min, n = 7). When in a separate population of cell pairs
the number of pulses in the LTP-inducing train was tri-
pled to 300, LTP could still not be induced (99% *+ 9.4%
of baseline at t = 25 min, n = 4), indicating that deletion
of RIM1a did not merely produce a shift in the activation
requirements for cerebellar LTP.

We next examined whether the defect in LTP in
RIM1«-deficient cerebellar neurons can be reversed by
acute expression of RIM1a. For this purpose, we trans-
fected presynaptic granule cells with wild-type RIM1«
using cotransfected EGFP as a marker to identify trans-
fected neurons (Figure 5A and data not shown). Acute
presynaptic expression of RIM1a by transfection re-
sulted in a nearly complete rescue of LTP when as-
sessed 20-54 hr later (180% =+ 10.5% of baseline att =
25 min, n = 7). Rescue of LTP by RIM1« transfection was
sensitive to pretreatment in the bath with an inhibitor of
PKA (KT5720, 10 pM; 102% = 8.5% of baseline at t =
25 min, n = 6), as shown previously in wild-type cultures
(Linden and Ahn, 1999). These data demonstrate that
presynaptic RIM1« is required for LTP induction and
that the defect in cerebellar LTP in RIM1«-deficient mice
does not result from an aberrant developmental pro-
cess. This conclusion is reinforced by the finding that
the basal electrophysiological parameters of synaptic
function were unaltered in naive and rescued RIM1a-
deficient neurons (Table 1). These parameters included
general measures of cellular integrity, such as Rj,,., and
specific measures of synaptic transmission, such as the
amplitude and kinetics of miniature and evoked EPSCs,
paired pulse facilitation, indices of short-term synaptic
fatigue, and an estimate of the AMPA-receptor unitary
conductance by nonstationary fluctuation analysis (Lin-
den, 2001). Thus, in granule cell neurons, deletion of
RIM1a causes a discrete impairment in LTP by a di-
rect effect.
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Figure 5. Impaired Cerebellar LTP in Cultures from RIM1« Knockout

Mice: Rescue by Presynaptic Transfection with Wild-Type RIM1«

Is Abolished by Mutation of Serine 413
(A) Cerebellar LTP induced by tetanic stimulation is defective in

synaptically coupled pairs of cerebellar granule and Purkinje neu-
rons from RIM1a knockout mice but can be rescued by presynaptic
(granule cell) transfection with RIM1a. However, rescue is abolished

at 0.1 Hz, including failures, normalized to the response att = 0

by the PKA inhibitor KT5720. Plots depict the mean EPSC amplitude
min. LTP was induced by applying 100 pulses at 4 Hz at the test

0 min). Current traces are the average of ten

responses in this and all subsequent figures. Scale bars = 5 ms, 9

pulse stimulation strength to the granule cell (indicated by the hori-

zontal bar at t

7; RIM1a KO/WT

rescue, n = 7; RIM1a KO/WT rescue + 10 uM KT5720, n = 6).

pA (wild-type littermates, n = 7; RIM1a KO, n

(B) Mutation of serine 413, but not serine 1548, selectively abolished
rescue of LTP in RIM1a knockout mice. Scale bars = 5 ms, 8 pA

n = 5; RIM1a KO/RIM1a5'% rescue, n = 6; RIM1a KO/RIM1 815460

(RIM1a KO/RIM1a%4% rescue, n = 6; RIM1a KO/RIM1a%4'%P rescue,
rescue, n = 6).

A Critical Role for Serine 413 of RIM1«

in Cerebellar LTP

We next investigated whether phosphorylation of either

serine 413 and/or serine 1548 is involved for cerebellar
LTP. For this purpose we transfected RIM1«-deficient
Strikingly, we found that mutant RIM1a containing

neurons with wild-type RIM1a or mutant RIM1« containing

tate substitutions were examined. The aspartate substi-
tutions were included to mimic the phosphorylated

serines, although aspartate residues do not always act

phorylation site, serine-to-alanine and serine-to-aspar-
like phosphorylated serines.

substitutions in the phosphorylation sites. For each phos-
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either alanine or aspartate substitutions in serine 413
was unable to rescue LTP in RIM1«-deficient neurons
(101% = 7.9% and 98% = 7.0% of baseline, respec-
tively, n = 6 and 5, t = 25 min). In contrast, mutant
RIM1« containing either substitution in serine 1548 res-
cued LTP similar to wild-type RIM1« (S1548A, 184% =
11.6% of baseline att = 25 min, n = 6; S1548D, 191% =+
11.1% of baseline at t = 25 min, n = 6) (Figure 5B). None
of the transfections had an effect on the fundamental
properties of synaptic responses (Table 1).

