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Severe head trauma causes widespread neuronal shear injuries and acute seizures. Shearing of neural processes might contribute to
seizures by disrupting the transmembrane ion gradients that subserve normal synaptic signaling. To test this possibility, we investigated
changes in intracellular chloride concentration ([Cl �]i ) associated with the widespread neural shear injury induced during preparation
of acute brain slices. In hippocampal slices and intact hippocampal preparations from immature CLM-1 mice, increases in [Cl �]i

correlated with disruption of neural processes and biomarkers of cell injury. Traumatized neurons with higher [Cl �]i demonstrated
excitatory GABA signaling, remained synaptically active, and facilitated network activity as assayed by the frequency of extracellular
action potentials and spontaneous network-driven oscillations. These data support a more inhibitory role for GABA in the unperturbed
immature brain, demonstrate the utility of the acute brain slice preparation for the study of the consequences of trauma, and provide
potential mechanisms for both GABA-mediated excitatory network events in the slice preparation and early post-traumatic seizures.

Introduction
Severe pediatric brain injuries are frequently followed by seizures
in the first week after injury, with the youngest children suffering
the highest incidence of seizures (Gilles and Nelson, 1998; Liese-
mer et al., 2011). Early seizures after brain injury exacerbate ex-
perimental injury in the developing brain (Wirrell et al., 2001)
and reduce the prognosis for recovery in clinical studies of brain
injury (Chiaretti et al., 2002; Keenan et al., 2007). One mecha-
nism of acute seizures induced by brain injury may be inversion
of signaling by the inhibitory neurotransmitter GABA.

GABA is an endogenous ligand of ionotropic GABAA receptors
(GABAA-Rs). GABAA-Rs operate transmembrane anion-permeable
channels. Depending on [Cl�]i and the resting membrane potential
(RMP), Cl� fluxes through GABAA-R-operated channels can either
hyperpolarize or depolarize the membrane potential (Ebihara et al.,
1995; Tyzio et al., 2008). In the adult brain, most neurons maintain
low [Cl�]i and are inhibited by GABA, both by virtue of membrane
hyperpolarization (Ebihara et al., 1995; Tyzio et al., 2008; Glickfeld et
al., 2009) and shunting (Koch et al., 1983; Staley and Mody, 1992). In
immature cortical slices, [Cl�]i is higher (Ben-Ari, 1987; Berglund et
al., 2008; Glykys et al., 2009) and GABAA-R activity has pronounced

excitatory as well as inhibitory effects on neuronal activity (Khalilov
et al., 1999).

The dual effects of GABAA-R observed in studies of developing
brain tissue may be a consequence of the remarkable plasticities of
neuronal [Cl�]i and the reversal potential for GABAA-R-mediated
postsynaptic currents (EGABA). Neuronal injuries due to oxygen-
glucose deprivation (Inglefield and Schwartz-Bloom, 1998; Galeffi et
al., 2004; Pond et al., 2006) and prolonged seizures (Khalilov et al.,
2003; Dzhala et al., 2010) cause long-lasting [Cl�]i accumulation
and depolarize EGABA. Neuronal injuries including neurite transec-
tion, osmotic imbalance, and excess heat also depolarize EGABA (van
den Pol et al., 1996). The depolarizing actions of GABA after trauma
are sufficient to activate voltage-gated calcium channels and increase
the intracellular Ca2� level (van den Pol et al., 1996), indicating that
GABAA-R activity excites injured neurons. To test whether the post-
traumatic depolarizing actions of GABA facilitate neuronal excit-
ability and spontaneous network-driven activity, we turned to the
acute hippocampal slice preparation.

The acute hippocampal slice preparation has provided innu-
merable insights into synaptic physiology, but the preparation of
acute brain slices necessarily involves massive trauma. Acute
traumatic injury to neuronal processes during slice preparation is
known to induce long-term morphological and synaptic altera-
tions (Kirov et al., 1999; Davies et al., 2007) as well as neuronal
damage, hyperexcitability, and death (Bak et al., 1980). The intact
hippocampal preparation in vitro, although viable only to post-
natal day 7 (P7)–P8, does not involve slicing and thus preserves
morphological and functional neuronal properties (Khalilov et
al., 1997). We compared the neuronal damage profile and
GABAA-R-mediated signaling in intact and sliced hippocampal
networks prepared from the same mice. [Cl�]i assayed by two-
photon imaging of the chloride-sensitive fluorophore Clomeleon
(Kuner and Augustine, 2000) and the effect of concomitant op-
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eration of the GABAA-R on action potential frequency were cor-
related with spontaneous neuronal network activity in both
hippocampal preparations.

Materials and Methods
Animals. All animal-use protocols conformed to the guidelines of the
National Institutes of Health, the Massachusetts General Hospital Center
for Comparative Medicine, and the National Institute of Health and
Medical Research (INSERM) on the use of laboratory animals.

Intact hippocampus and acute hippocampal slice preparations in vitro. In-
tact hippocampal formations were prepared from immature P5–P7 male
and female CLM-1 mice pups as described previously (Khalilov et al., 1997;
Dzhala et al., 2008). Animals were anesthetized and decapitated. The brain
was rapidly removed to oxygenated (95% O2-5% CO2) ice-cold (2–5°C)
artificial CSF (ACSF; solution 1) containing 126 mM NaCl, 3.5 mM KCl, 2 mM

CaCl2, 1.3 mM MgCl2, 25 mM NaHCO3, 1.2 mM NaH2PO4, and 11 mM

glucose, pH 7.4. The hemispheres were separated and after removing the
cerebellum, the frontal part of the neocortex and surrounding structures,
the intact hippocampi were dissected from the septohippocampal complex.
The hippocampi were incubated in oxygenated ACSF at room temperature
(20–22°C) for 1–2 h before use. For recordings, the hippocampi were placed
into a conventional submerged chamber and continuously superfused with
oxygenated ACSF at 32°C and at a flow rate 4 ml/min.

Acute hippocampal slices were prepared from P5–P29 CLM-1 mice and
Sprague Dawley rats. The brain was removed from the anesthetized and
decapitated animals and placed in oxygenated (95% O2-5% CO2) ice-cold
(2–5°C) ACSF. Coronal and horizontal brain slices, 400–550 �m thick, were
cut in ice-cold oxygenated ACSF (solution 1) using a Leica VT1000S
vibrating-blade microtome. In some experiments slices were prepared and
preincubated in ACSF containing a high concentration of bumetanide (100
�M) to block NKCC1 (Na�-K�-2Cl� cotransporter isoform 1) and KCC2
(K�-2Cl� cotransporter isoform 2) cotransporters (solution 2). Some slices
were cut in high-sucrose solution (solution 3) containing 250 mM sucrose, 11
mM glucose, 2 mM KCl, 0.5 mM CaCl2, 7.0 mM MgCl2, 26 mM NaHCO3 and
1.2 mM NaH2PO4, pH 7.4. Sectioning frequency was 80 Hz (�10%) and
sectioning speed, 0.05 mm/s (�10%). Slices were incubated in oxygenated
ACSF at room temperature (20–22°C) for 1–2 h before use. For electrical
recordings and optical imaging, slices were placed into a conventional sub-
merged custom-made thermostatic chamber and superfused with ACSF at
32°C and at a flow rate of 2–3 ml/min.

In vitro electrophysiology. Extracellular field potentials were recorded
in the intact hippocampal preparations in vitro using tungsten microelec-
trodes and low-noise multichannel amplifier (bandpass 0.1 Hz–10 kHz;
�1000). Microelectrodes made from coated tungsten wire of 20 �m
diameter (California Fine Wire Company) were used for simultaneous
recordings of population field activity and multiple-unit activity (MUA;
500 Hz high-pass filter). Root mean square noise level with an electrode
placed in the perfusion solution was typically 3– 4 �V, while the ampli-
tude of action potentials recorded from the pyramidal cell layer ranged
from this noise level up to 60 – 80 �V. silicone probes (16-channel, 50
�m separation distance between the electrodes; NeuroNexus Technolo-
gies) were used for extracellular recordings of MUA at different depths
through the slice (see Fig. 5).

The signals were digitized using an analog-to-digital converter (Digi-
Data 1322A; Molecular Devices). Sampling interval per signal was 100 �s
(10 kHz). pCLAMP 9.2 (Molecular Devices), Mini Analysis 5.6 (Synap-
tosoft) and Origin 7.5 SR6 (Microcal Software) programs were used for
the acquisition and data analysis.

