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a6-Containing GABA , Receptors Are the Principal
Mediators of Inhibitory Synapse Strengthening by Insulin in

Cerebellar Granule Cells

Michael V. Accardi,'? Patricia M.G.E. Brown,'* Lois S. Miraucourt,' Beverley A. Orser,* and “Derek Bowie!
'Department of Pharmacology and Therapeutics, 2Graduate Program in Pharmacology, and Integrated Program in Neuroscience, McGill University,

Montréal, Québec H3A 2B4, Canada, and “Department of Physiology, University of Toronto, Toronto, Ontario M5S 1A8, Canada

Activity-dependent strengthening of central synapses is a key factor driving neuronal circuit behavior in the vertebrate CNS. At fast
inhibitory synapses, strengthening is thought to occur by increasing the number of GABA, receptors (GABARs) of the same subunit
composition to preexisting synapses. Here, we show that strengthening of mouse cerebellar granule cell GABAergic synapses occurs by a
different mechanism. Specifically, we show that the neuropeptide hormone, insulin, strengthens inhibitory synapses by recruiting
a6-containing GABARs rather than accumulating more «1-containing receptors that are resident to the synapse. Because a6-receptors
are targeted to functionally distinct postsynaptic sites from a1-receptors, we conclude that only a subset of all inhibitory synapses are
strengthened. Together with our recent findings on stellate cells, we propose a general mechanism by which mature inhibitory syna-
pses are strengthened. In this scenario, a1-GABARs resident to inhibitory synapses form the hardwiring of neuronal circuits with
receptors of a different composition fulfilling a fundamental, but unappreciated, role in synapse strengthening.
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Introduction

Fast inhibitory transmission in the adult vertebrate CNS is pri-
marily mediated by a family of ligand-gated ion-channels called
GABA , receptors (GABARs) that stabilize the membrane poten-
tial by transporting chloride and bicarbonate ions (Belelli et al.,
2009; Miller and Smart, 2010; Rudolph and Knoflach, 2011).
GABARs assemble as a pentameric anion channel most com-
monly composed of 2 a (a1-6) and 2 B (B1-3) subunits with an
additional subunit, typically a y (y1-3) subunit that may be re-
placed with a 8, &, or 6 subunit (Barnard et al., 1998; Moss and
Smart, 2001; Rudolph et al., 2001). This richness in subunit di-
versity is a central factor in determining many aspects of GABAR
signaling. For example, switches in subunit composition are
commonly observed during neuronal development fulfilling
roles in differentiation and maturation (Fritschy and Panzanelli,
2006). In cerebellar granule and stellate cells, there is a develop-
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mental change in the kinetics of synaptic events with slower rates
(T(gast)y 9—19 ms) observed in migrating P7-P11 neurons (Tia et
al., 1996; Vicini et al., 2001) that express a1-a3 and a6 subunits
(Laurie et al., 1992a, b), respectively. In adult P20-P35 neurons,
however, synaptic events become faster (7, 6—7 ms) (Tiaetal.,
1996; Vicini et al., 2001) due to the dominant expression of a1-
containing GABARs (Somogyi et al., 1996; Vicini et al., 2001).
Despite the prevalence of al1-receptors in adult synapses, stellate
and granule neurons continue to express «2/3- and «a6-
containing receptors, respectively (Laurie et al., 1992a, b; Per-
sohn et al., 1992; Tia et al., 1996; Vicini et al., 2001) whose role, if
any, in signaling at the synapse is unclear.

Although numerous effector molecules strengthen inhibitory
synapses, each is thought to change synaptic efficacy by increas-
ing the number of GABARs per synapse (e.g., Otis et al., 1994;
Nusser et al., 1997). It is generally assumed that inhibitory syn-
apses are strengthened by the recruitment of GABARSs of the same
composition, more often than not, due to al-containing recep-
tors given their predominance in the adult CNS (Luscher et al.,
2011; Rudolph and Knoflach, 2011). However, recent work from
our laboratory has revealed that mitochondrial-derived reactive
oxygen species (mROS) strengthen inhibitory synapses of cere-
bellar stellate cells by a mechanism distinct in two important
ways. First, synapse strengthening is mediated by the recruitment
of a3-containing receptors and not resident a1-receptors (Acca-
rdietal., 2014). Second, a3-receptors are targeted to functionally
separate postsynaptic sites from «l-receptors (Accardi et al.,
2014), implying that not all synapses are strengthened by mROS.
Whether this novel mechanism is unique to stellate cells or more



Accardi et al. ® GABAergic Synapses Strengthen by a Novel Mechanism

commonly used throughout the CNS remains to be investigated.
On that note, recruitment of a3-containing GABARs causes a
slowing in decay kinetics of synaptic events (Accardi et al., 2014),
an observation not observed in other studies (Otis et al., 1994;
Luscher et al., 2011). This distinction raises the possibility that
mROS have a unique effect on stellate cell inhibitory synapses
that is not found elsewhere.

To address this issue directly, we have studied the mechanism
by which ROS strengthen inhibitory synapses of cerebellar gran-
ule cells: the most abundant neuron in the vertebrate brain
(Llinds, 1969). ROS was elevated by perfusing the mitochondrial
uncoupler, antimycin-A, via the patch electrode or by bath appli-
cation of the metabolic hormone, insulin. Like in stellate cells,
ROS augment inhibitory synaptic transmission of granule cells by
recruiting receptors of a different subunit composition, in this
case, a6-containing GABARSs, to postsynaptic sites that are dis-
tinct from resident a1-receptors. Unlike in stellate cells, however,
synapse strengthening is not accompanied by a slowing of synap-
tic events. Together, we conclude that al-containing GABARs
form the hardwiring of inhibitory synapses of stellate and granule
cells with a3- or a6-containing GABAR:s fulfilling a fundamental
but unexpected role as the principal mediators of GABAergic
synapse strengthening.

Materials and Methods

Animals. Breeder pairs for homozygous GABAR &-knock-out
(Gabrd™'~; 8-KO) mice were generously provided by Dr. Gregg Homan-
ics (University of Pittsburgh) and bred at the University of Toronto for
experimentation. 6-KO mice were generated using a background of
C57BL/6 X Sv129Ev mice as described previously (Mihalek et al., 1999).
Wild-type mice were maintained on a C57BL/6] background (Charles
River Laboratories) and maintained as a breeding colony at both McGill
University (Montreal, Quebec, Canada) and University of Toronto (To-
ronto, Ontario, Canada). All KO animals were genotyped by PCR anal-
ysis of tail biopsies. Mice (Wild-type and 6-KO: male and female) used
for the experiments ranged from postnatal day 15 to 28 (P15-P28;
mean * SEM age: P21 = 1,n = 51). All experiments have been approved
by the local authorities, were performed in accordance with the guide-
lines of the Canadian Council on Animal Care, and were approved by
the Animal Care Committee of McGill University and University of
Toronto.

Cerebellum slice preparation. Mice were anesthetized with isoflurane
and immediately decapitated. The cerebellum was rapidly removed from
the whole brain while submerged in oxygenated (95% O,, 5% CO,)
ice-cold cutting solution, which contained (in mm) as follows: 235 su-
crose, 2.5 KCl, 1.25 NaH,PO,, 28 NaHCOj,, 0.5 CaCl,, 7 MgSO,, 28
D-glucose (pH 7.4; 305-315 mOsmol/L). The tissue was maintained in
ice-cold solution while sagittal slices of cerebellar vermis (300 wm) were
cut using a vibrating tissue slicer (Leica VT100S, Leica Instruments). The
slices were transferred to oxygenated aCSF and held at room tempera-
ture (20°C-23°C) for at least 1 h before recordings were performed. aCSF
contained the following (in mwm): 125 NaCl, 2.5 KCl, 1.25 NaH,PO,, 26
NaHCO;, 2 CaCl,, 1 MgSO,, 25 p-glucose (pH of 7.4; 305-315 mOsmol/L).

