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Shaping of IPSCs by Endogenous Calcineurin Activity
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Synaptic inhibition, mediated by GABA, receptors, regulates
neuronal firing, influences coincidence detection (Konig et al.,
1996), and can synchronize the output of neural circuits (Cobb
et al., 1995). Although GABA, receptors can be modulated by
phosphorylation, few studies have directly addressed the role
of such modulation at synapses, where the nonequilibrium
conditions of receptor activation are quite different from those
often used to study GABA, receptors in vitro. Here we pro-
moted endogenous phosphorylation by inhibiting specific
phosphatases in rat hippocampal neurons and compared the
effects on IPSCs with GABA, channel responses in outside-out
patches. Brief and saturating GABA pulses (5 msec; 10 mwm)
activated patch currents resembling the IPSC. Inhibition of
calcineurin (protein phosphatase 2B), but not phosphatases 1
or 2A, produced a similar shortening of IPSC and patch re-
sponses, as did nonspecific inhibition of dephosphorylation

using ATPvS or high concentrations of intracellular phosphate.
Calcineurin inhibition increased the microscopic ligand unbind-
ing rate, which was measured using the competitive antagonist
2-(3-carboxypropyl)-3-amino-6-(4-methoxyphenyl)pyridazinium
bromide, suggesting that the IPSC shortening was partly caused
by destabilization of the ligand binding site. Calcineurin inhibition
also increased the rate and extent of macroscopic receptor de-
sensitization. These results show that endogenous regulation by
kinases and calcineurin can produce substantial changes in the
IPSC duration by altering the unbinding and gating kinetics of the
GABA, receptor. Dynamic regulation of synaptic inhibition may
thus allow for the tuning of circuit behavior at the level of individual
inhibitory synapses.
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The IPSC results in a membrane hyperpolarization and resistive
shunt that transiently reduces the likelihood of action potential
firing. At synapses, receptors are activated by a brief, nonequi-
librium exposure to a high concentration of GABA (Busch and
Sakmann, 1990; Maconochie et al., 1994; Jones and Westbrook,
1995). The IPSC duration is thus primarily determined by the
gating and unbinding kinetics of postsynaptic GABA, chloride
channels (Maconochie et al., 1994; Jones and Westbrook, 1995).
Modulation of GABA channel kinetics is a valuable therapeutic
tool, because it is the primary mechanism of action of the sedative
benzodiazepines and most general anesthetics (Tanelian et al.,
1993; Franks and Lieb, 1994). It is likely that the IPSC can also be
endogenously regulated, as suggested by the prevalence of con-
sensus phosphorylation sequences on cloned GABA, receptor
subunits (for review, see Leidenheimer et al., 1991; Swope et al.,
1992) and by the demonstration that GABA, channel function
can be altered by site-specific phosphorylation (Moss et al., 1992;
Krishek et al., 1994; Moss et al., 1995). Native GABA , receptors
are heteropentameric complexes and thus may contain a large
number of phosphorylation sites per channel. However, the spe-
cific roles of these sites in inhibitory synaptic function remain
unknown.

There is no obvious rule that determines whether phosphory-
lation increases or decreases GABA, receptor activity. For ex-
ample, protein kinase A (Porter et al., 1990; Kano and Konnerth,
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1992; Moss et al., 1992; Angelotti et al., 1993; Feigenspan and
Bormann, 1994), protein kinase C (Sigel and Baur, 1988; Sigel et
al., 1991; Kellenberger et al., 1992; Leidenheimer et al., 1992;
Krishek et al.,, 1994; Lin et al.,, 1994), and protein kinase G
(Leidenheimer, 1996; Robello et al., 1996) have all been reported
either to increase or to decrease GABA responses. In addition,
tyrosine kinase (Moss et al., 1995; Valenzuela et al., 1995) has
been reported to enhance GABA responses, and calcium- and
calmodulin-dependent protein kinase II (Wang et al., 1995) was
shown to enhance IPSPs. Much of this complexity may result
from differences in the receptor types under study and the exis-
tence of multiple regulatory mechanisms. However, an additional
source of variability may arise from the different procedures used
to elicit GABA responses. Most studies have used long, nonsat-
urating GABA applications. During such applications, the chan-
nel population is broadly distributed among unbound, open, and
desensitized states (Jones and Westbrook, 1996), making it diffi-
cult to extract information about microscopic kinetics or their
modulation by phosphorylation. In contrast, synaptic activation of
GABA 4 receptors yields a relatively synchronized response of
the channel population, consisting of rapid movement through
the binding steps, and a subsequent relaxation through open and
desensitized states until unbinding occurs (Jones and Westbrook,
1995, 1996). Such a situation places restrictions on the available
modes of kinetic modulation (Mody et al., 1994) and simplifies
the interpretation of changes in microscopic kinetics.