Clomeleon imaging and [Cl�]i determination. Clomeleon is a fusion
protein comprising the Cl �-sensitive yellow fluorescent protein (YFP)
and the Cl �-insensitive cyan fluorescent protein (CFP). Transgenic
CLM1 mice expressing Clomeleon were received from Duke University
Medical Center (Durham, NC) and housed at Massachusetts General
Hospital Center for Comparative Medicine (Charlestown, MA). Intact
hippocampi were prepared from immature (P5–P7) mice as described
previously (Dzhala et al., 2008). The hippocampi were incubated in ox-
ygenated ACSF at room temperature (20 –22°C) for at least 1 h before
use. For optical imaging and simultaneous extracellular field potential

recordings, the hippocampus was placed into a conventional submerged
chamber on a precision x-y stage mounted on the microscope and con-
tinuously superfused with oxygenated ACSF at 32°C and at a flow rate 4
ml/min. Two-photon Clomeleon imaging was performed on an Olym-
pus Fluoview 1000MPE with pre-chirp excitation optics and a fast
acousto-optical modulator mounted on an Olympus BX61WI upright
microscope using an Olympus 25� water-immersed objective (XLPLN
25xW; numerical aperture (NA), 1.05). A mode-locked titanium/sap-
phire laser (MaiTai; Spectra-Physics) generated two-photon fluores-
cence with 860 nm excitation. Emitted light passed through a dichroic
mirror (460 nm cutoff) and was bandpass filtered through one of two
emission filters, 480 � 15 nm (D480/30) for CFP and 535 � 20 nm
(D535/40) for YFP (FV10MP-MC/Y). Detectors containing two photo-
multiplier tubes were used. Image size (X-Y dimension) was 512 � 512
pixel or unit converted 254.46 � 254.46 �m. Clomeleon-expressing neu-
rons were sampled 0 –200 �m below the surface of the intact hippocam-
pus (Z dimension: 0 –200 �m; step size: 1–2 �m).

Quantitative measurements on 3D stacks were performed using ImageJ
1.45 software (National Institutes of Health). The CFP and YFP images were
opened and their respective background value was subtracted for the 3D
volume. Median filtering was applied to all of the 3D planes. Cells were
visually identified and a ROI was drawn around the cell bodies. The ratio of
the YFP/CFP fluorescence intensity was measured for each identified cell.
The [Cl�]i was calculated from the following equation:

�CI��i � K�D

�Rmax � R	

�R � Rmin	
, (1)

where R is the measured YFP/CFP ratio, K�D is the apparent dissociation
constant of Clomeleon, Rmax is the ratio when Clomeleon is not bound by
Cl� and Rmin when it is completely quenched by F� (Kuner and Augustine,
2000; Berglund et al., 2008). The constants K�D, Rmax, and Rmin were deter-
mined from the calibration of [Cl�]i using solutions of known concentra-
tions of Cl� (20, 80, and 123 mM [Cl�]o). The K�/H� ionophore nigericin
(50 �M) and the Cl�/OH� antiporter tributyltin chloride (100 �M) were
used to remove transmembrane H�/OH� and Cl� gradients. Neurons that
experienced a change in YFP/CFP intensity to each [Cl�]o were used for the
calibrations. The data points obtained with the different [Cl�]o are de-
scribed by rewriting Equation 1 as the ratiometric function:

R �
K�D � Rmax � �CI�� � Rmin

�CI�� � K�D
. (2)

Rmax and K�D were free parameters, while Rmin was determined by
quenching Clomeleon with 123 mM F � (Kuner and Augustine, 2000;
Duebel et al., 2006). The K�D was 91 � 5.43 mM, Rmax was 1.026, and Rmin

was 0.268.
The mean of the value of the [Cl �]i was used in pseudo-color images,

as the ion concentration follows a normal distribution. The distribution
of the [Cl �]i as a function of depth was experimentally fitted with a linear
regression function, y 
 A � B*x, where A � intercept, B � slope; or an
exponential decay function, y 
 y0 � A1e (� x / L 1), where A1 is the max-
imum [Cl �]i, and L1 represents an exponential depth constant of dam-
age, that is, the rate at which the average neuronal [Cl �]i decreases with
distance from the cut edge of the slice.

Statistics. The Shapiro–Wilk test was used to determine normality of
the data. The parametric Student’s t test (paired and unpaired, two-tail)
was used to compare normally distributed groups of data. The Mann–
Whitney test (unpaired data, two-tail) and Wilcoxon Signed Rank test
(paired data) were used for non-normally distributed data. One-way
repeated-measures ANOVA (one-way ANOVA) was used to compare
normally distributed data with similar variances. The level of significance
was set at p � 0.05. Group measures are expressed as mean � SEM; error
bars also indicate SEM.

Drugs. Reagents were purchased from Sigma-Aldrich Inc. and Tocris
Bioscience Cookson Inc., prepared as stock solutions, and stored before
use as aliquots in tightly sealed vials at the manufacturers’ recommended
temperatures and conditions. VU0240551 (N-(4-methylthiazol-2-yl)-2-
(6-phenylpyridazin-3-ylthio)-acetamide) was a gift from Dr. Eric
Delpire (Vanderbilt University, Nashville, TN).
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Results
Morphological features of neuronal injury in acute
hippocampal slices from immature CLM-1 mice
The intact hippocampus and acute hippocampal slices (Figs. 1, 2)
were prepared from the left and right hemispheres of immature (P5–
P7) CLM-1 mice expressing Clomeleon (N 
 12) (Kuner and Au-
gustine, 2000). High-resolution two-photon fluorescence confocal
scanning imaging of neurons expressing Clomeleon was performed
0–200 �m (z-dimension, 0–200 �m; step size, 1–2 �m) below the
surface, including the superficial outer layer (0–20 �m), the inter-
mediate layer (20–60 �m) and the deep inner layer (60–200 �m)
(Figs. 1, 2). In the intact hippocampus, commissural fibers in the
alveus were remarkably preserved in the outer layer (Fig. 1B).
Numerous interneurons and pyramidal cells expressing Clome-
leon were clearly visible in the stratum oriens and stratum pyra-
midale. Virtually all interneurons in stratum oriens extended
dendrites in the longitudinal and transverse plane and/or to the
deep pyramidal cell layer (Fig. 1C). Pyramidal cells projected
apical dendrites to stratum radiatum and, in keeping with results
of a previous study (Khalilov et al., 1997), did not show anatom-
ical signs of traumatic injury.

In contrast to the intact hippocampal preparations, numerous
neurons with morphological features of cell injury were observed
in the superficial stratum oriens and pyramidal cell layers in the

acute hippocampal slice preparations (Fig. 2A,B). Morphologi-
cal evidence of cell damage included swollen cell bodies with
absent or poorly visualized dendrites and dark (pyknotic) cells
(Bak et al., 1980). Dendritic swelling (dystrophy) and beadings
(varicosities) (Hasbani et al., 1998) were widespread in the super-
ficial layer of the acute hippocampal slices. However, in the deep
(60 –200 �m) planes in the acute slices, the cell bodies of pyrami-
dal cells in the CA3 and CA1 regions were densely packed, morpho-
logically preserved and healthy (Fig. 2A). The apical dendrites of
these deeper neurons could be clearly visualized to extend through-
out the stratum radiatum. Several interneurons with extended den-
drites were apparent at this depth in the stratum oriens and stratum
radiatum (Fig. 2C). However, in one hippocampal slice most of CA3
and CA1 pyramidal cells from the deep layer projected apical den-
drites along the z-axis, i.e., directly toward the surface, and virtually
all these neurons were damaged and swollen (data not shown). Our
data confirmed a widespread superficial shear injury accompanying
slice preparation and well preserved neurons in the inner layers of
slices (Bak et al., 1980).

Correlation between cell volume and a biomarker
of apoptosis
Swelling in both the soma and dendrites are considered to be a
hallmark of acute neuronal injury (Inoue and Okada, 2007).

Figure 1. Preservation of neuronal structure in the intact hippocampal preparation. A, Representation of the intact hippocampus and acute hippocampal slice preparations in relation to the
mouse brain. B, High-resolution two-photon fluorescence confocal scanning imaging of Clomeleon in the intact hippocampus from immature (P7) transgenic CLM-1 mouse. 3D view of the CA3 and
proximal CA1 regions is shown. B1–B3, Horizontal (Z 
 0 –50 and 50 –200 �m) and transverse (X 
 0 –200 �m) projections from confocal scanning imaging showing remarkable preservation
of neuronal structure in the intact hippocampal preparation. Numerous neurons are clearly visible in stratum oriens and pyramidal cell layers. C, Two-photon imaging of Clomeleon in the intact
hippocampal preparation from P6 CLM-1 mouse. YFP emission 20 – 60 �m below the surface is shown. Neurons extend dendrites in the longitudinal (septo-temporal) and transverse (caudal-
rostral) planes. No evidence of neuronal damage was observed. B1–B3, C, Blood vessels are shown in red.
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High-resolution two-photon fluorescence confocal scanning im-
aging and 3D reconstruction of pyramidal cells and interneurons
expressing Clomeleon were used to compare cell volumes and the
degree of neuronal injury in both immature hippocampal prep-
arations (Fig. 3A–I). In the intact hippocampal preparation, the
distribution of somatic volume as a function of depth was inde-
pendent of the depth and was fitted with a linear regression func-
tion (see Materials and Methods) with parameters A 
 1625 �
179, B 
 1.72 � 1.82; r 
 0.33 � 1, p 
 0.38 (n 
 137 cells in 4
hippocampi at P6 –P7; Fig. 3I). In contrast to the intact hip-
pocampus, in acute hippocampal slices somatic volume de-
creased as a function depth (Fig. 3C). The mean somatic volume
as a function of depth was fitted with an exponential decay func-
tion with parameters y0 
 1015.6 � 628.6, A1 
 2242.7 � 425.5,
L1 
 92.8 � 69.2; R 2 
 0.86 (n 
 165 cells in 4 slices at P6 –P7;
Fig. 3I). These characteristic cell volume changes as a function of
distance from the slicing plane suggested a nonlinear distribution
of neuronal damage that was greatest in the superficial layers and
least in the deepest layers in acute hippocampal slices.