RIM1«a Is Required for Cerebellar LTP

Downstream of Adenylate Cyclase

Does RIM1a function in the initial steps during LTP in-
duction, for example, in the regulation of Ca?* influx or
activation of type | adenylyl cyclase? This possibility
has been suggested by interactions of RIM1a with Ca?*
channels (Coppola et al., 2001; Hibino et al., 2002). To
address this question, we made use of an LTP-like phe-
nomenon that is induced by a nonhydrolyzable, cell-
permeant cAMP analog (Sp-8CPT-cAMP-S), thereby by-
passing the initial steps of LTP induction (Figure 6A).
This analog is an efficient stimulus for RIM1a phosphor-
ylation on serine 413 in parallel fiber synaptosomes (Fig-
ure 3E) and was shown previously in parallel fiber syn-
apses to induce an LTP-like potentiation that is blocked
by inhibitors of PKA (Salin et al., 1996; Chavis et al.,
1998; Storm et al., 1998; Linden and Ahn, 1999) and
occludes regular LTP (Linden and Ahn, 1999). In cultured
neurons from wild-type mice, bath application of Sp-
8CPT-cAMP-S (100 uM, t = 0-5 min) produced a slowly
developing potentiation (230% = 14.6% of baseline at
t = 25 min, n = 7). This potentiation was abolished in
RIM1«a-deficient cultures (100% = 9.2% of baseline at
t = 25 min, n = 5) but almost completely rescued by
transfection with wild-type RIM1a (197% * 11.1% of
baseline at t = 25 min, n = 5).

If the LTP-like phenomenon induced by direct activa-
tion of PKA is truly an analog of synaptically induced
LTP, it should show similar sensitivity to mutations of
the critical serine 413 residue. When rescue experiments
were performed using mutant RIM1a constructs in
RIM1a-deficient cultures (Figure 6B), serine 413 mutants
were again unable to rescue the potentiation induced by
the cAMP analog (S413A = 111% = 9.0% and S413D =
113% =+ 9.5% of baseline at t = 25 min, n = 5). How-
ever, as in the case of synaptically induced LTP, serine
1548 mutants functioned similar to wild-type RIM1a
(S1548A = 209% * 11.6% and S1548D = 216% * 10.8%
of baseline at t = 25 min, n = 6).

Transfection of Serine 413 Mutant RIM1« into
Wild-Type Neurons Partially Inhibits Cerebellar LTP
Our results suggest that phosphorylation of RIM1« at
serine 413, but not serine 1548, is required for LTP.
However, it is possible that RIM1a serine 413 mutants
are not trafficked to the presynaptic terminals. To con-
trol for this possibility, we transfected cultured cerebel-
lar neurons from wild-type mice with wild-type or serine
413 mutant RIM1« fused to GFP. Presynaptic terminals
were visualized with rhodamine 123, a vital stain for
mitochondria that labels presynaptic terminals (Zenisek
and Matthews, 2000), and the cell volume was visualized
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Figure 6. An LTP-like Phenomenon Produced by Bath Application
of a cAMP Analog Is Abolished in Cultures from RIM1a Knockout
Mice: Rescue by Presynaptic Transfection with Wild-Type RIM1a,
but Not Serine 413 Mutant RIM1«

(A) The cAMP analog Sp-8CPT-cAMP-S was applied in the bath at
aconcentration of 100 wM for 0-5 min, as indicated by the horizontal
bar. Scale bars = 5 ms, 7 pA (wild-type littermates, n = 7; RIM1«a
KO, n = 5; RIM1a KO/WT rescue, n = 5).