Electrophysiology. Slice experiments were performed on an Olympus
BX51 upright microscope (Olympus) equipped with differential inter-
ference contrast/infrared optics. Whole-cell patch-clamp recordings
were performed on granule cells located in the granule cell layer, which
were visually identified based on cell body size and were confirmed post
hoc by imaging with Lucifer yellow. Patch pipettes were prepared from
thick-walled borosilicate glass (GC150F-10, OD 1.5 mm, ID 0.86 mm;
Harvard Apparatus) and had open tip resistances of 6-12 M{) when
filled with an intracellular solution that contained (in mm) as follows: 140
CsCl, 4 NaCl, 0.5 CaCl,, 10 HEPES, 5 EGTA, 2 Mg-ATP, and 2 QX314 to
block voltage-activated Na " channels with 0.5 mg/ml Lucifer yellow as a
post hoc dye indicator (pH 7.4 with CsOH, 300—310 mOsmol/L). Record-
ings were made with a Multiclamp 700A amplifier (Molecular Devices)
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in voltage-clamp mode with a holding potential of —60 mV. Series resis-
tance and whole-cell capacitance were estimated by cancelling the fast
current transients evoked at the onset and offset of brief (10-20 ms) 5
mV voltage-command steps. Series resistance during whole-cell record-
ing (10-35 MQ)) was compensated between 40% and 65% and checked
for stability throughout the experiments (>20% tolerance). The capaci-
tance of the granule cells was in the range of 1.5-4 pF. The bath was
continuously perfused at room temperature (22°C-23°C) with aCSF at a
rate of 1-2 ml/min. Miniature IPSCs (mIPSCs) were recorded in the
presence of TTX (1 um). Currents were filtered at 5 kHz with an eight-
pole low-pass Bessel filter (Frequency Devices) and digitized at 25 kHz
with a Digidata 1322A data acquisition board and Clampex9 (Molecular
Devices) software. Data acquisition was performed using pClamp9 and
pClamp10 software (Molecular Devices). Curve fitting and figure prep-
aration of all electrophysiology data were performed with Origin 7.0
(OriginLab), Microsoft Excel, Clampfit 10 (Molecular Devices), and the
Strathclyde Electrophysiology WinWCP and WinEDR (John Dempster)
software.

mIPSCs from granule cells occur too infrequently to permit a proper
characterization of their response characteristics in terms of event am-
plitude and decay times (Wall and Usowicz, 1997). In view of this, we
performed all experiments in aCSF with elevated extracellular K* (18
mM), as described by others (Momiyama and Takahashi, 1994), which
significantly increased baseline frequency approximately eightfold from
0.07 = 0.01 Hz (aCSF, 2.5 mm KCl, n = 5) to 0.54 = 0.01 Hz (aCSF, 18
mM KCl, n = 5; p = 0.0001, unpaired Student’s ¢ test). Other than the
change in mIPSC frequency, all other characteristics (i.e., distribution of
rise times, amplitudes, and decay kinetics) were indistinguishable be-
tween experiments in 2.5 and 18 mm K * aCSF solutions. This was also
true with mice exposed to the internal perfusion of antimycin-A (aCSF,
2.5mMKCl, n=6:0.13 = 0.03 Hz; aCSF, 18 mm KCl, n = 4: 1.04 * 0.25;
p = 0.002, unpaired Student’s ¢ test) as well as 6-KO animals (aCSF, 2.5
mM KCl, 7 = 6:0.13 = 0.04 Hz; aCSF, 18 mm KCl, n = 5: 1.7 = 0.2;p =
0.0001, unpaired Student’s ¢ test). Consequently, we concluded that the
use of an elevated extracellular K™ aCSF solution was a useful tool for
increasing mIPSC frequency. aCSF (18 mm K ™) was only used as an
external bathing solution during electrophysiological recordings and not
during the recovery period before experimentation. To account for the
increase in osmotic pressure with aCSF (18 mm K ™), sucrose was added
to the internal pipette solution to achieve isomolarity (330 mOsmol/L).

Experiments were also performed at room temperature on recombi-
nant GABARs 2448 h after cDNA transfection. GABA (Sigma-Aldrich)
was dissolved in external solution containing the following (in mm): 150
NaCl, 5 HEPES, 2 MgCl,, and 1 CaCl,. Internal pipette solution con-
tained the following (in mm): 150 KCI, 5 EGTA, 1 MgCl,, and 2 Mg-ATP.
The pH and osmotic pressure of internal and external solutions were
adjusted to 7.3-7.4 and 300 mOsm1 ~', respectively. Furosemide was
dissolved as a 100 mm stock in DMSO, stored at —20°C, and diluted to a
final concentration of 100 uM in external solutions. The control external
solution also contained an equal amount of DMSO (0.1% v/v). Control
and agonist solutions were rapidly applied to outside-out patches excised
from transfected HEK 239T/17 cells using a piezoelectric stack (Physik
Instrumente). Solution exchange (10%-90% rise-time = 150-250 us)
was determined in a separate experiment by measuring the liquid junc-
tion current (or exchange current) between the control and external
solution containing 10% additional NaCl. All recordings were performed
with an Axopatch 200B amplifier (Molecular Devices) using thin-walled
borosilicate glass pipettes (2—5 M{2) coated with dental wax to reduce
electrical noise. Current records were filtered at 5 kHz, digitized at 25
kHz, and series resistances (3—10 M()) were compensated by 95%. All
recordings were performed at a holding potential of —60 mV.

Analysis of mIPSC events. mIPSCs were detected using WinEDR soft-
ware with a detection threshold of 4 X the mean square root of noise
level. The accuracy of detection was visually confirmed for each event in
each recording. Amplitude distributions were fit with the sum of 2-3
Gaussian functions with the singular form of the following: y = (A1/(wl
# sqrt(m/2))) * exp(—2 * ((x — xcl)/w1)?), where A is the area, xc is the
center of the peak, and w is the error associated with the peak. The decay
phase of mIPSCs was fit with a single exponential curve, and both rise and
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decay phases were fitted between 10% and 90% of the peak amplitude.
Data are expressed as mean = SEM. p values represent the results ob-
tained from either a paired or unpaired, two-tailed Student’s ¢ tests or a
one-way ANOVA with Tukey’s post hoc test. A p value of <0.05 was
considered statistically significant. All data are from at least two different
animals.

Intracellular ROS fluorescence. Slices for imaging experiments were
incubated in oxygenated aCSF containing CM-H,DCF-DA (5 um DCF,
Invitrogen) 45 min before imaging cytosolic ROS levels using a Zeiss
Axioexaminer upright microscope (Carl Zeiss) equipped with a mul-
tiphoton chameleon (coherent) laser source set to excite at 780 nm
(power = 0.3 W/cm?). To visualize changes in DCF fluorescence inten-
sity, XYZT series images of the cerebellar granule cell layer were acquired
every 2 min using a 40X plan apochromatic objective (NA = 1.0). After
baseline imaging (10 min), another 30 min of imaging followed, during
which various drugs (insulin, 0.5 uM and/or genistein, 50 um) were ap-
plied through the constant flow of oxygenated aCSF (1.5 ml/min). Slices
during genistein treatment were incubated for ~45 min in aCSF +
genistein (together with DCF) before the start of the 10 min baseline
imaging. Images were acquired on an IBM-compatible computer using
Zen software (Carl Zeiss) and subsequently analyzed using NIH Image/
Image].