Cell volume regulation is an essential function in living cells and
persistent shrinkage or swelling is associated with cell injury and
death (Gilles and Nelson, 1998; Inoue and Okada, 2007; Hoffmann
et al., 2009). Membrane-permeable fluorochrome-labeled inhibi-
tors of caspase activity (FLICA) were used to selectively label cells
undergoing apoptosis (Lee et al., 2008; Darzynkiewicz et al., 2011).
Clomeleon imaging combined with the FLICA staining and imaging
was used to quantify apoptosis in both hippocampal preparations in

vitro (Fig. 3D–F). In the intact hippocampus, well preserved pyra-
midal cells and interneurons, identified with two-photon imaging of
Clomeleon, were not labeled by the FLICA probe (N 
 4 hip-
pocampi at P6–P7; Fig. 3D,F). In contrast to the intact hippocampi,
the FLICA probe was detected in many living neurons undergoing
apoptosis in the acute hippocampal slices (Fig. 3E,F). Two-photon
fluorescence confocal scanning imaging revealed that 72 � 21% of
neurons expressing Clomeleon in the 0–40 �m closest to the sliced
surface were stained with FLICA (N 
 4 slices at P6–P7). The frac-
tion of neurons sensitive to the FLICA probe progressively decreased
from the outer to inner layers as a function of depth as suggested by
an exponential fit to these data, with parameters y0 
 5.98 � 16.8,
A1 
 129.7 � 87.5, L1 
 29.4 � 27.4; R2 
 0.99 (Fig. 3F). Cell
volume analysis revealed that most of the FLICA-positive cells in the
acute hippocampal slices were characterized by significantly larger
cell body volume (Fig. 3H). Cell swelling persisted throughout the
1–2 h imaging period and cell rupture was observed in several swol-
len cells during time-lapsed imaging (data not shown).

Correlation between neuronal damage and neuronal
chloride accumulation
Acute traumatic insult caused by the cutting during slice preparation
resulted in a persistent gradient of cell swelling and damage (Figs. 2,
3), with neurons closest to the slice plane demonstrating the most
severe injury. Changes in neuronal shape and volume may represent
trauma-induced disturbances of cell volume regulation mediated by
the entry of water, as well as solute. Cl� entry has been shown to be

Figure 2. Morphological features of trauma-induced neuronal injury. A–C, High-resolution two-photon fluorescence confocal scanning imaging of Clomeleon in the acute hippocampal slice
preparations from immature P7 (A) and P6 (B, C) transgenic CLM-1 mice. Blood vessels are shown in red. A1, A2, B, Horizontal superficial projections (0 –20, 20 – 60 �m and 0 –50 �m from confocal
scanning imaging in acute hippocampal slices are shown. Morphological evidence of cell damage includes swollen cell bodies, dendritic swelling (dystrophy) and beadings (varicosities). A3, C, YFP
emission in the deep (60 –200 �m and 40 –160 �m below the surface) pyramidal cell layer and stratum radiatum is shown. Neurons are morphologically preserved and extend arborized dendrites
throughout the stratum radiatum.
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a key mediator of acute excitotoxic injury marked by somatic swell-
ing and dendritic varicosities (Rothman, 1985; Hasbani et al., 1998;
Inoue and Okada, 2007). However the relationship between mor-
phological metrics of neuronal injury and [Cl�]i has not yet been
determined. The ratio of FRET-dependent emission of the YFP
and CFP moieties of Clomeleon was used to measure the intra-
cellular chloride concentration in 3D-reconstructed pyramidal
cells and interneurons as a function of depth in the intact hip-
pocampus and acute hippocampal slice preparations from
CLM-1 mice (Fig. 3A–C). This approach was used to correlate the
cell volume as a function of intracellular chloride concentration
in both hippocampal preparations(Fig. 3G,I).

In intact hippocampal preparations in vitro from immature
P5–P7 CLM-1 mice, under control conditions the resting [Cl�]i

in individual neurons varied from 1 to 40 mM (Figs. 3A,C, Figs.
4A,C) and was correlated with cell volume (Fig. 3G). Gaussian
multipeak fit yielded multiple peaks of steady-state [Cl�]i at 10
and 20 –30 mM, suggesting heterogeneous populations of neu-
rons (Fig. 4C), some with an equilibrium potential for chloride
(ECl) below the RMP, and others whose ECl would be positive to
RMP (Tyzio et al., 2003). The superficial layer (0 –50 �m) was

characterized by lower [Cl�]i (10.7 � 0.6 mM; n 
 185 cells
imaged in this layer out of a total of 927 cells imaged at all depths
in 8 hippocampi; Fig. 4D). [Cl�]i increased significantly with
depth. At depths of 150 –200 �m, [Cl�]i was 16.7 � 1.1 mM (n 

161 cells imaged at this depth out of 927 imaged cells in 8
hippocampi; p � 0.001, Mann–Whitney test; Fig. 4D). The mean
[Cl�]i as a function of depth was fitted with the linear regression
function with parameters A 
 10.4 � 0.6, B 
 0.04 � 0.005; r 

0.86, p 
 0.006 (Fig. 4D).

In acute hippocampal slice preparations in vitro of P5–P7
CLM-1 mice, the distribution of resting [Cl�]i was wide and
varied from 1 to 120 mM (Figs. 3B,C, 4B,C). In contrast to the
intact preparations, the superficial layers of hippocampal slices
were characterized by higher [Cl�]i and larger cell volume (Fig.
3I). In many superficial neurons [Cl�]i approached extracellular
chloride concentration, consistent with the common observation
that superficial cells are damaged during brain slicing (Berglund
et al., 2008). In several injured cells the fluorescence emission
ratio of YFP to CFP was lower than the minima observed during
calibration with high-chloride solutions, suggesting selective ox-
idation (Tsourkas et al., 2005) or other degradation of YFP in

Figure 3. Correlation between cell volume, chloride accumulation and apoptosis. A, B, Three-dimensional reconstruction of neurons in the CA3 regions (X:Y:Z dimensions; 120�180�180 �m)
of the intact hippocampus (A) and hippocampal slice (B) at P7. Neuronal cell bodies are pseudo-colored according to [Cl �]i. C, Color-mapped plots represent volume of reconstructed cells as a
function of depth in the intact hippocampus (top) and hippocampal slice (bottom). Symbols are pseudo-colored according to [Cl �]i. Solid lines represent a linear regression fit (top) and an
exponential function fit (bottom) to the data. D, E, YFP (green) and FLICA (red) imaging in the intact hippocampus (D) and acute hippocampal slice (E). F, Percentage of YFP-expressing cells costained
with FLICA in both preparations. Solid red line is an exponential function fit to the data. G, Relationship between somatic volume and [Cl �]i in the intact hippocampi (IHF) and acute hippocampal
slice preparations. H, Relationship between cell volume and FLICA staining in both preparations (mean � SEM; *p � 0.001). I, Color-mapped plot represent the mean volume of reconstructed cells
as a function of depth in both hippocampal preparations in vitro at P6 –P7. Data are fitted with linear regression function (n 
 4 intact hippocampi) and exponential function (n 
 4 slices). Symbols
are pseudo-colored according to [Cl �]i.
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severely injured neurons. In contrast, morphologically preserved
neurons in the deep layers were invariably characterized by sig-
nificantly lower [Cl�]i approaching the minimal observed intra-
cellular chloride concentration. Gaussian multipeak fitting
yielded sharp peaks at 20 and 40 mM, indicating a large popula-
tion of neurons whose EGABA should be positive to RMP. Mean
[Cl�]i in the injured superficial 0 –50 �m layers in acute hip-
pocampal slices was 50.8 � 1.9 mM (n 
 233 cells imaged at this
depth out of a total of 911 cells imaged at all depths in 8 slices) and
significantly decreased to 22.1 � 1.5 mM (n 
 130 cells at this
depth out of 911 cells in 8 slices; p � 0.001, Mann–Whitney test)
in the morphologically preserved deepest 150 –200 �m layer (Fig.
4C). The distribution of [Cl�]i as a function of depth was fitted
with the exponential function with parameters y0 
 1.08 � 9.5,
A1 
 54.6 � 8.9, L1 
 155.9 � 45; R 2 
 0.99 (Fig. 4D).