(B) Mutation of serine 413, but not serine 1548, selectively abolishes
rescue of CcAMP-dependent enhancement of synaptic responses in
RIM1a knockout mice. Scale bars = 6 ms, 7 pA (RIM1a KO/
RIM1a%1** rescue, n = 5; RIM1a KO/RIM1a54%° rescue, n = 5; RIM1«
KO/RIM1a5'% rescue, n = 6; RIM1a KO/RIM1a5'%%P rescue, n = 6).

by whole-cell patch loading with AlexaFluor 350 hydra-
zide. Wild-type and serine 413 mutant RIM1a were found
in 93% = 6% and 95% = 4% of presynaptic terminals,
respectively (n = 20 granule cells for each), indicating
that the S413A mutant RIM1a does not fail to reach
presynaptic terminals. However, the possibility still re-
mains that RIM1a serine 413 mutants are trafficked to
presynaptic terminals but are not functionally incorpo-
rated into the release machinery. To address this possi-
bility, cerebellar cultures derived from wild-type mice
were transfected with EGFP alone or with EGFP and
mutants of RIM1a lacking the N- or the C-terminal phos-
phorylation site. We then measured the effect of the
expressed proteins on LTP with the idea that if serine
413 mutant RIM1« is functionally incorporated into the
release machinery, it may act as a dominant-negative
in LTP induction.

Wild-type neurons transfected with EGFP alone ex-
hibited LTP similar to that seen in untransfected wild-
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type neurons (202% = 10.5% of baseline at t = 25 min,
n = 7). LTP was severely inhibited in neurons transfected
with both serine 413 mutants of RIM1a (S413A =
128% = 8.6%, and S413D = 155% = 8.8% of baseline
at t = 25 min, n = 6; Figure 7A). However, wild-type
neurons transfected with the two mutants of serine 1548
of RIM1a showed normal LTP (S1548A = 213% =+
12.7%, and S1548D = 193% = 11.8% of baseline att =
25 min, n = 5). The residual LTP in wild-type neurons
transfected with serine 413 mutants was completely
blocked by bath application of the PKA inhibitor KT5720
at a concentration of 10 uM (S413A = 104% =+ 9.0%,
n = 6, and S413D = 99% = 7.2% of baseline att = 25
min, n = 6; Figure 7B). Furthermore, the LTP-like effect
produced by bath application of Sp-8CPT-cAMP-S (100
wM, t = 0-5 min) was strongly attenuated by transfection
with serine 413 mutant RIM1a S413A (130% =+ 9.1% of
baseline at t = 25 min, n = 6, compared with a control
group transfected with EGFP alone, 215% = 14.6% of
baseline, n = 5; or EGFP plus RIM1a S1548D, 210% =
13.8% of baseline, n = 6; see Figure 7C). Taken together,
these results suggest that partial displacement of en-
dogenous wild-type RIM1« by serine 413 mutant RIM1«
attenuates LTP because it prevents normal phosphory-
lation of RIM1a.

Discussion

Long-term modification of synaptic strength is central to
the activity-dependent modulation of neuronal networks
during development and during learning and memory.
Enormous progress in recent years has revealed that
postsynaptic LTP and LTD are generally mediated by
increases and decreases, respectively, in AMPA recep-
tor responses (reviewed in Luscher et al., 2000; Sheng
and Kim, 2002; Malinow and Malenka, 2002). The molec-
ular basis for long-term changes in presynaptic function,
however, has been difficult to examine because presyn-
aptic neurotransmitter release is experimentally less ac-
cessible than postsynaptic receptor responses. In the
present study, we demonstrate that phosphorylation of
RIM1a at a single site, serine 413, is required for long-
term potentiation of neurotransmitter release at cerebel-
lar parallel fiber synapses. Our results thus suggest that
induction of parallel fiber LTP may be mediated by a
simple, direct modification of a single active zone pro-
tein. Together with previous work demonstrating that
RIM1a is a central component of presynaptic active
zones, interacts with multiple other active zone proteins
and synaptic vesicle components, and regulates release
(Wang et al., 1997, 2000, 2001, 2002; Betz et al., 2001;
Schoch et al., 2002; Ohtsuka et al., 2002), our results
imply that the crucial point for long-term presynaptic
changes in synaptic strength resides in the interaction
of the active zone with synaptic vesicles. As this type
of LTP is expressed by a multitude of synapses (i.e.,
hippocampal mossy fiber synapses and corticothalamic
and corticostriatal synapses), it seems likely that all of
these synapses are modified by the same mechanism.

