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Gamma frequency oscillations have been proposed to contribute to memory formation and retrieval.
Fast-spiking basket cells (FS-BCs) are known to underlie development of gamma oscillations. Fast,
high amplitude GABA synapses and gap junctions have been suggested to contribute to gamma
oscillations in FS-BC networks. Recently, we identified that, apart from GABAergic synapses, FS-
BCs in the hippocampal dentate gyrus have GABAergic currents mediated by extrasynaptic receptors.
Our experimental studies demonstrated two specific changes in FS-BC GABA currents following
experimental seizures [Yu et al., J. Neurophysiol. 109, 1746 (2013)]: increase in the magnitude of
extrasynaptic (tonic) GABA currents and a depolarizing shift in GABA reversal potential (Egapa)-
Here, we use homogeneous networks of a biophysically based model of FS-BCs to examine how the
presence of extrasynaptic GABA conductance (ggapa-exea) and experimentally identified,
seizure-induced changes in ggapa-exwa ad Egapa influence network activity. Networks of FS-BCs
interconnected by fast GABAergic synapses developed synchronous firing in the dentate gamma
frequency range (40—100 Hz). Systematic investigation revealed that the biologically realistic range of
30 to 40 connections between FS-BCs resulted in greater coherence in the gamma frequency range
when networks were activated by Poisson-distributed dendritic synaptic inputs rather than by
homogeneous somatic current injections, which were balanced for FS-BC firing frequency in
unconnected networks. Distance-dependent conduction delay enhanced coherence in networks with
3040 FS-BC interconnections while inclusion of gap junctional conductance had a modest effect on
coherence. In networks activated by somatic current injections resulting in heterogeneous FS-BC
firing, increasing g apa-exira reduced the frequency and coherence of FS-BC firing when Egaga was
shunting (—74mV), but failed to alter average FS-BC frequency when Egaga Was depolarizing
(—54mV). When FS-BCs were activated by biologically based dendritic synaptic inputs, enhancing
2GABA-extra Teduced the frequency and coherence of FS-BC firing when Egapa Was shunting and
increased average FS-BC firing when Egaga Was depolarizing. Shifting Egapa from shunting to
depolarizing potentials consistently increased network frequency to and above high gamma
frequencies (>80 Hz). Since gamma oscillations may contribute to learning and memory processing
[Fell et al., Nat. Neurosci. 4, 1259 (2001); Jutras et al., J. Neurosci. 29, 12521 (2009); Wang, Physiol.
Rev. 90, 1195 (2010)], our demonstration that network oscillations are modulated by extrasynaptic
inhibition in FS-BCs suggests that neuroactive compounds that act on extrasynaptic GABA receptors
could impact memory formation by modulating hippocampal gamma oscillations. The simulation
results indicate that the depolarized FS-BC GABA reversal, observed after experimental seizures,
together with enhanced spillover extrasynaptic GABA currents are likely to promote generation of
focal high frequency activity associated with epileptic networks. © 20713 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4830138]

Among the rhythmic firing patterns observed in brain
networks, gamma oscillations are generated by a specific
class of inhibitory neurons with robust interconnectivity
through fast GABA synapses. Recently, we identified the
presence of a tonic, slow form of GABA currents in these
neurons and showed that experimentally induced seizures
increase the magnitude of tonic GABA currents and
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render GABA currents depolarizing. By simulating net-
works composed of biophysically based models of the spe-
cific inhibitory neuron involved in gamma oscillations, we
show that the presence of the tonic GABA currents can
influence the robustness of gamma oscillations. Since
tonic GABA currents are known to be altered by neuro-
active compounds, such as alcohol, steroids, and anes-
thetics, our findings suggest a mechanism by which these
agents may impact network oscillations. Moreover, we
find that the experimentally detected, seizure-induced
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changes in GABA currents promote network activity at
abnormally high frequencies observed in epilepsy.

INTRODUCTION

Brain networks are characterized by the presence of os-
cillatory activity over a wide range of frequencies from the
slow delta waves (0.5-3 Hz) to high frequency oscillations
such as ripples (140-200 Hz) (Buzsaki et al., 2003; Buzsaki
and Draguhn, 2004). Among the brain oscillations, the
gamma frequency oscillations (30-140 Hz), which are pres-
ent in several brain regions (Steriade et al., 1996; Csicsvari
et al., 1999; Csicsvari et al., 2003; Colgin and Moser, 2010;
Wang, 2010; Buzsaki and Wang, 2012), including hippo-
campal circuits, have been extensively investigated because
of their proposed role as a reference signal in temporal
encoding, contributions to binding of sensory feature, and
their role in memory formation and retrieval (Lisman and
Idiart, 1995; Fell et al., 2001; Bartos et al., 2007;
Montgomery and Buzsaki, 2007; Jutras et al., 2009). Studies
vary in the exact frequency range denoted as gamma oscilla-
tions (Csicsvari et al., 2003; Bragin et al., 2005; Colgin and
Moser, 2010; Buzsaki and Wang, 2012). In the hippocampal
CAl, gamma frequency oscillations have been shown to
occur at two frequency ranges: slow gamma (~30-50 Hz)
driven by CA3, and fast (65-140 Hz) gamma driven by ento-
rhinal inputs (Csicsvari et al., 1999; Colgin et al., 2009;
Colgin and Moser, 2010), although recent studies suggest
that fast gamma may be composed of two mechanistically
distinct frequencies (Belluscio et al., 2012; Buzsaki and
Wang, 2012). In the dentate gyrus, which has the largest
gamma amplitude in the hippocampus, gamma frequency
oscillations are reported to be in the 40-100Hz range
(Bragin et al., 1995). Inputs from the entorhinal cortex are
crucial in maintaining high gamma frequency oscillations in
the dentate gyrus (Bragin et al., 1995). A large body of ex-
perimental and theoretical work suggests that rhythmic activ-
ity of synaptically interconnected inhibitory neurons
contribute to generation of hippocampal gamma oscillations
(Wang and Buzsaki, 1996; Traub et al., 1998; Whittington
et al., 2000; Bartos et al., 2002; Brunel and Wang, 2003),
although additional mechanisms likely contribute to gamma
oscillations in vivo (Wulff et al., 2009). Indeed, hippocampal
gamma oscillations, including those induced by agonists of
metabotropic glutamate and muscarinic acetylcholine recep-
tors in vitro, can be completely blocked by GABA 4 receptor
(GABAAR) antagonists, further indicating the critical role
for inhibition in generation of gamma oscillations
(Whittington et al., 1995; Fisahn et al., 1998; Mann et al.,
2005). Among the diverse classes of inhibitory interneurons,
the fast-spiking basket cells (FS-BCs) that express the cal-
cium binding protein parvalbumin appear to be essential for
the generation of gamma oscillations in the dentate gyrus
(Bartos et al., 2007). Parvalbumin-positive basket cells are
characterized by high mutual interconnectivity through fast
synaptic inhibition and electrical coupling (Fukuda and
Kosaka, 2000; Bartos et al., 2002; Galarreta and Hestrin,
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2002; Hefft and Jonas, 2005). Additionally, parvalbumin bas-
ket cells have high intrinsic firing, low adaptation, and an
intrinsic resonance frequency, which make them an optimal
candidate to fire in phase with gamma frequency oscillations
(Pike et al., 2000; Hefft and Jonas, 2005). FS-BCs innervate a
large population of excitatory neurons, which they can syn-
chronize. Modeling studies have provided compelling evidence
that homogeneous networks composed of fast-spiking neurons
randomly interconnected by synaptic inhibition can generate
gamma frequency oscillations when activated by excitatory
current injections (Wang and Buzsaki, 1996). Subsequently,
studies in networks of generic single compartment models of
fast-spiking neurons connected to a biologically based number
of local neighbors have demonstrated that incorporating the
experimentally determined rapid synaptic decay kinetics
between FS-BCs leads the network to synchronize in the
gamma frequency range, even in networks activated by hetero-
geneous current injections (Bartos et al., 2002). Since network
responses are strongly regulated by intrinsic neuronal proper-
ties (Tateno et al., 2004; Tateno and Robinson, 2006; Borgers
and Walker, 2013), whether conclusions derived using generic
models are robust to inclusion of biophysically based model
parameters remains to be examined.

One of the salient findings in simulation studies using
homogeneous, synaptically connected inhibitory networks is
that the frequency and coherence of network oscillations are
regulated by the delay and decay kinetics of the GABA syn-
apses (Bartos et al., 2002; Brunel and Wang, 2003; Bartos
et al., 2007). Recently, we reported that, apart from the clas-
sical synaptic GABA currents, parvalbumin-positive, FS-
BCs in the dentate gyrus express extrasynaptic (tonic)
GABA currents (Yu et al., 2013). Extrasynaptic GABA cur-
rents are mediated by extra- and peri-synaptically located
GABA4Rs and can contribute to the decay kinetics of synap-
tic GABA receptors (Wei et al., 2003; Santhakumar et al.,
2006; Glykys and Mody, 2007). Spillover of GABA from
the synapse can activate extrasynaptic GABAARs and lead
to prolonged GABAergic inhibition (Wei et al., 2003;
Santhakumar et al., 2006) and slow spillover synaptic cur-
rents (Rossi and Hamann, 1998). Since the decay kinetics of
synaptic inhibition regulate gamma oscillations (Bartos
et al., 2002), extrasynaptic GABA currents in FS-BCs are
likely to modulate these rhythms. Consistent with this hy-
pothesis, studies in hippocampal slices from mice lacking
specific GABAAR subunits underlying extrasynaptic GABA
currents have identified alterations in gamma rhythms (Mann
and Mody, 2010). However, whether extrasynaptic GABA
currents in FS-BCs modulate the coherence and frequency of
network oscillation has not been examined.

Several studies have identified alterations in gamma
oscillations in neurological disorders including epilepsy and
schizophrenia (Hirai et al., 1999; Worrell et al., 2004;
Bragin et al., 2005; Uhlhaas and Singer, 2010; Lewis et al.,
2012). Our recent experimental studies have uncovered that
status epilepticus in an animal model of epilepsy leads to
two specific alterations in GABA currents in dentate FS-
BCs. First, extrasynaptic GABA currents in FS-BCs are
enhanced following pilocarpine-induced status epilepticus
(Yu et al., 2013). How this increase in FS-BC tonic GABA
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currents may impact generation of oscillations in FS-BC net-
works is currently unknown. Second, we found that the re-
versal potential for GABA currents (Egapa) in FS-BCs is
significantly depolarized following experimental status epi-
lepticus (Yu et al., 2013). Curiously, apart from the kinetics
of synaptic inhibition, the presence of shunting rather than
hyperpolarizing reversal potential of synaptic GABA cur-
rents has also been shown to increase the frequency and
reduce coherence of oscillations in homogeneous interneuro-
nal networks (Vida et al., 2006). Alterations in the frequency
of network oscillations can be of clinical significance, since
oscillations over a frequency of 100 Hz, in the range of high
gamma and high frequency oscillations, can be associated
with epileptic foci in the hippocampus and cortex (Bragin
et al., 2004; Worrell et al., 2004; Engel et al., 2009).
However, it is difficult to intuit how the seizure-induced
increase in FS-BC tonic GABA currents and depolarizing
shift in GABA reversal potential, observed in our experimen-
tal studies (Yu et al., 2013) would interact to modify FS-BC
network activity. Here, we use homogeneous networks of
biophysically based, multi-compartmental model FS-BCs to
examine how the presence of extrasynaptic GABA currents
and the experimentally identified seizure-induced alterations
in GABA currents and Egapa modify the frequency and co-
herence of network firing.

