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Activation of metabotropic GABAg receptors (GABAgRs) enhances tonic GABA current and substantially increases
the frequency of spontaneous seizures. Despite the and pro-epileptic consequences of GABAgR activation, mice
lacking functional GABAg receptors (GABAg:R KO mice) exhibit clonic and rare absence seizures. To examine
these mutant mice further, we recorded excitatory and inhibitory synaptic inputs and tonic mutant GABA currents
from Layer 2 neocortical pyramidal neurons of GABAg;R WT and KO mice (P30-40). Tonic current was increased
while the frequency of synaptic inputs was unchanged in KO mice relative to WT littermates. The neocortical lam-
inar distribution of interneuron subtypes derived from the medial ganglionic eminence (MGE) was also not sta-
tistically different in KO mice relative to WT while the number of calretinin-positive, caudal GE-derived cells in
Layer 1 was reduced. Transplantation of MGE progenitors obtained from KO mice lacking functional GABAg:R
did not increase tonic inhibition in the host brain above that of media-injected controls. Taken together, these re-

sults suggest a complex role for GABAg receptors in mediating neocortical circuit function.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Disruptions in GABA-mediated inhibition following defects in inter-
neuron development (Marsh et al., 2009; Powell et al., 2003; Wang
et al,, 2010), firing (Cheah et al., 2012) or survival (Cobos et al., 2005)
lead to increased cortical excitability and spontaneous electrographic
seizures. That a reduction in GABA-mediated inhibition is pro-epileptic
is further supported by work demonstrating that electrographic seizures
are suppressed by enhancing inhibition or interneuron activity via
pharmacological (Macdonald and Kelly, 1995), optogenetic (Krook-
Magnuson et al., 2013) or cell transplantation (Baraban et al., 2009;
Hunt et al., 2013) approaches.

The effects of GABA-mediated inhibition on neural circuit function
are multifaceted. While many antiepileptic medications act by increas-
ing synaptic GABAergic current (Meldrum and Rogawski, 2007), elevat-
ed levels of extrasynaptic GABA current are associated with epilepsy
(Cope et al.,, 2009). Increased levels of tonic GABA inhibition, mediated
by high-affinity extrasynaptic GABA, receptors (GABAaRs) (Farrant
and Nusser, 2005), are observed in genetic rodent models of absence ep-
ilepsy (Cope et al,, 2009) and administration of an extrasynaptic GABA-
AR agonist leads to electrographic absence seizures in normal rats
(Fariello and Golden, 1987).

Aside from the ionotropic GABAARs, metabotropic GABAg receptors
(GABAgRs), which have long been known to decrease the release of
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excitatory and inhibitory neurotransmitters, and to hyperpolarize neu-
rons by activating a K" efflux (Dutar and Nicoll, 1988; Newberry and
Nicoll, 1984; Thompson and Gdhwiler, 1989), also affect the severity
of absence seizures. GABAgR activation directly increases tonic current
amplitude via an intracellular modulation of extrasynaptic GABAsRs
(Connelly et al., 2013). Administration of GABAgR agonists exacerbates
absence seizures and that of antagonists suppresses absence seizures
(Hosford et al., 1992). Based on these data, one would expect mice lack-
ing functional GABAgRs to be resistant to absence seizures. However,
GABAg1R knockout (KO) mice, which lack the B1 receptor subunit that
is required to bind GABA, do not express functional GABAgRs and exhib-
it rare but spontaneous absence and tonic-clonic electrographic sei-
zures (Schuler et al., 2001). In contrast to WT mice, hippocampal
pyramidal cells from GABAg;R KO mice do not exhibit presynaptic inhi-
bition of GABA or glutamate release, or an outward current, in response
to the GABAgR agonist baclofen (Schuler et al., 2001). In behavioral as-
says these mice exhibit hyperlocomotor and hyperalgesic activity sug-
gesting that GABAgRs play a critical role in the circuit function
underlying locomotion and nociception. These mutants offer an oppor-
tunity to explore the function of GABAg receptors in the neocortex.
Here we used a combination of electrophysiological and immuno-
histochemical approaches to determine whether the lack of functional
GABAgRs alters synaptic or extrasynaptic transmission as well as inter-
neuron differentiation and distribution in the neocortex. An MGE cell
transplantation assay (Alvarez-Dolado et al., 2006) was used to deter-
mine whether elevated levels of tonic inhibition observed in GABAg;R
KO mice translated to increased levels of tonic inhibition in WT graft
recipients that had received interneuron progenitors derived from
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embryonic KO mice. Lastly, to further examine the relationship between
MGE-derived interneurons, GABAgRs and tonic inhibition in the host
brain, we grafted increasing numbers of WT progenitors into the neo-
cortex and measured tonic currents from pyramidal cells of graft
recipients.