High [Cl�]i in the superficial layers of acute hippocampal slices
correlated with morphological evidence of neuronal damage and
markers of activated apoptosis cascades (Fig. 3). However, many
superficial neurons with no morphological evidence of cell death
nevertheless had substantially higher [Cl�]i than observed in the

intact preparation, or in the deepest layers of the slice preparation
(Figs. 3, 4). This raised the possibility that trauma-induced [Cl�]i

accumulation may cause a positive shift in GABAA-mediated post-
synaptic potential (EGABA)in large populations of damaged neurons
that remain synaptically active, which could alter network operation
and contribute to seizure activity (Cohen et al., 2002; Dzhala and
Staley, 2003; Dzhala et al., 2005, 2010; Mazarati et al., 2009; Wahab et
al., 2011). The wide range of neuronal Cl� in presumably nontrau-
matized neurons in the intact hippocampal preparation also implies
that both hyperpolarizing as well as depolarizing GABAA-R-
mediated signaling occurs in distinct subpopulations of developing
neurons, via inwardly and outwardly directed Cl� fluxes. However,
the much larger population of neurons with elevated [Cl�]i in the
acute hippocampal slice vs intact hippocampus preparations at
P5–P7 (Figs. 3, 4) raises the possibility of opposite network effects of
GABAA receptor activation in these two preparations. We therefore
compared the distribution of [Cl�]i in the pyramidal cell layer with
the effects of GABAA-R activation on neuronal network activity in
intact hippocampal preparations and acute hippocampal slices from
immature (P5–P7) CLM-1 mice.

Figure 4. Chloride accumulation, neuronal network facilitation and excitatory GABA signaling in the acute hippocampal slices. A, B, Overlays of 0 –100 and 100 –200 �m two-photon
fluorescence images (100 samples; 2 �m step) of Clomeleon in the intact hippocampus (A) and acute hippocampal slice (B) preparations in vitro of the immature (P7) CLM-1 mouse. Neurons were
pseudo-colored according to the resting [Cl �]i. C, D, The average [Cl �]i distribution (C) and the mean [Cl �]i (D) as a function of depth in both hippocampal preparations at P5–P7 (mean � SEM;
N 
 8 mice). D, Data are fitted with linear regression (black) and exponential function (red). E–G, Extracellular field potential recordings from the CA3 pyramidal cell layer in both hippocampal
preparations reveal multiple-unit activity and synchronous network driven bursts of population activity (marked by asterisk). G, The mean interburst intervals (IBI) in the intact hippocampi and
hippocampal slices prepared from P5–P7 mice (mean � SEM; *p 
 0.016, N 
 9). H, I, Opposite effects of GABAA-R agonist isoguvacine (10 �M) on population bursts (marked by vertical bars) and
MUA frequency in the intact hippocampus (H ) and acute hippocampal slice (I ). Horizontal bars represent the time of solution switch. J, K, Isoguvacine to control ratio (ISO/Control) of population
burst frequency and MUA frequency in the intact hippocampus and acute hippocampal slice preparations at P5–P7 (N 
 9 mice).
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Facilitation of neuronal network activity in acute
hippocampal slice preparations from immature mice
Extracellular field potential recordings of MUA and network-
driven population neuronal activity were performed in the CA3
pyramidal cell layer (80 –100 �m below the surface) in intact
hippocampi and acute hippocampal slices from P5–P7 CLM-1
mice. Spontaneous neuronal activity was characterized by high-
frequency MUA and network-driven population bursts known as
giant depolarizing potentials (GDPs) (Ben-Ari et al., 1989) (Fig.
4E,F). Mean interburst intervals (IBIs) in the intact hippocampi
and acute hippocampal slices prepared from the same brains at
P5–P7 were 105.9 � 26 s and 33.9 � 5.7 s respectively (mean �
SEM, N 
 9 mice; p 
 0.016, unpaired t test; Fig. 4G), indicating
a significantly higher probability of neuronal network-driven ac-
tivity in the acute hippocampal slice preparations of the imma-
ture mice. GDP generation and propagation in the immature
hippocampus involves activation of multiple polysynaptic path-
ways (Leinekugel et al., 1997; Sipilä et al., 2005) and depolarizing
values of EGABA may facilitate GDP generation.

GABAA-receptor-mediated signaling in hippocampal
preparations in vitro
The action of GABA depends on the relation between RMP and
EGABA, which is mainly determined by [Cl�]i. The net effect of
GABAA-R activation on the frequency of spontaneous action po-
tentials provides a noninvasive measurement of the net effect of
synaptic GABAA-R-mediated signaling in neuronal networks
(Cohen and Miles, 2000; Dzhala and Staley, 2003; Tyzio et al.,
2007; Dzhala et al., 2008). Extracellular field potential recordings
of MUA and network-driven population neuronal activity were
performed in the CA3 pyramidal cell layer (80 –100 �m below the
surface). In the intact hippocampus and acute hippocampal slice
preparations from immature P5–P7 CLM-1 mice, spontaneous
neuronal activity was characterized by MUA and network-driven
population bursts known as GDPs. Bath application of the selec-
tive agonist of GABAA-R isoguvacine (10 �M for 1 min) abolished
spontaneous population bursts in the intact hippocampal prep-
arations (N 
 9 hippocampi; Fig. 4H, J), indicating that the net
effect of activation of GABAA-R by exogenous agonist on imma-
ture network activity was inhibitory. In contrast, in acute hip-
pocampal slice preparations from the same immature mice,
isoguvacine transiently increased population burst frequency by
1207 � 156% (N 
 9 slices; P 
 0.001; Fig. 4 I, J), indicating that
the net effect of GABAA-R activation by exogenous agonist was
excitatory. Isoguvacine also had an opposite action on the fre-
quency of spontaneous MUA in both immature preparations
(Fig. 4H, I,K). In line with previous data (Dzhala et al., 2010), in
the intact hippocampi, bath application of isoguvacine reduced
MUA frequency by 92 � 4% (N 
 6 hippocampi; p 
 0.001; Fig.
4K). In contrast, in the acute hippocampal slice preparations,
isoguvacine transiently increased MUA frequency by 807 �
219% (N 
 8; p 
 0.008; Fig. 4K). Thus, in the immature hip-
pocampal slice preparations post-traumatic accumulation of
[Cl�]i and positive shift in EGABA correlates with increasing fre-
quency of spontaneous network driven population bursts and
inverted effects of GABAA receptor activation from inhibition to
excitation.

Depth- and age-dependent profile of neuronal damage and
spontaneous neuronal activity
Two-photon fluorescence imaging in the acute hippocampal
slices from juvenile (P10 –P14) and adult (P24 –P28) CLM-1
mice demonstrated similar morphological features of cell injury

(Fig. 5A,B). Thin slices (400 –500 �m) of hippocampus were
prepared transversely to its longitudinal septo-temporal axis. In
the superficial pyramidal cell layer (0 –30 �m at P10 –P12 and
0 – 40 �m at P27–P29) of acute hippocampal slices, evidence of
neuronal damage included swollen cell bodies with absent or
poorly visualized dendrites, as well as dendritic dystrophy and
varicosity in the stratum radiatum and stratum oriens (Hasbani
et al., 1998). In the intermediate layer (30 – 60 �m at P11–P12 and
40 – 80 �m at P27–P29) the fraction of swollen neurons and the
density of dendritic dystrophy and varicosities gradually de-
creased (Fig. 5A,B). Many cells in this layer exhibited preserved
basal and apical dendrites, although at this depth there was still
abundant evidence of dendritic beading associated with shear
injury of longitudinal pathways, perpendicular to the plane of
slices. In the deeper planes (60 –200 �m at P11–P12 and 80 –200
�m at P27–P29) of acute slices, the cell bodies of pyramidal cells
were densely packed and morphologically preserved. The ar-
borized apical dendrites of these deeper neurons were clearly
visualized to extend throughout the stratum radiatum.

We addressed the functional status of neurons in slice prep-
arations from juvenile and adult mice by recording MUA at
different depths from one to 3 h after slice preparation. In this
experiment, we used 16-channel silicone probes (50 �m sep-
aration distance between the electrodes) inserted at 75° into
the CA3 pyramidal cell layer of transverse hippocampal slices
prepared from P6 –P29 rats (Fig. 5C–G). Spontaneous MUA
was apparent at all electrodes within the slice except the su-
perficial electrodes. The size of MUA-“silent” zones at the slice
surface was calculated as (T � ((N � 1) � sin(�) � 50 �m))/2,
where T is an anatomical slice thickness (550 �m), N is the
number of electrodes displaying MUA, � is an angle of elec-
trode against the slice surface, and 50 �m is the separation
distance between the electrodes. The size of the MUA-silent
zones was 30 – 60 �m during the two first postnatal weeks
(mean � SEM, 42 � 2 �m; N 
 34 slices), and it progressively
increased with age to 70 –90 �m by the end of the fourth week
(mean � SEM, 81 � 6 �m; N 
 9 slices) (Fig. 5 F, G). MUA-
silent zones were remarkably similar in size in slices at a given
age, and the age-dependent depth profiles of MUA silence
were similar to the superficial zones of severe neuronal injury
and increased [Cl �

i] observed using two-photon imaging.