Fluorescence image analysis. To analyze the change in fluorescence in-
tensity, one or two focal planes of respective matching depth (z-axis) in
every XYZ stacks were selected. Twenty ROIs were drawn per focal plane,
to each surround individual granule cell soma (minimal XY drift was
corrected using the Image]J registration plugin). Raw measurements of all
ROIs (mean pixel intensity) were used to perform Gaussian distributions
of fluorescence intensity among the different groups (n = 3 slices for
control; n = 4 slices for insulin; n = 4 slices for insulin + genistein). To
compare the change of fluorescence intensity over time among groups,
the Afluorescence of each ROI (AF = F, — F, where F, is the mean ROI
fluorescence during the first 10 min of the experiment) was determined.
This analysis was restricted to granule cells (or ROIs) for which F, did not
vary >10% of F, during the first 10 min, to ensure a stable baseline before
insulin application.

Pharmacological compounds. Ionotropic glutamate receptor antago-
nists, D-APV (for NMDARs; 10 um) and CNQX (for non-NMDARs; 5
uM), the glycine receptor antagonist, strychnine (0.3 um) and the
GABAR antagonist bicuculline (10 um) were purchased from Tocris Bio-
science. TTX (1 um) was purchased from Alomone Labs). Stock solu-
tions of these antagonists were prepared in water and were stored at
—20°C, and working solutions were diluted with aCSF shortly before
application to the bath. The antioxidant, N-acetylcysteine (NAC, 1 mm)
(Sigma) was prepared as a stock solution (100 mm) in water and dissolved
in patch electrode solution on the day of the experiment. The mitochon-
drial uncoupler, antimycin-A (2 uM), was purchased from Sigma, dis-
solved in DMSO, and diluted in water to workable stock concentrations
and stored at —20°C. The final maximum external DMSO concentration
(0.1% v/v) had no effect on mIPSCs, consistent with other studies (Na-
kahiro etal., 1992). Mg-ATP (2 mm) was included in our patch electrode
solution to maintain cytoplasmic ATP levels. Furosemide (100 um; Toc-
ris Bioscience) was dissolved in DMSO, stored at —20°C, and added
directly into the aCSF on the day of the recordings. Although not signif-
icant (p = 0.27, paired Student’s ¢ test), furosemide application pro-
duced a small increase in mIPSC frequency of ~29% (22.5 min; see Fig.
4D, n = 5) immediately following the introduction of furosemide to the
bath, an effect also observed by others (Mark Farrant, personal commu-
nication). Nevertheless, this change in mIPSC frequency was not sus-
tained and returned to basal levels within 5-10 min. Insulin (0.5 pm,
Sigma) was prepared from a 163 um stock that required 0.1 M acetic acid
to ensure complete dissolution. The concentration of insulin used is
consistent with previous studies and also corresponds to circulating hor-
mone levels (Wozniak et al., 1993; Wan et al., 1997). Genistein (50 um;
Tocris Bioscience), the protein tyrosine kinase and insulin receptor an-
tagonist, was completely dissolved in DMSO and stored at —20°C at a
final concentration of 50 mm. The phosphatidylinositol 3-kinase (PI3-
kinase) inhibitor, wortmannin (1 uM; Tocris Bioscience), was dissolved
in DMSO, diluted in water to a stock concentration of 500 uMm, and stored
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at —20°C. The final maximum internal pipette DMSO concentration was
<0.1% v/v.

Results
Mitochondrial ROS strengthens GABAergic synapses of
cerebellar granule cells
To study the mechanism that strengthens GABAergic synapses,
whole-cell recordings of mouse cerebellar granule cells were per-
formed with an internal pipette solution containing the mito-
chondrial uncoupler, antimycin-A (2 uMm, Fig. 1). Prior work
from our laboratory on cerebellar stellate cells has established
that antimycin-A and other uncouplers strengthen GABAergic
transmission by elevating mROS (Accardi et al., 2014). We rea-
soned that they would have a similar effect on granule cells. In
agreement with this, internal patch perfusion with antimycin-A
elicited an increase in the frequency of inhibitory synaptic events
by almost 1.5-fold during a typical 20—-25 min recording (0-5
min, 0.74 = 0.33 Hz; 20-25 min, 1.04 = 0.25 Hz; n = 4, p =
0.036, paired two-tailed Student’s ¢ test; Fig. 1A—C), an observa-
tion absent from control recordings (Fig. 1D). Gaussian fits of the
amplitude distributions revealed that antimycin-A selectively in-
creased the occurrence of only mIPSCs of small amplitude with
little effect on larger-amplitude events (Fig. 1 A, B). For example,
fits of the smallest events were 28% of all events within 0—5 min
(Fig. 1A, bottom), which increased 1.5-fold, to 41%, after 20-25
min (Fig. 1B, bottom). As a consequence, we observed a small
time-dependent reduction in the averaged amplitude of mIPSCs
(e.g.,0—-5min, —38.3 = 6.0 pA; 20—25 min, —31.2 = 2.8 pA; 17%
reduction; Fig. 1C,D), similar to our observations on stellate cells
(Accardi et al., 2014). The increase in mIPSC frequency is due to
an elevation in cytosolic mROS because the effect of antimycin-A
was attenuated by inclusion of the antioxidant, NAC (1 mM, n =
4), in the patch electrode solution (p < 0.01, one-way ANOVA;
Fig. 1D). Interestingly, we also observed an effect of antimycin-A
on tonic GABA current baseline (25 min after seal breakthrough,
Control, n = 5,20.46 = 4.7 pA; Antimycin-A, n = 6, 3.46 = 0.93
PA; p = 0.004; unpaired Student’s ¢ test), suggesting that mROS
also affect extrasynaptic receptors. These observations are similar
to our earlier findings on cerebellar stellate cells suggesting that
mROS are a common intermediary that couple cellular metabo-
lism to the processes that strengthen GABAergic signaling.
mROS may strengthen GABAergic transmission by a presyn-
aptic and/or postsynaptic mechanism. In stellate cells, the effect
of mROS is abolished in mice lacking the a3 GABAR subunit
(Accardi et al., 2014), which is primarily located in the perisyn-
aptic and/or extrasynaptic space (Fritschy and Panzanelli, 2006).
As aresult, we concluded that mROS strengthen inhibitory trans-
mission primarily by a postsynaptic mechanism via the recruit-
ment of a3-containing GABARs into the synapse (Accardi et al.,
2014). A similar mechanism may be at play in granule cells be-
cause mROS selectively augment the occurrence of inhibitory
events of small amplitude (Fig. 1 A, B) in a similar manner previ-
ously reported in stellate cells. Granule cells, however, do not
express a3 subunits and thus may strengthen inhibitory trans-
mission by recruiting any one of several GABARs. Adult granule
cells express GABARs composed of al/fB2,3/v2, a6/B2,3/72,
and/or a1,6/32,3/y2 at their synapses, whereas a6/2,3/y2, a1,6/
B2,3/72, and a6/2,3/6 GABARs are found outside the synapse
(Nusser et al., 1995, 1996, 1998a; Mapelli et al., 2014). Because
only y2-containing receptors are capable of entering synapses
(Luscher et al., 2011), we concluded mROS do not mediate their
effects by recruiting a6/32,3/6 receptors. In agreement with this,
bath application of Zn** (10 uM) elicited no noticeable reduc-
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mROS selectively increase the occurrence of inhibitory events of small amplitude. 4, B, Top, mIPSCs from the same granule cell (cell #140307000) at the beginning (0—5 min)

