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Cellular/Molecular

Distinct Regulation of 82 and 33 Subunit-Containing
Cerebellar Synaptic GABA , Receptors by Calcium/
Calmodulin-Dependent Protein Kinase II

Catriona M. Houston, Alastair M. Hosie, and Trevor G. Smart

Department of Pharmacology, University College London, London WCIE 6BT, United Kingdom

Modulation of GABA, receptor function and inhibitory synaptic transmission by phosphorylation has profound consequences for the
control of synaptic plasticity and network excitability. We have established that activating a-calcium/calmodulin-dependent protein
kinase II (o-CaMK-II) in cerebellar granule neurons differentially affects populations of IPSCs that correspond to GABA, receptors
containing different subtypes of 8 subunit. By using transgenic mice, we ascertained that a-CaMK-II increased IPSC amplitude but not
the decay time by acting via 32 subunit-containing GABA , receptors. In contrast, IPSC populations whose decay times were increased by
a-CaMK-II were most likely mediated by 33 subunit-containing receptors. Expressing a-CaMK-II with mutations that affected kinase
function revealed that Ca*>" and calmodulin binding is crucial for a«-CaMK-II modulation of GABA , receptors, whereas kinase autophos-
phorylation is not. These findings have significant consequences for understanding the role of synaptic GABA , receptor heterogeneity
within neurons and the precise regulation of inhibitory transmission by CaMK-II phosphorylation.
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Introduction

Phosphorylation of GABA, receptors is an important endoge-
nous mechanism for exerting either short- or long-term regula-
tion of inhibitory synaptic transmission (Moss and Smart, 1996;
Brandon et al., 2002; Lischer and Keller, 2004). Phosphorylation
covalently modifies receptor structure, which can alter GABA
receptor ion channel properties, such as desensitization (Jones
and Westbrook, 1997) or channel open probability (Moss et al.,
1995), as well as affecting receptor trafficking to and from inhib-
itory synapses. By dynamically modulating the numbers of syn-
aptic receptors, phosphorylation will have an important influ-
ence on inhibitory synaptic efficacy and synaptic plasticity
(Kittler and Moss, 2003; Wang et al., 2003).

Previous studies have revealed that regulation of receptor
function by phosphorylation exhibits considerable diversity. For
GABA,, receptors, this is manifest by protein kinases differen-
tially affecting particular receptor isoforms (McDonald et al.,
1998), by the modification of receptor function by phosphoryla-
tion depending on the protein kinase involved (Poisbeau et al.,
1999), and by the influence of different cell types on the regula-
tion by protein kinases (Nusser et al., 1999).

One protein kinase that has a profound impact on fast GABA-
mediated synaptic inhibition is calcium/calmodulin-dependent
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protein kinase II (CaMK-II). The application of preactivated
a-CaMK-II to hippocampal CA1 neurons increased the ampli-
tudes of evoked IPSPs and reduced receptor desensitization
(Wang et al, 1995). Internal application of preactivated
a-CaMK-II into Purkinje neurons also increased the amplitude
of miniature IPSCs (mIPSCs) without affecting their decay time
constants (Kano et al., 1996). These functional studies strongly
suggested that the GABA, receptor is a substrate for CaMK-II.
Indeed, previous and subsequent biochemical studies have dem-
onstrated that CaMK-II phosphorylates the large intracellular
domains of B and vy subunits of the GABA, receptor when they
are expressed as GST-fusion proteins (McDonald and Moss,
1994, 1997). Furthermore, when recombinant GABA , receptors
are expressed in NG108-15 cells and cultured cerebellar granule
neurons, a-CaMK-II had a differential effect on the amplitudes
of whole-cell GABA-activated currents depending on whether
the GABA, receptors were assembled with 82 or B3 subunits.
The amplitudes of GABA-activated currents mediated by
al1B3v2S receptors were increased by a-CaMK-II, whereas cur-
rents mediated by «lB2y2S receptors remained unaffected
(Houston and Smart, 2006). It therefore followed that CaMK-II
could differentially affect inhibitory synaptic transmission, par-
ticularly at synapses at which the 3 subunit composition of the
synaptic GABA, receptors might vary.

In this study, we report that activating a-CaMK-II in cerebel-
lar granule neurons significantly altered inhibitory synaptic
transmission by modulating the amplitudes and decay times of
spontaneous IPSCs (sIPSCs). This modulation required the
binding of Ca?* and calmodulin (CaM) to the kinase, but auto-
phosphorylation of CaMK-II was not crucial for the regulation of
GABA, receptor function. CaMK-II caused a differential modu-
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lation of inhibitory synaptic currents, which corresponded to
synapses containing (32 and 33 subunit-containing receptors.
This indicates that CaMK-II can differentially modulate the func-
tion of specific inhibitory synapses depending on the B subunit
composition of the synaptic GABA, receptors. This is likely to
have important consequences for the control of neuronal
excitability.

Materials and Methods

Cell culture. Dissociated cerebellar cultures were prepared as follows: the
cerebellum was removed from postnatal day 1 (P1) Sprague Dawley rats
and incubated in 0.1% (w/v) trypsin (Sigma-Aldrich) for 10 min. Trypsin
activity was quenched by washing (three times) in HBSS. The tissue was
then triturated in DNase [Sigma-Aldrich; 0.05% (w/v) in 12 mm MgSO,, ]
using flame-polished Pasteur pipettes of decreasing bore diameters. Cells
were plated at a density of 5 X 10° cells/ml on glass coverslips, previously
coated in poly-L-ornithine (Sigma-Aldrich; 500 pg/ml) and maintained
in culture for 7-10 d in vitro (DIV) in BME (5 mm KCI; Invitrogen)
supplemented with 0.5% (w/v) glucose, 5 mg/L insulin, 5 mg/L trans-
ferrin, 5 mg/L selenium (Sigma-Aldrich), 20 U/ml penicillin G and 20
pg/ml streptomycin, 0.2 mum glutamine, 1.2 mm NaCl, and 5% (v/v) fetal
calf serum. All procedures involving animals were conducted according
to the requirements of the United Kingdom Home Office Animals (Sci-
entific Procedures) Act 1986.

cDNA constructs and transfection. Rat a-CaMK-II cDNA in the plas-
mid vector pcDNA3 was mutated by site-directed mutagenesis to form
a-CaMK-II T286D, T286A, A302R, and K42R ¢cDNAs. Cerebellar gran-
ule cells (CGCs) were transfected at 5-6 DIV using Effectene (QIAGEN)
in the presence of 0.3—0.5 ug of total cDNA per dish, with a-CaMK-II
and enhanced green fluorescent protein (EGFP) cDNAs present in equal
ratio.