We studied the effects of endogenous phosphorylation mecha-
nisms by comparing IPSCs with channel responses in excised
patches. Promoting phosphorylation, by inhibiting calcineurin
(protein phosphatase 2B) (for review, see Klee et al., 1988; Yakel,
1997), shortened the IPSC duration and enhanced macroscopic
desensitization. Using rapid solution exchanges to approximate
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Figure 1. Inhibition of calcineurin shortens IPSC
decay by altering GABA, channel kinetics. a, In the
presence of CSPN (500 nm) or CIP (300 um), IPSCs

decayed approximately twice as fast as in control.
OkAc (1 um) had no effect. b, Pooled data illustrate
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the synaptic activation of GABA, receptors, we show that this
IPSC shortening results from a combination of two separable
microscopic effects, a destabilization of the GABA binding site
and a change in channel gating.

MATERIALS AND METHODS

Cell culture and recording. Cell culture methods were identical to those
described previously (Jones and Westbrook, 1995). Whole-cell voltage-
clamp recordings (Vg = —60 mV; 25°C) were obtained from neo-
natal rat hippocampal neurons maintained in “microdot” culture from
1 to 4 weeks. No systematic differences in GABA , receptor kinetics or
modulation were observed with the time in culture. Pipette solutions
contained (in mm): 144 KCI, 1 CaCl,, 3.45 BAPTA (free calcium
buffered to ~50 nm), 10 HEPES, and 5 Mg,ATP, pH 7.2 and 315
mOsm. Phosphatase inhibitors and all other modulators were added to
the pipette solution to give the final concentrations indicated. In some
experiments, Li,ATPvS was substituted for Mg,ATP. The extracellu-
lar solution contained (in mm): 140 NaCl, 2.8 KC1, 1 MgCl,, 1.5
CaCl,, 10 HEPES, and 10 p-glucose, pH 7.4 and 325 mOsm. CNQX
(10 uM) and strychnine (1 uM) were present in all recordings. GABA
(10 mMm) was added to this solution and applied to outside-out patches
using a piezoelectric-driven solution switching system. The solution
exchange time was <1 msec, measured by the 10-90% rise and fall
times of the liquid junction current at the open pipette tip after each
recording. Currents were recorded with an Axopatch 1C amplifier
(Axon Instruments, Foster City, CA), filtered at 1-5 kHz using the
four pole Bessel filter of the amplifier, and sampled at greater than or
equal to twice the filter frequency using a TL-125 analog-digital
interface and AxoBASIC software (Axon Instruments). After achiev-
ing the whole-cell mode, we evoked autaptic IPSCs by 0.5 msec voltage
steps to +40 mV (0.2 Hz). Whole-cell recordings were maintained for
=200 sec before pulling patches, whether or not phosphatase inhibitors
were present. Unless stated otherwise, data are presented as mean =
SEM. Results from recordings using phosphatase inhibitors were
deemed to be significantly different from separate control recordings at
the p = 0.05 level by unpaired two-tailed ¢ tests, by F tests, or by
one-way ANOVA followed by ¢ tests when several groups were com-
pared. Cyclosporin A (CSPN) and okadaic acid (OkAc) were obtained
from Calbiochem (La Jolla, CA), calcineurin inhibitory peptide (CIP)
from Bachem California (Torrance, CA), and 2-(3-carboxypropyl)-3-
amino-6-(4-methoxyphenyl)pyridazinium bromide (SR-95531) from

60

bration with the inhibitor in the whole-cell mode.
Currents were evoked with 5 msec pulses of 10 mm
GABA.

100 140

Research Biochemicals (Natick, MA). All other chemicals were from
Sigma (St. Louis, MO).

Kinetic modeling and variance analysis. To examine the kinetics across
a potentially heterogeneous population of patch responses, we con-
structed a grand average of currents from all patches under each of four
experimental conditions. The conditions were either brief (5 msec) or
long (100 msec) pulses of 10 mm GABA, using either control or CSPN-
containing pipette solutions. A kinetic model was then fit to the averaged
control responses using a least-squares procedure, with rates allowed to
vary within ranges similar to those found previously (see Fig. 4a, inset)
(Jones and Westbrook, 1995). The best-fitting rates were fixed, and fitting
was repeated to model the effects of CSPN with one free parameter
(ko )- Because CSPN produced two separable effects, the best value of
ko was fixed, and a third round of fitting was performed with a second
free parameter (). Other choices of free parameters were also examined
but gave inferior fits.