Depth- and age-dependent profiles of neuronal
chloride concentration
In acute hippocampal slices prepared from juvenile P8 –P14 and
adult P21–P28 mice, the distribution of resting [Cl�]i in the
damaged superficial layer (0 – 40 �m at P8 –P14 and 0 – 80 �m at
P21–P28) was wide and varied from 40 to 120 mM (Fig. 6A–C). In
contrast, the distribution of resting [Cl�]i in the morphologically
preserved population of neurons in the inner layer (150 –200
�m) was narrow and varied from 1 to 20 mM. Gaussian fits to the
[Cl�

i] data from the inner layers yielded narrow peaks at 5–10
mM (data not shown), suggesting a large population of neurons
with ECl below the expected RMP (Ebihara et al., 1995). At P8 –
P14, the mean values of resting [Cl�]i in the injured 0 –50 �m
superficial layers was 51.4 � 1.7 mM (n 
 271 imaged at this
depth out of a total of 1021 cells imaged at all depths in 6 slices)
and decreased in the inner 150 –200 �m layer to 14.2 � 6.7 mM

(n 
 103 cells imaged at this depth out of a total of 1021 imaged
cells in 6 slices; p � 0.001, Mann–Whitney test). At P21–P28, the
mean values of resting [Cl�]i in the injured 0 –50 �m superficial
layers was 54.8 � 1.8 mM (n 
 334 cells imaged at this depth out
of 1692 imaged cells in 6 slices) and decreased to 4.1 � 0.6 mM
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(n 
 306 cells imaged at this depth out of a total of 1692 imaged
cells in 6 slices; p � 0.001, Mann–Whitney test) respectively. At
P8 –P14, the mean [Cl�]i as a function of depth was fitted with
the exponential function with parameters y0 
 10.5 � 0.6, A1 

81.9 � 4.5, L1 
 36.2 � 2.2; R 2 
 0.994. At P21–P28, the [Cl�

i]
data were best fitted with a sigmoidal (Boltzmann) function y 

A2 � (A1 � A2)/(1 � exp((x � x0)/dx)), where A1 
 57 � 1.96,
A2 
 3.7 � 0.57, x0 
 91.7 � 2, dx 
 14.85 � 1.45; R 2 
 0.9933
(Fig. 6D). The narrow distribution and low values of resting
[Cl�]i in the deepest layer implies that GABAA-R-mediated sig-
naling is inhibitory in most neurons in the deepest and best-
preserved layers of the hippocampal slices, via hyperpolarizing or
shunting Cl� conductances.

Depth profile of GABAA-receptor-mediated signaling
The increased [Cl�]i in the most superficial neurons of acute
hippocampal slices suggests corresponding depth-dependent
changes in GABAA-R-mediated signaling. We therefore ad-
dressed the impact of elevated [Cl�]i in the superficial vs inter-
mediate depths of the hippocampal slices. The effects of
GABAA-R activation on spontaneous population burst and MUA
frequency at different depth were examined using a 16-channel
silicone probe in the CA3 pyramidal cell layer (Fig. 5C). Bath-
application of the selective GABAA-R agonist isoguvacine (10 �M

for 1 min) synchronously increased GDP and MUA frequency
at all recording sites throughout the slice depths at P7–P14
(N 
 16 slices; data not shown). In keeping with previous

Figure 5. Depth and age-dependent profile of neuronal damage and neuronal activity in the hippocampal slices. A, B, Two-photon fluorescence images of Clomeleon in the acute hippocampal
slice preparations in vitro at P11 and P28. Merged CFP and YFP emission is shown. Overlays of 0 –30, 30 – 60 and 60 –100 �m (1 �m step) multiple planes for P11 (A) and 0 – 40, 40 – 80 and 80 –120
�m for P28 (B). C–G, Depth and age dependence of MUA in the rat hippocampal slices. C, Scheme of the experimental setup: 16-channel silicone probe with 50 �m separation distance between
the electrodes inserted through CA3 pyramidal cell layer of a 550-�m-thick slice. D, E, Extracellular field potential recordings obtained at different depth in P11 and P29 slices. Each individual action
current is marked by red bar above the trace. F, Summary plot of the age and depth dependence of MUA frequency is shown in the outline of the MUA-active (violet) and MUA-silent (gray) zones
calculated as described in the text. G, Size of MUA-silent zones at the slice surface (averaged values for the top and bottom surfaces) as a function of age. F and G are based on pooled data from 5 to
9 slices in each age group.
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studies, the net effect of isoguvacine on spontaneous neuronal
network-driven activity switched from excitation to inhibi-
tion by the end of the second postnatal week (Khazipov et al.,
2004; Tyzio et al., 2008). We further examined depth-profile of
the GABAA-R-mediated effects of isoguvacine in the presence of
AMPA, NMDA and GABAB-R antagonists CNQX (10 �M),
D-APV (40 �M) and CGP55812 (2 �M) to suppress network-
driven activity (Fig. 6E). Under these conditions, the effects of
isoguvacine on MUA frequency were both age- and depth-
dependent (Fig. 6F,G). In hippocampal slices from P7–P14 mice
(N 
 9), isoguvacine increased MUA frequency in superficial
layers indicating excitatory GABAA-R-mediated signaling, but
decreased MUA frequency in the inner layers indicating inhibi-
tory GABAA-R-mediated signaling (Fig. 6E–G). In acute hip-
pocampal slices at P21–P28 (N 
 8), isoguvacine invariably
decreased MUA frequency at all depths displaying MUA. Isogu-
vacine did not elicit MUA in the MUA-silent superficial zones of
hippocampal slices at any age. Thus, the effect of the GABAA-R
activation by exogenous agonist shows a significant progression
from the surface to the core of slices from younger animals, con-
sistent with the progressive change in [Cl�]i with depth and de-

gree of neuronal injury in acute hippocampal slices during the
second postnatal week (Fig. 6D).

The role of NKCC1 and KCC2 cotransporters in acute
post-traumatic neuronal chloride accumulation
[Cl�]i entry into injured neurons is mediated by multiple path-
ways, including GABAA receptor-operated Cl� channels (van
den Pol et al., 1996; Hasbani et al., 1998), volume-sensitive Cl�

channels (Inoue and Okada, 2007), as well as the electro-neutral
NKCC1 and KCC2 (Pond et al., 2006; Dzhala et al., 2010) which
also subserve chloride homeostasis under control conditions
(Delpire, 2000; Payne et al., 2003; Gamba, 2005; Blaesse et al.,
2009). Trauma induces a significant transient upregulation of
NKCC1 protein (Hasbargen et al., 2010) and a concurrent down-
regulation of KCC2 protein (Nabekura et al., 2002; Bonislawski et
al., 2007; Papp et al., 2008). Inhibition of NKCC1 with bumet-
anide (Isenring et al., 1998; Hannaert et al., 2002) reduces the rate
of neuronal chloride accumulation during recurrent seizures in
the immature rats and mice (Dzhala et al., 2005, 2010), blocks
seizures in the epileptic mirror focus seizures (Khalilov et al.,
2003; Nardou et al., 2009, 2011), and reduces seizure activity in

Figure 6. Depth and age-dependent profiles of neuronal chloride concentration and GABA action in acute hippocampal slices. A, B, Overlays of 0 –100 and 100 –200 �m planes of two-photon
fluorescence images of Clomeleon in acute hippocampal slice preparations in vitro of the juvenile (P10) and adult (P28) CLM-1 mice. Neurons pseudo-colored according to resting [Cl �]i.
C, D, Corresponding changes of [Cl �]i and the mean [Cl �]i as a function of depth at P8 –P14 (n 
 6) and P21–P28 (n 
 6 slices). Solid lines represent an exponential function fit to P8 –P14 (green)
and sigmoidal (Boltzmann) fit to P21–P28 (blue). E–G, Depth and age profiles of the GABAA-R-mediated signaling in the acute hippocampal slices. E, Extracellular field potential recordings from CA3
pyramidal cell layer in the hippocampal slice at P11 using silicone probe at the top and bottom surfaces) and in the middle of slice. Recordings were performed in the presence of CNQX (10 �M), D-APV
(40 �M) and CGP55845 (2 �M). Brief application of isoguvacine increased MUA frequency at the surface and inhibits MUA in the middle of slice. F, G, Summary plot of the depth dependence in the
effect of isoguvacine on MUA frequency in two age groups. Shaded area in F corresponds to the MUA-silent zones. Abscissa shows MUA frequency at the peak of isoguvacine effect normalized to the
baseline MUA frequency in logarithmic scale (1 signifies no effect). Note that isoguvacine causes excitation at the surfaces and inhibition in the core of slices at P7–P14 (n 
 9) and inhibition at
P21–P28 (n 
 8).
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vivo (Brandt et al., 2010). We therefore determined the contribu-
tion of NKCC1 and KCC2 transport to trauma-induced chloride
accumulation in the acute hippocampal slices.