Patch-clamp electrophysiology. Whole-cell membrane currents were
recorded from single cells with an Axopatch 1C amplifier or the Multi-
Clamp 700A (Molecular Devices). Patch pipettes (8—9 M{)) were filled
with a solution containing the following (in mm): 150 CsCl, 1 MgCl,, 10
HEPES, 4 Na,ATP, 0.1 CaCl,, and 1.1 mm EGTA, pH adjusted to 7.2 with
1 M CsOH (290-310 mOsm). The cells were perfused with Krebs’ solu-
tion containing the following (in mm): 140 NaCl, 4.7 KCl, 1.2 MgCl,, 2.52
CaCl,, 11 p-glucose, 5 HEPES adjusted to pH 7.4 with 1 M NaOH (290—
310 mOsm). Currents were filtered at 3 kHz (eight-pole Bessel filter) and
analyzed using Clampex 8.2 (Molecular Devices). Cells were not used for
analysis if their access or series resistances changed by >15%. All exper-
iments were performed at room temperature (25°C). Cells were contin-
uously perfused with CNQX (10 um), AP-5 (20 um), and the internal
patch pipette solution contained 5 mM lidocaine N-triethyl bromide
(QX-314). Recordings of sIPSCs started 5 min after achieving the whole-
cell configuration.

Preparation of a-CaMK-II. Purified recombinant a-CaMK-II (New
England Biolabs) was preactivated (Houston and Smart, 2006; Houston
et al,, 2007) by incubation with 1.2 um CaM, 1.5 mm CaCl,, and 0.4 mm
ATP-+-S for 15 min at 25°C, to promote Ca**/CaM binding and subse-
quent autophosphorylation at Thr**® (resulting in Ca*"-independent
activity). a-CaMK-II was diluted with patch pipette solution to give a
final concentration of 85 nm. Control recordings used the same auto-
phosphorylation buffer, diluted appropriately, but without a-CaMK-IL
The specific CaMK-II inhibitory peptide, CaMK-II-Ntide (Merck)
(Chang et al., 1998), was included in the patch pipette solution at a
concentration of 1 um. Control recordings used a scrambled version of
this peptide (1 um; Cambridge Peptides).

GABA , receptor B2 subunit knock-out mouse. Mouse cerebellar granule
cell cultures were created using PO—P2 mice from 82 knock-out (—/—)
and wild-type (wt) mouse strains (Merck Sharp & Dohme). These strains
were created by deletion of exons 6 and 7 of the 32 gene by homologous
recombination. Heterozygous F; generation mice were crossbred to pro-
duce 32 ~/~ and wt strains of 50% C57BL/6, 50% 129SvEv genetic back-
ground (Sur etal., 2001). F.—F, generation mice were used in the current
experiments and the genotype of these mice was confirmed by PCR.

Immunocytochemistry of GABA , receptor subunits. Cerebellar granule
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cell cultures [maintained in 5% (v/v) horse serum] were fixed in 4%
paraformaldehyde quenched with 50 mm NH,Cl. After permeabilization
(0.1% Triton X; 8 min), the cells were incubated for 1 h with the first
primary antibody (rabbit anti-B3; 1:100; Millipore) and for 1 h with
AffiniPure Fab Fragment goat anti-rabbit (Jackson ImmunoResearch)
followed by a 45 min incubation with donkey anti-goat Rhodamine
Red-X (1:75; Jackson ImmunoResearch). The cells were then incubated
for 1 h with the second set of primary antibodies [rabbit anti-B2; 1:50 (W.
Sieghart, University of Vienna, Vienna, Austria); mouse anti-GAD;
1:100; Roche] and for 45 min with the secondary antibodies (donkey
anti-mouse Cy5, 1:50; donkey anti-rabbit Cy2, 1:75; Jackson Immu-
noResearch). This protocol enabled us to use two primary antibodies
raised in the same host species; however, we also obtained images using
antibodies raised in different species involving a 1 h incubation with the
primary antibodies [goat anti-83, 1:150 (Santa Cruz Biotechnology);
mouse anti-GAD, 1:100 (Roche); and either rabbit anti-31, 1:50, or rab-
bit anti-B32, 1:50 (W. Sieghart)] and a 45 min incubation with the sec-
ondary antibodies (donkey anti-goat Rhodamine Red-X, 1:75; donkey
anti-mouse Cy5, 1:50; and donkey anti-rabbit FITC, 1:50; Jackson Im-
munoResearch). Immunofluorescent images were acquired using the
Carl Zeiss 510 Meta confocal microscope equipped with argon (488 nm)
and helium-neon lasers (543 and 633 nm), with a 40X objective (Hous-
ton and Smart, 2006; Houston et al., 2007). Each image was acquired as a
1 wm optical slice for each channel. Images were threshold adjusted and
the number of puncta determined using NIH Image J software. The
number of puncta were verified by eye and densities calculated as puncta
per micrometer length of dendrite.

Analysis of IPSC decay time constants. Within MiniAnalysis (version
6.0.1; Synaptosoft), synaptic currents were detected automatically with
an amplitude threshold of 5-8 pA. Each event was then manually as-
sessed for its inclusion in the analysis. Mean values were calculated for the
frequency, peak amplitude, and half-widths (time taken to decay to 50%
of the peak amplitude) over the period of recording. Synaptic events were
chosen for additional analysis of their decay time constants if there were
no deflections in their rising or decaying phases and they decayed back to
the baseline holding current. Events of low amplitude (<5 pA) were
discarded from this analysis because they were thought to represent
events occurring at the most distant synapses and therefore more likely to
be affected by dendritic filtering or cabling. Only cells lacking any clear
correlation between IPSC rise time and amplitude were used for analysis.
An average current was calculated from the group of IPSCs, and from
this, the 10-90% rise-time could be calculated. The average IPSC was
then fitted with one or a sum of exponentials to describe the decay times
using the following equation:

X

x
y=Al*exp( — ?) +A2* exp( . > + residual,
1

2

where AT and A2 are the fractions of the fast and slow components, and
71 and 72 are their respective decay time constants. The best fit was
determined by visual inspection and by regression analysis.