To perform variance analysis (Sigworth, 1980), we applied a series of
GABA pulses (5 msec; 10 mM) to outside-out patches at 5 sec intervals.
The ensemble mean current (1) and variance (o) were calculated for
each data point using local averaging to minimize distortion caused by
response rundown. The mean current was divided into 100 equally sized
bins, and the corresponding variances were averaged. Plots of binned
variance versus current were fit with the equation: ¢® = il — I> N7},
where i is an estimate of the single channel current, and N is an estimate
of the number of channels. For display, individual plots were normalized
to the fitted maximum variances [at open probability (P,) = 0.5] and
amplitudes (at bin 100) and were averaged together (10 in control and 6
in CSPN). The curves that best fit these normalized data are shown
below (see Fig. 4c). The average parameters from fitting each plot
separately are given in the text.

RESULTS

Inhibition of calcineurin shortens IPSCs and brief
pulse responses to GABA

Autaptically evoked IPSCs displayed a rapid rising phase (~1
msec) and a prolonged biexponential decay (Fig. 1a). To simplify
comparisons between treatments, we also characterized biexpo-
nential decays using the overall duration (i.e., the weighted aver-
age of fast and slow decay components in milliseconds). We first
examined the effect of phosphatase inhibitors on the IPSC. When
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Figure 2. Calcineurin inhibition produces a similar profile of kinetic changes in IPSCs and patches. Fast (open circles) and slow (closed circles) time
constants (in milliseconds) and relative amplitudes (triangles; in %;,, ) are plotted versus overall duration. a, Reductions in overall duration were linearly
correlated with reductions in fast and slow IPSC time constants (r, 0.80 and 0.99) but not with changes in their relative contributions (r, 0.36). b, The
same analyses shown in a were applied to outside-out patch responses to brief GABA pulses (5 msec; 10 mM). In patches, r values were 0.85 and 0.99

for fast and slow time constants and 0.69 for %;,.

loaded into neurons via the recording pipette, the calcineurin
inhibitors CSPN (500 nm) and CIP (300 uM; Hashimoto et al.,
1990) reduced the overall IPSC duration from 70 *= 11 msec
(mean = SEM; n = 11) in control to 36 £ 6 msec (n = 3) and
32 = 4 msec (n = 5), respectively (Fig. 1a,b). Loading pipettes
with a concentration of OkAc (1 uMm) that inhibits protein phos-
phatases (PP) 1 and 2A but not calcineurin (Bialojan and Takai,
1988) had no effect, whereas a higher concentration (5 um) that
inhibits calcineurin shortened the IPSC duration to 45 * 5 msec
(n = 6; data not shown).

Brief and saturating pulses of GABA (5 msec; 10 mm) to
outside-out patches evoked responses that resembled the IPSC
(Fig. 1c,d), decaying with an overall duration of 122 = 11 msec
(n = 13). As with the IPSC, CSPN and CIP shortened patch
current decay to 55 = 5 msec (n = 12) and 63 * 10 msec (n = 4),
respectively. OkAc (1 um; n = 5) had no effect, whereas OkAc at
a higher concentration (5 um) shortened patch currents to 51 =
23 msec (n = 5; data not shown). The 10-90% rise times of
IPSCs were not measured because of the overlapping stimulus
artifact. However, CSPN did not alter the rise time of patch
currents (control, 1.2 + 0.5 msec; CSPN, 1.3 = 0.6 msec). Al-
though IPSCs and patch currents were similar, the somewhat
slower decay of patch currents (attributable solely to a longer slow
component) may have been caused by the removal of endogenous
enzymes or the cytoskeleton after patch excision (Whatley et al.,
1994). Together, our results suggest that dephosphorylation of Ser
or Thr residues of the GABA , receptor or an associated protein
results in long duration IPSCs. In addition, endogenous cal-
cineurin is able to hydrolyze these residues, whereas PP1 or PP2A
are not. This apparent specificity could be attributable either to
true specificity for substrates or to differential localization of the
enzymes. Including orthovanadate (100 uMm) in the pipette solu-
tion also reduced overall patch current duration to 59 = 4 msec
(n = 7; Fig. 2), raising the possibility that endogenous tyrosine
phosphatase activity can prolong IPSCs.

