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Altered inhibitory function is an important facet of epileptic pathology. A key concept is that GABAergic activity can become excitatory
if intraneuronal chloride rises. However, it has proved difficult to separate the role of raised chloride from other contributory factors in
complex network phenomena, such as epileptic pathology. Therefore, we asked what patterns of activity are associated with chloride
dysregulation by making novel use of Halorhodopsin to load clusters of mouse pyramidal cells artificially with Cl �. Brief (1–10 s)
activation of Halorhodopsin caused substantial positive shifts in the GABAergic reversal potential that were proportional to the charge
transfer during the illumination and in adult neocortical pyramidal neurons decayed with a time constant of � � 8.0 � 2.8s. At the
network level, these positive shifts in EGABA produced a transient rise in network excitability, with many distinctive features of epileptic
foci, including high-frequency oscillations with evidence of out-of-phase firing (Ibarz et al., 2010). We show how such firing patterns can
arise from quite small shifts in the mean intracellular Cl � level, within heterogeneous neuronal populations. Notably, however, chloride
loading by itself did not trigger full ictal events, even with additional electrical stimulation to the underlying white matter. In contrast,
when performed in combination with low, subepileptic levels of 4-aminopyridine, Halorhodopsin activation rapidly induced full ictal
activity. These results suggest that chloride loading has at most an adjunctive role in ictogenesis. Our simulations also show how chloride
loading can affect the jitter of action potential timing associated with imminent recruitment to an ictal event (Netoff and Schiff, 2002).
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Introduction
Inhibitory dysfunction has long been considered to be a major
factor in triggering epileptic seizures (Miles and Wong, 1983;
Sloviter, 1987; Traub and Miles, 1991; Cossart et al., 2005; Pinto
et al., 2005; Huberfeld et al., 2007; Zsiros and Maccaferri, 2008;
Kaila et al., 2014; Pallud et al., 2014). In recent years, particular
attention has focused on how positive shifts in the GABAergic
reversal potential, caused by raised intracellular Cl� levels in
neurons, may contribute to this process. Recordings from human

brain slices, resected to treat epilepsy, show evidence of excitatory
GABAergic activity (Cohen et al., 2002; Pallud et al., 2014) asso-
ciated with reduced expression of the potassium chloride
cotransporter KCC2 (Huberfeld et al., 2007). Even without defi-
cits in KCC2 expression, Cl� levels may rise acutely during
intense GABAergic activation (Alger and Nicoll, 1979; Fujiwara-
Tsukamoto et al., 2003; Isomura et al., 2003; Kaila, 1994; Kaila et
al., 1997; Staley et al., 1995; Thompson and Gähwiler, 1989a,b,c)
or be influenced by the distribution of other permeant and im-
permeant anions (Glykys et al., 2014). Collectively, these suggest
an important role for chloride dysregulation in epileptogenesis,
but it has not actually been shown whether raising intracellular
Cl� generally within the neuronal population is sufficient by
itself to trigger epileptiform events or what patterns of activity are
associated with such Cl� loading.

The largest group of cortical neurons is the pyramidal popu-
lation, representing �80% of all cortical neurons, and the timing
of their firing is influenced strongly by the output of basket cells
(Cobb et al., 1995). In epileptic cortical networks, there are par-
ticularly intense bursts of interneuronal activity that appear to
provide a restraint on the propagation of epileptiform discharges
(Prince and Wilder, 1967; Trevelyan et al., 2006; Schevon et al.,
2012). We reasoned that chloride loading in the pyramidal pop-
ulation would strongly influence the pattern of any breakthrough
firing during the high-frequency inhibitory volleys. In particular,
we asked whether it might explain certain distinctive high-
frequency features (Foffani et al., 2007; Ibarz et al., 2010) and
firing patterns (Netoff and Schiff, 2002) associated with epileptic
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foci (Bragin et al., 2002a,b; Staba et al., 2002; Jiruska et al., 2010)
and the onset of ictal activity. To test this, we made novel use of
the enhanced optogenetic chloride pump derived from Natromo-
nas, Halorhodopsin (eNpHR; Gradinaru et al., 2008) to artifi-
cially load pyramidal cells with chloride (Zhang et al., 2007;
Raimondo et al., 2012) to examine the specific contribution of
chloride dysregulation to epileptiform activity.

Materials and Methods
Dissociated neuronal culture recordings. All procedures were performed
according to the requirements of the United Kingdom Animals (Scien-
tific Procedures) Act 1986. Assessment of the chloride-loading effect of
eNpHR activation was performed using dissociated neuronal cultures.
Primary neuronal cultures were prepared from rat pups at embryonic
days 18 –20 in the following way. A pregnant rat was killed by cervical
dislocation, and a sagittal incision was made in the abdominal area to
remove the pups. The neocortex and hippocampal tissue was isolated
from the pups and digested using papain enzyme (Sigma-Aldrich) for
40 min. Cells were then dissociated within the growing medium
(Neurobasal A, 2% B-27 supplement, 1% FBS, 0.5% glutamate, and
0.5% antibiotic–antimicotic; Invitrogen) by pipetting it up and down.
Cells were plated (10 5 cells/ml) on coverslips coated with poly-D-
lysine and laminin (Sigma-Aldrich). Cells were allowed to attach to
the coverslips by incubating at 37°C for 2.5 h. Cells were transfected
using virus [human synapsin– eNpHR3.0 – enhanced yellow fluores-
cent protein (EYFP)] at 7 d in vitro, and experiments were conducted
on 14 –28 d in vitro.

Optogenetic expression. All animal handling and experimentation were
done according to United Kingdom Home Office guidelines. Optoge-
netic proteins were expressed on pyramidal cells by doing injection of
viral vectors or breeding. To achieve pyramidal expression of eNpHR, we
injected adeno-associated virus (AAV)–CaMKII– cre–GFP (University
of North Carolina Viral Vector Core) into homozygous floxxed– eNpHR
animals [Ai39; B6; 129S–Gt(ROSA)26Sor tm39(CAGHOP/EYFP)Hze/J; stock
#014539 The Jackson Laboratory]. For pyramidal expression of Archae-
rhodopsin (Arch), we injected AAV–CaMKIIa– eArchT3.0 –EYFP (Uni-
versity of North Carolina Viral Vector Core) into wild-type C57BL/6J
mice. Injections were made into either postnatal day 0 –1 pups or young
adult mice. The pups had EMLA cream (2.5% lidocaine and 2.5% prilo-
caine) applied to the left top of their head and were anesthetized subse-
quently using isoflurane inhalation. A single injection of virus was made
using a 10 �l Hamilton syringe, with a beveled 36 gauge needle (World
Precision Instruments) �1 mm anterior to lambda and 1 mm lateral to
the midline into the left hemisphere, at 1.7–0.8 mm deep to the skin (four
separate 50 nl injections, deepest first). Approximately 0.2 �l (�1011–1012

viral particles) was injected over a 10 min period. This reliably labeled py-
ramidal cells throughout the hemisphere and with minimal or no cortical
scarring apparent from the injection tract at the time of recordings, at age
5 weeks to 3 months. This became the preferred method for labeling, but
for the early experiments, we also performed injections in adult animals.
For these adult injections, done at age 5– 8 weeks, animals were anesthe-
tized by ketamine–methoxamine intraperitoneal injection and placed in
a stereotaxic head holder (David Kopf Instruments). Injections were
made at three to four locations in an anterior–posterior row in one
hemisphere, 1.5–2 mm lateral to the midline and 1– 0.4 mm deep to the
pia (0.6 �l, injected over 15 min). This gave far more restricted labeling,
extending 0.2– 0.5 mm in coronal slices, and the illumination and re-
cordings were then targeted to the center of this area. We also used brain
slices prepared from first-generation cross-breeding of floxxed– eNpHR
animals with CaMKIIa– cre mice [B6.Cg-Tg(CaMK2a-cre)T29 –1Stl/J;
stock #5359; The Jackson Laboratory]. The method of introducing eN-
pHR into pyramidal cells did not affect the pattern of activity induced by
eNpHR priming.