Materials and methods
Animals

All animal procedures were performed in accordance with the
UCSF Institutional Animal Care and Use Committee guidelines.
BALB/c] GABAg;R*/~ mice (Schuler et al., 2001) (gift from Bernhard
Bettler, University of Basel) were mated with actin-GFP™ mice to gener-
ate GABAg; R/ :GFP and GABAg; R/~ :GFP, which we refer to as WT and
GABAg R KO, respectively. For all transplantation studies, GFP™ cells
were grafted into WT CD-1 mice (Charles River, Harlan). Cells were
transplanted into CD-1 mice given that the anatomical and functional
integration of grafted progenitor cells is well-established in CD-1 host
mice (Alvarez-Dolado et al., 2006; Baraban et al., 2009; Sebe et al., 2013).

Immunohistochemistry and cell counts

Brains of GABAg;R KO mice (GABAg;R™/":GFP) and WT
(GABAgR™/T:GFP) littermates were fixed in 4% paraformaldehyde
by perfusion and 50 um coronal sections were cut by vibratome. Floated
sections were labeled for parvalbumin (PV: Sigma P3088; 1:500), so-
matostatin (SOM: Santa Cruz 7819; 1:500), neuropeptide Y (NPY:
ImmunoStar 22940; 1:500) or calretinin (CR: Millipore AB5054;
1:500). Following the application of one of these primary antibodies, di-
aminobenzidine (DAB; Sigma) staining was performed using the ABC
elite kit (Vector Labs). Slices were mounted and dehydrated with a se-
ries of washes in ethanol and xylenes. Counts of interneuron subtypes
were conducted by an investigator blind to genotype. To conduct cell
counts, bright field images of slices containing somatosensory cortex
were captured and images of slices were reconstructed in Adobe Illus-
trator (Adobe Systems Inc.). For each pair of WT and KO littermates,
slices containing the same regions of somatosensory cortex were
marked by rectangles of the same dimensions and area. DAB-positive
cells contained in these rectangles were counted in each neocortical
layer. For each mouse, at least two brain slices were used to conduct
cell counts. Data are reported in two ways: (1) mean percent of an inter-
neuron subtype in each neocortical layer relative to the total number of
cells counted for each mouse (Figs. 3e-h) and (2) density of an inter-
neuron subtype within a given area of somatosensory cortex that
spanned all neocortical layers (Fig. 3i).