The effects of calcineurin inhibitors were apparent within a few
seconds of establishing the whole-cell configuration and remained
stable throughout the recording. It is therefore likely that the
effective rates of endogenous phosphorylation and dephosphory-
lation are both high (i.e., the phosphate turnover time is short). If
the rate of phosphorylation were slow, one would expect a slow
onset reflecting the slow accumulation of phosphoprotein. Con-
versely, if dephosphorylation were slow, one would expect little
effect of calcineurin inhibition. This rapid onset precluded direct
measurement of changes in current amplitude within a single
recording. However, there were no significant differences in IPSC
or patch current amplitude between control recordings and those
with CSPN. The estimated peak channel open probability was
also unaffected by CSPN (see below). The main action of cal-
cineurin inhibition on hippocampal inhibitory synapses was there-
fore to shorten IPSCs by speeding GABA , channel deactivation.

Modulation depends on endogenous

phosphorylation mechanisms

Because kinases and phosphatases compete for protein sub-
strates, the concentrations, activities, and localization of enzymes
in relation to the substrate determine the equilibrium level of
phosphorylation. Therefore, it is likely that calcineurin inhibition
shortened IPSCs and patch currents by shifting the equilibrium to
favor phosphorylation of the substrate by endogenous kinases. To
confirm this idea, and to rule out phosphorylation-independent
mechanisms, we directly shifted the equilibrium in favor of the
phosphorylated substrate by loading pipettes with either ATPyS
or inorganic phosphate. ATP+S donates a thiophosphate group in
kinase-mediated reactions that resists hydrolysis by phosphatases
(Eckstein, 1985). In the presence of Li,ATPyS (100 um), the
overall duration of patch currents was shortened to 80 = 6 msec
(n = 9), mimicking the action of calcineurin inhibition. Similarly,
inorganic phosphate, the product of phosphatase-mediated hy-
drolysis, should bias the equilibrium in the direction of the phos-
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phoprotein substrate. Loading pipettes with 25 mm potassium
phosphate also mimicked the action of calcineurin inhibition,
shortening patch current decay to 71 = 8 msec (n = 8; data not
shown). These effects were caused by the phosphate groups rather
than by secondary effects, because neither lithium chloride (20
mMm; n = 4) nor GTP4S (100 um; n = 6) significantly shortened
patch current durations.

Parallel shortening of IPSC and patch current
deactivation time constants

Recent evidence suggests that the biexponential decay of IPSCs
and patch currents arises from the relaxation of GABA-bound
channels back toward unbound states via multiple visits to open
and desensitized states (Maconochie et al., 1994; Jones and West-
brook, 1995, 1996). In general, the relative frequency of visits to
a given set of states is proportional to the amplitude of a decay
component, whereas the time spent in those states influences the
component time constant. Linear regression of the time constants
and fractional amplitudes versus overall duration revealed that
the phosphorylation-induced shortening of IPSCs and patch cur-
rents was strongly correlated with reductions in time constants
but not with changes in their relative amplitudes. Figure 2 shows
a graphical presentation of the changes in time constants (7e,,
open circles; 74, closed circles) and the relative contribution of
the fast component (%sy,,,, triangles) caused by promoting phos-
phorylation. In control conditions, IPSCs decayed with time
constants of 32 = 7 and 152 = 18 msec and with the fast
component comprising 68 * 4% of the amplitude (» = 11). In the
presence of CSPN, IPSC components were 20 = 6 and 60 = 17*
msec, with 45 = 12% of current carried by the fast component
(n = 3; asterisks denote p = 0.05 compared with control). For
CIP, components were 16 = 2* and 60 * 14* msec, with 55 =
13% in the fast component (n = 5). Okadaic acid (1 pm; n = 5)
had no effect on any of the three parameters. It is possible that
factors such as an imperfect space clamp of distant synapses or
asynchrony of transmission could have masked changes in 7, for
CSPN because, in patches, CSPN and CIP shortened both time
constants (Fig. 2b). Patch currents in control decayed with com-
ponents of 29 = 3 and 253 = 24 msec, with 58 * 2% in the fast
component (n = 13). For CSPN, components were 12 * 1* and
113 = 11* msec, with 41 + 2%* fast (n = 12). For CIP, compo-
nents were 12 * 2% and 125 = 26* msec, with 48 * 13% fast (n =
4); and for OkAc, components were 17 + 4* and 229 * 41 msec,
with 54 = 3% fast (n = 5).

The changes in time constants without a change in their rela-
tive amplitudes suggest that, after phosphorylation, channels con-
tinue to enter the same active states with the same relative
frequencies as in control but tend to spend less time in those
states. The profile of kinetic changes in patch currents was similar
to that for IPSCs, suggesting that similar or identical mechanisms
are responsible for shortening both types of current. Therefore,
shortening of the IPSC results from changes in the kinetics of the
GABA, receptor rather than from altered GABA uptake or
chloride-handling mechanisms.