A weighted decay time constant (7,,) was also determined from the
following:

7.Al + 1,.,A2
YT (AL + A2

Peak scaled nonstationary noise analysis of IPSCs. Groups of IPSCs (see
above) were scaled to the mean IPSC amplitude and the variance in the
current decay phase was measured. The relationship between amplitude
and variance was described by the following: 8% = (i.l — I’/N,) + 6%,
where 87 represents the current variance (in square picoamperes), i is the
single channel current (in picoamperes), I is the mean IPSC amplitude
(in picoamperes), N, is the number of channels open at the peak of the
IPSC, and §7, is the baseline current variance (in square picoamperes)
(Thomas et al., 2005).

Gaussian fits of IPSC distributions. IPSC data were exported from
MiniAnalysis into Origin 6.0 (MicroCal Software) for analysis of the
IPSC amplitude and half-width distributions. The data were fitted with



7576 - ). Neurosci., July 23, 2008 - 28(30):7574-7584

Houston et al. @ Synaptic GABA, Receptors and CaMK-II

A _ B  +85nM o-CaMK-II CNQX to block glutamate receptor ac-
£ 200, tivity, and incorporating QX-314 in the
fg t=2min patch pipette solution to prevent action
g 190 T A8 ' I potentials. Virtually all IPSCs in these
S i 47 4 a L4 4 85nM a-CaMK-l cultures are spontaneous and action
‘n_g tr e, — R potential-dependent and abolished by
2 il 0.5 uM TTX (Leao et al., 2000; Farrant
'TE S0pAL_ and Brickley, 2003). Internally applying
5 0— . ‘ . , 05s preactivated «-CaMK-II (85 nMm) to
= 0 soowo e CGCs via the patch pipette solution

C e (i) (Houston and Smart, 2006) caused a sig-

7001 D nificant increase in the mean peak am-
600+ | Control t=2min plitude of sIPSCs (129.7 = 6.1%; n = 7)

2 500' O 850M a-CaMK-Il when compared with control cells not
2 400* _ exposed to a-CaMK-II (93.7 = 7.8%;
-g 300 2 n =9) (Fig. 1A, B,D). The control sIPSC
S 200+ " ” sty o amplitude histogram was best fit by the
Z 100l M { N 20pA | sum of three Gaussian distributions (Fig.
‘ UHH“H“HIM. 28ms 1C; supplemental Table 1, available at

0- i T
0 200 400 600 800
Amplitude (pA)

Figure1.

multiple Gaussian distributions (mean current, I_;

, I; area, a;; variance, o)
using the following function:

n

n(I) = 2(0;/ \m) -exp( —

i=l

I - IO,.)Z/Z : 0'3)

The best fit was determined by regression analysis.

Statistics. For the statistical comparison of two means, the unpaired
Student t test was used, unless the SDs were found to be significantly
different with an F test, in which case the t test with a Welch correction
was used or, alternatively, the nonparametric Mann—-Whitney test was
used. With groups of two or more means, one-way ANOVA was used
with a Bonferroni post hoc test. With all statistical tests, two means were
considered significantly different if p < 0.05. All statistical tests used
GraphPad Instat version 3.01 (GraphPad).

Cluster analysis for IPSCs. To allocate IPSCs into discrete clusters for
the sIPSC amplitude and half-decay times data, we used both an unsu-
pervised hierarchical cluster analysis as well as a k-means cluster analysis
based on Ward’s method. We used z score normalization, and the gaps
between data points were calculated using euclidian squared distances
(SPSS, version 14).

Results

Cerebellar granule neurons were chosen to investigate the role of
CaMK-II on inhibitory synaptic transmission because they sup-
port phosphorylation-induced modulation of native and recom-
binant GABA, receptors (Houston and Smart, 2006) and they
also express GABA, receptors containing 82 and (33 subunits
(Laurie et al., 1992; Pirker et al., 2000).

Modulation of sIPSC amplitudes by CaMK-II
We pharmacologically isolated sIPSCs in whole-cell record-
ings from CGCs at 7-10 DIV by bath-applying AP-5 and

a-CaMK-II modulation of sIPSCs in rat CGCs in culture. A, Normalized sIPSC peak amplitudes in the absence (control;
n = 9) and presence of a-CaMK-Il (85 nm; n = 7). In this and subsequent figures, control recordings were made using normal
patch-pipette solution supplemented with preactivation buffer without c-CaMK-Il. All points are mean == SE. sIPSCs were
measured in 2 min recording epochs and normalized to the mean peak amplitude obtained at t = 0—-2 min (100%). *p << 0.05,
ttest. B, Representative sIPSCs from a single CGC taken at t = 2 and 8 min using a patch-pipette solution containing c-CaMK-II.
€, sIPSCamplitude distributions in the absence (control; n = 7; 7000 events) and presence of a-CaMK-II (n = 4; 7000 events)
obtained at t = 6—12 min after achieving the whole-cell configuration. The solid lines are Gaussian fits to the data. The inset
shows an expanded frequency axis over the amplitude range (400 900 pA). D, Averaged sIPSCs, from 50 to 100 individual events,
taken from a single CGC recorded in the presence of c-CaMK-Il (85 nw) att = 0—2 minand att = 6 —8 min.

www.jneurosci.org as supplemental ma-
terial). This increased to four Gaussian
distributions in the presence of
a-CaMK-II with a shift toward higher
sIPSC amplitudes and the appearance of
a new peak at ~600 pA (Fig. 1C; supple-
mental Table 1, available at www.
jneurosci.org as supplemental material).
The frequency of sSIPSCs remained unal-
tered by a-CaMK-II (2.2 = 0.6 Hz; n =
7) compared with control (2.8 = 1.2 Hz;
n=8p>0.05).

Modulation of sIPSC decays by CaMK-II

The decay phase of sIPSCs, under control conditions and in the
presence of a-CaMK-II, was best described by biexponentials.
a-CaMK-II increased both the fast (7,) and slow (7,) decay time
constants from 10 £ 0.9 to 22.7 * 3.2 ms and from 46.7 * 6 to
78 £ 10 ms, respectively (n = 7—8) (Fig. 2A). The proportion of
the relative areas (AI:A2) for 7, and 7, were not altered by
a-CaMK-II (AI: control, 53.6 % 4.7%; plus a-CaMK-II, 51.7 *
3.6%), whereas the overall weighted decay time constant (7,,) was
significantly increased from 26.1 = 1.7 t0 49.9 % 5.7 ms (Fig. 2 B).
In contrast, a-CaMK-II did not affect the mean rise times of
sIPSCs, determined between 10 and 90% of the peak sIPSC am-
plitude (control, 1.2 = 0.2 ms; plus a-CaMK-II, 1.1 = 0.1 ms; n =
7-8).

