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ABSTRACT In cerebellar Purkinje neurons, g-aminobu-
tyric acid (GABA)-mediated inhibitory synaptic transmission
undergoes a long-lasting ‘‘rebound potentiation’’ after the
activation of excitatory climbing fiber inputs. Rebound po-
tentiation is triggered by the climbing-fiber-induced transient
elevation of intracellular Ca21 concentration and is expressed
as a long-lasting increase of postsynaptic GABAA receptor
sensitivity. Herein we show that inhibitors of the Ca21ycal-
modulin-dependent protein kinase II (CaM-KII) signal trans-
duction pathway effectively block the induction of rebound
potentiation. These inhibitors have no effect on the once
established rebound potentiation, on voltage-gated Ca21
channel currents, or on the basal inhibitory transmission
itself. Futhermore, a protein phosphatase inhibitor and the
intracellularly applied CaM-KII markedly enhanced GABA-
mediated currents in Purkinje neurons. Our results demon-
strate that CaM-KII activation and the following phosphor-
ylation are key steps for rebound potentiation.

Many features of the activity-dependent plasticity of excitatory
synapses, thought to be the cellular basis of learning and
memory, are well established (1). Much less is known about the
plasticity of inhibitory synapses in vertebrates. Only recently it
was shown that inhibitory synaptic transmission itself under-
goes activity-dependent modification in several regions of the
vertebrate brain, i.e., cerebellar Purkinje neurons (2–4), the
Mauthner cells of the goldfish (5), deep cerebellar nuclei (6),
visual cortex (7), and hippocampus (8, 9). Besides the well-
characterized activity-dependent plasticity of excitatory syn-
apses (1), plasticity of inhibitory synapses may also play
important roles in learning, memory, and development (10).
In cerebellar Purkinje neurons, the activation of an excita-

tory synaptic input can induce a long-lasting potentiation of
g-aminobutyric acid (GABA)-mediated inhibitory synaptic
currents, a phenomenon that was named rebound potentiation
(3). Rebound potentiation is triggered by a transient elevation
of the intracellular Ca21 concentration (3) due to activation of
voltage-gated Ca21 channels (2, 4), but the intracellular mech-
anisms linking the short-lived Ca21 transient to the much
longer lasting rebound potentiation are unclear. A rise in
intracellular Ca21 concentration is also an important step for
triggering activity-dependent plasticity of various excitatory
synapses, such as long-term potentiation in the CA1 area of the
hippocampus (1) and long-term depression (LTD) of parallel
fiber synapses in the cerebellum (11, 12). These Ca21 signals
were shown to trigger various protein kinase cascades and may
eventually lead to up- or down-regulation of post synaptic
glutamate receptors (13–15). Since protein phosphorylation is
a major mechanism for regulating the function of ligand-gated

ion channels (16), protein kinase cascades may also play key
roles for rebound potentiation of inhibitory synapses.
The present study was undertaken to examine whether

rebound potentiation involves Ca21ycalmodulin-dependent
protein kinase II (CaM-KII) signal transduction pathway. We
used various pharmacological agents with different modes of
action to block this cascade, as well as direct injection of
activated CaM-KII to Purkinje neurons. Our results strongly
suggest that rebound potentiation involves CaM-KII-mediated
protein phosphorylation.

MATERIALS AND METHODS

Sagittal cerebellar slices of 200 mm thickness were prepared
from the vermis of 10- to 14-day-old rats as described (17, 18).
The slices were kept in oxygenated standard saline (compo-
sition, see below) at 348C until use. Whole-cell patch-clamp
recording methods (19) were used to record from Purkinje
neurons directly visualized through a 340 water immersion
objective in an upright microscope (Zeiss Axioskop) (17, 18).
Seal resistances greater than 10 GV were obtained using
Sylgard-coated (General Electric) patch pipettes with resis-
tances of 2–3 MV. In all experiments, compensation of series
resistance was performed (2) using the standard procedure of
the EPC-7 amplifier (List Electronics, Darmstadt, F.R.G.).
The standard internal solution contained 80 mM CsCl, 2 mM
MgCl2, 80 mM cesium D-gluconate, 1 mM EGTA, 4 mM
NaATP, 0.4 mMNaGTP, and 10 mMHepes (pH 7.3, adjusted
with CsOH). The experimental chamber was continuously
perfused with a saline containing 125 mM NaCl, 2.5 mM KCl,
2 mM CaCl2, 1 mM MgCl2, 1.25 mM NaH2PO4, 26 mM
NaHCO3, and 20mM glucose (pH 7.4, when bubbled with 95%
O2y5% CO2). Experiments were performed at room temper-
ature (22–248C), except those with a phosphatase inhibitor,
calyculin A (see Fig. 4), which were performed at 328C.
Staurosporine (Calbiochem), calmidazolium (Calbiochem),