Phosphorylation increases the microscopic GABA
unbinding rate

The fast component of GABA , channel deactivation represents
a series of oscillations between closed and open channel states (a
burst), whereas the slow component consists of a series of bursts
separated by visits to long-lived desensitized states (a cluster)
(Jones and Westbrook, 1995, 1996). An economical explanation
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for the changes in time constants illustrated in Figure 2 would
therefore involve a phosphorylation-induced increase in a single
transition rate that shortened the time spent in bursts and clusters
to a similar extent. Because both burst and cluster lengths depend
on the duration of receptor occupancy (Jones and Westbrook,
1995), we first considered the hypothesis that phosphorylation
increases the unbinding rate of GABA. To estimate changes in
the unbinding rate, we used the competitive antagonist SR-95531
(ICs, = 160 nm) (Hamann et al., 1988) because, unlike GABA,
measurement of antagonist unbinding should not be confounded
by movement through open or desensitized states (but see Ueno
et al., 1997). Classical pharmacological analysis shows that SR-
95531 causes parallel right-shifts of the GABA dose-response
curve, diagnostic for competitive antagonism (Hamann et al,
1988). Its action is also modified by point mutations in the
putative GABA binding site (Ueno et al., 1997). Therefore, the
unbinding kinetics of SR-95531 should reflect interactions with
the same regions occupied by GABA. Patches were pre-
equilibrated in a saturating concentration of SR-95531 (10 um),
and the time course of SR-95531 unbinding was revealed by
applying pulses of 10 mm GABA at various intervals after re-
moval of SR-95531. Figure 3, a and b, shows that the current
produced by GABA (i.e., the fraction of channels from which
SR-95531 had unbound) increased with the interval after removal
of SR-95531. In control conditions, SR-95531 unbound with a
time constant of 105 * 29 msec (Fig. 3b; n = 4; fitted parameter +
error of fit). The unbinding time constant was reduced to 34 = 4
msec by CSPN (n = 4; F test) (Motulsky and Ransnas, 1987).
Although assignment of the corresponding microscopic rate
constants requires knowledge of the number and cooperativity
of binding sites, these data strongly suggest that phosphoryla-
tion induces a conformational change that directly destabilizes
ligand attachment. The phosphorylation-dependent shortening
of GABA-activated patch currents can be explained on the
basis of the SR-95531 unbinding experiment by postulating
that destabilization of the binding site affects SR-95531 and
GABA similarly. For example, the kinetic model (Fig. 4a,
inset) used to simulate control patch currents (Fig. 4a, i) also
predicted the shortening of deactivation by CSPN when the
GABA unbinding rate was increased in direct proportion to
the CSPN-induced increase in SR-95531 unbinding (approxi-
mately threefold; Fig. 4a, ii).

Phosphorylation also enhances

macroscopic desensitization

The data presented thus far mainly address the kinetics that occur
when the channel is allowed to relax from the bound to the
unbound state (deactivation) after a brief GABA exposure. Our
analysis indicates that the ligand unbinding process is modulated
by phosphorylation and that this effect contributes to the shorten-
ing of deactivation. However, channel opening and desensitization
kinetics also participate in shaping deactivation (Jones and West-
brook, 1995, 1996). We therefore examined the kinetics that occur
while GABA is fully bound by using long and saturating GABA
applications. During a 100 msec exposure to 10 mm GABA, CSPN
increased the rate and extent of macroscopic desensitization (Fig.
4b, dots). CSPN reduced the desensitization time constant from
44 + 7 msec (n = 7; approximated by a single exponential plus a
constant) to 17 = 0.7 msec (n = 3) and reduced the fitted steady-
state current from 58 to 32% of the peak. Therefore, in addition to
an increase in the GABA unbinding rate, phosphorylation also
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Inhibition of calcineurin increases the rate of ligand unbinding from the GABA, receptor. a, After a 750 msec pre-equilibration with the

competitive antagonist SR-95531 (SR; 10 uM), the fraction of unbound channels (i.e., the percentage of maximum current) was tested with GABA pulses
at various unbinding intervals. Top, The time course of solution exchanges was measured at the open pipette tip at the end of the experiment. Middle,
Increasing the SR-95531 unbinding interval resulted in larger test currents. Bottom, With CSPN (500 nm) in the patch pipette, test currents recovered
to full amplitude more rapidly relative to control after SR-95531 removal. b, A plot of the percentage of channels unbound versus the interval after
SR-95531 removal shows that CSPN accelerated the unbinding of SR-95531. Single exponential functions were fitted to the data, and no correction was
made for the few channels that unbind SR-95531 during the test pulse itself. The SR-95531-unbinding time courses in control and CSPN are significantly
different at the p = 0.05 level, as determined by an F test (Motulsky and Ransnas, 1987).

alters the gating of GABA-bound channels, and these two effects
are experimentally distinguishable.