and during (2025 min) pipette perfusion with antimycin-A (2 m). Bottom, Amplitude histograms comparing the data obtained at two time periods (i.e., 05 min, left; 20 -25 min,
right, n = 4). Each was fit with the sum of three Gaussian functions (red line), with individual functions shown in either black (left panel) or white (right panel). In this figure and
elsewhere, the closed point distribution (filled; dark gray) was scaled to the fitted peak of the lowest event amplitude and represents the average baseline noise observed during the
recordings. ¢, Summary plot of the time course of mIPSC frequency (filled circle) and amplitude (open circle) during pipette perfusion with antimycin-A. Data are mean = SEM. D, Bar
graphs of maximal normalized frequency (left) and amplitude (right) obtained in the different recording conditions. Anti, antimycin-A; NAC, N-acetylcysteine (1 mm). Statistical test was
a one-way ANOVA with Tukey’s post hoc test. The frequency comparison of “Control” versus “Anti + NAC”" (D; left) was not significant and, for clarity, was not indicated in the figure.

Amplitude comparisons were not significant (p = 0.58; one-way ANOVA).

tion on mIPSC amplitude (normalized: without Zn*", n = 4,
20-25 min: 90.7 = 4.0%; with Zn**, n = 5,20-25 min: 100.6 *+
6.4%; p = 0.26; unpaired Student’s ¢ test) or frequency (normal-
ized: without Zn2", n = 4, 20-25 min: 207.65 *= 22.1%; with
Zn**, n = 5,20-25 min: 201.96 = 15.7%; p = 0.84; unpaired
Student’s ¢ test) induced by antimycin-A. Because Zn>" blocks
GABARs that do not contain the y2 subunit (May and de Haén,
1979; Draguhn et al., 1990), we concluded that the effect of
mROS on mIPSC frequency was not mediated through the re-
cruitment of extrasynaptic 6-containing GABARs.

To explore the potential involvement of «l- and/or a6-
containing GABARs, we looked for ways to discriminate between
them at GABAergic synapses. Pharmacological studies on native
and recombinant GABARs have reported that furosemide will
selectively block a6-containing receptors (Korpi et al., 1995; Tia
et al., 1996; Minier and Sigel, 2004). To confirm this, we first
examined the degree of furosemide block on recombinant
GABARs containing either al or a6 subunits where subunit
composition would be known (Fig. 2; Table 1). Next, we deter-
mined the degree of furosemide block of native GABARs where
the contribution of a6-containing GABARs is not known (Fig.
2A, right). Accordingly, we reasoned that a greater degree of
block of mIPSCs would correspond to a greater presence of a6-
containing receptors at GABAergic synapses.

As reported previously (Tia et al., 1996), 100 um furosemide
had almost no effect on the peak response amplitude or deacti-
vation kinetics of a1-containing GABARs (Fig. 2A, B; Table 1). In
contrast, however, furosemide reduced the peak response ampli-
tude and affected deactivation kinetics of «6-containing
GABARs (Fig. 2A; Table 1). Given these two effects, the charge
transfer mediated by a6-containing GABARs was significantly
reduced to 46 = 9% (n = 5, p = 0.009, paired Student’s ¢ test) of
the control in the presence of furosemide (100 m; Fig. 2B; Table
1), demonstrating that furosemide is an ideal pharmacological
agent to discriminate between the contribution of al- or a6-
containing GABARs. Interestingly, bath application of furo-
semide (100 uM) produced a modest effect on peak mIPSC
amplitudes (Peaky rorer — 43 * 2.2 pA; Peak g, — 34 = 2.3 pA,
p = 0.03, paired Student’s ¢ test) that was not statistically signif-
icant for charge transfer (Fig. 2A,B; p = 0.10, paired Student’s ¢
test), underscoring the minimal contribution of a6-containing
GABARs under control conditions. Furthermore, a comparison
of mIPSC decay kinetics revealed the time-dependent occurrence
of some synaptic events with slower decay kinetics (i.e., =20 ms)
during antimycin-A treatment (Fig. 2C, filled symbol). Although
these slower events were too few in number to affect the overall
decay kinetics of mIPSCs from granule cells (Fig. 24, right), it is
consistent with the possibility that mROS recruit a6-containing
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havior (Fig. 2A, middle; Table 1). T

In summary, these data highlight that
al- and a6-containing receptors can be
distinguished by their sensitivity to block
by furosemide. We therefore reasoned
that, if mROS strengthen GABAergic syn-
apses by the recruitment of a6-containing
receptors, furosemide should block or at-
tenuate the effect of antimycin-A on mIPSC
frequency.
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synapses contain a small proportion of
a6-containing GABARs. For example,
baseline mIPSC frequency in slices before
and after furosemide application were
0.96 = 0.22 Hzand 0.87 £ 0.18 Hz (p =
0.46; paired Student’s ¢ test; n = 6), re-
spectively. Interestingly, internal perfu-
sion with antimycin-A had no detectable
effect on mIPSC frequency (0—5 min,
1.08 = 0.28 Hz; 20—25 min, 1.15 * 0.088 Hz; p = 0.78; paired
Student’s t test, n = 6) (Fig. 3A-D) in marked contrast to its
effects on naive slices (Fig. 1C,D). Moreover, fits of mIPSC am-
plitude distributions revealed that antimycin-A did not elicit a
time-dependent increase in the occurrence of mIPSCs of events
with small amplitude (Fig. 3A—C). Data obtained during the first
5 min of recording were best fit with the sum of 2 Gaussian
functions with peak values of —29 * 0.15 pA (81%) and —41 =
1.3 pA (19%), which were indistinguishable from the peak values
of =26 * 0.15 pA (75%) and —38 = 0.92 pA (25%) obtained in
the last 5 min (i.e., 20-25 min) (Fig. 3C). These data are therefore
consistent with the assertion that antimycin-A strengthens inhib-
itory synapses of granule cells by recruiting a6-containing
GABARs.

Like all loop diuretics, furosemide acts on the anion/cation
transporters, such as NKCC2 (Haas and Forbush, 1998) and
KCC2 (Payne, 1997), but may have other pharmacological tar-
gets. Therefore, an immediate concern was that our observations
may reflect furosemide’s action on more than just a6-containing
GABARs. We ruled out an effect on anion/cation transporters
because transmembrane anion/cation gradients are constrained
in the whole-cell recording configuration and because block usu-
ally occurs at concentrations greater than that used in the present
study (Misgeld et al., 1986). To exclude the possibility of other
targets, and provide additional evidence for the recruitment of
a6-containing GABARs, we performed two separate experim-
ents. First, we tested whether furosemide would exert a greater
pharmacological block of mIPSCs after granule cells were treated
with antimycin-A because mROS would be expected to recruit
more a6-containing receptors into the synapse (Fig. 4). Second,

Figure 2.