Fluorescence immunocytochemistry. Adult male HaloGFP f/f;CaMKcre

mice were terminally anesthetized by brief inhalation of isoflurane
(0.05% in air), followed by an intramuscular injection of ketamine
(�100 mg/kg) and xylazine (�10 mg/kg). Once anesthetized mice were
perfused through the heart with 4% (w/v) paraformaldehyde (PFA) in

PBS (0.1 M), pH 7.2. After perfusion, brains were removed and postfixed
in 4% PFA in PBS overnight at 4°C. The brain was cut coronally (50-�m-
thick sections) using a Leica VT1000S vibratome. Sections were collected
in PBS and then incubated in 50 mM ammonium chloride in PBS for 20
min at room temperature. After washing in PBS, sections were incubated
in 0.1% (w/v) gelatin and 0.1% (v/v) Triton X-100 in PBS. Sections were
double labeled with antibodies to eNpHR (rabbit anti-Halorhodopsin at
1:200; catalog #AS12 1851; Agrisera) and interneuronal markers (sheep
anti-neuropeptide Y at 1:1000, catalog #AB1583, Millipore; goat anti-
parvalbumin at 1:1000, catalog #PVG214, Swant; goat anti-somatostatin
at 1:250, catalog #sc7819, Santa Cruz Biotechnology). The antibodies
were diluted in 0.1% (w/v) gelatin and 0.1% (v/v) Triton X-100 in PBS
and incubated at 4°C for 48 –72 h. After extensive washing with PBS,
sections were incubated with fluorescein isothiocyanate donkey anti-
rabbit and Cy3 donkey anti-sheep and anti-goat secondary antibodies
(Jackson ImmunoResearch) at a dilution of 1:500 in PBS for 2 h at room
temperature. Finally, sections were washed extensively in PBS and
mounted in VECTASHIELD HardSet mounting medium (Vector Labo-
ratories). Control experiments, in which the primary antibodies were
omitted, resulted in no immunoreactivity.

Double-labeling images were obtained by using a Leica TCS SP2 UV
confocal microscope. For analysis, optical slices were reconstructed by
using NIH ImageJ. The photomicrographs used in the figures were pro-
duced by first generating an extended depth of field projection of the
z-stack by using NIH ImageJ. The brightness and contrast of each image
were then optimized, and multipanel figures were composed and labeled
by using Adobe Photoshop and Adobe Illustrator (Adobe Systems).

Brain slice experiments. Coronal brain slices (250-�m-thick slices for
perforated patch recordings and analysis of cellular excitability; 400 �m
for field recordings) were prepared from the injected animals (3–10
months) on ice-cold oxygenated (95% O2/5% CO2) artificial CSF (ACSF;
in mM: 125 NaCl, 26 NaHCO3, 10 glucose, 3.5 KCl, 1.26 NaH2PO4, 3
MgCl2, 1 Na-kynurenate, and 0.3 Na-ascorbate). For the perforated
patch recordings, slices were simply transferred to a submerged incuba-
tion chamber for at least 1 h before recording. For the field recordings,
after cutting, the slices were washed two times for 10 min with the oxy-
genated ACSF (in mM: 125 NaCl, 26 NaHCO3, 10 glucose, 3.5 KCl, 1.26
NaH2PO4, 1.2 CaCl2, and 1 MgCl2) and transferred to an incubation,
interface chamber (room temperature) perfused with the same ACSF for
at least 1 h before being transferred to a recording interface chamber
(33–36°C) perfused with this same ACSF. The concentration of divalent
cations was used following the study by Sanchez-Vivez and McCormick
(1999), because this allowed the reliable triggering of sustained bursts of
activity, with a prominent high-frequency discharge of fast-spiking in-
terneurons, by white matter stimulation (putative thalamic inputs).

Perforated patch-clamp recordings. Recordings were made using a laser
spinning disc confocal microscope (Visitech) fitted with Patchstar microma-
nipulators (Scientifica) mounted on a Scientifica movable top plate. Electro-
physiological data were collected using Multiclamp 700B (Molecular
Devices) and Digidata acquisition boards connected to desktop computers
(Dell Computer Company) running pClamp software (Molecular Devices).
During the entire recording, cells were bathed in circulating oxygenated
ACSF solution (perfusion at 1–3 ml/min), heated to 33–37°C by a sleeve
heater element (Warner Instruments) around the inflow tube.

Gramicidin perforated patch recordings were made using 3–7 M�
pipettes (borosilicate glass; Harvard Apparatus), pulled on a P87 Mi-
cropipette Puller (Sutter Instruments). Electrodes were filled with a high-
chloride internal solution [in mM: 135 KCl, 4 Na2ATP, 0.3 Na3GTP, 2
MgCl2, and 10 HEPES (290 mOsm), pH 7.35], so that the integrity of the
cell membrane could be monitored. Fresh gramicidin stock was prepared
daily at 5 mg/ml in DMSO (catalog #G5002; Sigma-Aldrich). Gramicidin
stock was added to the electrode filling solution to achieve a final con-
centration of 100 �l/ml, mixed thoroughly (40 s vortexing and sonica-
tion), then filtered (Millex syringe filter, 0.45 �m pore size), and used for
patching immediately. Recordings were made when the series resistance
had stabilized below 200 M� (�30 min after patching).

Recordings were made in voltage-clamp mode, with a baseline holding
potential of �70 mV. GABAA currents were induced by 100 �M musci-
mol application delivered close to the recorded neuron through a patch
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pipette coupled to a Picospritzer II (Parker Instrumentation) delivering
10 ms pressure pulses (10 –20 psi), and timing was coordinated with the
illumination (optogenetic activation) using pClamp software coupled to
a Digitizer box. Test voltage ramps (200 ms duration, a saw-tooth, up–
down function; peak, �50 mV; trough, �90 mV; slope, �400 mV/s)
were applied at baseline and also at close to the peak of GABAergic
current (IGABA). The GABAergic current, IGABA, was derived from the
difference between the ramp currents to allow a GABAergic current–
voltage (I–V ) curve to be plotted. I–V plots were derived with and with-
out previous eNpHR activation, and the effect of eNpHR activation on
EGABA was estimated from the shift in the x-intercept of the I–V plot. The
time course of the chloride loading was measured by doing 2.8 s eNpHR
activation, followed by muscimol puffs with increasing delay. The change in
EGABA was calculated for each time delay and normalized to the value for the
shortest delay, and a single exponential curve was fitted to the normalized
data to give the time constant for chloride clearance.