The effects of the NKCC1 antagonist bumetanide and KCC2
cotransporter antagonist VU0240551 (Delpire et al., 2009) on the
[Cl�]i distribution were assessed in acute hippocampal slice
preparations from immature P6 –P7 CLM-1 mice (Fig. 7A–E).
The mean [Cl�]i in the presence of bumetanide (10 �M for 20 –30
min) significantly decreased from 28.3 � 1 mM to 22.2 � 0.84 mM

(n 
 400 cells in N 
 4 slices; p � 0.0001, Wilcoxon Signed Rank
test; Fig. 7E). The mean [Cl�]i in the presence of VU0240551 (10
�M for 20 –30 min) was not significantly different from control
conditions (30.3 � 0.64 mM in control vs 29.7 � 0.63 mM in
VU0240551; n 
 310 cells in N 
 5 slices; p 
 0.4; Wilcoxon
Signed Rank test; Fig. 7E). Thus, the NKCC1 cotransporter con-
tributes relatively more than KCC2 cotransporter to the steady-
state [Cl�]i and post-traumatic increases in [Cl�]i in the acute
hippocampal slices at P6 –P7, as expected for levels of expression
of transporters at this age (Dzhala et al., 2005).

The role of NKCC1 cotransporter in post-traumatic
facilitation of neuronal network activity
The cation-chloride cotransporter NKCC1 promotes network-
driven GDPs and sharp waves in the immature rat hippocampus
and neocortex (Dzhala et al., 2005; Sipilä et al., 2006, 2009;
Rheims et al., 2008; Nardou et al., 2009). Bumetanide, a selective
inhibitor of neuronal Cl� uptake mediated by the NKCC1, re-
versibly blocks or reduces GDPs and sharp waves in immature

hippocampal and neocortical preparations in vitro and in vivo
(Dzhala et al., 2005; Sipilä et al., 2006, 2009; Rheims et al., 2008;
Nardou et al., 2009; Valeeva et al., 2010). In acute hippocampal
slice preparations in vitro from immature rats, synchronous ac-
tivity (GDPs and sharp waves) is replaced by asynchronous
multiple-unit activity which gradually diminishes in the contin-
ued presence of bumetanide (Dzhala et al., 2005; Sipilä et al.,
2006, 2009; Rheims et al., 2008; Nardou et al., 2009; Valeeva et al.,
2010). However, it is not known whether bumetanide exerts these
inhibitory effects by reducing [Cl�]i and the consequent excit-
atory action of GABA in traumatized neurons with accumulated
chloride (Figs. 3, 4, 7).

We compared the net effect of activation of GABAA-R by ex-
ogenous agonist on multiple-unit activity in the presence of bu-
metanide in acute hippocampal slices and intact hippocampal
preparations in vitro (Fig. 8). Extracellular field potential record-
ings of population and multiple-unit activity were performed in
the CA3 and CA1 pyramidal cell layer (80 –100 �m below the
surface) in acute hippocampal slice preparations from immature
P5–P6 mice (Fig. 8). In line with the previously published data,
bath application of bumetanide (10 �M) abolished spontaneous
network-driven synchronous GDP activity, which was replaced
by asynchronous multiple-unit activity (N 
 6 slices; Fig. 8A)
(Dzhala et al., 2005; Sipilä et al., 2006, 2009; Rheims et al., 2008;
Nardou et al., 2009; Valeeva et al., 2010). Next, we determined the
net effect of activation of GABAA-R by exogenous agonist on
multiple-unit activity in the presence of bumetanide. In contrast
to the monophasic increase in MUA activity in the absence of

Figure 7. The role of NKCC1 and KCC2 cation-chloride cotransporters in traumatic neuronal chloride accumulation. A, C, High-resolution two-photon imaging of Clomeleon in control ACSF (left)
and after application of 10 �M bumetanide (A) and 10 �M VU0240551 (C). Imaging was performed in the CA3 region of the acute hippocampal slice preparations at P7. Neurons were pseudo-colored
according to resting [Cl �]i. Overlays of 0 –200 �m multiple planes (2 �m step) are shown. B, D, Corresponding histograms showing intracellular chloride distribution (bin size 10 mM) from the
neurons depicted in A and C. Solid lines represent Gaussian fit to the data. E, The mean [Cl �]i in control and after application of drugs. Mean � SEM; * indicates statistically significant difference
(Wilcoxon Signed Rank test). Swollen dead cells were excluded from data analysis.
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bumetanide (Fig. 4 I), bath application of isoguvacine (10 �M for
1 min) in the presence of bumetanide induced a biphasic re-
sponse, initially increasing MUA frequency from a baseline of
16.7 � 8 Hz to 68 � 18 Hz (mean � SEM; N 
 6 slices; p 

0.0008; two-sample paired t test; Fig. 8C) indicating that the ini-
tial effect of activation of GABAA-R on neuronal firing activity
remained excitatory. Subsequently, isoguvacine reduced MUA
frequency to 3.9 � 2 Hz compared with the baseline of 16.7 � 8
Hz (p 
 0.01; Fig. 8C) indicating a late inhibitory action of GABA
in the presence of bumetanide.

In the intact hippocampal preparations in vitro from immature
P4–P6 mice, extracellular field potential activity was characterized
by multiple-unit activity (N 
 7 hippocampi) and low-frequency
network-driven GDPs (in N 
 2 of seven hippocampi). Similar to
acute hippocampal slices (Fig. 8A), bath application of bumetanide
(10 �M for 10 min) abolished GDPs and this was replaced by asyn-
chronous multiple-unit activity (Fig. 8B). In contrast to acute hip-
pocampal slices, in the intact hippocampal preparations in vitro bath
application of isoguvacine (10 �M for 1 min) in the presence of
bumetanide, induced a monophasic reduction of MUA fre-
quency from 14.7 � 1.9 Hz to 1.2 � 0.7 Hz (mean � SEM; N 

7 hippocampi; p 
 0.0002; two-sample paired t test; Fig. 8D)
indicating that the net effect of activation of GABAA-R on neu-
ronal firing activity was inhibitory, as it was in the absence of
bumetanide (Fig. 4H). Thus, NKCC1 activity strongly contrib-

uted to the intracellular chloride accumulation and facilitation of
network activity associated with the widespread neural shear in-
jury induced during preparation of acute brain slices. Bumet-
anide reduced the rate of post-traumatic accumulation of [Cl�]i

and the net effect of excitatory GABA responses on neuronal
network activity (Figs. 7, 8). However, as might be predicted from
the effect on [Cl�]i (Fig. 7B,E), the bumetanide-induced nega-
tive shift if EGABA was not sufficient to prevent all excitatory
GABAA-receptor-mediated signaling in traumatized neurons,
and some other acute mechanisms contribute to the positive shift
in EGABA and isoguvacine-induced increases in MUA frequency
(Figs. 7E, 8C).

Effects of neuroprotective strategies during hippocampal
slice preparation
We addressed the impact of brain slicing on the neuronal damage
profile and neuronal [Cl�]i throughout the hippocampal slice
preparation in regular ACSF (solution 1) vs preparation in a
solution containing 100 �M bumetanide (solution 2) to block
NKCC1 and KCC2 activity or vs a putatively neuroprotective
solution in which sucrose replaced sodium, calcium was reduced
and magnesium increased (solution 3, see Materials and Meth-
ods) (Fig. 9). In three groups of hippocampal slices prepared
from P5–P7 CLM-1 mice, the cell volume and [Cl�]i progres-
sively decreased as a function of depth (Fig. 9C,D). The most

Figure 8. Bumetanide did not prevent excitatory action of GABA on MUA in the hippocampal slices. A, B, Extracellular field potential recordings (top traces) and corresponding frequency of MUA
(below plots) in the hippocampal slice (A) and intact hippocampus (B) preparations of the immature P6 CLM-1 mouse. Bumetanide (10 �M) application abolished network-driven population bursts
(marked by vertical bars). Short-term application of the GABAA-A receptor agonist isoguvacine (10 �M for 1 min) in presence of bumetanide transiently increased remaining MUA in the hippocampal
slice (A) and abolished MUA in the intact hippocampus (B). C, D, Time course of isoguvacine action on MUA frequency in the presence of NKCC1 blocker bumetanide (Mean � SEM; N 
 6
hippocampal slices and N 
 7 intact hippocampal preparations from P5–P6 CLM-1 mice. Solid lines represent adjacent averaging of 20 data points. Increased MUA frequency in C indicates that
bumetanide did not prevent excitatory action of GABA in the traumatized neurons. Decreased MUA frequency in B indicates inhibitory action of GABA in the intact hippocampal preparation from
immature brain.
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injured superficial layers (0 –50 �m) of hippocampal slices from
all three groups were characterized by significantly larger cell
volume and higher [Cl�]i, suggesting a similar distribution of
neuronal damage in hippocampal slices prepared under different
experimental conditions. In the intermediate layers (50 –150
�m), the mean cell volume was not significantly different be-
tween all three group of slices (Fig. 9C), however the mean [Cl�]i

in acute hippocampal slices prepared in ACSF (27.9 � 1.1 mM,
n 
 229 cells imaged at this depth out of 423 cells imaged at all
depths in 6 slices) was significantly higher than in slices prepared
in the presence of bumetanide (23.4 � 0.6 mM, n 
 179 of 266
cells in 4 slices; p 
 0.01, Mann–Whitney test; Fig. 9D) or in a
high-sucrose solution (15.5 � 0.46 mM, n 
 258 of 495 imaged
cells in 6 slices; p � 0.001; Fig. 9D). In contrast, the mean cell
volume and [Cl�]i in the deepest morphologically preserved
layer (150 –200 �m) was not significantly different between all
three group of slices (Fig. 9C,D). Thus, blocking cation-chloride
cotransport with the diuretic bumetanide reduced neuronal vol-
ume and trauma-induced neuronal chloride accumulation (Fig.
9C,D). Reducing extracellular chloride in high-sucrose solution
during hippocampal slice preparation did not prevent neuronal
swelling but produced the most significant reduction in trauma-
induced neuronal chloride accumulation, confirming extracellu-
lar chloride as the source of increased neuronal [Cl�]i.