MATERIAL AND METHODS
Slice preparation and physiology

All procedures were performed under protocols
approved by the University of Medicine and Dentistry of
New Jersey, Newark, NJ, Institutional Animal Care and Use
Committee. Young adult, male, Wistar rats between post-
natal days 30-35 were anesthetized with isoflurane and
decapitated. Horizontal brain slices (300 um) were prepared
in ice-cold sucrose artificial cerebrospinal fluid (CSF)
(sucrose-aCSF) containing (in mM) 85 NaCl, 75 sucrose, 24
NaHCOs;, 25 glucose, 4 MgCl,, 2.5 KCl, 1.25 NaH,PO,, and
0.5 CaCl,, using a Leica VT1200S Vibratome (Wetzlar,
Germany). The slices were incubated at 32 = 1 °C for 30 min
in a submerged holding chamber containing an equal volume
of sucrose-aCSF and recording aCSF and subsequently held
at room temperature (RT). The recording aCSF contained (in
mM) 126 NaCl, 2.5 KCI, 2 CaCl,, 2 MgCl,, 1.25 NaH,POy,,
26 NaHCOj; and 10 D-glucose. All solutions were saturated
with 95% O, and 5% CO, and maintained at a pH of 7.4 for
1-6h. Slices were transferred to a submerged recording
chamber and perfused with oxygenated aCSF at 33 = 1°C.
Whole-cell current-clamp recordings from interneurons at
the border of the hilus and granule cell layer were obtained
under IR-DIC visualization using microelectrodes (5—7 MQ)
containing (in mM) 125 KCI, 10K-gluconate, 10 HEPES,
2 MgCl,, 0.2 ethylene glycol tetraacetic acid, 2 Na-ATP, 0.5
Na-GTP, and 10 PO Creatine titrated to a pH 7.25 with
KOH. Biocytin (0.2%) was included in the internal solution
for post-hoc cell identification (Gupta et al., 2012; Yu et al.,
2013). Recordings were obtained using Axon Instruments
MultiClamp 700B (Molecular Devices, Sunnyvale, CA).
Data were low-pass filtered at 3kHz, digitized using
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DigiData 1440 A and acquired using pClampl0 at 10-kHz
sampling frequency. Recorded neurons were held at —70 mV
and the response to 1.5 s positive and negative current injec-
tions were examined to determine active and passive charac-
teristics. Cells with non-adapting, high frequency firing for
the entire duration of the current injection, and low input re-
sistance (<150MQ), were classified as FS-BCs (Hefft and
Jonas, 2005; Yu et al., 2013). Neurons with adapting firing,
high input resistance (>150MQ), and sag during negative
current injection were excluded from analysis. Post-hoc bio-
cytin immunostaining and morphological analysis was used
to definitively identify FS-BCs, on the basis of presence of
axon terminals in the granule cell layer and immunostaining
for parvalbumin (Yu et al., 2013). Following physiological
recordings, slices were fixed in 0.1 M phosphate buffer con-
taining 4% paraformaldehyde at 4 °C for 2 days. Slices were
incubated  overnight at room  temperature  with
anti-parvalbumin antibody (PV-28, 1.5:1000, polyclonal rab-
bit, Swant) in 0.3% Triton X-100 and 2% normal goat serum
containing phosphate-buffered saline (PBS).
Immunoreactions were revealed using Alexa 488-conjugated
secondary goat antibodies against rabbit IgG (1:250) and
biocytin staining was revealed using Alexa 594-conjugated
streptavidin (1:1000). Sections were visualized and imaged
using a Nikon AIR laser confocal microscope with a 0.75
NA 20X air objective (Gupta et al., 2012; Yu et al., 2013).

Basket cell simulations

Individual FS-BC models and FS-BC network simula-
tions were implemented using the NEURON 7.0 simulation
environment (Hines and Carnevale, 1997). The biophysically
based FS-BC model was adapted from -earlier studies
(Santhakumar et al., 2005; Dyhrfjeld-Johnsen et al., 2007).
The model FS-BC included a soma with 2 apical and 2 basal
dendrites each with 4 distinct proximal (1°) to distal (4°)
compartments (Fig. 1(b)). Active and passive conductances
were distributed as detailed previously (Santhakumar et al.,
2005). Sodium and fast-delayed rectifier potassium channels
were restricted to the soma and proximal (1°) dendritic
compartments. Other active conductances including A-Type
potassium channels, L and N-Type calcium channels,
Ca-dependent potassium (SK) channels, and Ca and voltage-
dependent potassium (BK) channels were distributed uni-
formly in all compartments as detailed previously
(Santhakumar et al., 2005). A non-specific leak conductance
with reversal potential set to —75 mV and conductance set to
0.14 mS/cm? in the soma and 0.12 mS/cm? in all dendritic
compartments was included to model the experimentally
observed input resistance (Yu et al., 2013). Gap junctions
were implemented as an intercellular conductance (Bartos
et al., 2002) located randomly in all four (1° to 4°) dendritic
compartments. In an initial set of experiments (Fig. 2)
designed to determine the effect of gap junctional conduct-
ance on cellular input resistance, total gap junctional con-
ductance to the model FS-BC was systematically varied
between 1 and 10° pS. Input resistance was measured in
response to a —100 pA somatic current injection. Baseline
extrasynaptic GABA conductance was modeled as a linear
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FIG. 1. Structure and intrinsic properties of model fast-spiking basket cell.
(a) Projection of confocal image stacks of a fast-spiking basket cell (FS-BC)
filled with biocytin (red) during recordings and labeled for parvalbumin
(PV, green) shows the typical morphology with and axon in granule cell
layer (arrows). Insets: Confocal image of biocytin-filled soma (top in red)
and labeling for PV (middle in green). Merged image (bottom) shows PV
and biocytin co-labeling in the soma. Scale bar, 50 um. (b) Schematic repre-
sentation of the structure of the model FS-BC. (c) and (d) Membrane voltage
traces from the biological (c) and model FS-BC (d) illustrates the fast-
spiking, non-adapting firing pattern during a +500 pA current injection and
relatively low membrane hyperpolarization in response to a —50 pA current
injection. (e) Overlay of the firing rates of biological and model FS-BCs in
response to increasing current injections.

deterministic leak conductance with the GABA reversal
potential (Egapa) set to —74mV, the experimentally deter-
mined value in FS-BCs under control conditions (Song et al.,
2011; Yu et al., 2013). Extrasynaptic GABA conductance
(8GABA-extra) Was distributed uniformly in the somatic and all
dendritic compartments and varied between 2 and 10 uS/cm?.
This conductance range was set to replicate the biologically
relevant extrasynaptic GABA current range of 10 to 60 pA in
model FS-BCs under voltage clamp conditions, as detailed
earlier (Yu et al., 2013). The biologically relevant extrasy-
naptic GABA current range of 10 to 60 pA was derived based
on experimental measurements during whole cell patch clamp
recordings in dentate FS-BCs (Yu et al., 2013).

Network simulations

Structurally realistic FS-BC network models were simu-
lated with 200 FS-BCs arranged on a virtual ring with 50 um
spacing between adjacent cells (Bartos et al., 2002; Vida
et al., 2006). FS-BCs were connected by GABA, synapses
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FIG. 2. Effect of gap junctions and extrasynaptic GABA conductance on
model FS-BC input resistance of cell. (a) Plot shows the input resistance of a
model FS-BC in the presence of progressively increasing the gap junctional
conductance between a FS-BC pair. Input resistance at the gap junctional con-
ductance used in network simulations is indicated by the arrow. Dotted line
represents FS-BC input resistance in the absence of gap junctions. (b) Plot
shows FS-BC input resistance when the baseline extrasynaptic GABA con-
ductance was increased in the physiologically relevant range. FS-BC pairs
were simulated with and without 500 pS gap junctional conductance.

located on the proximal (1°) apical dendrite as described pre-
viously (Santhakumar er al., 2005). Exp2Syn process in
NEURON was used to implement chemical synapses. Based
on data from experimental studies, GABA, synapses
between FS-BCs were simulated with a maximum synaptic
conductance of 7.6 ns, rise and decay time constants of 0.16
and 1.8 ms, respectively, and a 0.8 ms synaptic delay (Bartos
et al., 2002; Santhakumar et al., 2005). In an initial set of
simulations, the number of synaptic connections between
FS-BCs was systematically increased from 4 to 100 connec-
tions distributed uniformly among neighboring FS-BCs
on either side. While all GABA synapses included a synap-
tic delay of 0.8ms, in some simulations, an additional
distance-dependent “conduction delay” was included. The
conduction delay was calculated from the distance between
pre- and postsynaptic cell along the circumference of the
ring and an estimated conduction velocity of 0.25m/s
(Bartos et al., 2002). In a subset of simulations, each neuron
was connected to 50 nearest neighbors by electrical synapses
distributed among all four dendritic compartments.
Distribution of gap junctions in the dendrites and exclusion
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from the somatic compartments was based on experimental
data (Amitai et al., 2002). Consistent with experimental data
on the single channel conductance of connexin 36 channels
(Srinivas et al., 1999), conductance of a single electrical syn-
apse was set to 10 pS.

Experimental studies have shown that synaptic GABA
release during neuronal activity can increase extrasynaptic
GABA levels and contribute to transient enhancement of base-
line tonic GABA currents (Glykys and Mody, 2007). In the
dentate gyrus, GABA, receptor ¢ subunits underlie tonic
GABA currents are located perisynaptically, and can be read-
ily activated by spillover of GABA from the synapse and
thereby contribute to prolongation of synaptic decay (Wei
et al., 2003). Consistent with the prediction that synaptic spill-
over augments tonic GABA currents (Glykys and Mody,
2007), network simulations with extrasynaptic GABA cur-
rents included both baseline and “spillover” gcapa-extra-
Spillover inhibition was modeled by assuming 2 concentric
circles around each synapse and introducing “spillover”
2GABA-extra With slower rise (7ms) and decay time constants
(200 ms) than the corresponding synaptic processes as detailed
previously (Yu et al., 2013). Due to the lack of experimental
data on the kinetics of spillover GABA currents in dentate
FS-BCs, the slow rise and decay time for spillover GABA cur-
rents were assumed based on experimental data conducted in
the cerebellum at room temperature showing that presumed
spillover spontaneous inhibitory postsynaptic currents have a
rise times of over 10ms and decay times of over 200 ms
(Rossi and Hamann, 1998). When ‘“baseline” tonic GABA
was set to 2 uS, to simulate the tonic GABA current levels
measured from FS-BCs in control rats not subject to
pilocarpine- induced status epilepticus (Yu et al., 2013), peak
conductance of the spillover ggapa-exira Were set to 1.25 pS
for the first spillover synapse and 0.125 pS for the second
spillover synapse to simulate the reduction in GABA levels as
one moved away from the primary synapse. In simulations
examining the effect of increasing tonic GABA currents, the
peak conductance of the spillover ggapa-extra Was correspond-
ingly increased by a factor reflecting the degree of enhance-
ment of baseline extrasynaptic GABA currents (ratio of
baseline ggapa-exta 1N @ given simulation in ,uS/cmz to base-
line gGABA-extra Of 2 ,uS/cmz) as detailed previously (Yu et al.,
2013). For example when baseline ggapa-exia Was 4 and 6 uS,
two and three times the control level of 2uS, the peak
2GABA-extra Of the first spillover synapse was set to 2.5 pS and
3.75 pS, respectively. Similarly, since spillover spread would
occur over an area, the second spillover synapse was set to
0.5 pS (2%0.125 pS) and 1.125 (3**0.125 pS), respectively.