KN62 (Kamiya Biomedical, Thousand Oaks, CA), and caly-
culin A (Wako Biochemicals, Osaka) were dissolved in di-
methyl sulfoxide (DMSO), added to the saline, and applied
extracellularly by perfusion. The final concentrations of
DMSO in the saline were always kept below 0.1%. Stauro-
sporine was applied intracellularly (10 mM, included in the
internal patch-pipette solution) to the Purkinje neuron and, in
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addition, the cerebellar slice was incubated for 60 min in a 0.1
mMstaurosporine-containing bath solution to ensure its action
on the (not well dialyzed) distal dendrites. Calmodulin-binding
domain (CBD; Calbiochem) was dissolved in distilled water
(100 mM) and added to the internal solution so that the final
concentration of CBD was 100 mM. The internal solution used
for intracellular application of CaMK-II (see Fig. 5) contained
130 mM CsCl, 5 mM MgCl2, 1 mM CaCl2, 11 mM EGTA, 5
mM NaATP, and 5 mM Hepes (pH 7.3, adjusted with CsOH).
Purified CaM-KII was stably activated by autothiophosphory-
lation as described (14). CaM-KII was incubated for 10 min at
58C in 50 mM Hepes, pH 7.5y0.5 mM CaCl2y6 mM calmod-
uliny10 mM magnesium acetatey0.4 mM adenosine 59-[g-
thio]triphosphateyBSA (1 mgyml). The autophosphorylated
CaM-KII was maintained on ice and diluted 1:10 in the pipette
solution just before use. For the control experiments, the
CaM-KII was heat-inactivated (10 min at 1008C) before addi-
tion to the autothiophosphorylation reaction mixture.

RESULTS

Rebound Potentiation Is Blocked by CaM-KII Inhibitors.
Whole-cell patch-clamp recordings (19) were obtained from
Purkinje neurons in cerebellar slices from 10- to 14-day-old
rats (17, 18). Voltage-clamped Purkinje neurons displayed
spontaneous inhibitory postsynaptic currents (IPSCs) at a high
frequency and responded to bath-applied exogenous GABA
(2–5 mM, 10 s) with currents of 200- to 1000-pA in amplitude
(2, 3). Both, IPSCs and agonist-induced currents were sensitive
to bicuculline (10 mM), indicating that they were GABAA-
receptor-mediated (2). We have reported (3) that stimulation
of excitatory climbing fibers induces a long-lasting rebound
potentiation of both IPSCs and current responses to exogenous
GABA. Rebound potentiation was blocked by intracellular

application of a Ca21 chelator, bis(2-aminophenoxy)ethane-
N,N,N9,N9-tetraacetate (BAPTA) (3). Furthermore, activa-
tion of Ca21 channels by direct depolarization of Purkinje cells
resulted in a potentiation of GABAA receptor function with a
time course and an amplitude similar to the climbing-fiber-
induced rebound potentiation (3). The climbing-fiber-induced
rebound potentiation occluded the subsequent induction of
long-lasting potentiation by direct depolarization, and vise
versa (M.K. and A.K., unpublished observation). These results
strongly suggest that climbing-fiber stimulation and direct
depolarization activate, through a transient elevation of the
intracellular Ca21 concentration, the common cellular pro-
cesses that leads to rebound potentiation. Therefore, in the
present study, we used depolarizing pulses to 210 mV for 500
ms to induce rebound potentiation. This depolarizing pulse
induces a dendritic Ca21 transient in Purkinje neurons similar
to that caused by climbing-fiber stimulation (20).
This procedure consistently potentiated whole-cell current