Electrophysiology

Coronal brain slices (300 pm) were prepared in a high sucrose solu-
tion, incubated (35 °C for 30 min) and perfused with 33-34 °C ACSF
containing (in mM): 124 NaCl, 3 KCl, 1.25 NaH,P04-H,0, 2 MgS04-
7H,0, 26 NaHCOs3, 10 dextrose, and 2 CaCl,. For all recordings of synap-
tic and tonic currents, patch electrodes (3 MQ) were filled with (in
mM): 140 CsCl, 1 MgCl,, 10 HEPES, 11 EGTA, 2 NaATP, and 0.5
Na,GTP. To record spontaneous excitatory or inhibitory postsynaptic
currents from GABAgR WT or KO cells, slices were perfused with the
GABAAR antagonist gabazine (100 pM) (Sigma) or glutamate receptor
antagonists APV (25 pM) and DNQX (20 uM) (Sigma). TTX (1 uM,
Alomone Labs) was also added to the bath perfusate to record miniature
synaptic currents. To record tonic GABA currents, slices were treated
with the APV (25 uM) and DNQX (20 uM) (Sigma). To block GABA up-
take, slices were perfused with the GABA transporter 1 (GAT1) and
GABA transporter 2/3 (GAT2/3 antagonists) NO-711 (20 uM, Sigma)
and SNAP5114 (100 pM, Tocris). When the holding current stabilized
(4-5 min), gabazine (100 pM) was applied to the bath. Tonic current

was measured by finding the mean holding current of trace sections
that were free of synaptic events before and after GABAAR blockade
(Sebe et al., 2010). The standard deviation of the holding current,
which is equivalent to the RMS noise (square root of the variance),
was used to measure current noise. Measuring changes in current
noise before and after GABAAR blockade is a way to assess changes in
the activity of open GABAARs (Bright and Smart, 2013). The percent
change in the standard deviation (SD) of the holding current was calcu-
lated by measuring the standard deviation in a section free of synaptic
activity before and after GABAAR blockade. To obtain the data in Fig. 6,
in which we recorded tonic current from slices that had received in-
creasing doses of GFP+ grafted cells, we filled the recorded host pyra-
midal cell with Alexa Fluor 594. After each recording, the red
fluorescing cell in the live slice was placed in the center of the 40x
field of view (area of field of view = 0.23 mm?) and the number of
GFP™ cells in this field counted. To characterize firing patterns and re-
cord sEPSCs from grafted derived GFP™ cells, patch electrodes were
filled with (in mM): 140 KGluconate, 1 NaCl, 5 EGTA, 10 HEPES, 1
MgCl2, 1 CaCl2, 2 Na-ATP and Alexa Fluor 594 to fill the recorded cell.
Excitatory synaptic currents were recorded in the presence of gabazine.
Series resistance was measured after each recording and data were
discarded if the resistance changed by more than 20% or if the series re-
sistance was >20 M. For all voltage-clamp recordings, data were ac-
quired using Clampex software (Molecular Devices, Sunnyvale, CA) at
a gain of 5, sampling rate of 5 kHz and holding potential of —60 mV.
For current-clamp recordings, data were acquired at a gain of 5 and a
10 kHz sampling rate. Current steps (1 s) of varying amplitudes were
injected into the cell to determine the threshold for firing and the cell's
firing frequency. Firing frequency was defined as the firing frequency at
double the current necessary to depolarize the cell to threshold.
MiniAnalysis Software (Synaptosoft, Inc.) was used to measure the fre-
quency, amplitude and decay of synaptic currents. Unpaired t-tests
were used to compare the characteristics of synaptic and tonic currents
between WT and KO cells. Two way ANOVAs (Tukey posthoc test) were
used to compare the characteristics of tonic currents recorded from host
cells in mice that had received media injection (control), WT grafted or
KO grafted cells. Statistical significance for all tests was defined as a p
< 0.05.

Transplantation

For transplantation studies, interneuron progenitors were isolated
from a well-studied embryonic structure termed the medial ganglionic
eminence (MGE) (Marin and Rubenstein, 2001; Wichterle et al., 1999).
The anterior portion of MGE was dissected from E12.5 GFP-expressing
mouse embryos and placed in a mixture of L-15 media (UCSF Cell Cul-
ture Facility) and DNAse (Qiagen, Valencia, CA). In all studies, GFP™
MGE cells were unilaterally injected into neocortices of postnatal day
3 (P3) WT CD-1 mice. A single “MGE” refers to MGE tissue obtained
from one hemisphere of the embryonic brain and is thereby half of the
total MGE cells in a donor embryo. For studies comparing host brain
tonic current following the transplantation of WT vs. KO MGE cells, 2
MGEs were front-loaded into an injection needle containing media
(outer diameter 70-80 um) and injected 700 um deep into the somato-
sensory cortex to target Layer 6. Cells were injected into 2 different sites.
For studies in which we examined tonic current following the trans-
plantation of increasing numbers of MGE cells, we injected 1-4 MGEs
in 3 different sites, again into Layer 6. In all studies, graft recipients
were sacrificed 30-40 days after transplantation (DAT).