Because occupancy of the open state protects the channel from
desensitization, the CSPN-induced enhancement of macroscopic
desensitization could occur through a reduction in the probability
of initially reaching the open state [i.e., by slowing rates of
opening (B) or resensitization (r) or by speeding rates of desen-
sitization (d); Figure 4a, inset]. Alternatively, macroscopic desen-
sitization could be increased by a reduction in the duration of the
open state. However, CSPN did not significantly alter the maxi-
mum P, as estimated by nonstationary variance analysis (Fig. 4c,
normalized values shown; see Materials and Methods), suggest-
ing that the channel follows its normal path to the open state. This
result was anticipated by the absence of a change in the relative
amplitudes of deactivation components (Fig. 2). The average
parameters from non-normalized data werei = 2.6 = 0.5 pA,N =
417 £ 291, and P, = 0.70 = 0.06 (» = 10) in control conditions
andi =22 * 045pA,N =485 =*351,and P, = 0.56 + 0.11 (n =
6) for CSPN. An approximately twofold reduction in P, would
have been necessary to account for the CSPN-induced increase in
desensitization. Such a change would have been statistically de-
tectable given the SEM in our P, estimates. Conversely, the
desensitization and deactivation kinetics in the presence of CSPN
are reasonably well predicted by reducing the mean channel open
time (in addition to increasing the GABA unbinding rate) (Fig.
4b, iii). Except for a very high concentration (5 mm) of ATP~S,
none of the modulators used in this study significantly altered the
kinetics of recovery from paired-pulse desensitization (data not
shown). The enhancement of macroscopic desensitization during
saturating GABA pulses therefore seems to result from an in-
crease in the channel closing rate and not from a change in
desensitization per se.

DISCUSSION

We used a kinetic approach to study the effects of phosphoryla-
tion and dephosphorylation on synaptic inhibition. Our data show

that promoting phosphorylation by endogenous kinases short-
ened the IPSC by altering the underlying kinetics of GABA ,
receptors. Inhibition of calcineurin was particularly effective in
producing these alterations. We resolved two separable effects of
phosphorylation: destabilization of the ligand/receptor interac-
tion and enhanced macroscopic desensitization probably medi-
ated by a reduction in channel open time.

Two discrete mechanisms of IPSC regulation

When GABA, channels are activated by agonist, the kinetics of
the response are influenced by many simultaneously occurring
processes: binding and unbinding, opening and closing, and desen-
sitization and resensitization. The shape of the response cannot
usually be related directly to any individual transition. We were,
however, able to isolate the unbinding process of the competitive
antagonist SR-95531, which does not activate channel gating or (we
presume) desensitization, and found that it was increased approx-
imately threefold by CSPN. This result suggests that phosphoryla-
tion at an intracellular locus produced a structural change that was
transmitted to the extracellular binding site. This structural change
also seems to destabilize the attachment of GABA.

A second effect of phosphorylation was revealed by effectively
removing the contributions of the binding and unbinding transi-
tions with long and saturating GABA applications. Under these
conditions, CSPN increased the rate and extent of current decay
during the GABA pulse. This increase in macroscopic desensiti-
zation did not seem to be caused by an increase in microscopic
desensitization per se, because the peak open probability of
GABA responses was not altered and because the best model fits
were obtained by reducing the channel open time. It should be
noted, however, that if desensitization proceeds directly from the
open state, increasing microscopic desensitization would also
shorten the open time. The precise connectivity of channel states
remains unknown, but the model in Figure 4 has been successful
at reproducing a wide range of experimental observations (Jones
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Figure 4.