Networks were activated either by somatic current injec-
tions or by excitatory dendritic synaptic inputs. In simula-
tions where the network response to dendritic synaptic inputs
and somatic current injections were compared (Fig. 3), the
somatic current injection was set to 600 pA, so that both den-
dritic synaptic inputs and somatic current injections result in
similar average FS-BC frequency in an unconnected net-
work, defined as a network without inhibitory synapses or
gap junctions. In networks activated by somatic current
injections, the mean somatic current injection was systemati-
cally varied between 300 and 700 pA. Heterogeneity in

Chaos 23, 046109 (2013)

PP inputs,

A B00pA Somatic linj, B
ell 30 FS-BC interconnections/ cell

30 FS-BC interconnections/ ¢
5 H ; 200 }
_g ] H H :
= ‘ { 150
o tiy AR R =R
2 i |
@ Lr 1 50
0 (JIEESEEEEEEZREE
200 250 300 350 400 200 250 300 350 400
Time (ms) Time (ms)
le+7 s ;e:é
= e
q;) 8e+6 “;) 6e+6
e+6 O 4e+6
& 4646 o 2e+6
200 | 26 ] 200
c 0 100 200 300 400 500
'_6150 0 100 200 300 400 500 _Q 150 Frequency (HZ)

5% L 3 wHHIII Y

200 300 350 400 300 350 400
Time (ms) Time (ms)

S
o

.o

-
o
o
N
o

Avg. FS-BC frequency (Hz)
3 3
Global coherence
o o
(o)) [o4]

o
~

o
N

20 —¥— PP Inputs
—w— Somatic |

o
g
o

0 20 40 60 80 100 0 20 40 60 80 100
FS-BC interconnections/ cell

FS-BC interconnections/ cell

M

1.0

[N
o
o

Avg. FS-BC frequency (Hz)
3
Global coherence
o
[}

0.8

@
o

0.4

IS
S}

—w— Somatic |,

M-+ No GJ + conduction delay
—O— 50 GJ + conduction delay 0.0
0 20 40 60 80 100 0 20 40 60 80 100
FS-BC interconnections/ cell FS-BC interconnections/ cell

0.2

N
o

FIG. 3. Impact of FS-BC synaptic interconnectivity on frequency and coher-
ence of network firing. (a) and (b) Representative spike rasters (top panels) of
networks with 30 FS-BC interconnections/cell showing network activity
when stimulated by a 600 pA homogeneous somatic current injection (so-
matic Ijy; in red, (a)) and dendritic synaptic inputs modeled after perforant
path synapses (PP Inputs in blue, (b)). Corresponding spike-time histograms
(bottom panels) show the coherent activity in (a) and (b). Insets in bottom
panels of (a) and (b) show corresponding frequency power plots. (c) and (d)
Effect of progressively increasing interneuronal interconnectivity on average
FS-BC frequency (c) and coherence (d) in networks activated by somatic Ijy;
in red and PP Inputs in blue. Legend in (c) applies to (c) and (d). (e) and (f).
Data from networks activated by somatic current injections show the effect of
including distance dependent axonal conduction delay and gap junctions (GJ)
on the average FS-BC frequency (e) and coherence (f). Legend in (e) applies
to (e) and (f). Data are presented as mean = s.e.m of 3 independent runs.

FS-BC firing frequency of over 10% was generated by intro-
ducing variability in the somatic current injection to each
model FS-BC in the network. The magnitude of the somatic
current injection in each FS-BC was varied by randomly
selecting the peak amplitude from a Gaussian distribution of
amplitudes with mean peak amplitude set between 300 and
700 pA (in 100 pA steps), and either 0.1% or 0.5% heteroge-
neity (% heterogeneity was defined as variance/mean*100).
Additionally, the time of commencement of the somatic cur-
rent injection was staggered over a 70 ms time window (—20
to 50 ms of simulation time). Somatic current injections with
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0.1% heterogeneity yielded 34.3% and 10.8% heterogeneity
in FS-BC firing frequency in unconnected networks when the
mean current injections were 300 pA and 700 pA, respec-
tively. Similarly, mean somatic current injections of 300 pA
and 700 pA at 0.5% heterogeneity resulted in 186.4% and
54.6% heterogeneity, respectively, in FS-BC firing in the
unconnected network. Given the low input resistance of bio-
logically based FS-BCs, when the heterogeneity of somatic
current injections was increased to and beyond 0.5%, a con-
siderable number of FS-BCs received somatic current injec-
tions less than the firing threshold and failed to fire even once
throughout the entire period of the simulations. When Egapa
was —74mV, heterogeneity of 0.5% rendered over 12% and
50% of FS-BCs completely inactive when the mean somatic
current injection was 700 and 300 pA, respectively.
Therefore, heterogeneities over 0.5%, which would lead to
inactivation of over 50% of FS-BCs within the range of so-
matic current injections under study, were not examined.

In networks activated by synaptic inputs, each model
FS-BC received an independent Poisson-distributed train of
excitatory synaptic inputs at 200 Hz. Excitatory synapses
were located in the distal (4°) dendritic compartment of the
apical dendrites (Santhakumar er al., 2005). The peak
AMPA synaptic conductance was 20 ns and kinetics were
similar to those used in previous studies (Santhakumar et al.,
2005; Yu et al., 2013). The effects of increasing ggapa-extra
on the average frequency and coherence of firing of FS-BCs
in the mutually connected networks were examined. Unless
otherwise stated, Egapa of synaptic and extrasynaptic
GABA currents was set to —74mV to simulate the experi-
mentally determined GABA reversal in FS-BCs from control
rats not subject to status epilepticus (Yu et al., 2013). In sim-
ulations examining how seizure-induced changes in GABA
reversal impact FS-BC network activity, the reversal poten-
tial of both synaptic and extrasynaptic GABA currents was
set to —54mV to simulate the depolarized GABA reversal
observed in FS-BCs after experimental status epilepticus
(Yu et al., 2013).

Analysis

Average FS-BC frequency was quantified as the average
of the reciprocal of inter-spike intervals during 200-500 ms
of the simulation after establishment of stable network firing
patterns. Spike-time histograms were developed with bin
width of 1 ms and used to generate corresponding frequency
power spectra. Network frequency was defined as the fre-
quency at the strongest peak power. Throughout the rest of
the manuscript, we will refer to frequency calculated based
on individual cell inter-spike intervals as “average FS-BC
frequency” and the frequency determined from the spike-
time histogram as “network frequency.” Two measures were
used to quantify population coherence during 200-500 ms of
the simulation time. In the Wang-Buzsaki method, action
potential patterns were represented in a binary format (with
0 when no action potential occurred and 1 if action potentials
were generated in a given time interval). To account for dif-
ferences in firing frequency, the time interval for the calcula-
tion of coherence was set to 0.2/f, where f is the average
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FS-BC frequency in Hz (White et al., 1998; Santhakumar
et al., 2005). A subset of networks activated by somatic cur-
rents injections, particularly those with 0.5% heterogeneity
in current injections, resulted in a few FS-BCs that failed to
fire action potentials. The inactive was excluded from the co-
herence analysis. Cells that failed to fire were not excluded
from analysis of average FS-BC frequency. A cross-correla-
tion-based population coherence measure was calculated as
described (Wang and Buzsaki, 1996; Bartos et al., 2002)
using MATLAB R2012a. In the second method (White
et al., 1998; Santhakumar et al., 2005), for each pair of dis-
charging neurons, trains of square pulses were generated for
each of the cells with each pulse of height unity being cen-
tered at the spike peak and the width being 20% of the mean
firing period (inter-spike interval) of the faster cell in the
pair. Next, the cross-correlation was calculated at zero time
lag of these pulse trains, which is equivalent to calculating
the shared area of the unit height pulses. Coherence was
defined as the sum of the shared areas divided by the square
root of the product of the total areas of each individual train
(White et al., 1998; Santhakumar et al., 2005). Average
global coherence was calculated from the coherence values
obtained for all cell pair combinations using custom
NEURON code. In simulations performed with Egapa set to
—54mV, local coherence of 5% of the adjacent neurons in
the network was estimated at the same 3 randomly selected
regions within each network. Our selection of the time inter-
val for measuring coherence as 20% of the average FS-BC
frequency set the minimum coherence to 0.2. Since there
was <1% difference in the coherence calculated using the
two methods, only the coherence calculated using the
Wang-Buzsaki method is reported in the manuscript.
Summary data in Figures 3 and 7 and data for 600 pA so-
matic current injections in Figures 4 and 5 were generated
from 3 independent runs with different randomization seeds.
3D mesh plots examining the effect of stimulus intensity on
network frequency and coherence (Figs. 4(d), 4(e), 5(d), and
5(e)) were generated based on data from single runs.
Physiological and computational data from multiple runs are
presented as mean * s.e.m. One-way and two-way ANOVA
were used to analyze data as appropriate (SigmaPlot 12).
Significance was set at p < 0.05.

RESULTS

The motivation for the current study stems from our
recent experimental findings identifying that dentate FS-BCs
express tonic, extrasynaptic GABA currents (Yu et al., 2013)
in addition to the classic synaptic GABA currents.
Moreover, our studies demonstrated that one week after ex-
perimental status epilepticus, there is a significant enhance-
ment of tonic GABA current amplitude and a depolarization
of GABA reversal potential in dentate FS-BCs (Yu et al.,
2013). Since simulation studies have demonstrated that the
rapid kinetics of interconnected FS-BCs are important for
generation of gamma frequency oscillations (Bartos et al.,
2002; Vida et al., 2006), we propose that the presence of,
and seizure-induced increase in, tonic GABA currents, as
well as changes in GABA reversal potential, would alter the
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FIG. 4. Effect of extrasynaptic GABA conductance on firing patterns in FS-BC networks activated by somatic current injections. (a)-(c) Spike rasters (top pan-
els) illustrate activity in FS-BC networks with 30 synaptic interconnections and 50 gap junctional connections in which the GABA reversal potential was
—74mV. Networks were activated by a mean somatic current injection of 600 pA with 0.1% heterogeneity, the start time of which was randomly varied
between —20 and 50 ms in each cell. Spike rasters in networks simulated with an extrasynaptic GABA conductance of 0 uS/cm? (a), 2 uS/cm? (b), and
10 uS/em? (c) are illustrated. Corresponding spike-time histograms (bottom panels) show the coherent activity. Insets in bottom panels of (a)-(c) show corre-
sponding frequency power plots. (d) and (e). 3D mesh plot of the average FS-BC frequency (d) and global coherence (e) of FS-BC networks. The mean somatic
current injection used to activate the network was systematically varied between 300 and 700 pA with 0.1% heterogeneity (Somatic I;,;). Plot shows that effect

of increasing tonic GABA conductance (2Gapa-extra) from O through 10 uS/cm

generation of oscillations in interconnected FS-BC networks.
Since the focus of the current study is the dentate gyrus, we
consider frequencies in the 40—100 Hz range as gamma fre-
quency oscillations (Bragin et al., 1995). First, we show that
the single-cell model FS-BC used in our studies simulated
the characteristic passive and active physiology of the
biological dentate FS-BCs. We reason that the multi-
compartmental FS-BC model with biologically based intrin-
sic properties is ideally suited to implement experimentally

based tonic and synaptic conductance values and allows for
a more natural segregation of synaptic and gap junctional
conductances to different somato dendritic compartments.
We then directly examine how introducing gap junctional
and tonic GABA conductances, the two conductances that
we will incorporate in subsequent simulations, impact the
input resistance of our model FS-BC. Next, in the absence of
tonic GABA conductance, we investigate whether activity in
networks of biologically based FS-BCs, interconnected by
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FIG. 5. Extrasynaptic GABA conductance and GABA reversal modulate FS-BC network activity during heterogeneous somatic current injections. (a)-(c).
Representative spike rasters (top panels) show activity in FS-BC networks with 30 synaptic interconnections and 50 gap junctional connections and GABA re-
versal potential set to —54 mV when activated by a mean somatic current injection of 600 pA with 0.1% heterogeneity, the start time of which was randomly
varied between —20 and 50 ms in each cell. Spike rasters in networks simulated with an extrasynaptic GABA conductance of 0 uS/cm? (a), 2 uS/cm? (b), and
10 uS/em? (c) are illustrated. Corresponding spike-time histograms (bottom panels) show the lack of coherent activity. Insets in bottom panels of (a)-(c) show
corresponding frequency power plots. (d) and (e). 3D mesh plots show the average FS-BC frequency (D) and global coherence (e) of FS-BC networks with 30
synaptic interconnections and 50 gap junctional connections and GABA reversal potential set to —54 mV. The mean somatic current injection used to activate
the network was systematically varied between 300 and 700 pA with 0.1% heterogeneity (somatic I;,j). Plot shows the effect of increasing tonic GABA con-
ductance (gGaBA-extra) from O through 10 yS/cmz. Inset in (d) compares the global coherence to local coherence in 5% of the network. Legend in (c) applies to

(a)-(c)-

inhibitory synapses, is modulated by the degree of synaptic
interconnectivity, presence of synaptic delay and gap junc-
tional connectivity, as has been demonstrated in earlier studies
using networks of generic, single compartment, fast-spiking
interneurons (Wang and Buzsaki, 1996; Bartos et al., 2001;
Bartos et al., 2002). Following analysis of the baseline activity
patterns of the biologically based FS-BC networks, we focus
on specific questions concerning how experimentally observed
FS-BC tonic GABA currents, status epilepticus-induced

increase in tonic GABA currents, and status epilepticus-
induced depolarization of GABA reversal potential impact
network activity. Specifically, we analyze FS-BC networks
with 30 synaptic connections, including distance dependent
conduction delay and biologically based dendritic gap junc-
tional coupling to investigate how network activity is altered
under the following conditions: (1) introducing tonic GABA
conductance at levels that mediate tonic GABA currents
observed in FS-BCs from control rats (not subject to status
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epilepticus), while maintaining GABA reversal potential at
values observed in control rats; (2) progressively increasing
tonic GABA conductance in the range reflecting tonic GABA
current levels in FS-BCs from rats subject to status epilepticus,
while maintaining GABA reversal potential at values observed
in control rats; (3) setting the GABA reversal potential to val-
ues observed in rats subject to status epilepticus in the absence
of tonic GABA currents; and (4) introducing control values of
tonic GABA conductance and systematically increasing tonic
GABA conductance in the range comparable to FS-BCs from
rats subject to status epilepticus, while simultaneously setting
the GABA reversal potential to values observed in rats subject
to status epilepticus. Network activity was examined in
response to somatic current injections at a range of excitatory
drives and different heterogeneities, and during biologically
based dendritic synaptic inputs. Additionally, since gap junc-
tions act as low pass filters (Gibson et al., 2005) and FS-BCs
express gap junctions (Bartos et al., 2001), a subset of net-
works activated by dendritic synaptic inputs were simulated
without gap junctions to examine potential interactions
between gap junctions and tonic GABA currents. The simula-
tion results demonstrate that experimentally identified, status
epilepticus-induced alterations in FS-BC GABA currents
compromise gamma frequency oscillations.