Our conclusions are supported by several lines of
evidence. First, we showed that RIM1« is phosphory-
lated in a regulated and region-specific manner in syn-
aptosomes (Figure 1), that its two consensus PKA-phos-
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Figure 7. Presynaptic Transfection of Serine 413 Mutant RIM1q,
but Not of Wild-Type or Serine 1548 Mutant RIM1«, Selectively
Attenuates LTP in Granule Cell-Purkinje Synapses from Wild-Type
Mice

(A) Granule cells from wild-type mice were transfected with serine
413 or serine 1548 mutants of RIM1«, and recordings from granule
cell-Purkinje cell pairs were made after 1-3 days in culture. Scale
bars = 5 ms, 8 pA (n = 7 for EGFP alone; n = 6 for RIM1a5'* and
RIM1a%1%%; n = 5 for RIM1a5'%%* and RIM1a554P),

(B) Experiments in which granule cells from wild-type mice were
transfected with serine 413 mutants of RIM1a (S413A or S413D)
were repeated in the presence of the PKA inhibitor KT5720 (10
wM) as indicated by the light horizontal bar (n = 6 for RIM1a5413*
and RIM1q541%P),

(C) Granule cells from wild-type mice were transfected with either
EGFP alone (n = 5), RIM1a%*A (n = 6), or RIM1a"%*® (n = 6), and
an LTP-like phenomenon was induced by bath application of Sp-
8CPT-cAMP-S (100 pM for 0-5 min) as indicated by the hori-
zontal bar.
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phorylation sites are used in vitro (Figure 2) and in vivo
(Figure 3), and that phosphorylation on serine 413 is
developmentally regulated (Figure 4). Together, this set
of results establishes that RIM1« is a physiological PKA
target with properties expected for a role in presynaptic
LTP. In a second set of experiments, we demonstrated
that deletion of RIM1a prevents induction of LTP in cul-
tured cerebellar neurons both when LTP is induced by
tetanic stimulation or by application of a cAMP analog,
but that both forms of LTP can be rescued by reintroduc-
tion of RIM1« (Figures 5A and 6A). Under the same
conditions that induced RIM1«-dependent potentiation
of neurotransmitter release in cultured neurons, RIM1«
was phosphorylated on serine 413 in cerebellar synapto-
somes (Figure 3E). Importantly, deletion of RIM1a had no
effect on the basal properties of synaptic transmission
(Table 1). We then show that mutation of the N-terminal
(serine 413), but not the C-terminal, phosphorylation site
of RIM1a (serine 1548) abolished rescue (Figures 5B
and 6B). The serine 413 mutations did not inactivate the
trafficking of RIM1« because the mutant RIM1« that was
unable to rescue LTP in RIM1«a-deficient neurons was
transported to presynaptic terminals. Furthermore,
when expressed in wild-type neurons, the serine 413
mutants depressed LTP induced by either tetanic stimu-
lation or a cAMP analog (Figure 7), suggesting that the
RIM1a mutants functionally displaced endogenous wild-
type RIM1a.

There are caveats in the interpretation of our experi-
ments that should be mentioned. While the observation
that transfecting serine 413 mutants of RIM1« attenu-
ates LTP in wild-type cultures is consistent with their
functional incorporation into the release machinery, it is
formally possible that the serine 413 mutants not only
fail to incorporate into the vesicular release machinery,
but also prevent binding partners of RIM1« to incorpo-
rate. However, this is unlikely because exclusion of bind-
ing partners such as Munc13-1 from synapses would
be expected to dramatically change the basal properties
of synaptic transmission (Augustin et al., 1999), which
we did not observe (Table 1). Another concern is that
many of the present observations were made in a bio-
chemical system (synaptosomes) or a cell culture model
system (cultured granule and Purkinje neurons). It is
therefore possible that the mature, intact brain might
differ. We also believe this to be unlikely because we
were able to detect RIM1a phosphorylation in normal
brain using the phosphospecific antibody and because
the RIM1«a knockout similarly impairs parallel fiber LTP
in brain slices (Castillo et al., 2002) and in culture (our
data) without obvious effects on basal synaptic func-
tions.