Variation in CaMK-II modulation of CGC sIPSCs

Previously, a-CaMK-II was demonstrated to differentially mod-
ulate B2 and 33 subunit-containing recombinant GABA , recep-
tors (Houston and Smart, 2006). Given that CGCs express both
these B subunits, it is conceivable that a-CaMK-II could have
differential effects on sIPSCs. This was addressed by using a clus-
ter analysis of scatter plots of sSIPSC amplitudes against their de-
cay half-widths (75,,,), recorded in the absence (control) and
presence of 85 nm a-CaMK-II.

Under control conditions, significant variation in the decay
half-widths (75,,) was observed, which was not simply correlated
with the sIPSC amplitudes (Fig. 2C). This was unlikely to be
attributable to dendritic filtering because CGCs are electronically
compact, but it could reflect the presence of multiple receptor
subtypes with different kinetic properties. Cluster analysis re-
vealed two main sIPSC clusters at 80.8 pA and 13 ms, and
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226.4 pA and 18.1 ms. The addition of
a-CaMK-II had little effect on the first
cluster (63.4 pA; 14.4 ms), whereas the sec-
ond cluster now reflected a population of
sIPSCs with increased decay times with
relatively little change in their amplitudes
(241.2 pA; 29.9 ms) (Fig. 2D). However,
a-CaMK-II also caused a subpopulation
of sIPSCs to shift to much larger ampli-
tudes with relatively little change in their
decay times, which formed a new third
cluster around 661.5 pA and 28.3 ms (Fig.
2D). Overall, these data are most simply
explained by a-CaMK-II having differen-
tial effects on different populations of
GABA , receptors.

a-CaMK-II modulation of sIPSCs
recorded from wild-type and
B2 7'~ mice
To discern whether the differential modu-
lation of SIPSCs by a-CaMK-II was a con-
sequence of its action at different GABA
receptor isoforms containing (2 or 33
subunits, we used a 32 subunit knock-out
(B27'7) line (Sur et al., 2001). We dis-
counted a role for B1 subunits because
CGCs express only low levels of this sub-
unit (Laurie et al., 1992; Pirker et al.,
2000). Dissociated cerebellar cultures were
prepared from B2/~ and wt mouse
strains of the same genetic background
(50% C57BL/6; 50% 129SvEv) (Sur et al.,
2001). Although a-CaMK-II increased the
mean peak sIPSC amplitude for wt CGCs
from 44.9 = 7.6 to 95.4 * 21.3 pA (n =
9-12), it did not affect the mean sIPSC
amplitude in B2 ~/~ CGCs (control,
47.1 = 8.1 pA; plus a-CaMK-I1, 46.6 = 5.6
pA; n = 8-9) (Fig. 3A,B; supplemental
Table 2, available at www.jneurosci.org as
supplemental material). In comparison,
the sIPSC frequencies for wt and B2/~
were unaffected by a-CaMK-II (wt: con-
trol, 3.5 * 0.8 Hz; plus a-CaMK-II, 2.4 *+
0.8 Hz; B2/~ control, 2.6 = 1 Hz; plus
a-CaMK-II, 2.5 = 0.7 Hz; n = 8-12).
The amplitude distributions for wt
control sIPSCs revealed three populations
of synaptic currents: two with means <100
pA and the other at ~150 pA (Fig. 3C; sup-
plemental Table 3, available at www.
jneurosci.org as supplemental material).
The sIPSC distribution after a-CaMK-II
required four Gaussians, including an
emerging population with a mean of ~30
pA and large variance, increasing the num-
ber of events in the range 50-100 pA. In

addition, the largest amplitude sIPSC population was displaced

to the right by a-CaMK-II (Fig. 3D).

In comparison, the amplitude distribution for control sIPSCs
recorded from B2 '~ cultures was similar to that for wt cells with
three Gaussian populations, two of which are <100 pA and an-
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Figure2. «-CaMK-Il modulation of sIPSC decay times in rat CGCs in culture. A, Bar chart of the mean decay time constants, T,

and 7,, and the weighted decay time, 7,,, att = 6—12 min in the absence (control; n = 8) and presence of ae-CaMK-Il (n = 7).
*p << 0.05, t test to compare controls with c-CaMK-Il. Error bars indicate SE. B, Representative averaged sIPSCs from 50 to 100
individual sIPSCs from a single CGC recorded in the presence of cc-CaMK-1l (85 nm) att = 0—2minand atf = 6 — 8 min. sIPSCs are
rescaled to the same amplitude. C, D, Scatter plots of sIPSC amplitudes and decay half-widths (75y,,) at t = 612 min in the
absence (C) (control; n = 7; 7000 events) and presence (D) of c-CaMK-II (85 nw; n = 4; 7000 events). Coordinates defined by
cluster analyses are shown as white squares.
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Figure 3. -CaMK-II modulation of sIPSCs from wt and 82—/~ mouse CGCs. A, Bar chart showing the mean peak sIPSC
amplitudes in the absence and presence of cc-CaMK-II (85 nm) recorded from wt (control, n = 9; plus a-CaMK-II, n = 12) and
B2/~ (control, n = 8; plus a-CaMK-II, n = 9) CGC cultures (t = 612 min). *p < 0.05, ANOVA with a Bonferroni posttest to
compare controls with ce-CaMK-I1 groups. Error bars indicate SE. B, Representative sIPSCs recorded from single wtand 82—/~
(GCsinthe absence and presence of c--CaMK-Il. ¢, Amplitude distribution histogram of sIPSCs in the absence (control; n = 8; 6300
events) and presence (n = 11; 6300 events) of a-CaMK-II recorded from wt mouse cultures. The inset shows an expanded
frequency over the amplitude range 250 — 650 pA. D, sIPSC amplitude distributions in the absence (control; n = 9; 5500 events)
and presence (n = 10; 5500 events) of a-CaMK-Il for 82—/~ (GCs. The inset expands the frequency of IPSCs over the range
250-650 pA.

other between 100 and 300 pA (Fig. 3D; supplemental Table 3,
available at www.jneurosci.org as supplemental material). After
exposure to a-CaMK-II, a fourth Gaussian again appeared with a
large variance; however, in contrast to the wt CGCs, there was no
increase in the amplitude of the largest sIPSC population. This
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60 an increase in half-width, but now, four
501 ' * Gaussians were necessary to fit the distri-
401 /:;;IK-H —\ /—- bution, because of an additional popula-
2 5 e tiqn of slower-decaying events of ~2.4 ms
s I (Fig. 4 D; supplemental Table 4, available
al wt B2 -/- at www.jneurosci.org as supplemental ma-
i terial). The small proportion of larger half-
WLCH  wtCaMK-ll - Cil pa-- CaMK-ll width sIPSCs seen in controls is still
C D present and appears relatively unchanged.
1000 wit 1000+ p2 /- Variation i .