Comparison of model and biological basket
cell physiology

The most salient intrinsic biophysical properties of
FS-BCs include high frequency non-adapting firing and low
input resistance (Hefft and Jonas, 2005; Zhang and
Buckmaster, 2009). In order to directly compare the intrinsic
properties of the model FS-BC to the biological neurons, we
obtained physiological recordings from dentate basket cells.
As illustrated in Figure 1, FS-BCs were identified by their
morphological features including axon in the granule cell
layer, immunoreactivity for parvalbumin (Fig. 1(a)), and
characteristic high frequency, non-adapting firing pattern
(Fig. 1(c)). We adapted the multi-compartmental basket cell
model used in earlier studies (Santhakumar et al., 2005;
Dyhrfjeld-Johnsen et al., 2007). The model FS-BC had two
apical and 2 basal dendrites each with 4 compartments (Fig.
1(b)). The resting membrane potential of the model FS-BC
was set to —75mV, consistent with that of biological FS-
BCs (—=74.0 = 1.9, n =10 cells) reported in our recent study
(Yu et al., 2013). In response to positive current injections,
the model FS-BC simulated the high frequency, non-
adapting firing pattern observed in biological FS-BCs (Figs.
1(c) and 1(d)). Comparison of the model FS-BC firing fre-
quency in response to increasing positive current injections
demonstrated that the firing in response to steady state cur-
rent injections was similar in the model and biological FS-
BCs (Fig. 1(e), firing data in biological FS-BCs was obtained
from n= 12 cells). FS-BCs are known to have a low input re-
sistance compared to other hippocampal interneurons. The
input resistance (R;,) of the model FS-BC was set to
94.3 MQ, consistent with the range observed in biological
FS-BCs (FS-BC R;,;: 93.0 £ 10.6 MQ, n= 12 cells, data pre-
viously reported in Yu et al., 2013). Since neuronal R;, can

Chaos 23, 046109 (2013)

modify both responses to current injections and how synaptic
and extrasynaptic conductances impact neuronal excitability,
we reason that the use of the model neurons tuned to replicate
FS-BC input resistance is ideally suited to investigate the
effect of biologically based extra synaptic GABA conductance
values. Moreover, the use of multi-compartmental models
allows for a more biologically based segregation of synaptic
and gap junctional conductances to different compartments.

Effect of gap junctional and extrasynaptic GABA
conductance on FS-BC input resistance

In addition to synaptic connections, FS-BC networks are
interconnected by electrical synapses. A majority of subse-
quent network simulation included gap junctions connections
between 50 neighboring FS-BCs, each with a biophysically
based single channel conductance of 10 pS (Srinivas et al.,
1999). In order to determine whether the inclusion of the gap
junctional conductance altered FS-BC input resistance, we
systematically increased the conductance of a single gap
junction between a pair of FS-BCs and measured the input
resistance. Since gap junctions are located in dendrites
(Amitai et al., 2002), we considered the two extreme condi-
tions, distributing all gap junctional conductances in either
the proximal (1°) or distal (4°) dendritic compartments.
Regardless of whether gap junctions were all located in the
proximal or distal dendritic compartment, junctional conduc-
tances in the range of 1 to 100 pS did not decrease FS-BC
input resistance (Fig. 2(a)). Additional increases in junc-
tional conductance progressively reduced FS-BC input resist-
ance to 90.3MQat the 500 pS gap junctional conductance
introduced in the model FS-BCs in our network simulations
(Fig. 2(a)).

Next, we introduced baseline ggapa-exia @S @ determinis-
tic conductance uniformly distributed in all somatic and den-
dritic compartments. The magnitude of the specific membrane
conductance was varied between 2 and 10 ,uS/cm2, the con-
ductance range that was estimated to simulate the biologically
relevant range (10 to 60 pA) of extrasynaptic GABA currents
(Yu et al., 2013). Varying the ggapa-exua across this entire
range resulted in a < 10% change in FS-BC input resistance
(Fig. 2(b)). Moreover, including an additional 500 pS gap
junctional conductance did not alter FS-BC input resistance
beyond that resulting from the ggapa-extar T1hus, the
non-synaptic conductances introduced into model FS-BCs in
the subsequent network simulation are not likely to result in
major changes in FS-BC passive membrane properties.

Effect of synaptic interconnectivity on network
oscillations

We used networks of 200 FS-BCs connected in a virtual
ring (Bartos et al., 2002; Vida et al., 2006) to examine how
the degree of GABAergic synaptic interconnectivity affects
network oscillations (Wang and Buzsaki, 1996; Bartos et al.,
2001; Bartos et al., 2002). Since the aim of the simulations
was to determine if activity in networks of biologically based
FS-BCs were similar to those observed in earlier interneuro-
nal network models (Bartos et al., 2001; Bartos et al., 2002),
these simulations did not include ggapaexwa- SeVveral earlier
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studies examining network oscillations have implemented
networks activated by somatic current injections (Wang and
Buzsaki, 1996; Bartos et al., 2001). However, biological net-
works are activated by excitatory synaptic inputs to the den-
drites. Therefore, we considered two conditions: (1)
networks activated by somatic current injection to allow for
comparison of results with earlier simulation studies, and (2)
networks with biologically based excitatory synaptic inputs
to the distal (4°) dendrites constrained by experimentally
determined synaptic parameters (Yu et al., 2013) to simulate
biological inputs. We first consider networks activated by so-
matic current injections before analyzing networks activated
by with biologically based dendritic excitatory synaptic
inputs. We progressively increased the number FS-BCs
connected by inhibitory synapses from 4 to 100 (a range of
5% to 50% network connectivity). Synaptic conductance
and kinetics were constrained by experimental data
(Santhakumar et al., 2005) and held constant in all simula-
tions. Individual FS-BCs in the network were activated by a
homogeneous 600 pA somatic current injection, which was
initiated at different time points to introduce asynchrony (see
Methods). In order to allow for direct comparison between
the firing patterns in networks activated by somatic current
injections and dendritic synaptic inputs, somatic current
injection was tuned such that the average FS-BC frequency
in unconnected networks activated by somatic current injec-
tions and dendritic synaptic inputs was similar (see Fig. 3(c),
with 0 FS-BC synapses, the average FS-BC frequency in Hz:
somatic 600 pA current injection: 82.3, dendritic synaptic
inputs: 83.2).

In networks activated by a homogeneous 600 pA current
injection, increasing FS-BC connectivity lead to an initial
decrease in average FS-BC frequency from 73.73 = 0.11 Hz
with 4 connections to 49.7 = 0.01 Hz when each FS-BC was
connected to 30 neighbors (Figs. 3(a) and 3(c)) followed by
an increase back to 70.84 = 0.07 Hz when FS-BCs contacted
40 or more neighbors (Fig. 3(c), F28=7.7, p<0.05 for
effect of FS-BC interconnections by two-way ANOVA
examining effect of network input type and FS-BC intercon-
nections, based on n=3 runs). Notably, regardless of the
connectivity, the average FS-BC frequency remained within
the dentate gamma frequency range (40-100 Hz). Unlike fre-
quency, coherence, which is a measure of synchronous net-
work firing, was relatively low when FS-BCs contacted
fewer than 20 neighbors and increased when 20 or more
FS-BCs were connected (Fig. 3(d), Fe0s)=151.3, p<0.05
for effect of FS-BC interconnections by two-way ANOVA
examining effect of network input type and FS-BC intercon-
nections, based on n=3 runs). Networks in which 70 or
more FS-BCs were interconnected showed robust synchrony
in firing as observed in earlier studies (Wang and Buzsaki,
1996), possibly because the FS-BCs were activated by ho-
mogeneous somatic current injections.

Next, we examined whether the extent of GABAergic
synaptic interconnectivity alters network activity when FS-
BCs are activated by biologically based dendritic synaptic
inputs. Perforant path based AMPA synapses were located
on the apical distal (4°) dendrites of FS-BCs and activated
by Poisson-distributed spike trains at an average frequency

Chaos 23, 046109 (2013)

of 200 Hz. Networks within the wide range of GABAergic
synaptic interconnectivity (4 to 100 FS-BC interconnections)
synchronized in the range of 40-80Hz. Interestingly, even
though the average FS-BC frequency was similar in uncon-
nected networks, the average FS-BC frequency of synapti-
cally activated networks, in which 20 and 30 FS-BCs were
interconnected, was higher than that observed in networks
activated by somatic current injections (Figs. 3(a)-3(c)).
Statistical comparison revealed significance for effects of
input type (effect of somatic current injection versus dendri-
tic synaptic inputs on frequency: F(;,s)=28.3, p <0.05),
number of FS-BC synaptic interconnections (effect of
FS-BC interconnections on frequency: Fog)=7.74,
p <0.05) and interaction between FS-BC synaptic intercon-
nections and input type (Fos =12.24, p<0.05, by
two-way ANOVA) on average FS-BC frequency. While the
overall effect of input type on coherence of FS-BC firing
was not statistically significant (F(; 25y =0.26, p>0.05, by
two-way ANOVA), the number of FS-BC synaptic intercon-
nections (F 25y =151.26, p < 0.05) and interaction between
FS-BC synaptic interconnections and input type (F2s)
=35.9, p<0.05, by two-way ANOVA) showed statistically
significant effects. Moreover, in networks with 20 and 30
FS-BC interconnections, there was a significant differences
in both frequency and coherence between networks activated
by somatic current injections and dendritic synaptic inputs
(by pairwise multiple comparison using Bonferroni t-test). It
is possible that the dendritic synaptic input, developed based
on the biological perforant path inputs from the entorhinal
cortex contribute to the higher average FS-BC frequency in
synaptically activated networks as has been identified in vivo
(Bragin et al., 1995). FS-BC networks activated by excita-
tory dendritic synaptic inputs synchronized with fewer
FS-BC synaptic interconnections. Synaptically activated net-
works in which FS-BCs connected to 20 to 40 neighbors
showed considerably higher coherence than structurally sim-
ilar networks activated by constant current injection in
FS-BCs (Fig. 3(d), p < 0.05 by pairwise multiple comparison
using Bonferroni t-test). Overall, coherence in synaptically
activated networks remained relatively stable when 20 or
more FS-BCs were interconnected by fast GABA synapses.
The ability of the network to attain stable coherence when
FS-BCs contact 20 or more neighbors is of particular interest
since, based on morphological data (Sik et al., 1997; Bartos
et al., 2001), basket cells in the dentate gyrus are estimated
to contact approximately 35 neighboring basket cells
(Dyhrfjeld-Johnsen et al., 2007; Santhakumar, 2008). Thus,
it appears that the dentate basket cell networks may have an
optimal connectivity to support coherent network
oscillations.