Use-dependent modulation of the strength of the par-
allel fiber-Purkinje neuron synapse by LTP and LTD has
been widely hypothesized to contribute a portion of the
engram for certain forms of motor learning, most notably
associative eyelid conditioning and adaptation of the
vestibulo-ocular reflex (Raymond et al., 1996; Bear and
Linden, 2000; Hansel et al., 2001). Specifically, in the
case of associative eyelid conditioning, parallel fiber
LTD resulting from the coactivation of unconditioned,
stimulus-driven climbing fiber activity and conditioned,
stimulus-driven parallel fiber activity may underlie the
acquisition of conditioned eyelid responses. Con-

versely, parallel fiber LTP resulting from activation of
conditioned stimuli-driven parallel fiber activity alone
has been suggested to cause the extinction of condi-
tioned eyelid responses in well-trained animals and the
refinement of conditioned eyelid response timing during
acquisition (Medina and Mauk, 2000; Medina et al.,
2000). In the case of the vestibulo-ocular reflex, parallel
fiber LTD resulting from the coactivation of retinal slip
error-driven climbing fiber activity and vestibular affer-
ent-driven parallel fiber activity was hypothesized to
mediate, at least in part, adaptive increases in vestibulo-
ocular reflex gain, while parallel fiber LTP resulting from
vestibular stimulation alone may underlie vestibulo-ocu-
lar reflex suppression. Interestingly, with one exception
(Lev-Ram et al., 2002), all studies of parallel fiber LTP
to date have shown it to be presynaptically expressed,
while parallel fiber LTD is postsynaptically expressed (as
a reduction in the number of synaptic AMPA receptors).
Presynaptic LTP cannot reverse postsynaptic LTD (Bear
and Linden, 2000), which makes it computationally prob-
lematic in a memory network. The finding that serine
413 mutant RIM1« supports normal basal synaptic prop-
erties but blocks LTP induction suggests a powerful tool
for addressing the role of presynaptic LTP in certain
forms of cerebellar motor learning. Thus, a mutant
mouse in which wild-type RIM1« were replaced by ser-
ine 413 mutant RIM1« could provide a rigorous test of
the hypothesis that presynaptic cerebellar LTP is re-
quired for these behavioral phenomena.

Our study raises several new questions. It is striking
that phosphorylated serine 413 is conserved in RIM2«
and RIM23 (Wang and Siidhof, 2003), which are widely
coexpressed with RIM1a. Although this conservation
supports the notion that RIMs are generally regulated
by PKA-dependent phosphorylation, the question arises
why RIM2a—which is biochemically similar to RIM1a—
cannot substitute for RIM1« in the knockout mice. It is
possible that in spite of their similarity, these proteins
perform at least partially different functions or that there
is a threshold effect where decreases in either RIM1a
or RIM2a might prevent LTP. A related question is why
some synapses exhibit RIM1«-dependent LTP, whereas
others lack this type of LTP but instead display
RIM1a-dependent short term plasticity (Castillo et al.,
2002; Schoch et al., 2002). Again, this difference does
not appear to depend on the coexpression of RIM2q,
which is probably present in most synapses, but could
be due to the expression of different RIM1« and RIM2«
splice variants that may regulate protein-protein interac-
tions (Wang and Siidhof, 2003). Alternatively, this differ-
ence may be caused by cell-type specific expression of
different RIM-interacting proteins, or the phosphoryla-
tion state of RIM1a may be constitutively upregulated
at synapses that display RIM1a-dependent short term
plasticity. The latter possibility is suggested by Figure
1C, which demonstrates that at steady state, the phos-
phorylation state of RIM1« is higher in CA1 than in CA3
region synaptosomes, an effect that could be due to
synapse-specific regulation of PKA activity by adaptor
proteins (Lonart, 2002).

How does phosphorylation of serine 413 in RIM1«
cause a long-lasting change in neurotransmitter re-
lease? Serine 413 is localized in a conserved sequence
between the Zn?* finger and the PDZ domain of RIM1«.
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It seems likely that RIM1a phosphorylation regulates
release by altering protein-protein interactions. One
possibility is that phosphorylation changes the balance
between Rab3 and Munc13 binding to the Zn*" finger
domain. These two binding reactions are physiologically
important but compete with each other: shifting their
balance may thus regulate synaptic strength (Betz et
al., 2001). Given the long-lasting nature of LTP, it seems
unlikely, however, that a single change in protein-protein
interactions by itself mediates LTP. Indeed, preliminary
experiments revealed that RIM1«a phosphorylation has
no direct effect on a known protein-protein interaction
(data not shown). A more attractive idea is that this
phosphorylation triggers an overall restructuring of the
active zone, possibly by recruiting additional compo-
nents, a hypothesis that is supported by the fact that
RIM1a binds to a-liprins, which in turn are essential for
regulating active zone size in C. elegans (Schoch et al.,
2002; Zhen and Jin, 1999).