responses to bath-applied exogenous GABA (Fig. 1A Top).
The potentiation of the current amplitudes consisted of an
initial transient component (reaching up to 200% of the
control values), followed by a long-lasting (.40 min) plateau-
like phase (of about 150% of the control values) (Fig. 1B, open
symbols). In the present study, we investigated exclusively the
sustained component of rebound potentiation. When stauro-
sporine, a potent but nonselective protein kinase inhibitor was
applied to Purkinje neurons both intra- and extracellularly, a
conditioning depolarizing pulse induced no long-lasting
change of the amplitudes of GABA-mediated currents except
for a transient and smaller potentiation (Fig. 1 A Middle and
B Upper, solid symbols). The amplitudes of Ca21 currents
activated by depolarizing pulses were virtually not affected by
staurosporine [2.05 6 0.71 nA (mean 6 SD) for the control
(n5 9) and 1.746 0.70 nA for staurosporine treated cells (n5

FIG. 1. Blocking effect of staurosporine and CBDon rebound potentiation of GABA-induced whole-cell current responses in cerebellar Purkinje
neurons. (A) A conditioning depolarizing pulse (500 ms, from270 mV to210 mV) induced a long-lasting rebound potentiation of inward currents
elicited by the application of 2 mMGABA (Top). Note the effective block of the potentiation by staurosporine (Middle) and CBD (Bottom). Records
were taken 4 min before (left column) and 14 min after (right column) the conditioning depolarizing pulse. GABA was applied during the periods
indicated by horizontal bars on top of each trace (10 s). (B) Changes in amplitudes of GABA-induced currents of Purkinje neurons for the
staurosporine treated (Upper) (solid symbols, n 5 6) and CBD injected (Lower) (solid symbols, n 5 7) groups plotted against time after the
conditioning pulse. The data from the same control group (open symbols, n 5 9) are illustrated in both graphs. Data points are the mean 6 SEM.
Current amplitudes were normalized with respect to the mean value recorded 10 min prior to the depolarizing pulse.
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5), measured at 50 ms after the onset of the depolarizing
pulses; P . 0.05, Mann–Whitney U test]. Therefore, we
conclude that staurosporine depresses rebound potentiation
by interfering with cellular processes that follow the Ca21
influx into Purkinje neurons, presumably by blocking phos-
phorylation by some protein kinases.
The Ca21 influx through voltage-gated Ca21 channels can

activate various intracellular processes in Purkinje neurons.
For example, Ca21 may bind to calmodulin and then the
Ca21ycalmodulin complex subsequently may activate the mul-
tifunctional CaM-KII (21). This enzyme is rich in postsynaptic
densities at various sites of the brain (22, 23) being present
abundantly also in cerebellar Purkinje neurons (24). It has
been shown that CaM-KII may play a key role for the induction
of another form of synaptic plasticity, namely long-term po-
tentiation of glutamatergic excitatory synapses in the CA1
region of the hippocampus (25–28) and the developing rat
visual cortex (29). To test whether activation of CaM-KII is
required for rebound potentiation, we examined the effect of
calmodulin binding domain (CBD), a synthetic peptide inhib-
itor of CaM-KII. CBD inhibits the binding of Ca21ycalmodulin
complex to the regulatory domain of CaM-KII and thereby
blocks the activation of this kinase (30). Intracellular applica-
tion of CBD (100 mM) through the recording patch pipette
effectively blocked the potentiation of the amplitudes of
GABA-mediated currents (Fig. 1 A Bottom and B Lower, solid
symbols) to an extent similar to that of staurosporine (Fig. 1
A Middle and B Upper, solid symbols). The amplitudes of Ca21
currents activated by depolarizing pulses were not affected by
CBD [2.056 0.71 nA (mean6 SD) for the control (n5 9) and
1.946 0.47 nA for CBD-treated cells (n5 7)]. Thus these data
strongly suggest that activation of calmodulin-dependent pro-

tein kinase after Ca21 influx, presumably CaM-KII, is involved
in rebound potentiation.
CaM-KII Activation Occurs Shortly After Conditioning