Earlier studies using networks of generic fast-spiking
model neurons activated by somatic current injections have
indicated that the presence of distance dependent axonal con-
duction delay and gap junctional coupling can modulate net-
work coherence (Bartos et al., 2002; Bartos et al., 2007). In
networks activated by somatic current injections, inclusion
of distance dependent conduction delay resulted in an
increase in firing frequency (Fig. 3(e), p < 0.05 for effect on
delay in networks with 30 FS-BC interconnections by
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pairwise multiple comparison using Holm-Sidak method)
and coherence (Fig. 3(f), p < 0.05 for effect on delay in net-
works with 30 FS-BC interconnections by pairwise multiple
comparison using Holm-Sidak method) in networks with 30
interconnections. However, the change in frequency and co-
herence in networks with higher interconnections was mar-
ginal (Figs. 3(e) and 3(f)). Thus, overall, the increase in
frequency and coherence failed to reach statistical signifi-
cance (frequency: F 42)=3.02, p>0.05, coherence: F; 47,
=2.87, p>0.05, for effect of FS-BC interconnections by
two-way ANOVA examining effect of input type and FS-BC
interconnections). These simulation data suggest that con-
duction delay may result in limited enhancement of syn-
chrony of networks with fewer interconnections. Inclusion of
gap junctional connections (distributed in all four dendritic
compartments) to 50 neighbors leads to little additional
increase in firing frequency (Fig. 3(e)) or coherence (Fig.
3(f)) in networks with 30 or more connections (frequency:
F2.42)=3.02, p>0.05, coherence: F(; 42, =2.87, p>0.05,
for effect of FS-BC interconnections by two-way ANOVA
examining effect of input type and FS-BC interconnections).
The limited effect of gap junctions on network coherence in
our simulations differs from the more robust increase in co-
herence reported previously (Bartos et al., 2002). It is possi-
ble that the use of a single compartmental model with
synapses and gap junctions located in the same somatic com-
partment (Bartos et al., 2002), rather than a biologically
based distribution of gap junctions among the dendritic com-
partments in the current study, contributed to the difference
in the magnitude of gap junctional modulation coherence in
the 40-80 Hz range. In networks activated by dendritic syn-
aptic inputs, inclusion of conduction delay and gap junc-
tional coupling had negligible effect on either the firing
frequency or coherence at all levels of FS-BC connectivity
examined (data not shown). However, biological FS-BC net-
works have gap junctional coupling and conduction delays.
Therefore, we proceeded to use homogeneous FS-BC net-
works including distance-dependent axonal conduction
delay, biologically based gap junctional coupling, and 30
synaptic connections between FS-BCs to investigate the
effect of ggaBA-extra ON Network firing and coherence in the
two types of networks simulated in this study: (1) networks
activated by somatic current injections, and (2) networks
activated by dendritic synaptic inputs.

Effect of extrasynaptic GABA currents and GABA
reversal on firing patterns of networks activated by
somatic current injections

Earlier simulation studies have demonstrated the crucial
role played by synaptic inhibition in mediating synchronous
gamma frequency oscillations (Wang and Buzsaki, 1996;
Bartos et al., 2002; Vida et al., 2006). Experimental data
suggest that reduction in interneuronal extrasynaptic GABA
currents can increase the frequency of carbachol-induced
gamma oscillations in vitro through mechanisms involving
NMDA receptors (Mann and Mody, 2010). We recently
identified the presence of extrasynaptic GABA currents in
dentate FS-BCs (Yu et al., 2013). However, whether the
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presence of extrasynaptic GABA currents in FS-BCs modu-
lates the frequency and coherence of network oscillations
has not been tested. Therefore, we examined whether intro-
ducing baseline and spillover ggapa-exia il model FS-BCs
modified network oscillations. FS-BCs were connected to 30
adjacent neighbors by GABAergic synapses, as well as 50
local neighbors by dendritic gap junctional connections and
were activated by heterogeneous somatic current injections.
Mean somatic current injection was systematically varied
between 300 and 700 pA with 0.1% heterogeneity to gener-
ate 34.3%-10.8% heterogeneity in FS-BC firing in uncon-
nected networks. GABA reversal was set to —74mV, the
experimentally determined value in control FS-BCs (Yu
et al., 2013). Multiple simulation runs were performed on
networks activated by a mean somatic current injection of
600 pA with 0.1% heterogeneity to allow for statistical com-
parisons with networks activated by dendritic synaptic
inputs. Compared to simulations without extrasynaptic
GABA, introducing the normal biological level of baseline
€GABA-extra (2 ,uS/cm2) and corresponding  spillover
2GABA-extra (s€€ Methods) led to a decrease in average
FS-BC frequency (Figs. 4(a), 4(b), and 4(d); average FS-BC
frequency in Hz when network was activated by 600 pA
mean somatic current injection with 0.1% heterogeneity
resulting in 12.64% heterogeneity in FS-BC firing in an
unconnected network: 73.91 = 0.65 Hz without gGapa-extra
and 71.31 £ 0.8Hz with 2 ,uS/cm2 baseline ggaBA-extras
F(s.12) =102.8, p < 0.05 for effect of ggapa-exira by OnE-way
ANOVA, p<0.05 by pairwise multiple comparison using
Bonferroni t-test, based on n =3 runs each). The decrease in
coherence under these conditions did not reach statistical sig-
nificance (Figs. 4(a), 4(b), and 4(e), coherence when FS-BCs
were activated by 600 pA mean somatic current injection
with 0.1% heterogeneity: 0.632 = 0.08 without gGapa-extra
and 0.537 = 0.13 with 2 uS/cm2 baseline gGapa-extras F(5.12)
=44, p<0.05 for effect of ggaBA-exwa DY OnNe-way
ANOVA, p>0.05 by pairwise multiple comparison using
Bonferroni t-test, based on n = 3 runs each). As illustrated by
the spike-time histograms in Figures 4(a) and 4(b) (lower
panels), all 200 cells fired almost synchronously with no out
of phase activity. Indeed, the network frequency under these
conditions was similar to the average FS-BC frequency (net-
work frequency in Hz when network was activated by
600 pA mean somatic current injection with 0.1% heteroge-
neity 76.67 without ggapa-exta and 73.33 with 2 uS/cm2
baseline ggapa-exira)- Overall, statistical analysis of data
from networks activated by 600 pA mean somatic current
injection with 0.1% heterogeneity revealed a significant
effect of ggapa.exaa On both average FS-BC frequency
(F(5.12)=102.8, p<0.05 by one-way ANOVA) and coher-
ence (Fs 12)=4.4, p<0.05 one-way ANOVA) when Egapa
was —74mV. In simulations where the mean somatic current
injection to FS-BCs was systematically varied, networks
activated by a mean somatic current injection of 500 pA and
above developed coherent firing at frequencies over 40 Hz,
in the gamma frequency range, in the absence of tonic
GABA conductance (Figs. 4(b)—4(e)). Introducing a baseline
€GABA-extra Of 2,uS/cm2, consistently decreased the average
FS-BC frequency and coherence in networks activated by
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somatic current injections (Figs. 4(d) and 4(e)). Additional
simulations were conducted in networks activated by mean
somatic current injection between 300 and 700 pA and 0.5%
heterogeneity to generate a 186.4%-54.6% heterogeneity in
FS-BC firing. When the heterogeneity in current injection
was increased to 0.5%, the average FS-BC frequency and co-
herence were reduced from that observed at identical mean
somatic current injections and 0.1% heterogeneity possibly
due to 12% to 50% of FS-BCs failing to reach firing thresh-
old during the entire simulation period when the mean so-
matic current injection was 700 and 300 pA, respectively
(see Methods). Still, networks activated by a mean somatic
current injection of 500 pA and above developed activity in
the gamma frequency range (40—-80 Hz) with modest coher-
ence (0.3 to 0.35) in the absence of tonic GABA currents
(Supplementary Figs. 1(a) and 1(b)). Even with 0.5% hetero-
geneity, tonic GABA conductance reduced average FS-BC
frequency (Supplementary Fig. 1(a), average FS-BC fre-
quency when FS-BCs were activated by 600 pA mean so-
matic current injection with 0.5% heterogeneity: 63.4 Hz
without ggaBa-exra and 55.56Hz with 2 ,uS/cmZ baseline
2GABA-extra) and coherence (Supplementary Fig. 1(b), coher-
ence when FS-BCs were activated by 600 pA mean somatic
current injection with 0.5% heterogeneity: 0.35 without
2GABAexra and 0.29 with 2 uS/cm? baseline ggapa-exira)-
Interestingly, increasing baseline ggapa-exira did not alter av-
erage FS-BC frequency and coherence in the absence of
spillover gcapa-exwa (data not shown), indicating that
changes in synaptic decay kinetic resulting from compound
spillover synaptic events underlie the effect of tonic GABA
currents on network activity patterns. This is consistent with
earlier studies demonstrating that decay kinetics of com-
pound inhibitory events can impact network frequency
(Fisahn et al., 1998; Brunel and Wang, 2003).

Since we have previously shown that extrasynaptic
GABA currents in FS-BCs are enhanced following experi-
mental status epilepticus in rats (Yu et al., 2013), we next
examined how progressively increasing extrasynaptic GABA
currents impacts network activity. Increasing FS-BC base-
line and spillover ggapa.exaa from the levels observed in
FS-BCs from control rats (2 ,uS/cm2 baseline ggapa-extra and
corresponding spillover ggapa-exira) resulted in progressive
decrease in average FS-BC frequency and an overall
decrease in coherence (Figs. 4(b) and 4(e), in networks acti-
vated by 600 pA somatic current injection with 0.1% hetero-
geneity, average FS-BC frequency in Hz, 71.31 = 0.8 with
2 uS/em? and 55.34 = 0.7 with 10 uS/cm? baseline gGapA-extra
based on n=3 runs each, Fs 4, =102.8, p<0.05 for effect
of ggaBA-exaa On average FS-BC frequency by one-way
ANOVA; network coherence, 0.54 = 0.13 with 2 ,uS/cm2 and
0.46 =0.02 with 10 /vtS/cm2 baseline ggapa-exea based on
n =3 runs each, Fs 1,)=4.4, p < 0.05 for effect of ggapa-extra
coherence by one-way ANOVA). Introducing tonic GABA
conductance consistently decreased both frequency and co-
herence in networks activated by mean somatic current injec-
tions in the range of 300 and 700 pA with 0.1% heterogeneity
(Figs. 4(d) and 4(e)). When the heterogeneity in current injec-
tion was increased to 0.5%, increasing tonic GABA currents
reduced average FS-BC frequency to < 30 Hz when the mean
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somatic current injection was < 500 pA and abolished global
network coherence at all current injections examined
(Supplementary Figs. 1(a) and 1(b)). Spike-time histogram of
most networks activated by 300-700 pA current injections at
both 0.1% and 0.5% heterogeneities showed synchronous fir-
ing, resulting in similar values for network and average
FS-BC frequency. Thus, as with average FS-BC frequency,
increasing gcapa-exta decreased network frequency as well
(Supplementary Figs. 2(a) and 2(c)). However, in a few net-
works, a sub-population of neurons showed out-of-phase ac-
tivity (spike-time histograms not shown), resulting in
approximately doubling of network frequency compared to
average FS-BC frequency under these conditions
(Supplementary Figs. 2(a) and 2(c)). Since each FS-BC was
connected to 30 adjacent FS-BCs by inhibitory synapses and
50 neighboring FS-BCs by gap junctions, there was little vari-
ability in network connectivity patterns between simulations.
Thus, it appears that the differences in FS-BC firing patterns
between different runs resulted in the development of two in-
dependently oscillating FS-BC populations in some, but not
all, networks.