Recovery of cellular properties after optogenetic activation. Whole-cell
patch-clamp recordings were made by direct visualization of neocortical
pyramidal neurons (differential interference contrast microscopy). Cells
were recorded in current-clamp mode (Multiclamp 700B and 1440 Digi-
data analog-to-digital board), and brief hyperpolarizing and depolariz-
ing current pulses were applied before, during, and immediately after
prolonged eNpHR or Arch activation to allow assessment of the input
resistance and excitability parameters. The action potential (AP) thresh-
old was estimated by fitting a straight line to the steepest part of the dV/dt
(first derivative of the voltage with respect to time) versus voltage phase
plots and then extrapolating back to 0 dV/dt (Fig. 1C).

Field potential recordings. Early experiments were performed with
sharp, glass microelectrodes, but to facilitate the spike sorting, we then
turned to using tetrodes with four electrode heads in a diagonal arrange-
ment separated by 50 –100 �m (NeuroNexus). Single-electrode extracel-
lular recordings were made through broken-tip borosilicate patch
pipettes (Harvard Apparatus), conducted using either Multiclamp 700B

(Molecular Devices) or Axoclamp 1D (Molecular Devices) amplifiers, a
1401-3 analog-to-digital converter (Cambridge Electronic Design), and
Spike2 software (Cambridge Electronic Design) with sampling rate of
5–10 kHz. Multichannel extracellular recordings were collected at 10
kHz, using a single four-channel-probe configuration (Q1x1-tet “te-
trode”; NeuroNexus) connected to an ME16-FAI-�PA system and
MC_Rack software (Multichannel Systems). Bipolar electrical stimula-
tion (0.2 ms duration) was delivered via tungsten electrodes onto the
white matter. eNpHR and Arch were activated by 561 nm, 50 mW solid-
state laser (Cobolt) connected to a fiber optic with a fine cannula (400
�m core, 0.20 numerical aperture; Thorlabs).

After optimizing the optic fiber coupling, the total light power at the
cannula tip was measured at 15–30 mW. To achieve an approximately
equivalent inhibitory effect by the two different optogenetic probes, we
then scaled down the illumination intensity until both gave an approxi-
mately equivalent suppression of the network response to a white matter
electrical stimulation. This was measured at the same location as the
subsequent post-illumination field effects. Typically, matching required
slightly less light for the Arch than for the eNpHR experiments, consis-
tent with our observations from single-cell recordings that Arch-
transfected neurons often showed larger light-activated currents. The
illumination used in the recordings was constant in any given slice but
ranged from 3 to 20 mW at the cannula tip to give equivalent suppression
of the network event, as assessed by the line length of the unfiltered signal
in the 0.5 s after the electrical artifact (Guo et al., 2010; eNpHR: mean
reduction in line length of evoked event, 82.9 � 2.8%; Arch: mean re-
duction, 88.5 � 4.4%; not significant).

For the optogenetic illumination, to achieve illumination comparable
hyperpolarization current (estimated by the suppression of electrical
stimulation and the amplitude of the field recording artifact at the onset
and offset of illumination), the light intensity was further reduced using
neutral density filters (ND filters 0.2– 0.6; Thorlabs) placed in the light
patch between the laser and the optic fiber. Our patch-clamp studies

Figure 1. eNpHR chloride-loading effect. Ai, EGABA was measured by doing perforated gramicidin patch recording and applying muscimol with or without previous eNpHR activation. Aii, Sample
traces from a single neuron, showing progressively longer eNpHR activation, associated with a progressively larger effect on EGABA, as measured by a voltage ramp during a muscimol-triggered
postsynaptic current. Aiii, Scatter plot showing the shift in EGABA versus the total loading charge calculated as the integral of the current over the illumination period. The plot includes multiple data
points from single dissociated neurons, derived from different duration eNpHR activations (n cells) and five data points from five neurons (red) in adult brain slices, all from 2 s illumination. B, The
recovery of EGABA after eNpHR activation. Bi, Sample traces from one of the neurons recorded in a brain slice, showing the response to muscimol puffs at progressively longer latencies after a 2 s
eNpHR activation. A single-exponential curve (black line) is fitted to the minima of the voltage-ramp responses. Bii, Pooled data showing the recovery of EGABA after eNpHR activation in dissociated
neuron cultures (black) and neurons recorded in adult brain slices (red). Single-exponential fits of the mean data are shown, but note that the time constants reported in Results are the averages of
fits made to each individual cell. C, Example trace showing the excitability, in response to somatic charge injection, of a layer 5 pyramidal cells recorded in an adult brain slice, before, during, and
immediately after activation of eNpHR current (orange bar). D, Phase plots of the rate of voltage change (dV/dt) versus the voltage for AP doublets immediately before (red) and within 1 s after a
5 s eNpHR activation (black), illustrating that eNpHR activation had no lasting effect on the AP threshold or shape. E, Measures of input resistance (RN) normalized to the pre-optogenetic activation
value, showing a pronounced drop during the optogenetic activation but a rapid recovery. The post-optogenetic measures were taken within 1 s of the end of the illumination period.
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showed that a more stable optogenetic current could be obtained by
coillumination of both 561 and 491 nm light, thought to be attributable
to improved cis-to-trans recovery of the activated retinal by blue light
(Han and Boyden, 2007). Therefore, we provided coillumination of the
brain slices, using the 561 nm laser light with blue epifluorescence light
(460 � 20 nm excitation filter) through a 4� air objective (0.28 numer-
ical aperture; Nikon). We confirmed that this coillumination strategy
provided an enhanced and sustained eNpHR current by assessing the
suppressive effect on electrical stimulation at different times during a
long illumination period.

Spike-timing analyses. Frequency band analysis and all the spectro-
grams were done on the raw data, whereas for single-unit and multiunit
analyses, bandpass filter of 300 –5000 Hz was applied and spikes were
detected by a simple thresholding algorithm. Spike analyses were only
performed for periods when the tissue was not illuminated (that is to say,
not during the periods of optogenetic activation). To analyze spike tim-
ing according to the dominant oscillation, detected spikes were plotted
on the Hilbert transform of the corresponding dominant oscillation in
the 75–300 Hz bandpass. Angle and linear histograms were derived from
the Hilbert plot. Baseline data were centralized and fitted to a Gaussian
curve to obtain the baseline half-width. To assess the AP jitter and out-
of-phase firing across multiple experiments, we derived a “half-width
index,” which was calculated using the following formula:

Half-width index �
�(spikes outside baseline HW)

�(spikes within baseline HW)

where HW is the half-width measured on the baseline period. Note that
the baseline HW is used for all analyses for a single experiment, including
for the optogenetically primed datasets that have a different width modal
histogram peak.

Computer simulations of firing patterns. Modeling was performed to
provide a simple, intuitive illustration of the phenomenon we describe in
our experimental studies, showing the consequence of changing EGABA in a
conductance-based model neuron. All the simulations presented here were
run on personal computers (Dell Computer Company) using the NEURON
simulation program (Hines and Carnevale, 2001). We will provide the main
model files on request but will describe their features below.