Discussion
Trauma-induced neuronal chloride accumulation alters
network activity
These results indicate that acute shear injury of neuronal pro-
cesses is associated with increased neuronal [Cl�]i that is evident
at sites distant from the shear injury including the soma. Al-
though many neurons with increased intracellular chloride ex-
hibit morphological features of cell death, many others do not.
Network-wide assays of GABA function clearly indicate that

many neurons with excitatory responses to GABA are still synap-
tically functional, particularly in slices prepared from young an-
imals. In the developing hippocampus, these neurons shift the
net network-wide effect of GABA from inhibition to excitation
after trauma (Figs. 4, 6). Clinically, the profound post-traumatic
change in the polarity of the GABA response may be a significant
pathophysiological mechanism underlying acute post-traumatic
seizures (Kahle et al., 2008).

The persistent action potential activity in the most damaged
areas of young but not older slices provides a mechanism by
which excitatory actions of GABA in traumatized neurons can
contribute to seizure activity in the developing brain. This may
underlie the increased of seizure activity in the immediate post-
traumatic period in children under age 2 (Gilles and Nelson,
1998; Liesemer et al., 2011). The preserved capacity to generate
action potentials after injury may also underlie the high incidence
of seizures in the immature brain after hypoxic-ischemic injury
(Sarnat and Sarnat, 1976; Wusthoff et al., 2011), despite the fact
that substantial post-hypoxic increases in [Cl�]i are also ob-
served in mature neurons (Pond et al., 2006). These interesting
correlations point to future studies testing whether the preserved
action potential activity in damaged areas arises from damaged
neurons and is accompanied by transmitter release. The mecha-
nisms of preservation are likely to be interesting as well. Injuries
induce death at different rates and by different mechanisms in
developing vs mature neurons, and the preserved signaling in the
damaged regions of the developing slices may reflect these differ-
ences (Bittigau et al., 1999; Lado et al., 2002).

Diuretics had modest effects on [Cl�]i accumulation and ac-
tion potential responses to GABA, but more significant impact on
network-wide synchronous activity, consistent with the nonlin-
ear effects of modulation of neuronal excitability on the output of
networks of neurons (Glykys and Mody, 2006; Grashow et al.,

Figure 9. The effects of slicing conditions on neuronal viability and intracellular chloride. A, B, Hippocampal slices were prepared in ACSF containing 100 �M bumetanide (A) and in a high-sucrose
solution (B; see Materials and Methods). YFP expression (0 –150 �m; top) and intracellular chloride concentration in the CA1 region of the acute hippocampal slices at P6. Overlays of 0 –50 and
50 –150 �m multiple planes are shown. C, D, The mean cell volume and [Cl �]i (mean�SEM) as a function of depth in the hippocampal slices prepared in control ACSF (n
6; black), in the presence
of bumetanide (n 
 4; blue), and in a high-sucrose solution (n 
 6 slices; red). Slices were prepared from P5–P7 CLM-1 mice.
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2010). Thus diuretics might be of utility in the prevention of early
seizures, particularly electrographic seizure that do not respond
to standard anticonvulsant prophylaxis (Claassen et al., 2004;
Glykys et al., 2009).

Are the excitatory effects of GABA in preparations of the
developing nervous system a consequence of trauma artifact?
Traumatic shifts in [Cl�]i and EGABA may complicate slice studies
of network effects of GABA in experimental preparations of the
developing brain (Cherubini et al., 1991; Bonifazi et al., 2009;
Glykys et al., 2009). It has frequently been noted that GABA has
dual actions in the developing brain, with evidence for both in-
hibitory and excitatory effects (Khalilov et al., 1999; Valeeva et al.,
2010). Although carbohydrate vs ketone carbon sources have
been proposed as an important determinant of EGABA (Rheims et
al., 2009), a more parsimonious explanation is that the observed
changes in EGABA are a consequence of HCO3

�-Cl� exchange in
response to the intracellular pH shifts induced by the experimen-
tal protocol (see discussion in Glykys et al., 2009; Tyzio et al.,
2011). The present data suggest that the duality of GABA effects is
due in part to the bimodal distribution of [Cl�]i in neurons in the
slice preparation. Superficial neurons are more damaged, have
higher [Cl�]i, and exhibit excitatory responses to GABA, while
deeper neurons are less damaged, have lower [Cl�]i, and exhibit
inhibitory responses to GABA. In contrast, in the intact hip-
pocampal preparation from immature mice (P6 –P7) the effect of
GABAAR activation is predominantly inhibitory, the mean
[Cl�]i is lower overall, [Cl�]i varies less with depth, and [Cl�]i is
lowest at the surface of the preparation (Fig. 4). The increase in
[Cl�]i with depth may be result of a limited oxygen supply to the
deeper neurons (Inglefield and Schwartz-Bloom, 1998; Galeffi et
al., 2004; Pond et al., 2006) and is the major limitation on the use
of intact preparations from animals older than P8.

Correlated bursts of polysynaptic glutamate and GABA-
mediated network-driven activity have been observed in the im-
mature rat in vivo (Leinekugel et al., 2002; Katz and Shatz, 1996;
Sipilä et al., 2006) and in the intact hippocampal preparation in
vitro (Leinekugel et al., 1998) (Fig. 4E). Traumatic increases in
neuronal [Cl�]i and EGABA accentuate a physiological distribu-
tion of neuronal [Cl�

i] that is already broad (Fig. 4C). The in-
creased prevalence of excitatory network activity in the slice vs
intact preparation underlines the importance of excitatory
GABAergic signaling in the genesis of these network events. This
role of GABA is important both physiologically (Ben-Ari et al.,
2007) and pathologically (Kahle et al., 2008; Dzhala et al., 2010).
Physiological rates of neuronal Cl�uptake are important for syn-
aptogenesis (Ge et al., 2006; Cancedda et al., 2007; Wang et al.,
2008). Pathologically, immature seizures commonly occur after
neuronal injury (Wusthoff et al., 2011), respond poorly to
GABAergic anticonvulsants electro-graphically (Scher et al.,
2003; Murray et al., 2008), but do respond to inhibitors of neu-
ronal Cl� uptake, either alone (Dzhala et al., 2005) or in combi-
nation with GABAergic anticonvulsants (Dzhala et al., 2008,
2010; Nardou et al., 2009).

Neurons in the outer 100 �m of mature hippocampal slices with
elevated [Cl�]i (Figs. 5, 6) are frequently targeted in patch-clamp
studies. Thus it may be that traumatized neurons are disproportion-
ately represented in electrophysiological studies reporting depolar-
izing GABA responses in adult neurons (Gulledge and Stuart, 2003).
However, the neurons in the most superficial 100 �m of the slice did
not contribute to the network-wide effect of exogenous GABA in the
mature preparations, which remained inhibitory (Figs. 5F,G,
6F,G). This may be a consequence of the lower ratio of neurons with

elevated vs physiological [Cl�]i in mature vs developing prepara-
tions. Alternatively it may reflect reduced efferent and afferent
synaptic activity in injured mature neurons, and this could un-
derlie the age dependence of early traumatic seizures (Liesemer et
al., 2011). We did not systematically investigate the increase in
[Cl�]i as a function of time after slice preparation; the data re-
ported here were gathered 1–3 h after slicing. The number of
neurons with elevated [Cl�]i continued to increase for 24 h in
cultured neurons subjected to trauma (van den Pol et al., 1996),
and it is commonly accepted that hyperexcitability and frankly
epileptic activity are signs that slices have become “too old” and
should be discarded. Thus late deteriorations in slice physiology
may reflect changes in GABAA-R signaling triggered by progres-
sive post-traumatic increases in [Cl�]i.