Assessing MGE cell viability

To count the number of living and dead cells in a single dissected
MGE, we used two methods. First, we counted the total number of dis-
sected cells prior to loading cells into the injection needle. MGE was dis-
sociated in media containing DNAse, combined with equal parts of
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trypan blue, and loaded into a hemocytometer. Using this method, there
were 180,000 to 200,000 cells in each MGE and 80-90% of these cells
were alive i.e., trypan blue negative (144,000-180,000 cells). Second,
we counted the number of cells after a single MGE had been loaded
into the injection needle and all visible cells were ejected into a 100 pL
drop of media. The total cell count and viability decreased after needle
loading. After needle loading, we counted 138,000-142,000 cells in
each MGE and 50-70% of these cells were alive. Therefore, for each
MGE loaded into the needle, we estimate an injection of approximately
69,000-99,000 live cells.

Results

Excitatory and inhibitory synaptic transmission, and tonic GABA current in
GABAg; receptor KO mice

Using young adult GABAg;R ™/~ mice, we first confirmed that KO
mice lack functional GABAgRs. In voltage-clamp mode, we recorded
spontaneous inhibitory postsynaptic currents (sIPSCs) from L2 neocor-
tical pyramidal cells in acute slices prepared from KO or age-matched
WT sibling controls. IPSCs were monitored at baseline and after bath ap-
plication of baclofen (50 uM), a GABAgR agonist (Scanziani et al., 1992).
As expected (Schuler et al., 2001), baclofen significantly reduced sIPSC
frequency on WT cells (baseline: 15 4+ 2 Hz; baclofen: 8 + 1 Hz; n =
5 cells per genotype; p < 0.01, paired t-test) but had no effect on sIPSCs
recorded from KO cells (baseline: 13 4 2 Hz; baclofen: 13 + 2Hz; n =5
cells per genotype). Next we recorded excitatory and inhibitory post-
synaptic currents (EPSCs and IPSCs) in acute neocortical slices from
both mouse genotypes (P30-45) (Table 1). Miniature EPSC (mEPSC)
mean frequency and decay times were not different while amplitude
was reduced to ~25% in KO mice (Fig. 1). As shown in Figs. 2b-d and
Table 1, miniature IPSC (mIPSC) mean frequency, amplitude and
decay time were not significantly different. Because tonic current re-
cordings described below were conducted in the presence of action po-
tential dependent inhibitory synaptic activity, we also compared sIPSCs
in slices from WT and KO mice (Figs. 2f-h). Spontaneous IPSC (sIPSC)
frequency and amplitude were not different, but decay time was re-
duced to ~25% in KO mice. Next, we analyzed mean tonic current in
the presence of GAT1 and 2/3 blockers followed by bath application of
the GABAAR antagonist gabazine. Bath perfusion of both of these
GABA transporter blockers is necessary to reveal tonic currents recorded
from neocortical neurons in the acute brain slice (Keros and Hablitz,
2005). Interestingly, mean tonic current was significantly increased in
pyramidal cells from KO animals (WT: 102 4+ 17 pA, n = 15; KO: 162
+ 23 pA, n = 15; unpaired t-test, p < 0.05) (Figs. 2i-k) while the per-
cent change in the standard deviation was unchanged (WT: —60 +
4%,n = 15; KO: —62 + 4%,n = 15; n.s.) (Fig. 21).