Experimental Procedures

Antibodies

Polyclonal phosphospecific antibodies (T2798 and U2143) were
raised against peptides CHERRH[phospho-S]DVAL and CPLTRRA
[phospho-S]QSSLE, respectively, coupled to keyhole limpet hemo-
cyanin via the N-terminal cysteine residue. All other antibodies were
described previously (Wang et al., 1997; Hosaka et al., 1999).

Plasmids

All mammalian expression vectors were obtained with the original
rat RIM1« cDNA with the A83-105 splice variant at splice site A and
are numbered according to the original cDNA sequence (Wang et
al., 1997). GST-fusion protein expression vectors were constructed
in pGEX-KG using the indicated cloning sites (RIM1« residue num-
bers in brackets): pGEXRimZn (11-398 with inserts in splice site A),
by cloning the EcoR1 fragment from pPreyRIM-52 (Wang et al.,
1997) into pGEX-KG; pGEXRimA/P (377-516), by cloning the 0.62
kb Kpn1-BamH1 fragment of cDNA pBRIM1-7 into pCMVS5, then re-
cloning the 0.42 kb EcoR1-Sac1 fragment of the pCMV5 construct
into the same sites of pGEX-KG; pGEXRimPDZ (492-772) by cloning
the 0.84 kb Sma1-Pvu2 fragment of pPreyRIM-52 into the Sma1 site
of pGEX-KG; pGEXRImC2A (748-907), by PCR amplification using
cDNA pBRIM1-11 as a template and oligonucleotide primers T1704
and T1705 (sequences: CGCCTCGAGAGTTCCTTTGAATCTCAGA
AAATGG and CGCCTGGAGCCTCTGCCTCAG CCATCACCG). The
PCR product was cut with Xho1-Hind3 and cloned into the same
sites of pGEX-KG. pMalRimC2B (890-1014) was constructed by
PCR using pBRIM1-11 as template and oligonucleotide primers
T1706 and T1707 (sequences: CGCAAGCTTATCCATGAATATGC
CGCCTGGGC and CGCAAGCTTACTATGACCGGATGC AGGGA
GGC). The PCR product was cut with Xho1-Hind3 and cloned into
the Sal1-Hind3 sites of pMAL-2. Recombinant proteins were ex-
pressed in bacteria and purified as described (Smith and Johnson,
1988). Serine 413 and serine 1548 were mutated using the Quick-
Change™ (Stratagene) site-directed mutagenesis technique on
pCMV5-RIM1a subclones in pBS containing the 268 bp Kpn1-Sac2
(which includes serine 413) or the 620 bp EcoR5 fragment (which
includes serine 1548). To generate N-terminal GFP-fusion con-
structs for RIM1q, the start codon of RIM1a in pCMV5RIM1a was
mutated into an Xho1 site using PCR, and GFP was subcloned into
this vector as a 763 bp EcoR1-Xho1 fragment of pThy1-EYFP-C1.

Phosphorylation of GST- and MBP-Fusion Proteins of RIM1a

10 pg of fusion proteins bound to glutathione- or maltose-beads
were phosphorylated in a reaction (250 .l) containing 10 MM HEPES
NaOH (pH 7.4), 2 mM MgCl,, 1 mM EGTA, 25 .M %P-y-ATP (6000
cpm/pmol) and 60 U of the catalytic subunit of PKA (Sigma) for 1-10
min at 37°C. Reactions were stopped with 50 pl 6 X SDS-PAGE
sample buffer.