Apart from an increase in extrasynaptic GABA currents,
FS-BC Egapa shifts to values more depolarized than the
resting membrane potential after status epilepticus (Yu et al.,
2013). Earlier simulation studies have established that
Egapa modulates activity of interneuronal networks (Vida
et al., 2006; Bartos et al., 2007). Therefore, we examined the
effect of altering Egapa on synaptically coupled networks of
FS-BCs in the absence of extrasynaptic GABA currents. In
networks activated by the somatic current injection, altering
synaptic GABA reversal from —74mV, the value observed
in control FS-BCs, to —54 mV, the experimentally measured
Egaga in FS-BCs after status epilepticus, increased average
FS-BC frequency (compare Figs. 4(a), 5(a), 4(d), and 5(d),
average FS-BC frequency in Hz when FS-BCs were acti-
vated by 600 pA somatic current injection with 0.1% hetero-
geneity: 73.9 £0.65 with —74mV Egaga, 105.14 =0.05
with —54mV EGABA» F(l,12) = 193927, p< 0.05 for effect of
Egaga by two way ANOVA for effect of Egapa and
2GABA-extra T0llowed by pairwise multiple comparison using
Bonferroni t-test) and decreased the coherence (compare
Figs. 4(a), 5(a), 4(e), and 5(e), coherence when FS-BCs were
activated by 600 pA somatic current injection with 0.1% het-
erogeneity: 0.63 = 0.08 with —74mV Egapa, 0.203 = 0.0
with —54 mV EGABA’ F(1,24):686.3, P < 0.05 for effect of
Egaga by two way ANOVA for effect of Egapa and
2GABA-extra T0llowed by pairwise multiple comparison using
Bonferroni t-test). Curiously, the increase in average FS-BC
frequency occurred even though an Egapa of —54mV is neg-
ative to the model FS-BC firing threshold of —52mV. The
low network coherence of 0.2 in networks with —54mV
Egapa corresponds to an asynchronous activity since our
measure of coherence sets the minimum to 0.2 (see Methods).
Moreover, although the spike-time histograms and coherence
measures showed little coherent activity, the frequency power
plot showed a maximum at approximately double the average
FS-BC frequency, indicating the presence of local sub net-
works of oscillations when Egaga is —54mV (Fig. 5(a) inset
in bottom panel, networks without ggapa-exira and —54 mV
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Ecapa activated by 600 pA somatic current injection with
0.1% heterogeneity: average FS-BC frequency: 105.14
* 0.05 Hz; network frequency: 213.33 Hz). For all values of
mean current injection examined, altering synaptic GABA re-
versal from —74mV to —54mV increased average FS-BC
frequency by over 30 Hz (compare Figs. 4(a), 5(a), 4(d), and
S(d), F(1’24): 19392, p< 0.05 for effect of EGABA by
two-way ANOVA for effect of Egapa and ggaa-exua fOl-
lowed by pairwise multiple comparison using Bonferroni
t-test), network frequency by 50-100Hz (Supplementary
Figs. 2(a) and 2(b), F(; 24)=164474.8, p < 0.05 for effect of
Ecgapa by two-way ANOVA for effect of Egapa and
2GABA-exira T0llowed by pairwise multiple comparison using
Bonferroni t-test) and abolished global coherence (compare
Figs. 4(a), 5(a), 4(e), and 5(e), F(; 24)=686.3, p<0.05 for
effect of Egapa by two-way ANOVA followed by pairwise
multiple comparison using Bonferroni t-test). The frequency
power plot of the spike-time histogram showed peaks at har-
monics of the average FS-BC frequency with the maximum
power at twice the average FS-BC frequency (Figs. 5(a)-5(c)
inset in bottom panel). Consistent with the presence of a
defined peak in the frequency power plot (Figs. 5(a)-5(c)
inset in bottom panel), although global coherence indicated
that networks with —54 mV Egapa Were asynchronous, local
coherence in 5% of the network was significantly higher than
the global coherence (coherence when FS-BCs activated
by 600 pA somatic current injection with 0.1% heterogeneity
at —54mV Egaga, local: 0.27 =0.01; global: 0.2 %= 0.0,
F2,18)=4404.2, p < 0.05 for effect of local versus global mea-
surement on coherence, Fs 15y=13.8, p <0.05 for effect of
2GABA-extra ANd F(10.18) = 14.3, p < 0.05 for interaction between
effect of ggapa-exra and local versus global measurement on
coherence by two-way ANOVA followed by pairwise multiple
comparison using Bonferroni t-test, based on n =3 runs each)
indicating focal areas of coherence. Inclusion of ggapa-extra
observed in FS-BCs from control rats resulted in little change
in average FS-BC frequency (Figs. 5(a), 5(b), and 5(d), average
FS-BC frequency in Hz when FS-BCs were activated by
600 pA somatic current injection with 0.1% heterogeneity:
105.14 = 0.05 without ggapa-extra and 105.12 = 0.17 Hz with
2,uS/cm2 2GABA-extras F(s12) =55.04, p<0.05 for effect of
Egaga by one-way ANOVA, and p > 0.05 by pairwise multi-
ple comparison using Bonferroni t-test). Average FS-BC fre-
quency (Fig. 5(d)) remained unchanged with the introduction
of gGABA-extra regardless of the mean somatic current injection
used to activate the network. Similarly, average FS-BC fre-
quency was not altered with the introduction of gGapa-extra I
networks activated by somatic current injections with 0.5%
heterogeneity (Supplementary Figs. 1(c) and 1(d)). The effect
of gGABA-extra ON NEtwork frequency was varying, showing no
change or a decrease if network frequency was twice the aver-
age FS-BC frequency (Supplementary Figs. 2(b) and 2(d)).
Thus, our simulations indicate that, even without tonic GABA
currents, status epilepticus-induced changes in FS-BC GABA
reversal can enhance average FS-BC frequency and compro-
mise coherence.

Next, we examined how increasing FS-BC ggapa-extra,
as has been observed status epilepticus, further altered net-
work activity when Egapa Was maintained at —54 mV, the
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value observed in FS-BCs after status epilepticus.
Progressively, increasing FS-BC ggapa-exua caused a mar-
ginal decrease in average FS-BC frequency (Figs. 5(b)-5(d)
average FS-BC frequency in Hz when FS-BCs were acti-
vated by 600 pA somatic current injection with 0.1% hetero-
geneity: 105.12 *+0.17 with 2 uS/cm? and 103.78 * 0.04 Hz
with 10 ,uS/cmz 2GABA-extra)- Similarly, increasing FS-BC
2GABA-extra CaUsed a marginal decrease in network frequency
(Figs. 5(b) and 5(c) and Supplementary Fig. 2(b), network
frequency in Hz when FS-BCs were activated by 600 pA so-
matic current injection with 0.1% heterogeneity: 213.33 with
2 ,uS/cm2 and 210.0Hz with 10 uS/cm2 2GABA-extra,
F(s.12)=155.04, p < 0.05 for effect of ggapa-exira, by ONE-way
ANOVA p<0.05 by pairwise multiple comparison using
Bonferroni t-test). Moreover, global coherence of FS-BC fir-
ing was consistently lower and comparable to that of uncon-
nected networks when Egaga was —54mV (Fig. 5, global
coherence when FS-BCs were activated by 600 pA somatic
current injection with 0.1% heterogeneity: 0.204 in an
unconnected network, 0.203 =0.0 with 2 ,uS/cm2 and
0.204 £0.0 with 10 IUS/sz EGABA-extra, F(5’12) = 091,
p>0.05 for effect of ggapa-exwa, Dy One-way ANOVA).
Even when activated by a range of mean somatic current
injections over 300-700 pA with 0.1% heterogeneity, aver-
age FS-BC frequency was increased by over 30 Hz when
Egasa Wwas depolarized to —54mV from —74mV and
showed little global coherence in firing (Figs. 4(e) and 5(e)).
However, the local coherence measured in 5% of the net-
work was consistently higher than the global coherence (Fig.
5(e) inset, F» 15y =4404.2, p < 0.05 for effect of local versus
global measurement on coherence by two-way ANOVA for
effect of local versus global measurement and gGapa-extra
followed by pairwise multiple comparison using Bonferroni
t-test), indicating focal areas of coherent high frequency
(80-220 Hz) network activity when Egapa Was depolarized
to —54 mV. Even when heterogeneity of the somatic current
injections was increased to 0.5%, depolarizing Egapa to
—54mV enhanced the average FS-BC frequency and abol-
ished global coherence (Supplementary Figs. 1(c) and 1(d)),
as observed in networks with 0.1% heterogeneity. Unlike
networks where Egaga was —74 mV, even with 0.5% heter-
ogeneity, all FS-BCs remained active when the mean so-
matic current injection was 700 and 400 pA, and only 12%
of FS-BCs were inactive when the mean somatic current
injection was 300pA when Egapa Wwas depolarizing.
Overall, the network frequency was more variable than the
average FS-BC frequency (Supplementary Figs. 2(b) and
2(d)). As illustrated by the frequency power plots of the rep-
resentative spike-time rasters in the top panels of Figures
5(a)-5(c), there were multiple peaks at harmonics of the av-
erage FS-BC frequency and additional high frequency peaks
(Figs. 5(a)-5(c) insets in bottom panels). The frequency at
which the maximum power was observed fluctuated between
the harmonics of the average FS-BC frequency in the net-
work (Supplementary Figs. 2(b) and 2(d)), possibly due to
emergence of different sub networks as a consequence of fir-
ing heterogeneity. Thus, increasing tonic GABA currents
failed to cause reliable modulation of average network fre-
quency beyond the consistent increase in network frequency
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caused by the depolarizing shift in Egaga (F(1.24)=19392.7,
p < 0.05 by for effect of Egapa, (Fs.24)=1.13, p>0.05 for
effect of ggaBa-extras and (F(s24)=0.44, p > 0.05 for interac-
tion between Egapa and ggapa. by two-way ANOVA).
Overall, when networks with shunting Egaga (—74 mV
observed in FS-BCs from control rats) are activated by heter-
ogeneous somatic current injections, increases in FS-BC
2GABA-extra Within the biologically relevant range, resulted in
a decrease in both average FS-BC frequency and network
frequency, as well as global coherence. However, the aver-
age FS-BC frequency remained within the 40—80 Hz (gamma
frequency) range for mean current injections over 500 pA. In
contrast to the effect of conductance, shifting Egaga to a
depolarized potential of —54 mV, the reversal potential in
FS-BCs from rats subject to status epilepticus increased the
average FS-BC frequency of networks activated by mean
current injections over 500pA to the 80-120Hz range
and average network frequency to the 100-250 Hz range.
When Egapa Was —54mV, increasing ggapa-exira did not
further enhance firing or decrease the already low global co-
herence. Statistical analyses revealed significant effects for
EGABA (F(1724) = 193927, p< 0.05 by two-way ANOVA),
EGABA-extra (F(5’24) = 11687, p< 0.05 by two-way ANOVA)
and for interaction between Egapa and ggapa-extra (F(s24)
=87.5, p<0.05 by two-way ANOVA) on average FS-BC
frequency and coherence (F(; 24y = 686.4, p < 0.05 for effect
of EGABA’ F(5,24) = 44, p< 0.05 for effect of ZGABA-extra and
Fi504y=4.4, p<0.05 for interaction between Egapa and
2GABA-extra DY two way ANOVA). Together, the simulation
data from networks activated by heterogeneous somatic cur-
rent injections indicate that increases in ggaa-extra» Which
can occur during endogenous or pharmacological modulation
of tonic GABA currents (Brickley and Mody, 2012) can alter
gamma frequency oscillations under physiological condi-
tions of shunting inhibition (Egaga of —74 mV). However,
the depolarized Egapa (—54 mV) observed after status epi-
lepticus (Yu et al., 2013) undermines global network coher-
ence and shifts firing to higher frequencies regardless of the
magnitUde of ZGABA-extra

Effect of extrasynaptic GABA currents and GABA
reversal on firing patterns of networks activated by
dendritic synaptic inputs

Analyses of interneuronal networks activated by somatic
current injections have led to major advances in understand-
ing the mechanisms underlying generation of network oscil-
lations (Wang and Buzsaki, 1996; Bartos et al., 2002; Vida
et al., 2006). However, biological networks are activated by
excitatory synaptic inputs to the dendrites. Therefore, we
evaluated whether the modulation of network oscillations by
extrasynaptic inhibition and Egapa is altered when FS-BCs
were activated by excitatory synaptic inputs to the distal den-
drites. Networks of 200 FS-BCs connected to the 30 nearest
neighbors by inhibitory synapses and to 50 neighbors by gap
junctional coupling were activated by individual 200 Hz
trains of Poisson-distributed, simulated perforant path-like
distal dendritic synaptic inputs (Yu et al., 2013).