Furosemide block distinguishes between a1- and ae6-containing GABA, receptors. A, Overlay of typical membrane
currents elicited by short 1 ms applications of 10 mm GABA on recombinant a:132-y2 (left, patch #141219p8; n = 4) and 6 32y2
(middle, patch #141219p3; n = 5) or averaged mIPSC from a granule cell (right, cell #140605000; n = 5) before (black line) and
after (red line) bath application of 100 wum furosemide. B, Bar graph comparing the degree of furosemide block on charge transfer
between recombinant and native GABARs. Data are mean == SEM, with paired Student’s ¢ tests and Bonferroni correction. C, Plot
comparing mIPSCamplitude versus decay kinetics observed in the first 5 min (0 —5 min, open circles) and last 5 min (20 -25 min,
filled circles) of recording in antimycin-A (2 um).

we reasoned that furosemide would have a greater pharmacological
block on mIPSCs of granule cells lacking the 8-subunit (Fig. 5) be-
cause mice lacking this subunit have been noted to have an upregu-
lated expression of a6-containing GABARs (Tretter et al., 2001).

Furosemide block of a:6-containing GABARs is more
pronounced after antimycin-A treatment

Experiments comparing furosemide block of mIPSCs in control
and antimycin-A-treated granule cells are summarized in Figure
4. In all cases, furosemide induced a significant reduction of the
baseline membrane noise (compare Fig. 4A, top and bottom)
consistent with antagonism of extrasynaptic a6- (and 6-) con-
taining receptors. This effect represents a >50% reduction in
baseline current for control (Pre-Furosemide, 14.36 £ 1.9 pA;
Post-Furosemide, 6.93 £ 0.66 pA; p = 0.017; paired Student’s ¢
test; n = 5) and antimycin-A (53% reduction, Pre-Furosemide,
13.39 & 0.94 pA; Post-Furosemide, 6.30 * 0.54 pA; p = 0.0074;
paired Student’s ¢ test; n = 5) conditions. In control granule cells,
furosemide had a modest effect on mIPSC amplitude and almost
no effect on mIPSC frequency (Fig. 4A,B left, D). In contrast,
furosemide had a significant effect on mIPSC amplitude and fre-
quency after antimycin-A treatment (Fig. 4A,B right, C,D).
mIPSC amplitude was reduced by ~40% with 100 um furo-
semide (p = 0.0007; paired Student’s t test), representing an
almost twofold greater block than control conditions (Fig. 4B
right, D). Most strikingly, the increase in mIPSC frequency in-
duced by antimycin-A was completely abolished following bath
application of 100 um furosemide (Fig. 4C,D). mIPSC frequency
at20-25 min was 1.43 = 0.15 Hz compared with 0.87 = 0.074 Hz
at 40—45 min when block by furosemide had reached equilib-
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Figure3. Pharmacological block of c6-containing GABA, receptors prevents synaptic strengthening by mR0S. A, mIPSCs from two time points (cell #140329013) from the same cell during bath

application of furosemide (100 wum) and internal perfusion with antimycin-A (2 m). B, Plot summarizing the effect of antimycin-A on event frequency (filled circle) and amplitude (open circle) (n =
5). ¢, Amplitude histograms of data from the same cells at two time points fit with the sum of 2 Gaussian functions (purple represents 0 —5 min; red represents 20 —25 min). D, Bar graphs comparing
the effect of furosemide on mIPSC amplitude (left) and frequency (right) during internal patch perfusion with antimycin-A. In all cases, data are mean == SEM.

rium (Fig. 4C,D). Indeed, mIPSC frequency was statistically in-
distinguishable (p = 0.46; paired Student’s t test, n = 6) between
measurements at the beginning (i.e., 0-5 min, 0.96 = 0.091 Hz)
and end (i.e., 40—45 min, 0.87 = 0.074 Hz) of the experiment
(Fig. 4C,D). These data support the assertion that strengthening
of granule cell GABAergic synapses by mROS is due to the re-
cruitment of a6-containing GABARs. As discussed below, we
further tested the involvement of a6-containing GABARs by
studying the effect of antimycin-A on granule cells that lack the
8-subunit.

Antimycin-A fails to strengthen GABAergic synapses of
granule cells from 6-KO mice

Previous studies have shown that the overall surface expression of
the a6-subunit is unchanged in granule cells from 8-KO mice but
that there is an increased surface expression of the y2-subunit
(Tretter et al.,, 2001), presumably because of a compensatory
mechanism. Given this, we reasoned that granule cell inhibitory
synapses would contain more a6/y2-containing GABARSs, as
proposed by others previously (Tretter et al., 2001). In keeping
with this, we observed an increased basal frequency of mIPSCs by

approximately twofold to threefold in 6-KO mice (# = 5) com-
pared with wild-type (8-KO: 1.69 * 0.20 Hz; wild-type: 0.543 =
0.087 Hz; p = 0.0008; unpaired Student’s ¢ test) consistent with
an upregulation of inhibitory synaptic connections. More impor-
tantly, bath application of 100 uMm furosemide elicited a much
greater reduction in both mIPSC amplitude and frequency in
granule cells from 8-KO than wild-type mice (Fig. 5). For in-
stance, furosemide reduced mIPSC frequency in wild-type gran-
ule cells from 0.96 * 0.22 Hz to 0.87 = 0.18 Hz, which was much
more modest than the effect in 8-KO mice where mIPSC fre-
quency was reduced from 1.7 * 0.2 Hz to 0.60 * 0.19 Hz (Fig.
5B,D). Likewise, peak mIPSC amplitudes were reduced by
~20% in wild-type granule cells compared with a reduction of
~31% in granule cells lacking the &-subunit (Fig. 5B-D). To-
gether, these observations make two important conclusions regard-
ing granule cells of 6-KO mice: (1) they exhibit a greater number
of functional inhibitory synapses; and (2) inhibitory synapses
contain a greater proportion of a6/y2-containing GABARs.
As a final test of the involvement of a6-containing GABARs,
we examined the effect of antimycin-A on granule cells of &-
KO mice (Fig. 5E). We reasoned that, because of the greater pro-
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Synaptic strengthening induced by mROS is reversed by pharmacological block of ce6-containing GABA, receptors. A, Representative electrophysiological traces of a control (left, cell

#140526000) and antimycin-A (2 um, right, cell #140619000) treated granule cell at three separate time points. B, Amplitude distributions of mIPSCs from two time points (n = 5in each case). For
clarity, only the summed Gaussian functions are shown (purple represents Pre-Furosemide; red represents + Furosemide). C, Summary plot showing the time course of mIPSC frequency (red circle)
and amplitude (open circle). Furosemide (100 wum) was added 15 min after the start of the experiment. Gray gradient represents the gradual equilibration of furosemide in the bath. D, Summary plots

of furosemide’s effect on mIPSC frequency and amplitude. Data are mean = SEM.

portion of «a6/y2-containing GABARs at these synapses,
antimycin-A would have little or no effect on mIPSC frequency.
That is, synapse strengthening by mROS via the recruitment of
a6-containing GABARs would be limited because granule cell
inhibitory synapses of 5-KO mice are already occupied by these
receptors. In support of this, internal patch perfusion of
antimycin-A exerted no effect on mIPSC frequency or peak am-
plitude (Fig. 5E). For example, mIPSC frequencies observed dur-
ing the first (0—5 min) and last (20—25 min) 5 min were 1.1 =
0.51 Hz and 1.32 = 0.62 Hz, respectively (p = 0.35, paired Stu-
dent’s t test). Furthermore, the peaks of the fits of the
antimycin-A treated 8-KO amplitude distribution (20-25 min:
Amplitude,, 37 pA; Amplitude,, 48 pA) were very similar to that
of the wild-type control (20-25 min: Amplitude,: 39 pA; Ampli-
tude,: 55 pA). These data show that antimycin-A was ineffective
in strengthening GABAergic synapses of 6-KO mice, in marked
contrast to our observations on wild-type mice. We therefore
conclude that strengthening of granule cell inhibitory synapses
occurs by the recruitment of a6-containing GABARSs.