Inhibition of calcineurin alters both GABA-unbinding and channel-gating kinetics. a, A kinetic model (Jones and Westbrook, 1995) (inset, see

Materials and Methods) was allowed to fit the grand average response to a brief GABA pulse (5 msec; 10 mM) under control conditions (7). The fitted
rates were k., = 3 pM ! sec”! and (in sec 7'): kog = 120, B, = 200, a; = 1111, B,= 2700, o, = 142,d, = 13,7, = 0.13,d, = 740, and r, = 27. The
CSPN-induced acceleration of current decay could be described by increasing the GABA unbinding rate threefold (ii, k. = 370), as predicted by the
SR-95531 unbinding experiments (Fig. 2). A small improvement in the fit occurred with an additional shortening of the mean channel open time [iii, the
sum of squared errors was reduced by 16% for a, = 176]. b, The model was allowed to fit the grand average control response to a long and saturating
GABA pulse (100 msec; 10 mM) (i, kog = 100, B, = 2800, d, = 630, and the other rates are as given in a above). A threefold increase in the unbinding
rate (ii, koz = 310) accelerated deactivation but could not account for the increased macroscopic desensitization caused by CSPN, whereas adding a
reduction in mean open time (iii, o, = 310) accounted for both the desensitization and deactivation in CSPN. The SSE was 30 and 92% higher when
the rates d, or r,, respectively, were varied instead of «, (data not shown). ¢, A plot of current versus variance shows no significant difference in peak
open probability between control and CSPN (see Materials and Methods).

and Westbrook, 1995, 1996). We therefore favor a shortening of
open time over increased desensitization to account for the data.

Regardless of the model chosen, the enhanced macroscopic
desensitization represents an effect on channel kinetics indepen-
dent of the change in GABA unbinding. In light of the large
number of phosphorylation sites likely to exist per channel com-
plex and the variety of kinases known to phosphorylate the
receptor, it is possible that the independent effects of destabiliz-
ing GABA attachment and destabilizing the open state are me-
diated by independent kinases. Such an arrangement would allow
for considerable flexibility in shaping inhibition (Jones and West-
brook, 1996). For example, increasing GABA unbinding alone
would shorten IPSCs but also reduce the accumulation of chan-
nels in desensitized states during high frequency stimulation
(similar to B-Ala and taurine responses in Jones and Westbrook,
1995; Zhu and Vicini, 1997). Conversely, reducing the open time
alone would shorten IPSCs but increase accumulation in desen-
sitized states during repetitive stimuli.

Rationale for the kinetic approach using
native receptors

Previous studies are nearly evenly divided as to whether phos-
phorylation increases or decreases GABA , receptor activity (Si-
gel and Baur, 1988; Porter et al., 1990; Sigel et al., 1991; Kano and
Konnerth, 1992; Kellenberger et al., 1992; Leidenheimer et al.,
1992; Moss et al., 1992; Angelotti et al., 1993; Feigenspan and
Bormann, 1994; Krishek et al., 1994; Lin et al., 1994; Leidenhei-
mer, 1996; Robello et al., 1996). This variety of results probably
arises both from biological and methodological factors. Biological
variability can stem from differences in the receptor subunit
combination, in the activities of kinases and phosphatases
present, and in their cellular localization relative to the receptor.
These complications may be minimized somewhat by studying
receptors transfected into heterologous expression systems. How-
ever, it is not always clear that the behavior observed in such
systems is typical of that in the native neuronal environment. In
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neither case are the subunit stoichiometry or the receptor regu-
lation completely defined. Here, we focused on the behavior of
native channels at functional synapses. Although this focus limits
our knowledge of the receptor composition and the molecular
identity of the phosphorylation sites involved, it ensures that our
observations reflect an intact physiological environment.

The methodological sources of variability most relevant for this
discussion are the kinetic conditions of receptor activation and
the parameters of the response being measured. For example, use
of low GABA concentrations causes the binding steps to be
rate-limiting in the response, whereas use of high GABA concen-
trations yields kinetics dominated by transitions between open
and closed or desensitized states (Jones and Westbrook, 1996).
Similarly, brief and long GABA pulses emphasize different ki-
netic behaviors (Jones and Westbrook, 1995). Thus, if phosphor-
ylation affects a particular kinetic transition, the effect observed
will depend strongly on whether that transition is emphasized or
masked by the experimental conditions. Recent estimates suggest
that the GABA concentration in the synapse reaches several
hundred micromolar at its peak and decays within milliseconds
(Busch and Sakmann, 1990; Maconochie et al., 1994; Jones and
Westbrook, 1995). Synaptic stimulation is thus a useful “method”
for producing GABA applications with a relatively stereotyped
concentration and time course (for another opinion, see Frerking
et al., 1995; Frerking and Wilson, 1996).