All simulations were run on simple four-compartment models pos-
sessing a soma, an axon, and a single dendrite comprising a short proxi-
mal compartment and a long distal one. The passive properties were

homogeneous throughout the cells [membrane capacitance, 1 �F/cm 2;
axial resistivity, 160 �cm; leak conductance (gleak), 0.66 pS/�m 2; gleak

reversal potential, �80.6 mV; resting membrane potential, �76 mV].
The input resistance in the passive structure (also zero synaptic conduc-
tance) was relatively high (�1 G�), primarily because of the relatively
small structure of the cell, but the membrane time constant (passive �0 �
�27 ms) was consistent with that measured in layer 2/3 pyramidal cells at
physiological temperature (Trevelyan and Jack, 2002). All model cells
had the same somatic and axonal active conductances: a Hodgkin–
Huxley-type Na � conductance (peak conductance, 2000 pS/�m 2) and
two non-inactivating K � conductances (peak conductance, 5 and 3.5
pS/�m 2, respectively).

Ten excitatory synaptic conductances (Erev � 0 mV) were located on
the distal compartment, spaced equally along its length, providing a per-
sistent, noisy excitatory drive of mean 6.4 pS/�m 2 (calculated over the
entire distal dendritic compartment) with a variance of 10%. This noisy
excitatory drive was implemented as described by Destexhe et al. (2001)
and reduced the input resistance to �170 M�. In the absence of inhibi-
tion, this generated a high rate of spiking, with no periodicity (see Fig.
4A). Threshold for AP generation was �57.7 mV.

Inhibitory synapses were located only on the proximal dendritic tree to
simulate the powerful basket cell inputs that are known to dictate pyra-
midal spike timing (Cobb et al., 1995). Because our intention was only to
explore the constraint of pyramidal firing by basket cells, we did not
include other inhibitory synapses in our models. Basket cells were set to
fire at 100 Hz and deliver a steady amplitude train of postsynaptic con-
ductance events. Each synaptic event was modeled as a transient conduc-
tance, described by a rising time constant (�rise � 0.2 ms) and a decay
time constant (�decay � 2.5 ms) as follows:

g � W . (exp(� t/�decay) � exp(� t/�rise)),

where g is the conductance, and W is the synaptic weight, giving a peak
conductance of 15.9 pS/�m 2 over the whole proximal dendritic com-
partment. We ran separate simulations for a range of EGABA values from
�45 to �85 mV. At 100 Hz, and the mean conductance was 4.86 pS/�m 2

across the whole compartment. Consistent with experimental models,
our simulations showed that this high-frequency proximal dendritic in-
hibition imposed very clear phase relation on the times of pyramidal
firing for all values of EGABA, with respect to the rhythm of the basket cell
firing. We will make the NEURON code available freely on request.

Figure 2. Halorhodopsin (Halo) chloride loading induces high-frequency oscillations. A, Network activity recording arrangement. Ai, Confocal image showing sparse expression of eNpHR–EYFP
in pyramidal cells. Aii, schematic showing the locations of the recording electrode in layer 5 (gray), stimulating electrode (blue) in the underlying white matter, and a fiber optic delivering 560 nm
wavelength light. Aiii, 560 nm greatly suppresses the electrically evoked neural activity, thereby demonstrating the existence of a prominent eNpHR current. B, Sample recordings showing the effect
of repeated 25 s periods of 560 nm illumination to activate eNpHR (eNpHR priming), with electrical stimulation during the dark periods (5 s). Electrical stimulation was applied 0.5 s after and 4.5 s
before the illumination. The interval between stimuli was always 30 s. Baseline periods had the same electrical stimulation frequency (period, t � 30 s) but no eNpHR illumination. Bii,
Representative traces and spectrograms taken during two periods of electrical stimulation without eNpHR illumination (Base1 and Base2) and two periods with illumination (HP1 and HP2). Note the
large increase in power at 300 – 600 Hz during the eNpHR-priming periods, which reversed rapidly without illumination (Base2 and Ci). C, Composites of sequential spectrograms to show the
changes during the entire experiment. Note the prominent band at �200 –500 Hz, indicative of a rise in high-frequency power induced by eNpHR priming and the reversion to baseline without
illumination. Similar experiments with Arch induced a small increase in amplitude of the network event but without any change in the high-frequency activity.
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The simulations of the population firing were made by convolving the
spike-phase plots with histograms of EGABA values for two distributions,
one taken from Huberfeld’s measures (mean EGABA � �60.8 mV; Hu-
berfeld et al., 2007) and a second “normal” distribution that was shifted
in a hyperpolarizing direction (mean EGABA � �68.5 mV). We made
eight simulations of the spike-phase plots for values of EGABA between
�80 to �45 mV (5 mV steps) and multiplied each distribution by the
number of cells in that bin before normalizing the plots to give an ordi-
nate axis in terms of the probability of a spike per bin per cycle.

Offline analysis was done using Igor (WaveMetrics), MATLAB (Math-
Works), and Microsoft Excel software. Box plots were generated using
online software (http://boxplot.tyerslab.com). Statistics are given as
mean � SEM unless otherwise stated, and significance is tested using
paired Student’s t tests.

Results
Transient chloride loading of neurons using optogenetics
Perforated patch recordings of dissociated pyramidal cells in cul-
ture indicated that activation of eNpHR for just a few seconds
could induce positive shifts in EGABA of up to 25 mV (Fig. 1A),

confirming previous work by Raimondo
et al. (2012). The shift in EGABA decayed
back to baseline levels with a time con-
stant, �decay, of 28.12 � 9.26 s (n � 14; Fig.
1B). We repeated these experiments also
on pyramidal cells in brain slices prepared
from adult mice (5 months) and showed a
qualitatively similar effect (�decay � 8.0 �
2.8 s; n � 5). Notably, both groups
showed large variance in the calculated
time constants, indicating some degree of
heterogeneity with respect to this cellular
behavior, and consequently, although the
averages suggested that the decay was
faster in brain slices, the difference from
the cultured neurons was not significant
in our samples (ts � 1.36; 0.2 	 p 	 0.3).
Importantly, other cellular parameters af-
fecting neuronal excitability returned rap-
idly to normal after the end of eNpHR
activation. In whole-cell current-clamp
recordings of pyramidal cells recorded in
brain slices prepared from adult mice, we
induced eNpHR activation, causing an
average hyperpolarizing shift of 23.0 � 1.5
mV, strongly suppressing firing driven by
current injection and also inducing a 27 �
8% drop in input resistance. Measure-
ments taken within the first second after
the end of eNpHR activation showed no
difference from the preillumination mea-
sures for resting membrane potential
(pre-eNpHR Em � �74.8 � 2.5 mV; post-
eNpHR Em � �75.0 � 2.9 mV; n � 4
cells), input resistance (Fig. 1C; change
from baseline, 4.4 � 1.4%), and AP
threshold [pre-eNpHR threshold (above
Em), 33.0 � 1.2 mV; post-eNpHR thresh-
old, 33.3 � 1.2 mV; n � 4], height
(peak � threshold: pre, 53.9 � 4.4 mV;
post, 52.9 � 4.5 mV; n � 4), or shape (Fig.
1D). At this same time point, EGABA was
shifted positively by 5.9 � 1.0 mV in cul-
tures (n � 12 cells) and 3.9 � 0.6 mV in
adult pyramidal cells (n � 4 cells) in

acutely prepared brain slices (culture vs slice comparison: ts �
1.09; 0.4 	 p 	 0.2, nonsignificant). In short, the only apparent
cellular change persisting beyond 1 s was the change in EGABA.