ariation in CaMK-II modulation of wt

, 800 , 8001 and B2/~ CGC sIPSCs
E, ol B Control E, 866 B Coirtol To determine whether Particu@ar GABA,
w O «-CaMK-II . O o-CaMK-II receptors could be associated with popula-
g 4007 g 4001 tions of sIPSCs in wt and 82~/ neurons,
Z 2001 Z 2001 scatter plots of sIPSC half-width against
N I ‘ ol amplitude were constructed. For sIPSCs
0 20 40 60 80 0 20 40 60 80 recorded from wt cultures under control
T g0, (MS) 00, (MS) conditions, two clusters of synaptic events

Figure 4. o-CaMK-Il modulation of sIPSC decays in wt and 82~/ (GCs. A, Bar chart of the mean weighted decay time
constants (7,,) in the absence (control; n = 7) and presence (n = 7) of c-CaMK-II for sIPSCs recorded from wt and 82 '~
(control,n = 6; a-CaMK, n = 6) CGCs. *p << 0.05, ANOVA with a Bonferroni posttest to compare controls with ci-CaMK-1l groups.
Error bars indicate SE. B, Representative average sIPSCs from 50 to 100 individual currents recorded from single wtand 32 ~/~
(GCs in the absence and presence of c-CaMK-Il. sIPSCs are rescaled to the same amplitude. €, D, Half-width (75,) distributions
for sIPSCs in the absence and presence of a-CaMK-Il recorded from wt (€) (control, n = 8, 6300 events; plus c-CaMK-Il,n = 11,
6300 events) and 32 =/~ (GCs (D) (control, n = 9, 5500 events; plus a-CaMK-II, n = 10, 5500 events).

suggests that the 32 subunit is important for the upregulation of
the largest amplitude population of sIPSCs. Despite the increase
in the number of sIPSCs around 50—100 pA range in 82 '~
cultures, this change was insufficient to alter the mean peak IPSC
amplitude.

CaMK-II modulation of decay times in 2 ~/~ mice

The decay times for averaged sIPSCs continued to be described by
abiexponential. Ablating the 82 subunit altered neither the mean
decay times (7;; 7,) for IPSCs nor their relative areas under con-
trol conditions (supplemental Table 2, available at www.
jneurosci.org as supplemental material).

Application of «a-CaMK-II significantly increased the
weighted decay times (7,,) and both 7, and 7, for sIPSCs recorded
either from wt or 82 '~ cultures (Fig. 44, B; supplemental Table
2, available at www.jneurosci.org as supplemental material). The
relative area for 7, was not significantly different in the presence
of a-CaMK-II for wt (CaMK-II, 64.4 *= 3.6%; control, 56.3 *
5.5%;n = 7) or B2 '~ cultures (CaMK-II, 61.3 * 2.7%; control,
53.1 = 5.8%; n = 6). The mean rise times of averaged sIPSCs were
also unaltered between wt (a-CaMK-II, 1.39 = 0.15 ms; control,
1.15 + 0.15ms; n = 7) or B2~/ cultures (a-CaMK-II, 1.45 +
0.18 ms; control, 0.98 = 0.16 ms; p > 0.05). Therefore, removing
the B2 subunit had little effect on the lengthening of the sIPSC
decays by a-CaMK-II, and thus a different 8 subunit must un-
derpin this kinetic effect.

To fit the distribution of all sIPSC half-widths (75,,) for wt
cultures required two Gaussians. The application of CaMK-II
increased the relative proportion of the slower half-width popu-
lation at the expense of the fastest (Fig. 4C). For 82/~ CGCs, the
distribution of sIPSC half-widths in control conditions is similar
to that for wt cultures, but with the addition of a third population
of slower-decaying events. The low frequency of these events was
insufficient to alter the mean ,,. After exposure to a-CaMK-II,

were identified (Fig. 5A). One cluster at
32.6 pA and 9.3 ms represented sIPSCs
with amplitudes <100 pA that are associ-
ated with a broad range of decay times.
The second (218.4 pA; 20.3 ms) signified a
distinct population of sIPSCs of 100-300
pA amplitude with much less variation in
the half-width of 10-30 ms. Scatter plots
of sIPSCs from B2 ~/~ cultures under con-
trol conditions were also described by two clusters (35.6 pA, 9 ms;
217.9 pA, 50.3 ms) (Fig. 5C) revealing that the largest amplitude
population displayed variable half-widths mostly over 30 ms, ac-
counting for the small number of very slow-decaying synaptic
events observed in B2/~ cultures. This change in half-width
implied that the larger-amplitude events seen in the wt cultures
are most likely supported by B2 subunit-containing GABA,
receptors.

After applying a-CaMK-II to wt cultures, both sIPSC half-
widths and amplitudes appeared to increase (Fig. 5B). The first
cluster was relatively unaltered (28.3 pA; 10.3 ms) but the
largest amplitude sIPSCs of 100-300 pA were now split into
two clusters to accommodate a new population of even
higher-amplitude sIPSCs (135.8 pA, 23.7 ms; 388.1 pA, 23.1
ms) (Fig. 5B).

Three clusters were also identified after applying a-CaMK-II
to 82 '~ cultures (Fig. 5D). The first cluster is relatively unal-
tered from control (35.5 pA; 12 ms), whereas a new cluster of
sIPSCs appeared at 97.5 pA and 23.5 ms, most likely associated
with 83 subunit-containing receptors (Fig. 5D). However, the
cluster of large-amplitude sIPSCs >300 pA remained relatively
unaltered when compared with 82 '~ controls (310.2 pA; 43.2
ms). These findings suggest that the loss of a-CaMK-II regulation
on (32 subunit-containing receptors prevented the increase in
sIPSC amplitude.