The roles of calcineurin and kinases in regulating
synaptic inhibition

Inhibition of calcineurin shortened IPSCs and patch currents in
parallel, suggesting that the changes were caused by phosphory-
lation of the GABA, channel itself or a tightly associated protein
rather than a soluble regulatory factor. We used phosphatase
inhibitors, rather than exogenous enzymes, because the resulting
effects reflect the endogenous activity of both kinases and phos-
phatases. The observation that orthovanadate also shortened
patch current deactivation suggests that serine/threonine and
tyrosine kinases may act in concert to regulate IPSC kinetics.
Although we did not directly address the role of particular ki-
nases, the kinetic methods used here can easily be adapted to the
study of kinases in the future.

In our experiments, calcineurin inhibitors were allowed to
equilibrate in the whole-cell mode for a few minutes before
patches were excised. The observed shortening of patch responses
could therefore be attributable to soluble kinases active during
the whole-cell mode or to membrane-associated kinases retained
in the patch after excision. Interestingly, a large fraction of
cellular calcineurin is associated with the plasma membrane (for
review, see Yakel, 1997). This raises the possibility that the slower
decay of patch currents than of [IPSCs may be caused by retention
of calcineurin in patches after competing kinases have been
removed by excision. At the intact synapse, calcineurin activity
may provide a calcium-dependent reset mechanism for restoring
long duration IPSCs after they have been shortened by kinases.
For example, it has been proposed that calcium transients mediate
the IPSC prolongation caused by the volatile anesthetic halothane
(Mody et al., 1991) and the long-lasting IPSC prolongation after
dendrotomy of dentate granule cells (Soltesz and Mody, 1995).
Alternatively, background calmodulin-independent calcineurin
activity (Klee et al., 1988) could maintain long duration IPSCs
until overcome by the activation of kinases. Consistent with this
latter idea, our results show that calcineurin and Kkinases can be
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active at “resting” calcium levels (i.e., buffered to ~50 nm with
BAPTA).

Because our experiments focused on synaptic stimulation and
GABA applications designed to approximate the GABA tran-
sient at the synapse, it is difficult to compare this study directly
with those using qualitatively different protocols. However, our
results contrast with a recent report that calcineurin inhibition
reduces desensitization of whole-cell GABA , responses (100 um
GABA; ~10 sec applications) (Martina et al., 1996). This dis-
crepancy may perhaps be resolved by our finding that the GABA
unbinding rate was increased threefold by CSPN. Such a reduc-
tion in the affinity for GABA would reduce the receptor occu-
pancy at 100 uM from ~80% (ECs, = 19 um; M. V. Jones, Y.
Sahara, J. A. Dzubay, and G. L. Westbrook, unpublished obser-
vations) to ~50%, concurrently reducing the apparent desensiti-
zation (Jones and Westbrook, 1996). Two other studies have
shown that calcineurin, activated by calcium entering through
NMDA receptors, can reduce whole-cell GABA , responses (=
200 uM GABA; 25 msec—10 sec) (Stelzer and Shi, 1994; Chen and
Wong, 1995). At present, we have no satisfactory explanation for
the apparent difference between those results and our own.

Implications for local circuit function

The profound cognitive effects of drugs that prolong GABA,
receptor-mediated IPSCs (e.g., benzodiazepines, barbiturates)
and the convulsant actions of GABA, receptor antagonists
clearly demonstrate the importance of IPSC duration in control-
ling excitability in the CNS (Tanelian et al., 1993; Franks and
Lieb, 1994). However, more subtle effects of regulating IPSC
duration are also likely to be important. Inhibition is critical in the
timing of neural circuit activity and can shape oscillations in
thalamic, hippocampal, and cortical circuits (van Krosigk et al.,
1993; Cobb et al., 1995; Whittington et al., 1995). In hippocam-
pus, for example, single inhibitory neurons with highly branched
axons can synchronize the discharge of hundreds of pyramidal
cells (Cobb et al., 1995). The frequency of synchronous discharge
is limited, in part, by the duration of GABA , receptor-mediated
IPSCs (Whittington et al., 1995). Dynamic regulation of IPSC
duration is thus likely to influence rhythmic activity. Because
such regulation can occur locally, in contrast to the global effects
of sedative or anesthetic drugs, IPSC regulation by calcineurin
may allow individual neurons to adjust their firing in relation to
the phase of ongoing circuit oscillations.

By increasing membrane conductance, the IPSC also reduces
the neuronal time and space constants, making neuronal firing
more selectively responsive to simultaneous excitatory inputs and
to those occurring close together in space (Bernander et al., 1991;
Konig et al.,, 1996). Long-lasting IPSCs will tend to emphasize
temporal and spatial coincidence detection, whereas short IPSCs
will emphasize summation. Local regulation by calcineurin may
therefore influence the selection of inputs to be integrated into
the neuronal output, with potentially important effects on signal
processing.
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