We made similar measurements after Arch activation. This
optogenetic protein also hyperpolarizes neurons but by pumping
protons out of cells. As with eNpHR activation, Arch activation
was associated with a suppression of firing and a drop in input
resistance (normalized to preillumination, Rn � 61 � 20%, n �
4), but these both corrected rapidly within a second of ending
illumination (post-illumination, normalized Rn � 106 � 4%), as
did baseline Em (pre, �71.1 mV; post, �70.6 mV; n � 4; ts � 0.03,
n.s.), AP threshold relative to baseline Em (pre, 32.1 � 4.2 mV;
post, 32.5 � 4.3 mV; n � 4; ts � 0.02, n.s.), and AP height (peak �
threshold: pre, 56.2 � 6.7 mV; post, 54.9 � 7.0 mV; n � 4; ts �
0.13, n.s.). However, unlike after eNpHR activation, Arch activa-
tion produced no change in EGABA (measured at �1 s after illu-
mination; pre, �64.5 � 5.1 mV; post, �64.7 � 5.5 mV; n � 3; ts

Figure 3. Frequency analysis of eNpHR-priming versus Arch-priming experiments. A, Pooled averages over all experiments,
showing the changes in spectral power for different frequency bands, normalized to the baseline for each recording, for epochs of
repeated eNpHR primed (red) and Arch primed (black; ON and intermediary periods without illumination (OFF). B, Box plot of the
averaged ON-period power during eNpHR priming and Arch priming for different frequency bands. eNpHR activation positively
modulates activity across all frequency bands but only differs significantly from Arch activation in the 300 – 600 Hz frequency band
(n � 11 for eNpHR and Arch, p 	 0.01, t test). Halo, Halorhodopsin.
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Figure 4. Neuronal chloride loading triggers out-of-phase firing during spontaneous bursts of activity. A, Spectrograms of extracellular recordings of spontaneous bursts of activity in baseline
(left) and eNpHR-primed (chloride-loaded) tissue. Note the prominent “double-frequency” signal in the chloride-loaded tissue. Detected spikes [dots, red (early) to green (Figure legend continues)
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� 0.02, n.s.), consistent with previous reports (Raimondo et al.,
2012).

Thus, eNpHR activation can non-invasively induce a tran-
sient loading of Cl� into many neurons simultaneously through
broad illumination of networks expressing the protein. There-
fore, we used this technique to modulate intraneuronal Cl� levels
in pyramidal cells in brain slices to investigate what patterns of
activity ensue when neurons become loaded with Cl�, as is
thought to happen in epileptic pathology.

We recorded neocortical activity patterns in brain slices taken
from animals expressing either eNpHR or Arch (Chow et al.,
2010), both under the CaMKII� promoter (Fig. 2). We used a
methodology developed by Sanchez-Vives and McCormick
(2000), in which the extracellular divalent cation concentration is
lowered slightly (1.2 mM Ca 2�, 1 mM Mg 2�), because this al-
lowed the reliable triggering of sustained bursts of activity, with a
prominent discharge of fast-spiking interneurons (Shu et al.,
2003), by white matter stimulation (putative thalamic inputs).
We first confirmed that activation of the optogenetic probe, by
illumination through an optic fiber placed adjacent to the record-
ing electrode, could suppress substantially the electrically evoked
network response (Fig. 2Aiii). We then changed the timing of
electrical stimulation so that it was delivered after the optogenetic
activation to investigate the chloride-loaded state induced by
eNpHR priming. Prolonged eNpHR activation might also induce
rebound firing simply as a reaction to the hyperpolarization.
Therefore, we repeated these experiments in brain slices express-
ing instead Arch, which is another hyperpolarizing optogenetic
tool that pumps protons out and which thus allows us to separate
the chloride-loading effects from the rebound activation.

Distinctive network activity induced by chloride loading
Chloride loading the pyramidal population, by previous eNpHR
activation (“eNpHR priming”), reliably induced a large increase
in evoked network activity with a prominent signal in high-
frequency bandwidth between 150 and 600 Hz. This effect re-
versed rapidly, within five trials (150 s), once eNpHR priming
was stopped (Figs. 2B,C, 3A). In contrast, after Arch priming,
there was no change in the high-frequency power from baseline
trials, confirming that the eNpHR-primed induced high-
frequency activity is Cl� dependent and not merely attributable
to rebound firing caused by synchronized hyperpolarization of
pyramidal cells (Figs. 2C, 3A,B). We performed more detailed
analysis of the high-frequency components of the extracellular
signal between 75 and 600 Hz. The eNpHR-primed tissue showed
increases above that shown by Arch-primed tissue at all frequen-
cies, but this was only significantly different for the 300 – 600 Hz

bin [Fig. 3A; first priming, eNpHR (4.13 � 0.87, n � 11) vs Arch
(1.44 � 0.26, n � 11), p 	 0.01; second priming, eNpHR (3.67 �
1.09, n � 7) vs Arch (1.56 � 0.31, n � 10), p 	 0.05, Student’s t
test]. The 600 –1200 Hz signal showed virtually no change for
either eNpHR- or Arch-primed tissue, indicating that the
eNpHR-priming effect at 300 – 600 Hz is unlikely to arise simply
from a signal harmonic process, because that would have also
produced increases at higher-order harmonics, too.

Previous studies of high-frequency oscillations in epileptic
rats suggested that they arise from out-of-phase firing between
subpopulations of pyramidal cells (Foffani et al., 2007; Ibarz et al.,
2010). Therefore, we conducted analysis of spontaneous spiking
in the periods between optogenetic activation (Fig. 4). Analysis
was conducted on the periods after the end of the evoked burst of
activity and before the subsequent optogenetic illumination (10
4.5-s epochs, 45 s total per slice). After eNpHR priming, there was
a significant increase in the multiunit firing rate (note the differ-
ent scale bars in Fig. 4B; baseline multiunit rate, 6.7 � 2.5
spikes/s; eNpHR-primed, 38.3 � 6.6 spikes/s; n � 8; p 	 0.001;
eNpHR-priming increase, normalized to baseline, 12.7 � 4.8). In
contrast, Arch-priming produced only a small, but nonsignifi-
cant, trend toward increased firing over baseline (Arch baseline
multiunit rate, 6.5 � 1.9 spikes/s; Arch-primed, 10.2 � 2.6
spikes/s; n � 6; n.s.; Arch-priming increase, 2.2 � 0.7).