To address whether the tonic inhibition increase could be due to a
difference in interneuron numbers or distribution, we examined the
density and neocortical laminar distribution of PV, SOM™* and NPY*
cells in WT and KO mice at P30-45. In both genotypes, the density of
PV* (WT: 0.19 & 0.02 cells/mm?; KO: 0.21 + 0.01 cells/mm?; n.s., n =
5 for each genotype), SOM™ (WT: 0.18 & 0.01 cells/mm?; KO: 0.17 +
0.03 cells/mm?; n.s., n = 5 for each genotype) and NPY™ cells (WT
0.06 + 0.02 cells/mm?; KO: 0.06 £ 0.02 cells/mm?; n.s., n = 5 for

Table 1
Postsynaptic currents from GABAB1R WT vs. KO L2 pyramidal cells.

Frequency (Hz) Amplitude (pA) Decay (ms) N

mEPSC ~ WT 4+04 129 + 03% 33+02 16
KO 35+ 09 11.1 £+ 04° 34+03 16
mIPSC WT 10+1 37 £2 6+ 07 15
KO 10+2 39+ 2 6+03 15
sIPSC WT 17 £ 2 33+£5 42 + 04 15
KO 20+ 2 38+3 32+£02 16

2 Indicates that the values were significantly different, p < 0.01; un-paired t-test.
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Fig. 1. Miniature EPSCs recorded from GABAg;R WT and KO mice. a) Representative raw
traces of mEPSCs from GABAg;R WT (left) and KO (right) mice. b-d. Summary histograms
show that mEPSC mean frequency and decay are not significantly different between WT
and KO mice, whereas mean peak amplitude recorded from KO mice is significantly
lower than WT (¥, p < 0.01; un-paired t-test, n = 16 per genotype).

each genotype) was not statistically different (Fig. 3i). As expected
(Ciceri et al., 2013; Miyoshi and Fishell, 2011; Sebe et al., 2013), PV*
and SOM™ interneuron subtypes in WT mice localized to deeper neo-
cortical layers with few to no cells in L1 (Figs. 3a, b, e, f); NPY™ cells
were most prominent in L2/3, 5 and 6 (Figs. 3¢, g). The density and dis-
tribution of these interneuron sub-populations were not regulated by
GABAgRs as similar patterns were noted in both WT and receptor KO
mice. CR™ cells, which primarily originate in CGE (Miyoshi et al., 2007,
2010; Nery et al.,, 2002), were located in more superficial layers
(Figs. 3d, h), as expected. Interestingly, the percentage of CR™ cells in
L1 was reduced in the KO neocortex (WT: 16 + 2%; KO: 7 4+ 2%; n =
4; p < 0.05, Two-way ANOVA, Tukey posthoc). In both genotypes, the
density of CR™ cells (WT: 0.029 + 0.006 cells/mm?; KO: 0.021 +
0.004 cells/mm?; n.s., n = 4 for each genotype) was not statistically
different (Fig. 3i).

Grafted GABAg;R KO function in the recipient neocortex

MGE progenitor cell transplantation into the WT neocortex in-
creases tonic GABA currents recorded from host brain neocortical pyra-
midal cells (Baraban et al., 2009). Given that tonic currents in the
GABAg R KO neocortex are elevated relative to WT, we tested whether
grafting interneuron progenitors from KO donors increases host brain
tonic currents beyond levels observed following the normal transplan-
tation of WT MGE cells. Because GABAgRs have been implicated in inter-
neuron development (Behar et al., 2001), we first assessed whether
graft-derived interneurons from KO donors can mature into electrically
active neurons. GFP fluorescence was used to identify graft-derived in-
terneurons in acute neocortical tissue slices at 30-40 days after trans-
plantation (DAT) (Fig. 4a). In current-clamp mode, the majority of
GFP™ patched cells were fast-spiking interneurons that fired at a
frequency of >100 Hz when injected with twice the minimal current
necessary to elicit an action potential (Figs. 4b, c), consistent with
previously reported firing properties of MGE-derived interneurons
(Alvarez-Dolado et al., 2006; Baraban et al., 2009; Hunt et al.,
2013). In addition, EPSCs could be recorded in all GFP™ cells (n =
7; Figs. 4d, e) suggesting that graft-derived cells are synaptically in-
tegrated (Martinez-Cerdeno et al., 2010).