Insulin elevates cytosolic ROS in granule cells of the

mouse cerebellum

To determine whether a physiological signaling pathway strengthens
GABAergic synapses in a similar manner, we examined the effect of
the metabolic hormone, insulin. Prior work has established that in-
sulin elevates cytosolic ROS (Mukherjee et al., 1978; May and de
Haén, 1979; Zeng and Quon, 1996; Mahadev et al., 2001a, b; Gold-
stein et al., 2005) and, in separate experiments, insulin has been
shown to strengthen GABAergic synapses (Wan et al., 1997; Vetiska
etal., 2007). Given this, we reasoned that there may be a causal link
between insulin’s ability to elevate cytosolic ROS and its ability to
strengthen inhibitory synapses.

To explore this, we first determined whether insulin can in-
duce a change in the redox state of the cerebellum by loading
granule cells with the fluorescent dye DCF and imaging for cyto-
solic ROS (Fig. 6; see Materials and Methods). Because DCF ir-
reversibly reacts with cytosolic ROS, we anticipated that the
fluorescent signal from individual cells would increase in a time-
dependent manner, reflecting the constitutive turnover of their
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Figure 5.

mROS fail to strengthen inhibitory synapses of 5-KO mice. A, Representative recordings from a granule cell lacking the &-subunit before (top) and after (bottom) applying furosemide

(100 pum, cell #140621010) to the bath 15 min after the start of the experiment. B, Amplitude distributions comparing mIPSCs at the two time points (n = 5). For clarity, summed Gaussian functions
are shown (purple represents Control, 0—5 min; red represents + Furosemide, 40 —45 min). €, Averaged mIPSCs (from 15 random events) comparing the response profile of wild-type (cell
#140605000) and &-KO (cell #1406210010) cells before (black line) and after (red line) furosemide application. D, Summary plot showing mIPSC frequency (left) and amplitude (right) before
(“control,” open circles, 05 min) and after (“~+ furo,” filled circle, 40 — 45 min) furosemide (100 wum) application. Statistical test is a paired Student’s ¢ test. n.s, Not significant. £, Summary plots
showing the time course of mIPSC frequency (left) and amplitude (right) of granule cells (n = 5) lacking the &-subunitn the presence (filled circle) and absence (open circle) of antimycin-A (2 m).

Data are mean = SEM.

metabolic and signaling state. In agreement with this, we ob-
served a gradual increase in cytosolic ROS from cerebellar slices
continuously perfused with aCSF over a 30—40 min time period
(Fig. 6B). Interestingly, basal ROS levels were reduced signifi-
cantly by pretreatment with the isoflavone, genistein (50 um),
which blocks a number of ubiquitous signaling pathways, includ-
ing insulin’s actions by inhibiting tyrosine kinase activity (Fig.
6B,C). At the start of the imaging experiments, the distribution
of fluorescence intensity among granule cells bathed in aCSF was
fit well with a single Gaussian function with a mean amplitude of
131 * 2.7 a.u. (Fig. 6C, cyan bars), which was reduced signifi-
cantly to 35 = 3.5 a.u. by genistein (Fig. 6C, black bars; p <
0.0001, unpaired Student’s ¢ test). Despite this difference, the rate
of change in fluorescence intensity was identical in both condi-
tions over a typical 30—40 min imaging experiment (Fig. 6B)

demonstrating that the constitutive production of cellular ROS
was constant.

As expected, basal cytosolic ROS levels observed in granule
cells before insulin application were comparable with measure-
ments made in aCSF (Fig. 6B). Upon insulin (0.5 um) applica-
tion, however, we observed an almost immediate increase in
cytosolic ROS generation (Fig. 6 A, B) that reached statistical sig-
nificance after 20 min (p < 0.01; two-way repeated-measures
ANOVA with Holm-Sidak’s multiple-comparison test). The dis-
tribution of DCF fluorescence intensity at the 24—30 min time
point was fit well by the sum of two Gaussian functions with
mean values of 191 = 9.0 a.u. (55%) and 437 * 202 a.u. (45%)
(Fig. 6D). The emergence of a second peak, not observed in base-
line recordings (Fig. 6C) or the control condition at 24-30 min
(fit by a single Gaussian: 232 * 5 a.u.), highlights the presence of



9684 - J. Neurosci., July 1,2015 - 35(26):9676 9688

aCSF

A CM-HDCF-DA loading

Accardi et al. @ GABAergic Synapses Strengthen by a Novel Mechanism

+ Insulin (0.5 pM)

80—~ Control wen ]k
-0~ Insulin Tt
© 60 | —&~ Insulin + Genistein bt l 135}
g
3 2
g 40F Insulin 5 90
S o
=) (&)
[
< 20 45
1 1 ]
o 0 10 20 30 0

Time (min)

Figure6.

300 600 900 1200 1500 0
Fluorescence Intensity (a.u.)

MAX

MIN

Control 1207 24-30 Minutes
= aCSF 90 [ aCSF + Insulin
I + Genistein I Genistein + Insulin

300 600 900 1200 1500
Fluorescence Intensity (a.u.)

Insulinincreases cytosolicROS in cerebellar granule cells. 4, Example DCFimages from a typical insulin-treated experiment showing elevations in cytosolic ROS. The images are displayed

using a color-coded map of fluorescence intensity (16 colors) ranging from black (no fluorescence), to white (maximum signal for any pixel over the course of an individual experiment). A
representative two-photon single focal plane image (far left) of a cerebellar parasagittal slice with the cellular layers denoted. MI, Molecular layer; PCL, Purkinje cell layer; GCL, granule cell layer. Scale
bar, 5 wm. Right, The 16 color version of thisimage. B, Summary plot of the time course of fluorescence intensity changes in control (white circle), insulin (cyan circles), orinsulin + genistein (black
circles) treated conditions. Data are mean == SEM. Two-way repeated-measures ANOVA with Holm-Sidak’s multiple-comparison test: *Comparisons between “insulin” and “insulin + genistein.”
tComparisons between “insulin” and “control.” *p << 0.05. tp << 0.05.**p << 0.01. t1p << 0.01.***p < 0.001. €, Histograms comparing the level of fluorescence intensity obtained in the presence
(black) or absence (cyan) of 50 wum genistein. Each histogram was fit with a single Gaussian function (red represents genistein; dark blue represents aCSF). D, Histograms comparing the level of
fluorescence intensity obtained after bath application of insulin (0.5 wum) in the presence (black) or absence (cyan) of 50 wum genistein at the end of a typical imaging recording. Each histogram was
fit with either a single (red represents genistein + insulin) or the sum of two (dark blue represents aCSF + insulin), Gaussian functions.

a population of granule cells, which robustly respond to insulin.
Importantly, genistein completely blocked the observed insulin-
induced increase in cytosolic ROS generation (Fig. 6 B, D), dem-
onstrating that the action of insulin on cerebellar granule cells is
due to an increase in tyrosine kinase activity. Together, these
observations establish that cytosolic ROS levels in granule cells
are regulated by the insulin receptor.