In both baseline and eNpHR-primed periods, there were epi-
sodes of bursting activity that showed up as prominent bands in
the spectrograms between 150 and 300 Hz (Fig. 4A), with an
additional band at approximately double this frequency after
eNpHR priming (Fig. 4A, right). We speculated that the lower-
frequency bandwidth (	300 Hz) may be dictated by bursts of
fast-spiking interneurons, which are known to fire in this range,
and because the output of these neurons can entrain pyramidal
firing, we analyzed the timing of the multiunit activity with re-
spect to the dominant frequency band between 75 and 300 Hz.
We did this by performing a Hilbert transform on the 75–300 Hz
band, which allows the oscillating signal to be plotted as a con-
tinuous circular trajectory, and then plotting histograms of the
spike times with respect to this cycle (Fig. 4A). Spiking during the
baseline period was virtually entirely confined to the lower left
quadrant (eNpHR-expressing tissue: mean phase angle, 3.58 �
0.11 Rad, n � 7; Arch-expressing tissue: mean phase angle,
3.24 � 0.14 Rad, n � 6), which represented spikes occurring close
to the trough of the local field potential. In contrast, after eNpHR
priming, the spiking was far more intense, spike timing showed a
marked increase in jitter with respect to the dominant high
gamma oscillations in all slices, and, in three of eight slices, there
was a biphasic distribution, with a prominent peak in the histo-
gram exactly out-of-phase with the main peak. This feature was
unique to the eNpHR-priming experiments and did not occur
with Arch priming (Fig. 4B).

To pool data from different experiments, we derived an out-
of-phase index by fitting a Gaussian curve centered on the circu-
lar mean to define the half-width of the modal peak and then
calculating the ratio of the number of spikes outside of this half-
width limit to the number of spikes within it (Fig. 4C). This
showed a highly significant increase in out-of-phase spiking in
the eNpHR-primed tissue (half-width index, 1.35 � 0.15, n � 8)
compared with both baseline periods (0.56 � 0.04, n � 8, p 	
0.001) and also to the control Arch-primed tissue (0.60 � 0.20,
n � 6, p 	 0.02; Fig. 4D).

An important consideration when analyzing such spike-phase
relationships, especially when relating units and field recordings
made in the same electrode, is spectral leak, which is when a very

4

(Figure legend continues.) (late) shows a progression of time] were plotted on the Hilbert
transform of the dominant oscillation (75–300 Hz; blue circular trace), and the rose plots rep-
resent the numbers of APs occurring at different phases of the oscillation. Note the out-of-phase
spiking in the eNpHR-primed dataset, also apparent as a second minor peak (arrowed) in the
conventional histogram (duplicated data beyond �� and �). B, Periods of hyperpolarization
using Arch (Arch-priming) causes a rebound increase in spiking (contrast the calibration bars for
the histograms) but no change in the phase distribution of spikes. C, Half-width index measured
the ratio between the number of out-of-phase spikes to the in-phase spikes, which were taken
to be the spikes within bounds (red lines) set by the half-width of a Gaussian fit to the main spike
peak in the baseline histograms. Left column shows the raster plots for baseline and Cl-loaded
tissue, and the right column shows the same data plotted as histograms of the spike times. D,
Pooled data for half-width indices, showing significantly higher values for Cl-loaded slices
(eNpHR-primed) compared with baseline (n � 8, p 	 0.001, t test) and for Arch-primed tissue
(n � 6, p 	 0.02, t test). Halo, Halorhodopsin.
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high-frequency event will create a small oscillation also in lower
bandpass filtered traces. To separate the spectral leak from the
spike-independent field oscillation, we therefore performed two
control analyses to examine potential confounding effects of
spectral leak. First, we performed amputations of the unit spikes
in the raw data before performing the 75–300 Hz filtering (Fig. 5).

This reduced the amplitudes of the peaks (Fig. 5A, contrast the
blue and black lines), and the spike-phase distributions showed
slightly broader peaks than for the normal signal, both indicating
that there was indeed a small spectral leak effect, but importantly,
the distribution remained strongly skewed. We further tested the
confounding influence of spectral leak with a second more ex-

Figure 5. Control analyses to examine the effect of spectral leak. A, A raw data trace, showing the spikes (blue) and the amputated version (black). The bottom traces show the 75–300 Hz
bandpass filtered traces. B, 75–300 Hz bandpass filtered traces of the raw (blue) and the amputated traces. Red dots indicate the spike times. Note the reduced amplitude peaks for the amputated
spikes but that these still occur at the same phase of the oscillation, as evidence by the same skewed orientation of the pooled data shown in the spike-phase plots (right columns). C, The same filtered
traces but showing the new locations of APs for the time-shifted analysis. The spike-phase plots showed a shifted phase, reflecting the time shift, and a broader main peak, but importantly, they were
still heavily skewed for both the raw and amputated data.

Figure 6. Spike-phase relationships were preserved for three different control analyses for spectral leak effects. A, Example phase histograms showing the shifted spike-phase distributions for
the three control paradigms illustrated in Figure 5, but note that the key features, with baseline spike-phase plots having single peaks, and eNpHR-primed plots having double peaks, are maintained.
B, Pooled data showing that there were highly significant differences between the eNpHR-primed and Arch-primed matched analyses for all control paradigms. *p 	 0.05; **p 	 0.01; ***p 	
0.001. Halo, Halorhodopsin.

7722 • J. Neurosci., May 20, 2015 • 35(20):7715–7726 Alfonsa et al. • Pathological Rhythms Arising from Raised Chloride



treme test by examining the phase relationship at a time ahead of
the spikes. Our reasoning was that, if the spikes were indeed embed-
ded within genuine oscillations, then these oscillations would extend
sufficiently far in front and after the spike that the relationship would
still exist for time-shifted points. We chose a forward time shift to
avoid any postsynaptic influences. We tested increasing 
t until the

amputated and non-amputated spike-phase plots were identical, in-
dicating a time point beyond the effect of the spikes. The 
t was
specific for each trace and ranged between 1.3 and 1.8 ms ahead of
the spike. Importantly, for all three analyses [(1) amputated; (2)
time-shifted; and (3) both amputated and shifted data], the baseline
and Arch-primed datasets produced single-peak phase distribu-

Figure 7. Heterogeneity in levels of intracellular Cl � can explain the appearance of out-of-phase population firing. A, Simulation using NEURON of how a train of high-frequency IPSCs from a
fast-spiking interneuron superimposed onto a noisy, desynchronized glutamatergic drive creates a patterned firing in the pyramidal cell. AP threshold was approximately �48 mV. B, Simulations
in the same model, at four different GABAergic reversal potentials. The firing probability is plotted with respect to the field oscillation, which is approximately �/4 phase shifted from the start of the
IPSC, as judged by comparisons with the timing of fast-spiking interneuron APs (Hasenstaub et al., 2005). These different probability histograms are convolved with estimates of the distribution of
EGABA in the pyramidal population [middle, black; the bottom histogram is taken from the study of Huberfeld et al. (2007), mean EGABA ��64mV; the top is a simulated, normal distribution shifted
to a slightly more hyperpolarized mean EGABA � �68 mV]. The convolution is achieved by assuming that the various bins show the firing phase relations in the left plots, to yield estimates of the
population firing for the “normal” and the “Huberfeld” populations.
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tions, whereas the eNpHR-primed datasets produced double peaks
(Fig. 6). We derived half-width indices for all three analyses, which
all showed highly significant differences between eNpHR-primed
and baseline periods and also between the eNpHR-primed and
Arch-primed data (Fig. 6). Therefore, we concluded that, although
there is indeed a small but demonstrable spectral leak effect, this
could not explain the distinctive spike-phase plots found in the dif-
ferent experiments.