Next, we measured tonic current in acute neocortical slices from
mice injected with media only, WT or KO MGE progenitor cells
(Fig. 5). Tonic currents were recorded in the presence of GABA trans-
porter blockers, NO711 and SNAP5114. In pyramidal neurons from
mice receiving WT MGE progenitor cell grafts (30-40 DAT), tonic cur-
rent was increased as expected (n = 10; Figs. 5b, d). Surprisingly, a sim-
ilar increase in tonic current was not observed in mice receiving KO
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Fig. 2. Extrasynaptic, not synaptic inhibition, is elevated in neocortical neurons of GABAg;R KO mice. a) Representative raw traces of mIPSCs from GABAg;R WT (left) and KO (right) mice.
b-d. Summary histograms show that mIPSC mean frequency and decay are not significantly different between WT and KO mice. e) Representative raw traces of sIPSCs from GABAg;R WT
(left) and KO (right) mice. f-g. Summary histograms show that sIPSC mean frequency and peak are not significantly different between WT and KO mice whereas mean decay time recorded
from KO mice is significantly lower than WT (*, p < 0.01; un-paired t-test). i, j) Representative raw traces of tonic currents reflect the increase in mean tonic current in KO mice
(k; *, p < 0.01; un-paired t-test). The percent change in the standard deviation following bath application of gabazine was not statistically different between WT and KO mice.

MGE cell grafts (n = 8; Figs. 5¢, d). The standard deviation of the hold-
ing current was unchanged in these experiments (Fig. 5e).

We have previously shown that transplanting WT MGE cells into the
WT mouse neocortex increases the frequency of inhibitory synaptic
events recorded from host brain pyramidal cells. However, increasing
the dosage of transplanted MGE cells, and thereby the density of grafted
cells in the host brain, does not further increase synaptic inhibition
(Southwell et al., 2012). To determine whether tonic inhibition scales
upward with the number of MGE-derived cells in the recipient neocor-
tex, we recorded tonic currents in mice that received increased doses of
MGE cells. In acute neocortical slices from WT graft recipients
(30-40 DAT), we analyzed tonic current on L2/3 pyramidal cells in
voltage-clamp recordings. To measure “maximal” tonic currents in the
presence of endogenously released GABA, we blocked GAT1 and 2/3
via bath application of NO711 and SNAP5114, respectively, and added
the GABA4R blocker gabazine (Figs. 6a, b). At the end of each recording,
we counted the number of neighboring GFP™ cells in the field of view.
Fig. 6b shows a representative recording from a L2 pyramidal cell with
only one GFP™ cell in the field of view (see schematic to the left of
Fig. 6a). When the recorded pyramidal cell is surrounded by more
GFP™ cells, tonic currents are significantly increased (Fig. 6b). A scatter
plot shows that tonic currents increase linearly as a function of the num-
ber of neighboring MGE-derived GFP™ cells (Fig. 6¢; p = 0.002, Spear-
man Rank Correlation Coefficient = 0.51). The standard deviation of
the holding current reflects current fluctuations due to the opening
and closing of GABAaRs (Sebe et al., 2010). The percent change in the
SD of the holding current also increased as a function of the number of
neighboring GFP™ cells (Fig. 6d; p = 0.006; Spearman Rank Correlation
Coefficient = 0.46). However, when these experiments were per-
formed under more physiological conditions (e.g., in the absence of
re-uptake blockers and gabazine), there was no detectable tonic current
regardless of the number of neighboring GFP* cells. Representative
traces recorded from L2/3 host pyramidal cells in the same field of

view as 1 and 14 GFP™ cells are shown (Figs. 6a’ and b/, respectively).
As the number of neighboring GFP™ cells increases, tonic currents re-
main below levels of detection. Although not shown in Fig. 6, even a
host pyramidal neuron with 19 GFP™ cells within the field of view had
an insignificant tonic current of — 1 pA and no change in the SD of the
holding current.