Peak-scaled nonstationary noise analysis

To understand how CaMK-II was increasing sIPSC amplitudes
by modulating different populations of GABA, receptors, we
used peak-scaled nonstationary noise analysis of sSIPSCs recorded
from wt mouse CGCs, which were grouped according to the
cluster analysis. Essentially, sSIPSCs were allocated into small- or
large-amplitude clusters depending on whether their amplitudes
were smaller or larger than 150 pA. This grouping was also
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thought to split 52 subunit-mediated sIP-
SCs (>150 pA) from those likely to be me-
diated by 83 subunit-containing receptors
(<150 pA) because this latter population
was relatively unchanged in the 82/~
mouse. For the two clusters of sSIPSCs, uni-
tary current (i) was unaffected by
a-CaMK-II (Fig. 6A). However, the aver-
age number of active channels open at the
peak of the IPSC (N,) was significantly in-
creased by a-CaMK-II in the >150 pA
(B2) group from 114 £ 8to 151 = 11 (n =
4), whereas in the <150 pA (B3) group,
there was no significant change (control,
30 + 8,n = 4; a-CaMK-11,44 = 16,n = 6)
(Fig. 6B). This differential effect of
a-CaMK-II on the number of active chan-
nels for only the >150 pA (32) cluster sug-
gests the mechanism of action for
a-CaMK-II was specific to discrete
GABA, receptor isoforms.

To determine the relative charge
transfers for B2 and B3 subunit-
containing synaptic receptor popula-
tions, we regrouped the sIPSCs recorded
from the wt mouse into >150 and <150
PA and normalized the mean charge
transfer (in picocoulombs) to cell capac-
itance (in picofarads). For the <150 pA
(B3) sIPSC group, the mean charge
transfer increased from 49.9 = 129
pC/pF (n = 8; control) to 191 = 85.5
pC/pF on addition of a-CaMK-II (n = 9;
p < 0.05). For the >150 pA (2) sIPSCs,
the mean charge transfer also increased
from 283.4 ®£ 95.2 pC/pF (n = 8; con-
trol) to 836.6 £ 170 pC/pF (n = 9;p <
0.05) in the presence of a-CaMK-II. The
proportion of total charge transfer me-
diated by each receptor population un-
der control conditions was <150 pA
(B3), 68 = 11%, and for >150 pA (B2),
32 = 11%. After a-CaMK-II, the pro-
portions were unaltered (<150 pA (B3),
58 = 11%; >150 pA (82), 42 =+ 11%; p >
0.05). This indicated that, although
CaMK-II increased the charge transfer
mediated by 82 and 3 synaptic recep-
tors via different mechanisms, the rela-
tive weight of charge movement between
B2 and 3 receptors remains the same.

To confirm that 83 subunits were the
predominant remaining 3 subunit in the
B2 '~ mouse cultures, we applied the
B1 subunit-selective inhibitor, salicyli-
dene salicylhydrazide (SCS) (Thompson
et al., 2004). The mean amplitude and
the frequency of sIPSCs were unaffected

by 1 um SCS when compared with control measurements
(=100%) taken before SCS application (amplitude, 91 £ 9%;
frequency, 82 = 12%; n = 5). This indicated that the 81 sub-
unit was either not present or expressed at a very low level in

CGCs.

Figure5.
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Immunocytochemistry
The electrophysiological data suggested that 82 and 33 subunit-
containing receptors are localized to two distinct populations of
inhibitory synapses. To corroborate this, we used 32 and 33

subunit-specific antibodies to immunocytochemically label in-
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D Merge

Immunocytochemistry of 31-3 subunits. A-D, Image of a CGCimmunolabeled with anti-GAD (A) (Cy5) to label inhibitory presynaptic terminals; anti- 82 subunit antibodies (B) (Cy2)

and anti-33 subunit (rabbit anti-33) (€) (Rhodamine Red-X), with an overlay of all three panels (D). The insets show expanded regions of dendrites to resolve individual puncta. The circles identify
B2 (solid) or 33 (dashed) subunit puncta located in apposition to GAD puncta. £, Summary bar chart of the mean densities (number of puncta/micrometer length of dendrite; n = 9). *p << 0.05,
ANOVA. Error bars indicate SE. F,Image of 32—/~ (GCsimmunolabeled with anti-33 subunit (goat anti-/33) and anti- 31 subunit antibodies, with an overlay on a differential interference contrast

brightfield image. Scale bar, 10 m.

hibitory synapses in cultured CGCs, together with an antibody
against GAD to identify inhibitory presynaptic terminals. The
relative densities of immunofluorescent puncta were assessed to
determine the distribution of individual GABA, receptor
subunits.

Inhibitory synapses, as defined by the presence of GAD
puncta, were present at a density of 0.39 = 0.03/um of dendrite
(Fig. 7A,E). Puncta containing 33 subunits were observed at a
higher density 0f 0.94 = 0.09/um of dendrite, whereas 32 puncta
occurred less frequently at 0.68 * 0.08/um of dendrite (Fig.
7B,C,E) (n =9). The higher density of 32 and 33 subunit puncta,
compared with GAD, suggested a number of 82 and 83 puncta
resided at extrasynaptic locations (Fig. 7D). Typically, B2 and 33
subunit puncta were often noted to be independent of one an-
other, supporting the view that they are frequently localized to
different inhibitory synapses. Identical results were obtained us-
ing a 33 antibody raised in a different species (see Materials and
Methods) (supplemental Fig. 1A-D, available at www.
jneurosci.org as supplemental material).

By comparing immunofluorescence for 81 and 33 subunits in

wt and 82 /" cultures, it was evident that 81 labeling was never
found on cell surface membranes in the dendrites (Fig. 7F ). How-
ever, some (31 labeling was observed in the cell soma, but mostly
located to intracellular compartments. This contrasted with the
strong B3 subunit staining on somatic and dendritic surface
membranes, indicating that the 83 subunit is indeed the primary
subunit that is expressed in 82—/~ cultures.