Activity patterns explained by heterogeneity within the Cl-
loaded pyramidal population
We hypothesized that a mechanism involving fast-spiking in-
terneurons, which are known to influence the timing of pyrami-
dal neurons and are also thought to discharge at high rates in
response to surges in network activity (Cammarota et al., 2013),
might explain these spiking patterns. In particular, we investi-
gated how the influence of a high frequency inhibitory barrage
might be distorted by changing the intracellular Cl� levels in the
postsynaptic population, using compartmental neuronal model-
ing (Hines and Carnevale, 2001). We simulated an intense, de-
synchronized glutamatergic drive on to a pyramidal cell and then
further delivered a high-frequency barrage of IPSCs on to the soma
and proximal dendrites; Figure 7A shows repeated simulations of
postsynaptic spiking for a cell with a relatively hyperpolarizing EGABA

(�75 mV), which are collated into spiking phase histograms based
on the cycle of IPSCs. We next simulated how the effect of this same
inhibitory barrage changed with EGABA shifting toward more posi-
tive levels (Fig. 7B) to show that the window of opportunity for
pyramidal spiking broadens as the effective inhibition diminishes
(EGABA shifting from �75 to �65 to �55mV). Eventually, when
EGABA exceeds AP threshold (more than �48 mV), there is a sudden
180° (�) phase shift in the spiking.

Previous studies have shown that the output of fast-spiking
interneurons is synchronized precisely on to the multiple post-
synaptic pyramidal cells (Miles et al., 1996; Trevelyan, 2009). If
we consider that this postsynaptic population has a distribution
of EGABA values, as measured by Huberfeld et al. (2007) and also
shown using Cl� imaging (Dzhala et al., 2010), we can use the
simulations of firing patterns for the single cell at different EGABA

levels to simulate the multiunit spiking patterns in this heteroge-

neous population. We derived the population response using two
different distributions of EGABA values, one distribution as de-
scribed in resected human epileptic hippocampi (Huberfeld et
al., 2007) and a negatively shifted one as the physiological distri-
bution. The physiologically shifted distribution (mean EGABA �
�68.5 mV; Fig. 7B, top right) showed a unimodal spiking distri-
bution with respect to the rhythm imposed by the basket cells. In
contrast, only a small positive shift in EGABA (mean EGABA � �60.8
mV; Fig. 7B, bottom right) allowed a marked increase in spiking
because of the broadening of the main peak but also the appearance
of a prominent out-of-phase peak, reflecting the activity of the
subpopulation of neurons with pathologically high levels of
Cl � and a correspondingly high EGABA, in excess of AP thresh-
old. These distributions reproduced very well the histograms
drawn from different eNpHR-primed brain slices (Fig. 4A).

Cl � loading only triggered full ictal events in conjunction
with other pathological activity
This model thus provides a coherent explanation of how our
eNpHR-priming experiments can give rise to activity patterns
that have also been described in epileptic animals (Foffani et al.,
2007; Ibarz et al., 2010). Therefore, it was a surprise that, in none
of these experiments, either with eNpHR or Arch priming, did
repeated electrical stimulation to the network actually trigger
ictal-like events, with hypersynchronous, rhythmic discharges.
We next asked whether Cl� loading altered the seizure threshold
for other treatments. We examined the 4-aminopyridine (4-AP)
model, because this model is known to trigger intense bursts of
firing in the fast-spiking interneuronal population (Cammarota
et al., 2013), therefore reasoning that such activity may escalate
toward ictal activity if their postsynaptic output were imposed on
a population of pyramidal cells with raised intracellular Cl� lev-
els. Epileptiform activity can be readily induced by bath applica-
tion of 50 –100 �M 4-AP in brain slices. When we used only 20 �M

4-AP, 4 of 20 slices showed epileptiform activity very quickly
(	10 min), and this activity was not in any way modulated by
subsequent eNpHR activation (Fig. 8). The majority of slices
were quiescent (80%), even when bathed in 20 �M for �1 h.
However, when these quiescent slices were then eNpHR primed,
full ictal activity was very rapidly induced, within a few minutes,

Figure 8. Rapid escalation of epileptiform activity by eNpHR priming in conjunction with 4-AP. A, Multiunit activity (MUA; 300 –5000 Hz) and local field potential (LFP; 1–300 Hz) recordings
showing a full ictal event occurring after just four periods of illumination in a slice bathed in 20 �M 4-AP. The top two traces show the entire recording, and the bottom two show a zoomed in view
of an epileptiform discharge that starts immediately after the end of a period of eNpHR-activation (orange bar). Note how the event persists even when the illumination (eNpHR activation) is
resumed. B, Example traces showing three initial patterns of activity in 20 �M 4-AP before eNpHR activation: Type 1, no evidence of any epileptiform activity (12 of 20; black trace); Type 2, occasional
brief and small-amplitude interictal events (middle trace, dark gray; n � 4); and Type 3, continual frequent discharges starting within minutes of applying 4-AP (“status epilepticus”; bottom trace,
light gray; n � 4). C, eNpHR activation caused a rapid escalation of epileptiform activity, with the appearance of sustained epileptiform bursts (full ictal events) in 15 of 16 (94%) of the recordings
that initially showed Type 1 (non-epileptic) and Type 2 (interical events only) activity. Type 3 activity was not obviously modulated by eNpHR activation, persisting also through periods of
illumination without changing frequency or amplitude. Halo, Halorhodopsin.
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in all but a single slice [15 of 16 slices; latency to the first full ictal
event after start of eNpHR priming, 8.9 � 2.7 cycles (30 s cycles of
25 s illumination/5 s dark); latency from the start of the first cycle,
268 � 80 s, n � 15; Fig. 8B]. The ictal activity generally started
immediately after the light was turned off, without the need of
electrical stimulation, and often persisted into the next illumina-
tion cycle, resisting the inhibitory action of the eNpHR (see the
expanded example traces in Fig. 8A).

Discussion
We explored a key hypothesis in epilepsy: that chloride dysregu-
lation in neurons is a major factor in triggering seizures. Surpris-
ingly, Cl� loading by itself did not trigger full ictal activity, even
when electrical stimulation was delivered to the network. How-
ever, when Cl� loading was associated with other pathological
activation, by bathing in low levels of 4-AP, it did rapidly induce
ictal activity. Thus, we make a clear distinction between how Cl�

loading creates a primed brain state and the requirement for
some adjunct pathology to actually trigger a seizure.

Previous animal work has suggested that intense bursts of
GABAergic activity can themselves be a direct trigger of seizures,
with the proposed mechanism being a positive shift in EGABA (Ber-
nard et al., 2000; Gnatkovsky et al., 2008). An important component
of the pathology may be that this pattern of inhibitory discharge can
synchronize the postsynaptic population of pyramidal cells (Klaas-
sen et al., 2006). These issues are explored further in several review
articles (Menendez de la Prida and Trevelyan, 2011; Jiruska et al.,
2013). Our results suggest that the combination of such intense in-
terneuronal discharges together with a progressive shifting EGABA

may be particularly ictogenic and also give rise to certain previously
unexplained features of electrophysiological recordings immediately
before the seizure onset.