Discussion

Principal findings of our experiments are as follows. GABAg;R KO
mice do not exhibit changes in the frequency of excitatory or inhibitory
synaptic transmission. GABAg;R KO mice exhibit an increase in tonic
current not accompanied by changes in the number or neocortical lam-
inar distribution of PV, SOM™ and NPY ™ interneurons. A significant re-
duction in the number of CR", CGE-derived, cells in KO mice in the
superficial layers of the neocortex was noted. No increase in tonic cur-
rent was observed when MGE progenitor cells from these KO animals
were grafted into the WT neocortex. Mean tonic current recorded in
the presence of GABA uptake blockers scales upward with the number
of neighboring grafted cells.

Enhancement of tonic current in the absence of GABAgRs

Our electrophysiological data from acute neocortical tissue slices
suggest that the mean amplitude of tonic current (but not the ampli-
tude, frequency or decay of inhibitory synaptic currents) is elevated in
GABAg1R KO mice. This increase in tonic current may be due to an in-
crease in the effectiveness and/or number of GABA transporters. If
more “efficient” GABA transporters are blocked in slices from KO mice,
then the amount of extrasynaptic GABA would increase relative to WT
slices leading to an elevation in mean tonic current, as observed. Alter-
natively, an increase in tonic current may be linked to the reduction in
CR* interneurons in L1 of these animals. CR* terminals in L2/3, the
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excitatory postsynaptic currents (mEPSCs). The distribution of mEPSC frequency, peak and decay times is shown in e.

layer from which we obtained all recordings, preferentially target
inhibitory interneurons (Gonchar and Burkhalter, 1999) potentially
consistent with this interpretation. Therefore, it is possible that the re-
duction in the number of CR + interneurons leads to increased GABA
release and extrasynaptic current by disinhibiting interneuron activity.
However, we believe that this alternative explanation may be unlikely
given that (i) the frequency of inhibitory synaptic currents recorded

from KO cells was not elevated relative to WT and (ii) the majority of
inhibitory interneurons innervated by CR + terminals are other
CR + interneurons (Gonchar and Burkhalter, 1999).

It has been reported that GABAg;R KO mice exhibit an epileptic phe-
notype characterized by electrographic clonic seizures and rare absence
and tonic-clonic seizures (Schuler et al., 2001). Using these mice, we
observed an elevated tonic current on neocortical pyramidal neurons.
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Fig. 5. Host brain tonic inhibition is increased following transplantation of WT, but not KO, MGE cells. a-c. Representative traces of tonic currents recorded from host L2 pyramidal
cells. Mice had either received neocortical injections of media (a), WT MGE cells (b) or KO MGE cells (c). Slices were bathed in GABA transporter blockers, SNAP5114 (100 mm) and
NO711 (20 mm), followed by the GABAR antagonist gabazine (100 mm) to reveal the tonic GABA current. d. Summary data showing that mean tonic current is increased following trans-
plantation of WT cells. e. The percent change in standard deviation of the baseline current is not affected by cell transplantation. Two way ANOVA, Tukey, p < 0.05.
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Fig. 6. Tonic current increases with neighboring grafted cell number. a, a’, b, and b’ show representative tonic currents recorded from L2 host pyramidal cells in the presence of NO-711 and
SNAP5114 (aand b) or in ACSF only (a’ and b’). Top traces (a and a’) were recorded from cells with only 1 GFP + cell in the same field of view. Bottom traces were recorded from cells with
15 and 14, respectively, GFP + cells in the same field of view. c. Scatter plot of tonic current as a function of the number of grafted cells in the field of view. (*) represents tonic current in the
presence of NO-711 and SNAP5114. Spearman Rank correlation coefficient = 0.51, p = 0.002. (V) represents tonic current in ACSF only (n.s.). d. Scatter plot of the % change in the stan-
dard deviation (SD) of the holding current following GABAAR blockade. In the presence of GABA uptake blockers, the change in SD increases with grafted cell number (Spearman Rank
correlation coefficient = 0.46, p = 0.006). In both ¢ and d, blue and red data points were obtained from traces shown in a and b vs. a’ and b’, respectively.