Calcium Transients. To further examine mechanisms of CaM-
KII activation in the induction of rebound potentiation, we
used a calmodulin antagonist, calmidazolium, and another
selective CaM-KII antagonist, KN62. Because both of these
agents are membrane permeable, they can be applied by
extracellular perfusion.
When calmidazolium was applied to the bath solution (100

nM) prior to and during the depolarization of Purkinje neu-
rons, it effectively blocked rebound potentiation (Fig. 2A
Upper) in a manner similar to that seen when the neurons were
treated with staurosporine or CBD (Fig. 1). On the other hand,
when the application of calmidazolium started 5 min after the
depolarizing pulse, responses to bath-applied GABA were
potentiated with a time course equivalent to that seen during
rebound potentiation of the control group (Fig. 2A Lower). At
the low concentration (100 nM) used in these experiments,
calmidazolium did not affect the amplitudes of Ca21 currents
[2.056 0.71 nA for the control (n5 9) and 2.336 0.86 nA for
calmidazolium treated cells (n 5 5); P . 0.05, Mann–Whitney
U test]. Calmidazolium also had no effect on the amplitudes of
GABA-induced currents and spontaneous IPSCs [101.3 6
10.8% and 100.9 6 15.3% (mean 6 SD, n 5 6), respectively,
relative to the control values prior to calmidazolium applica-
tion, Mann–Whitney U test]. Thus, the blocking effect of
calmidazolium on rebound potentiation is not due to a general
depression of GABAA receptor function or to a reduced Ca21
influx during depolarization, but most likely to the inhibition
of the calmodulin activation process by Ca21. The results also

FIG. 2. Effects of calmidazolium and KN62 on rebound potentiation of Purkinje neuron current responses to bath-applied GABA. Same
experimental design as that illustrated in Fig. 1B. (A) Calmidazolium (100 nM) applied prior to and during the conditioning depolarizing pulse
effectively blocks rebound potentiation (Upper) (solid symbols, n 5 6). For this and the following three graphs, the open symbols represent the
same set of control data as that illustrated also in Fig. 1B, and the thick horizontal bars at bottom indicate the period of application of the CaM-KII
inhibitors. The application of calmidazolium (CMZ, 100 nM) that started 5 min after the depolarizing pulse had no effect on rebound potentiation
(Lower) (solid symbols, n 5 6). (B) KN62 (3 mM) applied prior to and during depolarizing pulse prevented the formation of rebound potentiation
(Upper) (solid circles, n 5 7). KN62 (3 mM) had no effect on rebound potentiation when given 5 min after the depolarizing pulse (Lower) (solid
symbols, n 5 6).
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indicate that this process takes place within 5 min after the
depolarizing pulse.
Next we examined the effect of KN62, a specific membrane-

permeable inhibitor of CaM-KII (31). This compound inhibits
the binding of the Ca21ycalmodulin complex to CaM-KII and
thereby blocks activation of this enzyme (31). When applied to
the bath solution (3 mM) prior to and during depolarization of
Purkinje neurons, KN62 strongly suppressed rebound poten-
tiation (Fig. 2B Upper) to an extent similar to that observed in
neurons treated with staurosporine, CBD, or calmidazolium
(Figs. 1 and 2A Upper). By contrast, when the application of
KN62 started 5 min after the conditioning depolarizing pulse,
the rebound potentiation was virtually identical to that regis-
tered in the control experiments (Fig. 2B Lower). Control
experiments indicated that KN62 had no significant effect on
the amplitudes of GABA-induced currents or the spontaneous
IPSCs (103.26 18.6% and 102.06 16.7%, n5 5, respectively,
relative to the control values prior to the KN62 application) or