Synaptosome Phosphorylation Experiments

Synaptosomes (1 mg protein) were labeled with inorganic 32P (1 mCi)
for 1 hr at 37°C in phosphate-free aerated KBH containing 0.1 mM
CaCl,. Free %P was removed, synaptosomes were washed, resus-
pended in cold aerated normal KBH buffer (Lonart and Stdhof,
1998), and studied under four treatment conditions. (1) Okadaic
acid: 247.5 pl synaptosomes (0.2 g protein/l) were added to 2.5 pl
of 0.9% NaCl with or without 100 wM okadaic acid and incubated
for 5 min. (2) Forskolin alone: 225 .l synaptosomes were added to
25 pl of KBH containing 1% DMSO with or without 0.5 mM forskolin,
and the reaction was stopped after 5 min. (3) KClI depolarization
alone: 225 pl synaptosomes were added to 12.5 pl of KBH buffer
containing 2% DMSO, incubated for 4 min, and then 12.5 pl of
0.4 M KCI in KBH was added, and reactions were incubated for an
additional 1 min. (4) Forskolin combined with KCI depolarization:
225 .l synaptosomes were added to 12.5 pl of KBH buffer containing
1 mM forskolin. Reactions were then treated as in (3). After the
incubations, synaptosomes were washed and prepared forimmuno-
precipitations with 50 wl 6% SDS containing 6 mM EGTA, 6 mM
EDTA, 300 mM NaF, and 50 mM Na,P,20,. Samples were adjusted
to 0.17% SDS, 1% Triton X-100, plus 10 mM HEPES NaOH (pH 7.4),
100 mM NaCl, 50 mM NaF, 1 mM EGTA, 1 mM EDTA, and 1 mM
PMSF with 1 mg/I pepstatin, 10 mg/l leupeptin, and 10 mg/l aprotinin,
centrifuged (twice at 20,0000 X g for 10 min), and serum (1% v/v
final concentration, using antibodies to the N-terminal Zn?* finger
domain of rabphilin [1734, Li et al., 1994] and RIM1a Q703, Wang et
al., 1997], and the N-terminal A-domain of synapsins [EO28; Hosaka
et al., 1999]) was added. Antigen-antibody complexes were recov-
ered with 50 pl of a 50% slurry of protein A-Sephadex for 45 min
and centrifugation at 1000 X g for 5 min. Beads were washed 4
times, resuspended in SDS sample buffer, and analyzed by SDS-
PAGE and autoradiography. *P-Incorporation was quantified with a
Phosphorimager (Molecular Dynamics, Sunnyvale, CA). Significance
of changes in data from multiple experiments was evaluated with
Kruskal-Wallis one-way ANOVA, followed by Dunnett’s test for pair-
wise comparisons (significance level = p < 0.05).

Transfection and Electrophysiological Analysis

of Cultured Cerebellar Neurons

Neurons and glia from embryonic mouse cerebellum were cultured
as described previously (Linden, 2001). At 4-6 days in vitro, a fraction
of gold particles (0.6 wm diameter, 25 mg) coated with 1 pg of
EGFP plasmid (Clontech) and 5 g of RIM1a expression vector were
delivered by particle-mediated gene transfer using the Helios Gene
Gun System (Linden and Ahn, 1999). Cultures were returned to the
incubator and used for recordings 20-54 hr later. Transfected gran-
ule cells were identified by imaging EGFP signals. Whole-cell re-
cordings were made from granule cell-Purkinje neuron pairs as pre-
viously described (Linden, 2001; Wang and Linden, 2000). Cultures
were superfused with a rate of 0.5 ml/min with a solution that con-
tained 140 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1 mM MgCl,, 10 mM
HEPES NaOH (pH 7.35), 10 mM glucose, and 0.2 mM picrotoxin.
The electrode for Purkinje neuron recording contained 120 mM CsCl,
10 mM HEPES, and 10 mM Cs,-BAPTA adjusted to pH 7.35 with
CsOH. Sp-8CPT-cAMP-S was purchased from Alexis Biochemicals,
Cs,~-BAPTA from Molecular Probes, and all other compounds were
from Sigma. Patch electrodes were pulled from N51A glass and
yielded aresistance of 3-5 MQ). For stimulation/recording of granule
cells, slightly smaller electrodes (5-6 M()) were fabricated. Mem-
brane currents were recorded at room temperature with an Axo-
patch 200A amplifier in resistive voltage-clamp mode, filtered at 2
kHz, and digitized at 5 kHz. R Wwas compensated at 65%-75%.
Cell pairs in which R or Rgeies Varied by more than 15% were
excluded from the analysis.
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