Our findings have a clear parallel with recent studies of human
brain tissue resected during epilepsy surgery (Cohen et al., 2002;
Huberfeld et al., 2007; Pallud et al., 2014), which show spontane-
ously occurring interictal events when bathed in conventional
ACSF. These interictal events are sensitive to GABAergic block-
ade, suggestive of a Cl�-loaded, excitatory GABAergic state, but
to trigger full ictal events in these slices required excitability to be
further enhanced by bathing in raised K�. Importantly, the sub-
sequent ictal activity appeared to arise out of a fundamentally
different type of transient discharge that was not sensitive to
GABAergic blockade (Pallud et al., 2014). In other words, as with
our data, we can distinguish between interictal activity associated
with Cl� dysregulation and a second pattern of pathological ac-
tivity that is independent of Cl� dysregulation; the combination
of these is associated with full ictal activation, but the first alone
does not predispose to full ictal events.

We contrasted the immediate changes in network excitability
after eNpHR priming versus Arch priming. We attempted to
achieve an approximately equivalent suppressive effect of net-
work activation by Arch and eNpHR by adjusting the illumina-
tion intensity. Of course this is rather inexact, but the key issue is
that, in both optogenetic paradigms, we clearly achieved some
measurable network suppression, and then our data collection
focused on the residual, post-illumination effects, of which the
change in EGABA appeared to be the most persistent. After activa-
tion of both eNpHR and Arch, there was a rise in excitability,
suggesting that rebound activation may contribute, but the effect
was far larger for eNpHR priming. Importantly, there were other,
highly distinctive changes in firing patterns induced by eNpHR
priming that are well captured by a model of a heterogeneous Cl�

loading in the population of pyramidal cells, causing them to

react differently to the same high-frequency, GABAergic, synap-
tic barrage. The eNpHR-priming network changes also reversed
with a timeframe similar to the recovery of EGABA measured in
single cells. Collectively, this strongly suggests that the eNpHR-
priming effect identifies unique features of network excitability
attributable to Cl� loading.

These changes in activity in the Cl�-loaded tissue correspond
well with activity patterns recorded in epileptic animals (Foffani
et al., 2007; Ibarz et al., 2010) in that both show particular high-
frequency field oscillations with an apparent harmonic feature.
The activity in the epileptic animals has been explained in terms
of individual neurons firing at lower rates but with different sub-
populations of neurons firing out-of-phase with each other. Our
Cl�-loading experiments support this view, and our model ex-
plains how this binary segregation could occur, depending on
whether EGABA is below or above the AP threshold in different
cells. The important feature of this model is that there is a distri-
bution of EGABA values, and, in this situation, the eNpHR-
priming effect can arise with relatively small (single figure
millivolt changes) shifts in the mean EGABA.

There is an increasing body of evidence that links high-
frequency oscillations to the focus of epileptic pathology in hu-
mans, too (Bragin et al., 2002b; Staba et al., 2002). There are, of
course, other mechanisms suggested for the origin of high-
frequency oscillations, albeit without this “harmonic” feature.
Any intense, focal activation of large numbers of neurons will
generate a high-frequency signal, and there are several paradigms
of epileptiform activity in which this occurs independent of any
fast-spiking interneuron involvement. For instance, epileptic ac-
tivity may arise from local loss of inhibition or even in prepara-
tions without synaptic function (Draguhn et al., 1998), in which
ephaptic (Jiruska et al., 2010) or gap junction-mediated (Traub et
al., 1999) spread has been implicated. However, our data provide
the first evidence that there may be characteristic features of high-
frequency activity that are pathognomonic for Cl� dysregulation. It
should further prompt us to look for other features that may also be
used to subclassify pathological activity patterns, particularly if they
also offer insights into the underlying pathology.

Our model also pertains to another long-time puzzle about
epileptic spiking patterns, which is that, as the cortical network is
recruited to a full ictal event, there is an increase in spiking jitter
between neurons (Netoff and Schiff, 2002). This result had
seemed to contradict the traditional concept of a progression
toward hypersynchrony, but our data now offer an explanation,
suggesting, instead, that the progressive trend is with the shift in
EGABA, and a consequence of this is that the initial apparent effect
is that the spiking window is made broader, before the critical
stage is reached when EGABA surpasses AP threshold.
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Miles R, Tóth K, Gulyás AI, Hájos N, Freund TF (1996) Differences between
somatic and dendritic inhibition in the hippocampus. Neuron 16:815–
823. CrossRef Medline

Netoff TI, Schiff SJ (2002) Decreased neuronal synchronization during ex-
perimental seizures. J Neurosci 22:7297–7307. Medline

Pallud J, Le Van Quyen M, Bielle F, Pellegrino C, Varlet P, Labussiere M,
Cresto N, Dieme MJ, Baulac M, Duyckaerts C, Kourdougli N, Chazal G,
Devaux B, Rivera C, Miles R, Capelle L, Huberfeld G (2014) Cortical
GABAergic excitation contributes to epileptic activities around human
glioma. Sci Transl Med 6:244ra289. CrossRef Medline

Pinto DJ, Patrick SL, Huang WC, Connors BW (2005) Initiation, propagation,
and termination of epileptiform activity in rodent neocortex in vitro involve
distinct mechanisms. J Neurosci 25:8131–8140. CrossRef Medline

Prince DA, Wilder BJ (1967) Control mechanisms in cortical epileptogenic
foci. “Surround” inhibition. Arch Neurol 16:194 –202. CrossRef Medline

Raimondo JV, Kay L, Ellender TJ, Akerman CJ (2012) Optogenetic silencing
strategies differ in their effects on inhibitory synaptic transmission. Nat
Neurosci 15:1102–1104. CrossRef Medline

Sanchez-Vives MV, McCormick DA (2000) Cellular and network mecha-
nisms of rhythmic recurrent activity in neocortex. Nat Neurosci 3:1027–
1034. CrossRef Medline

Schevon CA, Weiss SA, McKhann G Jr, Goodman RR, Yuste R, Emerson RG,
Trevelyan AJ (2012) Evidence of an inhibitory restraint of seizure activ-
ity in humans. Nat Commun 3:1060. CrossRef Medline

Shu Y, Hasenstaub A, McCormick DA (2003) Turning on and off recurrent
balanced cortical activity. Nature 423:288 –293. CrossRef Medline

Sloviter RS (1987) Decreased hippocampal inhibition and a selective loss of
interneurons in experimental epilepsy. Science 235:73–76. CrossRef Medline

Staba RJ, Wilson CL, Bragin A, Fried I, Engel J Jr (2002) Quantitative analysis of
high-frequency oscillations (80–500 Hz) recorded in human epileptic hip-
pocampus and entorhinal cortex. J Neurophysiol 88:1743–1752. Medline

Staley KJ, Soldo BL, Proctor WR (1995) Ionic mechanisms of neuronal ex-
citation by inhibitory GABAA receptors. Science 269:977–981. CrossRef
Medline
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