on the amplitudes of Ca21 currents produced by deporalizating
voltage steps [2.056 0.71 nA for the control (n5 9) and 1.656
0.32 nA for KN62 treated cells (n 5 7); P . 0.05, Mann–
Whitney U test]. These results suggest that KN62 blocks the
kinase activity of CaM-KII after its interaction with the
Ca21ycalmodulin complex.
Effects of CaM-KII Inhibitors on Spontaneous IPSCs. The

data presented so far demonstrate that inhibition of CaM-KII
strongly suppresses the potentiation of the current responses
produced by bath-applied exogenous GABA. To examine
whether the same treatments also affect the rebound poten-
tiation of IPSCs, we averaged for each cell tested 200–400
events of spontaneously occurring consecutive IPSCs before
and an equivalent number of events 15 min after the condi-
tioning pulse. The control experiments demonstrated a po-
tentiation of the IPSC amplitudes with no detectable effect on
their time course (Fig. 3A, control traces). The average value
of the potentiation calculated from nine experiments was
152 6 10.4% (mean 6 SEM) (Fig. 3B, control bar). By
contrast, no potentiation of IPSCs was observed in Purkinje
neurons treated with staurosporine (106.3 6 7.5%, Fig. 3B,
staurosporine bar), CBD (105.6 6 10.7%, Fig. 3B, CBD bar),
and in those treated with calmidazolium (107.3 6 18.6%, Fig.
3B, CMZ-before bar) or KN62 (98.0 6 7.5%, Fig. 3 A, KN62
trace, and B, KN62-before bar) prior to depolarization. How-
ever, when calmidazolium or KN-62 were applied 5 min after
the depolarizing pulse, the rebound potentiation of IPSCs had
essentially the same time course and extent as in the control
experiments (152.5 6 12.1% and 156.6 6 10.3%, Fig. 3B,
CMZ-after and KN62-after bars). It is noteworthy that re-
bound potentiation of IPSCs is affected by inhibitors of the
CaM-KII signal transduction pathway in a manner quantita-
tively similar to that observed for the potentiation of current
responses produced by bath-applied GABA. This strongly
suggests that CaM-KII-dependent up-regulation of postsynap-
tic GABAA receptor function underlies the potentiation of
IPSCs.
Phosphorylation by CaM-KII Potentiates GABA-Mediated

Currents. To demonstrate that CaM-KII-mediated phosphor-
ylation underlies the potentiation of GABA-induced currents
in Purkinje neurons, we examined the effects of calyculin A, an
inhibitor of protein phosphatase 1 and 2A. The activation state

FIG. 3. Effects of staurosporine, CBD, calmidazolium, and KN62
on the rebound potentiation of spontaneous IPSCs. (A) Averaged
traces (each from 50 consecutive spontaneous IPSCs) recorded in two
representative Purkinje neurons from the control and KN62-treated
groups, respectively. (Left) Control. Superposition of an averaged
trace taken before (small amplitude) and a potentiated averaged IPSC
taken 15 min after the depolarizing pulse. The averaged two traces
recorded with the same protocol in the presence of KN62 (Right) are
almost perfectly superimposed. Note that neither during control nor
in the presence of KN62 is the time course of the IPSCs affected. (B)
Average changes in IPSC amplitudes induced by the following exper-
imental manipulations: control (n 5 9), staurosporine (n 5 6), CBD
(n 5 7), calmidazolium applied prior to and present during depolar-
ization (CMZ-before, n 5 6), calmidazolium started 5 min after
depolarization (CMZ-after, n5 5), KN62 applied prior to and present
during depolarization (KN62-before, n 5 7), and KN62 started 5 min
after depolarization (KN62-after, n 5 6). Values shown represent
changes of amplitudes (mean 6 SEM) of 200–400 consecutive IPSCs
measured 15 min after the conditioning depolarizing pulse normalized
with respect to the control values before the depolarization.