Importance of Ca**/CaM binding to CaMK-II

Comparing different forms of a-CaMK-II in transfected neurons
on synaptic GABA, receptors indicated that mutant forms of
a-CaMK-II that are constitutively active and Ca**-independent
(T286D) or capable of only transient Ca**-dependent activation
(T286A) significantly increased the peak amplitude of IPSCs
without changing decay kinetics (EGFP control, 147.6 = 22.5 pA;
T286D, 241.7 = 33 pA; T286A, 263.5 = 41 pA) (Fig. 84,D-F).
However, mutated a-CaMK-II that either blocked Ca**/CaM
binding (A302R) or inhibited kinase activity (K42R) (Shen and
Meyer, 1999) reduced sIPSC amplitudes (A302R, 87.2 = 12.4 pA;
K42R, 64.4 = 11.5 pA) (Fig. 8A,D,G,H ) and decay times (GFP,



Houston et al. @ Synaptic GABA, Receptors and CaMK-II

32.8 £ 3.1 ms; A302R, 25.2 =
K42R, 23.7 = 1.2 ms) (Fig. 8 B,C).
These variations in sIPSC amplitudes
were not a consequence of cell size because
the mean cell capacitances were not signif-
icantly different for any of the transfected
cells (GFP, 7.1 = 1.2 pF; T286D, 7.5 = 0.92
pF; T286A, 8.5 = 0.5 pF; A302R, 7.6 = 0.6
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pF; K42R, 8.4 = 0.8 pF). Moreover, the
actions of «a-CaMK-II were purely
postsynaptic because a-CaMK-II mutants C
did not affect sSIPSC frequency (GFP, 3.8 +
1 Hz; T286D, 2.1 == 0.3 Hz; T286A, 3.3 £
0.7 Hz; A302R, 4.7 £ 0.8 Hz; K42R,
3.3 = 1.1). Thus, Ca’"/CaM binding,

rather than autophosphorylation of
Thr?*®, was critically required for
a-CaMK-II  modulation of synaptic

GABA, receptors. These data also suggest
a role for endogenous CaMK-II in CGCs
to enhance the amplitude and prolong the
decay of sIPSCs leading to increased
charge transfer across the inhibitory

synapse. 2 0
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activity of CaMK-II slightly affects only
the decay times of sIPSCs and presum-
ably B3-containing synaptic receptors. Figure8.
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Discussion

It is currently unclear whether phos-
phorylation can differentially affect the
function of synaptic receptors express-
ing different 8 subunits at individual in-
hibitory synapses. Here, we show, using
a combination of electrophysiology, imaging, and transgenic
mice, that the acute application of a-CaMK-II can increase the
amplitude and decay times of sIPSCs recorded from rat and
mouse cerebellar granule cells in culture. By usinga 82 GABA .
receptor subunit knock-out mouse, we revealed that
a-CaMK-II phosphorylation has a different functional effect
on 32 compared with 83 subunit-containing receptors at in-
hibitory synapses. It appeared that a-CaMK-II acted on 82
subunit-containing receptors to increase the peak amplitude
without affecting decay kinetics, whereas on (3 subunit-
containing receptors, a-CaMK-II mostly prolonged the sIPSC
decay.

Amplitude (pA)

Amplitude (pA)

sIPSCs and mutant -CaMK-11in CGCs. 4, B, Bar chart of the mean peak sIPSCamplitude () and weighted decay time
7,,) (B) obtained from CGCs expressing c-CaMK-1I T286D; T286A; A302R; K42R; or just GFP as a control (n = 6-38).
*p << 0.05, using ANOVA with a Bonferroni posttest to compare c-CaMK-Il mutants to the GFP-only control. Error bars indicate SE.
€, Scaled average sIPSCs (50 —100 IPSCs) from single CGCs expressing GFP only, c-CaMK-11 A302R, or ce-CaMK-11 K42R. D-H, sIPSC
amplitude histograms were taken from rat CGCs expressing GFP (2380 events; n = 6) (D); c-CaMK-11T286D (2380 events; n = 4)
(E); c-CaMK-11 T286A (2250 events; n = 4) (F); c-CaMK-11 A302R (2390 events; n = 6) (G); c-CaMK-1I K42R (2390 events; n =
6) (H). The insets show representative sIPSCs. The calibration in D applies also to E-H.

Distinct synapses express GABA , receptors containing f32 or
B3 subunits

By comparing populations of sIPSCs recorded from wt and
B2 '~ CGCs, we attributed the large-amplitude fast-decaying
sIPSCs, whose amplitudes, but not decays, were modulated by
a-CaMK-II, to B2 subunit-containing GABA, receptors. Al-
though compensatory changes to the expression levels of other 3
subunits might occur after removing the 32 subunit (Ponomarev
et al., 2006), it seems unlikely that 1 subunit expression is in-
creased because its expression is at best minimal in CGCs (Laurie
etal., 1992; Pirker et al., 2000), which we confirmed in our 32 =
CGCs by the ineffectiveness of SCS and by immunocytochemis-
try. Thus, in CGCs, synaptic 32 subunit-containing receptors
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appear to be modulated by a-CaMK-II. This contrasts with the
lack of modulation by a-CaMK-II of recombinant «132y2S re-
ceptors expressed in NG108-15 cells (Houston and Smart, 2006),
which implies that the neuronal inhibitory synaptic environment
is vitally important for supporting a-CaMK-II modulation of
GABA, receptor isoforms. We also concluded that GABA, re-
ceptors containing 33 subunits mediated the smaller-amplitude,
variable-decay sIPSCs whose decay rates are prolonged by
a-CaMK-II. Thus, the functional effect and therefore the mech-
anism of a-CaMK-II modulation differed between B2 and B3
subunit-containing synaptic GABA, receptors. Additional sup-
port for our hypothesis that 82 and 3 subunits may form dis-
tinct synapses was obtained from immunocytochemistry in
which we were able to detect differential localization of 82 and 33
subunits.

Differential regulation of receptor function by a-CaMK-II
accords with 82 and 3 subunits binding differentially to kinase
anchoring and also trafficking proteins. For example, AKAP 79/
150 binds to B1 and 33 subunits, but not to 82, which facilitates
their phosphorylation by PKA (protein kinase A) (Brandon et al.,
2003). In contrast, a GABA, receptor-associated protein,
GRIF-1, a potential trafficking factor, binds to 32 and not 1 or
B3 subunits (Beck et al., 2002). Additional evidence suggests that
the trafficking and targeting of 82 and 3 subunit-containing
receptors to the cell surface is also different (Connolly et al., 1996)
and that these processes can be differentially affected by phos-
phorylation (Ives et al., 2002). Thus, the functional consequences
of phosphorylation of different 8 subunits could depend on their
distinctive association with proteins in the postsynaptic density.

Mechanism of action

The distinctive functional effects of a-CaMK-II on synaptic
GABA, receptors suggested that different mechanisms are in-
volved in the regulation of B2 compared with B3 subunit-
containing receptors. Nonstationary noise analysis suggested that
a-CaMK-II increased N, for sIPSCs >150 pA (proposed (32
subunit-mediated) compared with sIPSCs <150 pA (proposed
B3 subunit-mediated), in which there was no effect. The in-
creased N, for the 32 subunit-containing group suggested that
either new receptors were inserted into the membrane and/or the
channel open probability had increased. An increase in the num-
ber of cell surface receptors through insertion or altered mem-
brane trafficking would be consistent with an increase in IPSC
amplitude without altering decay. Interestingly, protein kinase B
can increase the number of cell surface GABA, receptors by
phosphorylating Ser *'° in the 82 subunit, resulting in an increase
in mIPSC amplitude without affecting decay (Wang et al., 2003).