Elevating cytosolic ROS via the insulin receptor strengthens
granule cell GABAergic synapses

To test for a causal relationship between ROS and strengthening
of GABAergic synapses, we recorded mIPSCs from granule cells
before and after bath application of insulin (0.5 uMm; Fig. 7). Sim-
ilar to antimycin-A (Fig. 1), insulin elicited a time-dependent
increase in mIPSC frequency by almost twofold during a typical
20-25 min recording (Fig. 7A-C; p = 0.0003; paired two-tailed
Student’s f test, n = 11). Gaussian fits of the amplitude distribu-
tions before and after insulin treatment revealed that insulin pri-
marily increased the occurrence of mIPSCs of small amplitude
with little effect on larger events (Fig. 7A, B). Fits of the smallest
events were 19% of all events within 0—5 min (Fig. 7A, bottom),
which increased 2.2-fold, to 42%, after 20—-25 min (Fig. 7B, bot-
tom), resulting in the small, time-dependent reduction in the
averaged mIPSC amplitude (e.g., 0-5 min: —47.9 * 2.6 pA;
20-25 min: —42 * 2.3 pA; 12% reduction; Fig. 7C,D). Further-
more, insulin’s effect on mIPSCs was almost completely abol-
ished by including the antioxidant, NAC (1 mM, n = 4), in the
patch electrode solution (p < 0.01, one-way ANOVA; Fig. 7D) to
diminish ROS levels. In view of this, our data establish a causal
link between insulin’s ability to elevate cytosolic ROS and
strengthen GABAergic synapses of cerebellar granule cells.

Insulin recruits a6-containing receptors to GABAergic
synapses via a wortmannin-sensitive pathway

To test whether insulin strengthens GABAergic synapses by re-
cruiting a6-containing receptors, we examined the ability of fu-
rosemide to reduce inhibitory transmission during insulin
treatment (Fig. 8). To do this, baseline mIPSC frequency was first
augmented by bath application of insulin over the first 20-25
min of the recording (Fig. 8A, B). In control conditions, mIPSC
frequency was 0.99 = 0.3 Hz (0-5 min; Fig. 8A), increasing to
1.6 = 0.4 Hz (2025 min; Fig. 8A) following bath application of
insulin (Fig. 8A,B; p = 0.01; paired Student’s f test; n = 6).
Having established an increase in mIPSC frequency with insulin,
we tested for the recruitment of a6-containing GABARs by per-
fusion of the a6-GABAR antagonist, furosemide (Fig. 8B). As
anticipated, bath application of 100 uM furosemide significantly
reduced mIPSC frequency from 1.6 = 0.4 Hz (20-25 min; Fig.
8B) in a time-dependent manner to levels observed at the begin-
ning of the experiment (i.e., 0.73 = 0.2 Hz, 40—45 min, p = 0.03;
paired Student’s t test; n = 6) (Fig. 8B). Indeed, mIPSC frequency
was statistically indistinguishable (p = 0.42; paired Student’s ¢
test, n = 6) between measurements observed at the beginning
(i.e., 0-5 min) and end (i.e., 40—45 min) of the experiment. As
expected, furosemide also had a significant effect on mIPSC am-
plitudes (Fig. 8 B,C), which were reduced by ~28% (p = 0.02;
paired Student’s t test), resulting in a leftward shift in the ampli-
tude histogram. It is noteworthy to mention that furosemide
reduced the baseline membrane noise (Fig. 8A) by ~40%, in a
manner similar to that observed following antimycin-A treat-
ment (Fig. 4), from 11.9 * 0.7 pA (Pre-Furosemide) to 7.5 + 0.3
PA (Post-Furosemide) (p = 0.003; paired Student’s t test, n = 6)
that was maintained throughout the recording (Fig. 84, middle
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Insulin selectively increases the occurrence of inhibitory events of small amplitude. 4, B, Top, mIPSCs from the same granule cell (cell #1503150007) at the beginning (0—5 min) and

during (20 —25 min) bath application with insulin (0.5 um). Bottom, Amplitude histograms comparing the data obtained at two time periods (i.e., 05 min, left; 20 —25 min, right; n = 11). Each
was fit with the sum of three Gaussian functions (red line) with individual functions shown in either black (left) or white (right). €, Summary plot of the time course of mIPSC frequency (filled circle)
and amplitude (open circle) during constant bath application with insulin. Data are mean == SEM. D, Bar graphs of maximal normalized frequency (left) and amplitude (right) obtained in the
different recording conditions. Control, Con (n = 5); N-acetylcysteine (1 mm), NAC (n = 4). Statistical test was a one-way ANOVA with Tukey's post hoc test. The frequency comparison of “Con” versus
“Insulin + NAC” (D; left) was not significant and, for clarity, was not indicated in the figure. Amplitude comparisons were not significant (p = 0. 26; one-way ANOVA).

and bottom). Together, these data establish that insulin strength-
ens GABAergic synapses by recruiting a6-containing receptors.

Insulin has been shown to strengthen GABAergic synapses via
a PI3-kinase pathway (Vetiska et al., 2007). To establish whether
a similar pathway accounts for our observations, we examined
the effect of the PI3-kinase inhibitor, wortmannin, on the ability
of insulin to strengthen GABAergic synapses (Fig. 8D). As antic-
ipated, internal patch perfusion of 1 um wortmannin completely
blocked any change in mIPSC frequency and/or amplitude (Fig.
8D). mIPSC frequencies observed during the first (0—5 min) and
last (20—25 min) 5 min were 0.58 * 0.2 Hz and 0.60 = 0.2 Hz,
respectively (p = 0.53, paired Student’s ¢ test; n = 6). Addition-
ally, the mIPSC amplitudes observed during the first (0—5 min)
and last (20—25 min) 5 min were —46.6 = 1.9 pA and —42.3 *
2.1 pA, respectively (p = 0.07, paired Student’s t test; n = 6).
Together, these data show that wortmannin was effective in pre-
venting the strengthening of GABAergic synapses by insulin. We
therefore conclude that a6-selective strengthening of granule cell
inhibitory synapses by insulin and ROS is mediated by activation
of a wortmannin-sensitive, PI3-kinase pathway.

Discussion

We report three key findings that have important ramifications
for our understanding of inhibitory synapse strengthening. First,
ROS strengthen cerebellar granule cell GABAergic synapses by
recruiting GABARs of a different composition, in this case, a6-
containing GABARs, rather than accumulating more of the

resident, al-containing receptors. Second, a6-receptors are re-
cruited to postsynaptic sites distinct from al-receptors, implying
that ROS strengthen only a subset of all possible inhibitory
synapses. Third and finally, we reveal that insulin strengthens
inhibitory GABAergic synapses of granule cells through this
mechanism. Given the similarity to our recent findings on stellate
cells, we propose that ROS uncover a novel mechanism by which
inhibitory synapses are strengthened. In this case, GABARs that
normally reside at inhibitory synapses, such as al-receptors,
form the hardwiring of neuronal circuits with receptors of a dif-
ferent subunit composition, a3-receptors in stellate cells or a6-
receptors in granule cells, fulfilling a more prominent and
unappreciated role in synapse strengthening. Because this mech-
anism is distinct from the predominant view of how inhibitory
synapses are strengthened, our data suggest that more than one
type of mechanism is responsible for strengthening inhibitory
synapses in the adult CNS.