As in networks activated by somatic current injections,
introducing the normal biological level of baseline ggapa-extra
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2 ,uS/cmz) and corresponding spillover ggapa-exia reduced
both average FS-BC frequency and coherence (Figs. 6(a) and
6(b) and Figs. 7(a) and 7(b); average FS-BC frequency in Hz:
74.1 £ 0.01 without gGapa-cxra 69-47 + 1.03 with 2 uS/cm?
2GABA-extra; coherence: 0.65 = 0.0 without ggapa-exiras 0-58
+0.02 with 2 uS/cm® gGABA-exira, N =3 Tuns, Fs 4y =21.02,
p<0.05 for effect of ggapa-exira ON frequency and F(j o4
=23.97, p<0.05 for effect of ggapa.exaa ON coherence by
two-way ANOVA followed by pairwise multiple comparison
using Bonferroni t-test). As expected based on the presence of
highly synchronous firing in the spike-time histograms (Figs.
6(a) and 6(b), bottom panels), the network frequency was sim-
ilar to average FS-BC frequency and decreased with the addi-
tion of ggapa-exira (Fig. 7(c); network frequency in Hz: 76.67
* 0.0 without ggapaexea and 71.1 = 1.11 with 2 uS/crn2
2GABA-extra)- INEXt, we examined how increasing FS-BC extra-
synaptic GABA currents to simulate the increase in extrasy-
naptic GABA currents after status epilepticus (Yu et al.,
2013), impacts network activity. Increasing gcapa-extra
resulted in an overall decrease in both average FS-BC and net-
work frequency and global network coherence (Figs. 6(b) and
6(c) and Figs. 7(a) and 7(b); average FS-BC frequency in Hz:
69.47 = 1.03 with 2 uS/cm? g apa-exira and 54.94 + 0.06 with
10 ,uS/cm2 2GABA-exra; global coherence: 0.58 =0.02 with
2uS/em®  goapa.exwa and 048 +0.0 with 10 uS/cm?
S2GABA-extra, F(5,24) = 2102, p< 0.05 for effect of SGABA-extra
on frequency and F(24)=23.97, p<0.05 for effect of
2GABA-exira ON coherence by two-way ANOVA; network fre-
quency in Hz: 71.1 = 1.11 with 2 ,uS/cm2 2GABA-extra and
63.3 +0.0 with 10 uS/cm2 2GABA-exira)- Both networks acti-
vated by somatic current injection and those activated by den-
dritic synaptic inputs synchronized in the 40-80Hz range,
within the gamma frequency range in the dentate (Bragin
et al., 1995). Increasing ggapa-exa decreased the average
FS-BC frequency and coherence under both conditions.
Additional simulations in which FS-BCs were devoid of gap
junctional connections revealed that, regardless of the pres-
ence of gap junctions, gGapa_exira feduced average FS-BC fre-
quency and coherence when Egapa was —74mV (Figs. 7(a)
and 7(b)). Similarly, the ability of increases in ggapa-extra tO
decrease average FS-BC frequency and coherence was main-
tained even when network connectivity was increased to 40
adjacent neighbors (data not shown).

Next, we examined how depolarizing Egapa modulated
synchrony in networks activated by biologically based den-
dritic synaptic inputs. In networks with GABAergic synaptic
connections to 30 adjacent FS-BCs simulated without
2GABA-extra and with Egapa set to —54mV, the average
FS-BC frequency was higher, but coherence considerably
lower, than similar networks with a —74mV Egapa (Figs.
6(a), 6(d), 7(a), and 7(b); average FS-BC frequency in Hz:
74.1 =0.01 when Egaga was —74 mV and 122.6 = 0.01
when EGABA was —54 mV, F(1,24) =26641 p< 0.05 for
effect of Egapa by two-way ANOVA followed by pairwise
multiple comparison using Bonferroni t-test; coherence:
0.65 = 0.0 when Egaga was —74mV and 0.203 £ 0.0 when
Egapa was —54mV, F24)=5662, p<0.05 for effect of
Egapa by two-way ANOVA followed by pairwise multiple
comparison using Bonferroni t-test). Even though the
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FIG. 6. Effect of extrasynaptic GABA conductance modulates frequency and coherence in networks activated by biologically based dendritic synaptic inputs.
(a)-(f) Spike rasters (top panels) of activity in FS-BC networks with synaptic and gap junctional interconnections activated by biologically based dendritic syn-
aptic inputs. Spike rasters in networks simulated with a GABA reversal of —74mV and extrasynaptic GABA conductance of 0 uS/cm? (a), 2 uS/cm? (b), and
10 uS/cm2 (c) and GABA reversal of —54mV and extrasynaptic GABA conductance of 0 ,uS/cm2 (d), 2 uS/cm2 (e) and 10 ,uS/cm2 (f). Corresponding
spike-time histograms are shown in the bottom panels. Spike-rater plots for illustrations had a bin width of 2 ms. Insets in bottom panels of (a)-(c) show corre-

sponding frequency power plots.

spike-time histogram showed relatively asynchronous activ-
ity when Egaga was set to —54mV (Fig. 6(d), bottom
panel), the frequency power plots (Fig. 6(d), inset) showed
peaks at harmonics of the average FS-BC frequency indicat-
ing sub-population of neurons with oscillations, and network
frequency was increased from 76.67 = 0.00 Hz when Egapa
was —74mV to 250+ 0.00 when Egagpa was —54mV
(F(1’24) = 304, p< 0.05 for effect of EGABA’ F(5’24) 203,
p>0.05 for effect of ggapa-extra and F(s24y=0.4, p > 0.05
for interaction between ggapa-exwa aNd Egapa by two-way
ANOVA followed by pairwise multiple comparison using
Bonferroni t-test, based on 3 runs each).

Similar to networks activated by somatic current injec-
tions, increasing gGapa-exta Progressive enhanced the average

FS-BC frequency between 120 and 130Hz and abolished
global network coherence (Figs. 6(e), 6(f), 7(a), and 7(b);
average FS-BC frequency in Hz: 123.8 = 0.01 with 2 uS/cm?
EGABA-extra and 130.0%=0.0 with 10,uS/cm2 ZGABA-extras
F(s04)=21.02, p<0.05 for effect of gGapa-extra DY two-way
ANOVA with p<0.05 by pairwise multiple comparison
using Bonferroni t-test, Fs4y=115.8, p <0.05 for effect of
interaction between Egapa and gGapa-exira ON average FS-BC
frequency by two-way ANOVA; coherence: 0.203 = 0.0
with 2 uS/em? gGapa-exua and 0.204 +0.0 with 10 uS/cm?
SGABA-extras F(5’24) = 2397, p< 0.05 for effect of SGABA-extra
by two-way ANOVA with p>0.05 by pairwise multiple
comparison using Bonferroni t-test, and Fs4)=24.3,
p<0.05 for effect of interaction between Egapa and
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FIG. 7. Summary of the effect of extrasynaptic GABA conductance on ac-
tivity in FS-BC networks activated by dendritic synaptic inputs. (a)-(c)
Summary data from networks activated by dendritic synaptic inputs show
the effect of FS-BC tonic GABA conductance on average FS-BC frequency
(a) and global coherence (b) and network frequency (c). Legend below (c)
applies to (a)-(c). (d) Plot compares the global coherence and local coher-
ence (computed for a local 5% of the network) in synaptically activated net-
works with a GABA reversal potential set to —54mV. Local coherence
calculated at each site in the network is presented as mean * s.e.m across
three independent network instantiations used to evaluate global coherence.
Data are presented as mean * s.e.m of 3 independent network simulations.

2GABA-exira ON coherence by two-way ANOVA). When
Ecapa Was set to —54mV, average FS-BC frequency consis-
tently remained over 120 Hz. In contrast to the progressive
increase in average FS-BC frequency, the effect of increasing
2GABA-exra» ON Network frequency was variable (Figs. 6(e),
6(f), and 7(c); frequency in Hz: 291.11 £109.41 with
2 uS/em® gGapa-exua and 304.440 +41.16 with 10 uS/cm?
ZGABA-extras l:(5,24) = 03’ p> 0.05 for effect of ZGABA-extra and
F(524y=0.4, p > 0.05 for interaction between gGapa-extra and
EGapa by two-way ANOVA based on 3 runs each). As illus-
trated by the frequency power plots in the insets of the bottom
panels of Figures 6(e) and 6(f), the networks showed peaks at
multiple frequencies over 200 Hz including harmonics of the
average FS-BC frequency. The harmonic that reflected the
peak frequency in the frequency power plot varied consider-
ably between different networks. Consistent with the presence
of FS-BC sub networks with oscillations, the local coherence
in networks with Egapa set to —54mV was significantly
higher than the corresponding global coherence at all levels
of goaBA-extra (Fig. 7(d), F(; 24y =534.6, p < 0.05 for effect of
local versus global measurement on coherence by two-way
ANOVA followed by pairwise multiple comparison using
Bonferroni t-test at all levels of ggapa-extras F(s24)=1.2,
p>0.05 for effect of ggapa-extra and Fs24y=1.3, p>0.05
for interaction between effect of ggapa-exuwa lOcal versus
global measurement on coherence and by two-way ANOVA)
indicating focal areas of modest coherence. In additional
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simulations where gap junctional connections were excluded
(Figs. 7(a) and 7(b)) or when FS-BCs were connected to 40
adjacent neighbors (data not shown), increasing gcapa-extra
steadily enhanced the average FS-BC frequency in the range
of high frequency oscillations in the presence of the depola-
riZing EG ABA-

Thus, simulations of networks activated by distal dendri-
tic excitatory synaptic inputs demonstrate that gGapa-extra
can modulate gamma frequency oscillations, reducing fre-
quency and coherence when Egapa is shunting and increas-
ing average FS-BC frequency when Egapa is depolarizing.
Furthermore, irrespective of how the networks were acti-
vated, the depolarizing shift in FS-BC Egapa enhanced fir-
ing to over 120Hz shifting normal gamma frequency
oscillations to the high frequency network activity with low
global coherence yet modest local coherence, which could
promote epileptic activity.

DISCUSSION

Network simulations have shown that fast-spiking inter-
neurons connected by fast GABA synapses play a role in
generation of gamma frequency oscillations in brain net-
works (Wang and Buzsaki, 1996; Whittington et al., 2000;
Bartos et al., 2002; Bartos et al., 2007). Apart from the net-
work structure which can sculpt spatial and temporal patterns
of activity (Netoff er al., 2004; Percha et al., 2005; Morgan
and Soltesz, 2008), recent reports have underscored the
effect of intrinsic neuronal properties on network firing pat-
terns (Tateno and Robinson, 2006; Bogaard et al., 2009;
Wang, 2010; Skinner, 2012; Borgers and Walker, 2013).
Here, we use homogeneous networks of biophysically based
models of dentate fast-spiking basket cells to examine the
effect of synaptic interconnectivity and extrasynaptic inhibi-
tion on network firing patterns. Simulation results from net-
works without conduction delay and gap junctional coupling
demonstrate that networks with 20-40 synaptic interconnec-
tions activated by realistic synaptic current inputs develop
more coherent network firing at higher gamma frequency
ranges than networks in which model neurons are activated
by somatic current injections (Figs. 3(a) and 3(b)). Networks
with 30 to 40 synaptic connections, similar to the range of
basket cell connectivity estimated based on experimental lit-
erature (Dyhrfjeld-Johnsen et al., 2007), develop coherent
firing in the 40-80 Hz range, within the gamma frequency
spectrum of the dentate gyrus (Bragin et al., 1995). As iden-
tified in earlier studies (Bartos et al., 2002), axonal conduc-
tion delay has marginal effect on the average FS-BC
frequency but enhances the coherence of network activity in
the biologically relevant range of FS-BC interconnections.
However, gap junctional coupling has negligible effect on
both average FS-BC frequency and coherence. In the pres-
ence of shunting GABA reversal (—74mV), extrasynaptic
GABA conductance reduces both frequency and coherence
of gamma oscillations (Figs. 4, 6(a), 6(c), 7(a), and 7(b) and
Supplementary Figs. 1(a), 1(b), and 2(a)), demonstrating that
modulation of basket cell tonic inhibition can impact net-
work rhythms. A depolarizing shift in Egaga (—54mV),
observed in basket cells one week after experimental status
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epilepticus (Yu et al., 2013), enhances average FS-BC fre-
quency by over 30 Hz to the 80-250 Hz range associated with
epileptic networks and degrades global network coherence.
Although the depolarizing shift in Egapa abolishes global
network coherence, it supports a modest local coherence and
leads to FS-BC sub network activity that results in enhanced
network frequency. Our simulations indicate that networks
with the depolarizing Egapa, identified in FS-BCs after sta-
tus epilepticus (Yu et al., 2013), can support focal high fre-
quency activity. In networks with —54mV Egapa activated
by dendritic synaptic inputs, increases in extrasynaptic
GABA currents, observed in FS-BCs following experimental
status epilepticus (Yu et al., 2013), further enhance average
FS-BC frequency (Figs. 6(d), 6(f), 7(a), and 7(b)). These
findings indicate that experimentally identified, seizure-
induced increases in basket cell tonic GABA currents and
depolarization of GABA reversal potential may undermine
physiological gamma oscillations and contribute to the path-
ological, focally coherent high frequency firing observed in
human and animal epilepsy (Bragin et al., 1999; Worrell
et al.,2004; Worrell et al., 2008).