FIG. 4. Effects of a protein phosphatase inhibitor, calyculin A, on
GABA-induced whole-cell current responses in cerebellar Purkinje
neurons. (A) Whole-cell membrane currents induced by bath-applied
GABA (5 mM) before (left column) and after (right column) a 5-min
perfusion of a saline containing calyculin A (1 mM) (Upper) or that
containing vehicle alone (Lower). (B) Changes in peak amplitudes of
GABA-induced currents of Purkinje neurons in calyculin A-treated
(solid symbols, n5 8) and control (open symbols, n5 7) groups. Data
points given in mean 6 SEM. Current amplitudes were normalized
with respect to the mean value recorded 8min prior to bath application
of the compounds (horizontal bar).
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of CaM-KII can be enhanced by phosphatase inhibitors, as
reported (32). Thus, bath application of calyculin A (1 mM, 5
min) markedly enhanced GABA-induced currents in Purkinje
neurons (Fig. 4 A Upper and B, solid symbols), while vehicle
alone had no effect (Fig. 4 A Lower and B, open symbols).
More direct evidence was obtained in experiments in which

purified CaM-KII was applied intracellularly to Purkinje neu-
rons (Fig. 5). CaM-KII was autophosphorylated in vitro in the
presence of Ca21, calmodulin, and adenosine 59-[g-
thio]triphosphate, as reported (14). When activated CaM-KII
was included in the pipette (200 nM), amplitudes of GABA-
induced currents became larger with time (Fig. 5A Upper) and
reached about 150% of the initial amplitudes (Fig. 5B, solid
symbols). On the other hand, when heat-inactivated CaM-KII
was injected, no significant enhancement of GABA-mediated
currents were induced (Fig. 5 A, Lower and B, open symbols).
The average amplitudes of spontaneous IPSCs also increased
in Purkinje neurons to which active CaM-KII was injected. The
value measured around 20 min after whole-cell recording was
166.9%6 29.8% (mean6 SEM, n5 5) of the initial value. On
the other hand, no significant increase was seen in control
experiments with heat-inactivated CaM-KII (89.6 6 11.3%,
n 5 5). These data clearly indicate that phosphorylation by
CaM-KII potentiates GABA-mediated currents in Purkinje
neurons.

DISCUSSION

The present data clearly indicate that Ca21ycalmodulin-
dependent activation of CaM-KII and subsequent phosphor-
ylation is a requisite step for the induction of rebound poten-
tiation. Our data indicate that this process is completed within
5 min after the conditioning Ca21 transients produced by the
activation of voltage-gated Ca21 channels (Fig. 2). Therefore,
the maintenance of rebound potentiation requires the contri-
bution of some Ca21ycalmodulin-independent mechanism.
Biochemical data indicate that after a calmodulin-dependent
autophosphorylation process, CaM-KII no longer requires
calmodulin to maintain its kinase activity (33, 34). Thus, the
autophosphorylated CaM-KII can be active for a period much
longer than the life time of the Ca21ycalmodulin complex. One

possibility is that GABAA receptors or related proteins are
kept phosphorylated by a persistently active calmodulin-
independent form of CaM-KII and that this serves as a
mechanism for maintaining the potentiated GABAA receptor
function. It was recently reported that the b1 and g2 subunits
of GABAA receptors are directly phosphorylated by CaMK-II
(35, 36). By using purified fusion proteins of the major
intracellular domain of GABAA receptor subunits, specific
sites of phosphorylation for CaMK-II have been identified.
Thus, it is possible that persistent phosphorylation of GABAA
receptors by CaM-KII is the cause for the maintenance of
rebound potentiation. Another possibility is that phosphory-
lation by CaM-KII triggers an intracellular cascade that per-
sistently modifies the GABAA receptor function in a calmod-
ulin-independent manner. In fact, activation of cAMP-
dependent protein kinase (PKA) potentiates both IPSCs and
current responses to exogenous GABA with a time course
similar to rebound potentiation (37). Although there is no
direct evidence available yet suggesting that CaM-KII activates
PKA in Purkinje neurons, this could be an interesting mech-
anism underlying rebound potentiation.
The GABAA receptor function is modulated by Ca21 and