An increase in channel open probability could potentially af-
fect the decay phase of sIPSCs and also increase sIPSC ampli-
tudes. However, an effect on amplitude would only be clearly
manifest if GABA concentrations were nonsaturating at inhibi-
tory synapses (Nusser et al., 1998). Indeed, the functional conse-
quences of receptor phosphorylation by CaMK-II will depend, in
part, on GABA, receptor occupancy, which is known to vary
between cell types and even between synapses on the same cell
(Nusser et al., 1997; Hajos et al., 2000).

Changes to single-channel properties, which could potentially
alter decay times, may result from direct phosphorylation of the
GABA , receptor. Tyrosine kinases can directly phosphorylate the
v2 subunit, and this increases mean open time and the open
probability of the GABA, receptor (Moss et al., 1995).
a-CaMK-II can directly phosphorylate the GABA, receptor 33
subunit and may also execute some of its effects on GABA, re-
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ceptors through activation of a tyrosine kinase and phosphoryla-
tion of y2 subunits (Houston et al., 2007).

Another possibility is that phosphorylation may affect recep-
tor desensitization, which has been proposed to modulate IPSC
decay times (Jones and Westbrook, 1996, 1997). The biexponen-
tial decay of most IPSCs is thought to reflect the GABA , receptor
entering into desensitized states and the relative contribution of
each phase has been shown to be modulated by phosphorylation
(Nusser et al., 1999; Poisbeau et al., 1999). However, on applica-
tion of a-CaMK-II to rat and mouse CGCs, there was no alter-
ation in the relative areas of 7, and 7,, which argues against such
a mechanism being involved in the current study.

It is also possible that a variation in the decay rate can result
from the activation of perisynaptic receptors, activated by the
spillover of GABA from inhibitory synapses (Wei et al., 2003).
This has been observed at cerebellar Golgi cell-granule cell syn-
apses (Rossi and Hamann, 1998; Hamann et al., 2002). A prefer-
ential upregulation of perisynaptic GABA, receptors by
a-CaMK-II-dependent phosphorylation would then be pre-
dicted to prolong the decay of IPSCs and also IPSC rise times, but
this was not observed.

Significance of Ca**/CaM binding and autophosphorylation
Although a Ca’*-independent, constitutively active form of
CaMK-II  (T286D) increased sIPSC amplitudes, the
autophosphorylation-deficient (Ca**-dependent) a-CaMK-II
(T286A) acted similarly. This was surprising because autophos-
phorylation at Thr% is considered to be vital for many aspects of
a-CaMK-II function (Lisman et al., 2002). Crucially, however,
the T286A mutant is still capable of binding Ca**/CaM, transient
activation, and translocation (Shen and Meyer, 1999; Shen et al.,
2000). In contrast, the inactive a-CaMK-II mutants, A302R and
K42R, reduced sIPSC decay times and amplitudes, suggesting
that Ca>*/CaM binding and kinase activity is critically important
for a-CaMK-II modulation of GABA , receptors and that endog-
enous CaMK-II promotes charge transfer at inhibitory synapses.
Intracellular dialysis with a peptide inhibitor that blocks Ca*"-
dependent and independent CaMK-II activity only slightly re-
duced sIPSC decay times, without any effect on sIPSC ampli-
tudes. This disparity may be attributable to the acute application
of CaMK-II-Ntide blocking only basal CaMK-II activity in neu-
rons after inhibitory synapses are established compared with the
expression of mutant a-CaMK-II in neurons before synaptogen-
esis (5 DIV), which could act as a dominant negative disrupting
CaMK-II activity (stimulated by Ca** entry when GABA is de-
polarizing) to reduce sIPSC decays and amplitudes. The reduc-
tion in sIPSC decay by CaMK-II-Ntide suggests that there is a low
level of basal CaMK-II activity at 7-10 DIV that acts on presum-
ably 3 subunit-containing receptors to maintain increased de-
cay times, whereas there is no effect on sIPSC amplitudes (82
subunit-containing receptors). This suggests that persistent
CaMK-II activity is not required to maintain sIPSC amplitudes,
consistent with the observation that autophosphorylation
(Thr?*®) and Ca**-independent activity are also not required for
CaMK-II to increase the amplitude of sIPSCs.

Physiological significance

Modulation of GABA, receptors by a-CaMXK-II is an important
mechanism for regulating the efficacy of synaptic inhibition by
affecting either IPSC amplitude and/or decay times. Such a
mechanism could underlie the activity-dependent formation of
inhibitory synapses during development (Ben-Ari et al., 2007), as
well as modulate GABA, receptors that underpin homeostatic
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forms of inhibitory synaptic plasticity, such as rebound potenti-
ation, in which strong excitatory activity causes long-term up-
regulation of inhibitory synaptic transmission (Kano et al., 1996;
Kawaguchi and Hirano, 2002).

Dysfunction to CaMK-II signaling is implicated in several
neurological disorders affecting inhibitory transmission. For ex-
ample, the neurodevelopmental disorder, Angelman’s syndrome,
has been linked to low expression of the GABA, receptor 33
subunit and to disrupted a-CaMK-II signaling (DeLorey et al.,
1998; Weeber et al., 2003). Dysfunctional a-CaMK-II signaling is
also linked to epilepsy through a proposed interaction with
GABA , receptors (Churn et al., 2000; Singleton et al., 2005).

It is becoming increasingly clear that different GABA, recep-
tor subtypes are targeted to specific locations within neurons in
which they undertake different roles (Nyiri et al., 2001; Briinig et
al., 2002; Herd et al., 2008). Certainly, different roles have been
ascribed to 82 and 33 subunit-containing GABA , receptors (Ru-
dolph and Moéhler, 2004). The correlation of specific populations
of sIPSCs in CGCs with GABA, receptor isoforms containing
different 3 subunits enables phosphorylation by CaMK-II to ex-
ert a fine control over the efficacy of inhibitory transmission at
specific GABAergic synapses. This type of signaling may well be a
generic feature of neurotransmission at other inhibitory synapses
(Huntsman and Huguenard, 2006; Ing and Poulter, 2007).
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