GABA, receptor synapses are strengthened by more than

one mechanism

Numerous studies have described inhibitory synapse strengthen-
ing in different CNS regions underpinning its importance as a
pervasive regulator of neuronal circuits (Kittler and Moss, 2003;
Luscher et al., 2011). Strengthening is thought to occur by the
lateral diffusion of extrasynaptic GABARs (Thomas et al., 2005;
Bogdanov et al., 2006), although it may also occur by direct in-
sertion of receptors (Luscher et al., 2011). It is generally thought
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that inhibitory synapse strengthening is due to an effect on pre-
existing synapses rather than the recruitment of receptors to a
subset of postsynaptic sites, as described here for a6-receptors
(see also Accardi et al., 2014), or even to silent synapses (Inoue et
al., 2013). The most compelling evidence favoring the idea that
synapse strengthening is due to an accumulation of more recep-
tors per synapse comes from electrophysiological measurements
of inhibitory synaptic events (e.g., Otis et al., 1994; Wan et al.,
1997; Nusser et al., 1998b; Thomas et al., 2005; Houston et al.,
2008; Rannals and Kapur, 2011). In these examples, spontaneous
and/or mini-events increased in amplitude, in marked contrast to
our observations. Whether synapse strengthening also involves
more than one type of a-containing GABAR in these studies was
not considered. Consequently, our observations described here
on granule cells and elsewhere on stellate cells (Accardi et al.,
2014) introduces an added complication for future studies to
examine more closely. Whether a3- or a6-receptors of stellate or
granule cells, respectively, are recruited into inhibitory synapses
by lateral diffusion or by direct insertion also awaits future study.
Together, however, the most parsimonious explanation of our
data is that mROS uncover a novel mechanism by which inhibi-
tory transmission can be strengthened. Moreover, given the
emerging view that mROS lie at the center of many diverse bio-
chemical pathways (Sena and Chandel, 2012), it is quite likely
that strengthening of inhibitory synapses may be triggered by a
myriad of signaling molecules that converge on this pathway.

Insulin strengthens inhibitory GABAergic synapses in a
subunit-dependent manner

Our data identify an unexpected causal relationship between
insulin signaling, cytosolic ROS, and the level of GABAergic
inhibition. Most strikingly, insulin receptor activation pro-
motes an increase in GABAergic transmission by selectively
recruiting a6-containing GABARs and having little or no ef-
fect on resident al-receptors. Exactly how insulin and ROS
achieve this remains to be studied in greater detail. Prior work
on nonexcitable tissue, however, has shown that activation of
the insulin receptor elevates cytosolic ROS by coupling to the
plasma membrane-bound NADPH oxidase system (Goldstein
etal., 2005). These events then play a key role in modifying the
activity of a plethora of thiol-dependent regulatory proteins
(Papaconstantinou, 2009). Interestingly, the inhibitory syn-
apse scaffolding protein, gephyrin, is modified by changes in
the ROS signaling molecule, nitric oxide, causing the
S-nitrosylation of gephyrin to regulate GABAR synapse clus-
tering (Dejanovic and Schwarz, 2014). However, because
post-translational modification of gephyrin reduces the size of
putative inhibitory synapses, and presumably weakens syn-
apse strength (Dejanovic and Schwarz, 2014), these findings
seem inconsistent with our observations showing that ROS
strengthen GABAergic synapses. Clearly, more work is re-
quired to elucidate the biochemical events linking elevations
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in cytosolic ROS to changes in efficacy of inhibitory synapses
of granule cells.

Our imaging data also reveal the constitutive presence of a
basal cytosolic ROS background in naive slices due to appreciable
constitutive, genistein-sensitive tyrosine kinase activity (Fig. 6). It
is still not clear whether this observation is due to elevated levels
of circulating insulin, which can be 10-100 times higher in the
CNS compared with plasma levels (Havrankova et al., 1978), or
the action of other tyrosine kinase receptors. Assuming insulin is
implicated, it would suggest that its local production in acutely
isolated cerebellar slices is substantial, similar to recent findings
in the cerebral cortex where GABAergic neurogliaform cells have
been shown to be a major source of insulin (Molnér et al., 2014).
Our data also reveal that a substantial population of granule cells
respond to insulin through either changes in ROS (Fig. 6) or the
recruitment of a6-containing GABARs (Fig. 8). Exactly how in-
sulin signaling impacts granule cells and the cerebellar circuit is
still unclear, although it may act, as with cortical neurogliaform
cells (Molndr et al., 2014), to locally regulate neurotransmission
and firing rates in response to fluctuations in circulating glucose.
Given thatlocal blood flow and glucose levels are tightly regulated
by neurons and glial cells in close proximity (Attwell et al., 2010),
itis tempting to speculate that the release and action of insulin are
part of an overall homeostatic mechanism that ensures the effi-
cient coupling of cellular metabolism to neuronal signaling in the
cerebellum.

GABA , receptor heterogeneity and its role in synapse
strengthening

Since the cloning studies in the 1990s, it has been well established
that different brain regions, and even individual neurons, can
express multiple GABAR isoforms, raising the question of the
significance of this receptor heterogeneity. In the context of the
present study, the role of several granule cell GABAR subtypes has
been identified and is linked to constraining granule cell excit-
ability and output to other cerebellar regions. Inhibitory trans-
mission onto granule cells occurs via two distinct mechanisms
(i.e., phasic and tonic inhibition), which represents signaling by
synaptic and extrasynaptic receptors, respectively (Semyanov et
al., 2004). Phasic inhibition is largely mediated by a1-containing
GABARs (Nusser et al., 1998a), whereas tonic inhibition occurs
by activation of 6-containing GABARSs (Nusser et al., 1996; Tia et
al., 1996), which preferentially coassemble with a6-subunits
(Nusser et al., 1996). Despite their presence at granule cell syn-
apses (Nusser et al., 1996; Tia et al., 1996), the role fulfilled by
a6/y2 GABARs has been ill defined (Nusser et al., 1998a). Our
study identifies an unexpected role for a6/y2 GABARs that can
enter inhibitory synapses under two conditions. First, in wild-
type mice, elevations in ROS bring about a recruitment of a6/y2
GABARs into postsynaptic sites. Second, in §-KO mice, our data
suggest that a6/7y2 GABARs overpopulate postsynaptic sites and
thus compete with the functional role usually assigned to al-
receptors. Morphological evidence supporting this prominent
role of a6/7y2 GABARs in wild-type mice is lacking (Nusser et al.,
1996, 1998a), presumably because normal tissue fixations tech-
niques do not initiate the events that would permit their
recruitment. In keeping with this, there is a similar lack of mor-
phological evidence supporting a prominent role of a3-
containing GABARs at stellate cell inhibitory synapses (Nusser et
al.,, 1997). However, functional data have shown that «3-
containing GABARs become the dominant synaptic receptor in
stellate cells of a1-KO mice (Vicini et al., 2001; Accardi et al.,
2014) and are the primary mediator of strengthening of wild-type
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stellate cell synapses (Accardi et al., 2014), analogous to our ob-
servations on a6-receptors in granule cells. Whether our obser-
vations point to a more general role of other a-containing
GABARSs elsewhere in the CNS remains to be established. How-
ever, given the value of targeting GABARs to treat many types of
CNS disorders (Rudolph and Knoflach, 2011; Rudolph and
Mohler, 2014), the occurrence of receptor heterogeneity in indi-
vidual neurons may be exploited to develop subunit-specific
compounds that are clinically relevant.
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