protein kinases in various cell types in the brain and cell
expression systems (16). At the molecular level, consensus sites
for phosphorylation are identified within the large intracellu-
lar domains of various GABAA receptor subunits. For exam-
ple, all b subunits (b1–4) have a conserved site for phosphor-
ylation by PKA (38, 39). Moreover, an alternatively spliced
version of the g2 subunit, termed g2L, contains a consensus
sequence for phosphorylation by protein kinase C (PKC) (40,
41). Biochemical data indicate that GABAA receptor subunits
are directly phosphorylated not only by CaMK-II (35, 36) but
by PKA (42, 43), PKC (43), and cGMP-dependent protein
kinase (36). It should be noted that both the Ca21 elevation
and the PKA activation depress GABAA receptor functions in
most of the native cell types and cell expression systems so far
examined (16). Moreover, also PKC-dependent phosphoryla-
tion caused a reduction of the GABA-induced currents (44).
The cerebellar Purkinje neuron is so far the only example
whose GABAA-receptor function is up-regulated by both Ca21
elevation and PKA activation. This suggests either that Pur-
kinje neurons possess unique GABAA receptors that undergo
modulation in an opposite way to that seen in other cell types
or that the GABAA receptor function is regulated by an as yet
unknown mechanism that is influenced by Ca21 or PKA in
different ways in different types of neurons. Recently, Wang et
al. (45) reported that GABA-mediated currents in the spinal
dorsal horn and hippocampal neurons are enhanced by intra-
cellularly applied a subunit of CaMK-II (45). This is in
accordance with our present results in Purkinje neurons.
However, PKA has been shown to produce depression of
GABA-mediated currents in spinal neurons (46), an effect that
is opposite to that found in Purkinje neurons (37). Such
differential effects of CaMK-II and PKA further suggest that
there are distinct mechanims of GABAA receptor modulation
in different cell types.
We showed that application of calyculin A, an inhibitor of

protein phosphatase 1 and 2A, enhances GABA-mediated
currents in Purkinje neurons (Fig. 4). This is consistent with
results obtained in spinal dorsal horn neurons (45). These
results suggest that GABAA receptors are depressed by en-
dogenous protein phosphatases. The functional state of
GABAA receptors may be dependent on the balance between
the phosphorylation by CaM-KII and the dephosphorylation
by protein phosphatase 1 or 2A. Interestingly, application of
calyculin A induces depression of both a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) responses and par-
allel-fiber-mediated excitatory synaptic transmission in Pur-
kinje neurons (13, 47). These findings suggest that endogenous

FIG. 5. Effects of intracellular injection of activated CaM-KII on
GABA-induced whole-cell current responses in cerebellar Purkinje
neurons. (A) Whole-cell membrane currents induced by bath-applied
GABA (5 mM) 7 min (left column) and 17 min after (right column)
initiation of whole cell recording in Purkinje neurons injected with
activated (Upper) (200 nM) or heat-inactivated (Lower) (200 nM)
CaM-KII. (B) Changes in average peak amplitudes of GABA-induced
currents of Purkinje neurons injected with activated CaM-KII (solid
symbols, n 5 6) and those with heat-inactivated enzyme (open
symbols, n 5 5). Data points given in mean 6 SEM. The ratio of the
peak GABA-induced current at indicated time (It) was divided by the
peak GABA-induced current attained 5 min after patch formation
(I5).
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protein phosphatases may differentially regulate the functions
of GABAA and AMPA receptors in Purkinje neurons.
Besides rebound potentiation of GABAA-receptor-

mediated inhibitory inputs, climbing-fiber stimulaton can in-
duce LTD of excitatory parallel fiber synapses when these two
distinct excitatory inputs are activated conjunctively, a phe-
nomenon presumed to be the cellular basis for motor learning
in the cerebellum (11, 48). Down-regulation of AMPA recep-
tors at parallel fiber synapses is presumed to be the mechanism
reponsible for LTD (13, 49, 50). Both PKC (51) and cGMP-
dependent protein kinase (52) were suggested to be essentially
involved in the induction of LTD. However, there is no report
so far that CaM-KII is involved in LTD. Thus, it is possible that
rebound potentiation of GABAA-receptor-mediated inhibi-
tion and LTD of AMPA-receptor-mediated excitation are
mediated by different kinase systems, although the initial
trigger is in both cases a transient Ca21 influx produced by
climbing fiber activity (3, 53).
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