Motivation for use of biophysically based neuron
models

Combinations of theoretical and experimental studies
have provided convincing evidence that fast-spiking inter-
neurons contribute to the generation of gamma frequency
network oscillations. Recent studies have identified that
intrinsic properties of the individual cells in a network can
play a critical role in determining the spatiotemporal patterns
of network activity (Tateno et al., 2004; Tateno and
Robinson, 2006; Wang, 2010; Borgers and Walker, 2013).
Thus, intrinsic properties of FS-BCs that underlie gamma
frequency oscillations are likely to impact the emergent ac-
tivity patterns in homogeneous interconnected networks.
There is also emerging appreciation that the use of biologi-
cally based models may overcome issues concerning empiri-
cal classification of neurons into distinct firing types for
theoretical analyses (Skinner, 2013). The membrane excit-
ability properties of the FS-BC model used in the current
study, described by the firing frequency-current input rela-
tionship (f-/ curve), closely matched the f-I curve of the bio-
logical dentate FS-BCs (Fig. 1(c)) and thus simulated the
active characteristics of the specific neuronal type under
investigation. Additionally, most existing studies adopt
model interneurons with high frequency firing in which
intrinsic conductances and current injections are scaled to
membrane surface area (Bartos et al., 2002; Vida et al.,
2006; Kochubey et al., 2011; Song et al., 2011). Introducing
experimentally derived synaptic, extrasynaptic or gap junc-
tional conductances directly into model neurons where the
intrinsic conductances are scaled to surface area could con-
tribute to inaccuracies in estimation of the impact of the con-
ductances under investigation. Indeed, our recent study
found that the biphasic firing response generated by intro-
ducing depolarizing extrasynaptic GABA conductance in
generic interneuronal models (Song et al., 2011) was
observed only when extremely high levels of extrasynaptic
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GABA conductance was introduced in biophysically based
model FS-BCs (Yu et al., 2013). Despite the limitation that
the FS-BC model used in this study does not simulate the
recently proposed sodium channel distribution in basket cell
dendrites (Hu et al., 2010), it includes dendritic potassium
channels (see Methods) and reliably simulates the low R,
and f-I characteristics of biological dentate FS-BCs. While
more detailed, morphologically realistic dentate FS-BC mod-
els are available (Norenberg et al., 2010), these highly com-
plex multi-compartmental models developed to examine
purely passive properties are not the optimal choice for simu-
lating network activity. Since, our goal was to study how net-
work activity patterns are altered by introducing
experimentally based levels of ggapa-exiras the biophysically
based, multi-compartmental active dentate FS-BC model
was optimally suited for the current study.

Our simulations demonstrate that FS-BCs networks con-
nected with fast GABA synapses with realistic synaptic pa-
rameters and connectivity show coherent firing in the gamma
frequency range and confirm the findings of earlier studies
using generic models of fast-spiking neurons (Bartos et al.,
2002). However, we find that gap junctional conductances
have a rather modest effect on firing coherence in networks
of biophysically based model FS-BCs activated by dendritic
synaptic inputs. We propose that the combination of natural
FS-BC input resistance and dendritic location of the coupling
in our multi-compartmental model neurons provides a more
faithful representation of biology. Dendritic gap junctions
are known to modulate network dynamics in the presence of
active dendrites (Saraga et al., 2006). However, even though
the FS-BC model incorporated active conductances, includ-
ing calcium and potassium channels in all dendritic compart-
ments, the restriction of sodium conductance to the somatic
and proximal (1°) dendritic compartment may have contrib-
uted to the limited effect of gap junctional conductances on
network activity. Interestingly, despite the caveat that our
model FS-BCs did not replicate the gamma frequency intrin-
sic resonance (unpublished observations) of hippocampal
fast spiking interneurons (Pike ez al., 2000), FS-BC networks
with fast GABA synapses and anatomically realistic connec-
tivity patterns developed robust synchrony in the gamma fre-
quency range. Although the heterogeneity in current
injections used in the current study were lower than those
adopted in earlier studies using generic interneuronal models
(Bartos et al., 2002; Vida et al., 2006), the current injections
used in our study resulted in 10%—180% variability in FS-
BC firing. Moreover, even when we replaced somatic current
injections with biologically motivated asynchronous dendri-
tic synaptic inputs at 200 Hz to activate FS-BCs, network ac-
tivity consistently synchronized in the gamma frequency
range. These results are consistent with recent simulation
studies demonstrating that excitatory synaptic drive at fre-
quencies between 20 and 200 Hz result in gamma oscilla-
tions in networks of fast-spiking interneurons (Kochubey
et al., 2011). Thus, the biologically based FS-BC network
model developed here provides an ideal platform for future
studies to examine how experimentally identified changes in
dentate FS-BC active and passive conductances may impact
the ability of FS-BC networks to sustain gamma oscillations.
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Modulation of gamma frequency oscillations by
extrasynaptic inhibition

Tonic GABA currents mediated by peri- and extrasynap-
tic GABA receptors are present in various interneuronal types
including FS-BCs (Semyanov et al., 2003; Glykys et al.,
2007; Krook-Magnuson et al., 2008; Olah et al., 2009; Mann
and Mody, 2010; Yu et al., 2013). Extrasynaptic GABA
receptors contribute to the baseline levels of noise and influ-
ence neuronal excitability and gain (Mitchell and Silver,
2003; Farrant and Nusser, 2005). Additionally, experimental
studies have demonstrated that rodents lacking GABA recep-
tor subtypes that underlie tonic GABA currents show changes
in gamma frequency oscillations (Towers et al., 2004; Mann
and Mody, 2010). It is known that both stochastic noise and
synaptic parameters modulate network oscillations (Bartos
et al., 2007; Stacey et al., 2009). In addition to their contribu-
tion to baseline noise, extrasynaptic GABA receptors contrib-
ute to the decay of synaptic receptors and slow spillover
GABA conductances (Rossi et al., 2003; Mtchedlishvili and
Kapur, 2006; Santhakumar et al., 2006; Glykys and Mody,
2007). Indeed, the decay of inhibitory synaptic kinetics in
FS-BCs is modulated by 4,5,6,7-tetrahydroisoxazolo[5,4-c]
pyridin-3-ol (unpublished observations), an agonist selective
for GABA AR ¢ subunits which mediate tonic GABA currents
in FS-BCs (Yu et al., 2013). Our simulations showing that
increases in spillover GABA conductances decrease the fre-
quency and coherence of gamma frequency oscillations (Figs.
4-7) are consistent with the reduction in network frequency
and coherence when synaptic decay kinetics are prolonged
(Brunel and Wang, 2003; Bartos et al., 2007). However, in
light of our conservative assumption of low spillover con-
ductance in the pS range, it is possible that our simulations
underestimate the magnitude of the effect of ggapa-exua ON
the frequency and coherence of network oscillations.
Moreover, robust increases in synaptic inhibition during
physiological and pathological neuronal activity are likely to
be accompanied by enhancement of spillover GABA con-
ductance which could further augment the impact of
€GABA-extra ON Network oscillations. Our observation that sys-
tematic increases in the baseline ggapa-exwa fail to modulate
network oscillations in the absence of spillover conductance
underscores the importance of synaptic kinetics in determin-
ing network oscillations. However, our simulation of baseline
extrasynaptic GABA conductance as a deterministic leak con-
ductance rather than stochastic noisy conductance precludes
changes in baseline root-mean-square noise associated with
increasing ggapa-exta- Consequently, use of a deterministic
leak conductance to simulate baseline tonic GABA conduct-
ance may have resulted in further underestimation of the
impact of these conductances on network coherence.

The ability of ggapa-exia t0 modulate gamma oscilla-
tions can have considerable impact on the physiological and
pharmacological modulation of gamma oscillations. Tonic
GABA currents in FS-BCs are mediated by GABARs con-
taining 0 subunits (Yu et al., 2013). GABAARs d subunits
are subject to modulation by several neuroactive compounds
such as alcohol, neurosteroids and certain anesthetics (Stell
et al., 2003; Mody et al., 2007; Brickley and Mody, 2012).
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Therefore, it is possible that certain neuroactive compounds
act, in part, by modulating network oscillations as a conse-
quence of their effect on ggapa-exta- Moreover, recent find-
ings that tonic GABA currents mediated by J subunit
containing GABARs are modulated by GABAg receptor
activation (Connelly et al., 2013; Tao et al., 2013) suggest
that physiological modulation of tonic GABA currents could
regulate the robustness of network oscillations. Overall, our
results demonstrating that FS-BC ggapa-exwas €specially
spillover GABA conductance, reduces the frequency and co-
herence of network oscillations suggest that gamma oscilla-
tions may be regulated by physiological and pathological
modulation of basket cell tonic inhibition.

Basket cell inhibitory plasticity impacts network
oscillations: Implications for seizure disorders

Since our simulations showed that extrasynaptic GABA
conductances modulate network oscillations, we further
investigated the effect of seizure-induced depolarization of
FS-BC GABA reversal potential, together with increase in
extrasynaptic GABA conductance (Yu et al., 2013), on
network activity. In contrast to the absence of changes in net-
work excitability (Yu et al., 2013), simultaneous introduc-
tion of tonic GABA currents and depolarized GABA
reversal resulted in a striking enhancement of network fre-
quency and decrease in global coherence of FS-BC oscilla-
tions. The increase in network frequency and decrease in
coherence in the presence of depolarizing shift in Egapa and
increasing gcapa-exia Was evident at all levels of somatic
excitatory current drive tested. This suggests that despite
potential seizure-induced decreases in FS-BC excitatory
drive (Zhang and Buckmaster, 2009), the depolarizing shift
in Egapa and increasing ggapa-exia i FS-BCs after status
epilepticus could lead to increase in network frequency and
reduce network coherence. The shift in Egapa of synaptic
and extrasynaptic GABA currents resulted in over 30 Hz
increase in FS-BC firing (Figs. 4-7) and contributed to
locally coherent network firing in the 80-250 frequency
range observed in epileptic foci (Bragin et al., 1999; Worrell
et al., 2004; Worrell et al., 2008). Moreover, in networks
activated by dendritic synaptic inputs, systematically
increasing extrasynaptic GABA conductance further
enhanced average FS-BC frequency when Egaga is depola-
rizing. However, as noted earlier, the effect of increasing
extrasynaptic GABA conductance on network frequency was
variable between networks, possibly due to variability in
synaptic input patterns. It is possible that the pathologically
depolarized inhibitory synaptic drive resulted in a net, depo-
larizing synaptic input frequency, albeit sub threshold,
greater than the 200 Hz of the dendritic synaptic input fre-
quency. Thus, the reduction in synchrony observed in inter-
neuronal networks activated by dendritic synaptic inputs
with frequencies over 200 Hz (Kochubey et al., 2011) could
contribute mechanistically to the reduction in coherence
observed in our networks simulated with depolarizing
EGapa. Simultaneously, it is notable that the coherence of
physiological gamma oscillations is reduced upon imple-
menting experimentally observed seizure-induced changes in
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FS-BC tonic GABA currents and GABA reversal potential
and could contribute to the memory deficits associated with
epilepsy (Chauviere et al., 2009; Narayanan et al., 2012;
Rattka et al., 2013).

Taken together, our results demonstrate that homogene-
ous networks of biophysically based fast-spiking basket cells
connected by fast GABA synapses develop robust synchrony
in the gamma frequency range that are subject to modulation
by extrasynaptic GABA conductances and changes in
GABA reversal potential. The findings suggest that physio-
logical and pharmacological enhancement of basket cell
tonic inhibition and experimentally identified changes
FS-BC GABA currents following status epilepticus can com-
promise gamma frequency oscillations and promote patho-
logical high frequency network activity.
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