That GABA uptake blockers were necessary to reveal tonic currents in
both WT and GABAg;R KO mice demonstrates that the GABA uptake
mechanisms in the neocortex are quite robust. In contrast, tonic
currents are observed in thalamocortical neurons in both WT and
established rodent models of absence epilepsy when GABA uptake is in-
tact (Cope et al.,, 2009). Further, rodent models of epilepsy exhibited el-
evated tonic current that is likely due to a reduction in GABA uptake
caused by GAT1 dysfunction. These studies raise several questions re-
garding the importance of neocortical tonic currents in the generation
of absence seizures. Given that GABA uptake blockers are required to
detect tonic currents in neocortical neurons, the relevance of elevated
extrasynaptic inhibition in GABAg;R KO mice is unknown. However,
we have demonstrated that the powerful GABA uptake mechanisms
present in the neocortex play a critical role in minimizing potentially
detrimental elevations in tonic current. To compare the relative impor-
tance of neocortical vs. thalamocortical neurons in the generation of ab-
sence seizures, it is necessary to record tonic currents from neocortical
vs. thalamocortical neurons in an established model of absence epilepsy
such as the genetic absence epilepsy rats from Strasbourg (Danober
et al., 1998).

Effect of interneuron progenitor transplantation on host brain tonic
inhibition

Consistent with previous work (Baraban et al., 2009), we demon-
strated that transplantation of interneuron progenitors derived
from WT MGE donors increased tonic inhibition in the host brain re-
corded in the presence of GABA uptake blockers. Surprisingly, MGE

transplantation of cells lacking functional GABAg;Rs did not increase
host brain tonic inhibition. It is possible that transplanted GABAg;R KO
progenitor cells release less GABA and/or disrupt GABA uptake in the
host brain following transplantation. It is also possible that presynaptic
GABAg; receptors play a critical role in mediating enhanced tonic inhi-
bition seen following MGE cell transplantation possibly by controlling
the release of GABA from these cells in a negative feedback manner. Fu-
ture studies will be necessary to determine the precise mechanism un-
derlying the differential effect of WT and KO progenitors on host brain
tonic inhibition.

MGE cell transplantation into the WT cortex increases the frequency
of inhibitory synaptic currents recorded from host pyramidal cells
(Southwell et al., 2012) and is rapidly emerging as a potential therapeu-
tic intervention for epilepsy (Alvarez-Dolado et al., 2006; Baraban et al.,
2009; Howard et al., 2014; Hunt et al., 2013) and schizophrenia (Perez
and Lodge, 2013; Tanaka et al., 2011). Given the pro-epileptic conse-
quences of elevated tonic currents, these studies with modification of
GABAg receptor function (Fig. 5) or graft density (Fig. 6) were initiated
to determine whether the MGE cell transplantation procedure upward-
ly scales tonic inhibition within the host brain. Interestingly, we ob-
served a linear increase in tonic inhibition with increased numbers of
new GFP™ interneurons. However, this upward scaling of the tonic cur-
rent as a function of GFP™ cell number only occurs when tonic currents
are pharmacologically isolated in the presence of GABA transporter
blockers. When endogenous GABA uptake mechanisms are functional,
neocortical tonic inhibition remains indetectable despite relatively
large numbers of new GFP* interneurons. Given that elevations in
tonic current recorded from thalamocortical neurons induce absence
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seizures even in normal rodents (Cope et al., 2009), powerful GABA up-
take mechanisms within the neocortex may sub-serve a neuroprotec-
tive effect.
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