Post-traumatic neuronal chloride transport and
volume regulation
The mechanisms of neuronal swelling following trauma are not
known. Acute changes in transporter expression have been dem-
onstrated (Nabekura et al., 2002; Bonislawski et al., 2007; Papp et
al., 2008; Hasbargen et al., 2010), but other changes including
damage to the axonal cytoskeletal elements and secondary
changes in dendrites (Monnerie et al., 2010) have also been ob-
served. Traumatic cytoskeletal injury and loss of cytoplasm may
trigger volume-sensitive apoptotic mechanisms (Maeno et al.,
2000), so neurons must replace the lost volume or die. The only
available replacement is extracellular fluid containing 110 mM

chloride, so neurons may have no choice but to increase chloride
as a consequence of importing isotonic extracellular fluid imme-
diately following trauma. The increase in volume without in-
crease in [Cl�]i in low-chloride slicing solutions (Fig. 9C,D) and
the significant though modest effects of cation-chloride transport
inhibition (Fig. 7) suggest that dysregulation of cation-chloride
cotransport is only one part of a more complex post-traumatic
volume dysregulation. Cation-chloride cotransporters NKCC1
and KCC2 differently contribute to the post-traumatic increase
in neuronal [Cl�]i (Fig. 7). The larger role of NKCC1 vs KCC2 in
chloride accumulation in the developing hippocampus is consis-
tent with its higher level of expression in developing neurons
(Plotkin et al., 1997; Dzhala et al., 2005). Although NKCC1 typ-
ically mediates chloride accumulation and cytoplasmic volume
increases, while KCC2 mediates chloride extrusion and volume
decreases, both transporters can run in reverse (Thompson and
Gähwiler, 1989; Brumback and Staley, 2008; Hoffmann et al.,
2009).

While techniques for preparing brain slices vary to some ex-
tent between laboratories, we propose that it is the number, di-
ameter, and proximity to the soma of acutely transected dendrites
and axons, rather than the technique with which they are tran-
sected, that determines the increase in neuronal [Cl�]i. However,
this does not exclude reductions in traumatic [Cl�]i with new
techniques (Fig. 9). New techniques for reductions in traumatic
[Cl�]i in vitro could also form the basis for important new strat-
egies to treat post-traumatic edema and seizures.
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Chiaretti A, Piastra M, Pulitanò S, Pietrini D, De Rosa G, Barbaro R, Di Rocco
C (2002) Prognostic factors and outcome of children with severe head
injury: an 8-year experience. Childs Nerv Syst 18:129 –136.

Claassen J, Mayer SA, Kowalski RG, Emerson RG, Hirsch LJ (2004) Detec-
tion of electrographic seizures with continuous EEG monitoring in criti-
cally ill patients. Neurology 62:1743–1748.

Cohen I, Miles R (2000) Contributions of intrinsic and synaptic activities to
the generation of neuronal discharges in in vitro hippocampus. J Physiol
524:485–502.

Cohen I, Navarro V, Clemenceau S, Baulac M, Miles R (2002) On the origin
of interictal activity in human temporal lobe epilepsy in vitro. Science
298:1418 –1421.

Darzynkiewicz Z, Pozarowski P, Lee BW, Johnson GL (2011) Fluorochrome-
labeled inhibitors of caspases: convenient in vitro and in vivo markers of
apoptotic cells for cytometric analysis. Methods Mol Biol 682:103–114.

Davies ML, Kirov SA, Andrew RD (2007) Whole isolated neocortical and
hippocampal preparations and their use in imaging studies. J Neurosci
Methods 166:203–216.

Delpire E (2000) Cation-chloride cotransporters in neuronal communica-
tion. News Physiol Sci 15:309 –312.

Delpire E, Days E, Lewis LM, Mi D, Kim K, Lindsley CW, Weaver CD (2009)
Small-molecule screen identifies inhibitors of the neuronal K-Cl cotrans-
porter KCC2. Proc Natl Acad Sci U S A 106:5383–5388.

Duebel J, Haverkamp S, Schleich W, Feng G, Augustine GJ, Kuner T, Euler T
(2006) Two-photon imaging reveals somatodendritic chloride gradient
in retinal ON-type bipolar cells expressing the biosensor Clomeleon.
Neuron 49:81–94.

Dzhala VI, Staley KJ (2003) Excitatory actions of endogenously released
GABA contribute to initiation of ictal epileptiform activity in the devel-
oping hippocampus. J Neurosci 23:1840 –1846.

Dzhala VI, Talos DM, Sdrulla DA, Brumback AC, Mathews GC, Benke TA,
Delpire E, Jensen FE, Staley KJ (2005) NKCC1 transporter facilitates
seizures in the developing brain. Nat Med 11:1205–1213.

Dzhala VI, Brumback AC, Staley KJ (2008) Bumetanide enhances pheno-
barbital efficacy in a neonatal seizure model. Ann Neurol 63:222–235.

Dzhala VI, Kuchibhotla KV, Glykys JC, Kahle KT, Swiercz WB, Feng G, Kuner
T, Augustine GJ, Bacskai BJ, Staley KJ (2010) Progressive NKCC1-
dependent neuronal chloride accumulation during neonatal seizures.
J Neurosci 30:11745–11761.

Ebihara S, Shirato K, Harata N, Akaike N (1995) Gramicidin-perforated
patch recording: GABA response in mammalian neurones with intact
intracellular chloride. J Physiol 484:77– 86.

Galeffi F, Sah R, Pond BB, George A, Schwartz-Bloom RD (2004) Changes

in intracellular chloride after oxygen-glucose deprivation of the adult
hippocampal slice: effect of diazepam. J Neurosci 24:4478 – 4488.

Gamba G (2005) Molecular physiology and pathophysiology of electroneu-
tral cation-chloride cotransporters. Physiol Rev 85:423– 493.

Ge S, Goh ELK, Sailor KA, Kitabatake Y, Ming GL, Song H (2006) GABA
regulates synaptic integration of newly generated neurons in the adult
brain. Nature 439:589 –593.

Gilles EE, Nelson MD Jr (1998) Cerebral complications of nonaccidental
head injury in childhood. Pediatr Neurol 19:119 –128.

Glickfeld LL, Roberts JD, Somogyi P, Scanziani M (2009) Interneurons hy-
perpolarize pyramidal cells along their entire somatodendritic axis. Nat
Neurosci 12:21–23.

Glykys J, Mody I (2006) Hippocampal network hyperactivity after selective
reduction of tonic inhibition in GABA A receptor alpha5 subunit-
deficient mice. J Neurophysiol 95:2796 –2807.

Glykys J, Dzhala VI, Kuchibhotla KV, Feng G, Kuner T, Augustine G, Bacskai
BJ, Staley KJ (2009) Differences in cortical versus subcortical GABAer-
gic signaling: a candidate mechanism of electroclinical uncoupling of
neonatal seizures. Neuron 63:657– 672.

Grashow R, Brookings T, Marder E (2010) Compensation for variable in-
trinsic neuronal excitability by circuit-synaptic interactions. J Neurosci
30:9145–9156.

Gulledge AT, Stuart GJ (2003) Excitatory actions of GABA in the cortex.
Neuron 37:299 –309.

Hannaert P, Alvarez-Guerra M, Pirot D, Nazaret C, Garay RP (2002) Rat
NKCC2/NKCC1 cotransporter selectivity for loop diuretic drugs. Nau-
nyn Schmiedebergs Arch Pharmacol 365:193–199.

Hasbani MJ, Hyrc KL, Faddis BT, Romano C, Goldberg MP (1998) Distinct
roles for sodium, chloride, and calcium in excitotoxic dendritic injury and
recovery. Exp Neurol 154:241–258.

Hasbargen T, Ahmed MM, Miranpuri G, Li L, Kahle KT, Resnick D, Sun D
(2010) Role of NKCC1 and KCC2 in the development of chronic neuro-
pathic pain following spinal cord injury. Ann N Y Acad Sci 1198:168 –172.

Hoffmann EK, Lambert IH, Pedersen SF (2009) Physiology of cell volume
regulation in vertebrates. Physiol Rev 89:193–277.

Inglefield JR, Schwartz-Bloom RD (1998) Optical imaging of hippocampal
neurons with a chloride-sensitive dye: early effects of in vitro ischemia.
J Neurochem 70:2500 –2509.

Inoue H, Okada Y (2007) Roles of volume-sensitive chloride channel in
excitotoxic neuronal injury. J Neurosci 27:1445–1455.

Isenring P, Jacoby SC, Payne JA, Forbush B 3rd (1998) Comparison of Na-
K-Cl cotransporters. NKCC1, NKCC2, and the HEK cell Na-L-Cl
cotransporter. J Biol Chem 273:11295–11301.

Kahle KT, Staley KJ, Nahed BV, Gamba G, Hebert SC, Lifton RP, Mount DB
(2008) Roles of the cation-chloride cotransporters in neurological dis-
ease. Nat Clin Pract Neurol 4:490 –503.

Katz LC, Shatz CJ (1996) Synaptic activity and the construction of cortical
circuits. Science 274:1133–1138.

Keenan HT, Hooper SR, Wetherington CE, Nocera M, Runyan DK (2007)
Neurodevelopmental consequences of early traumatic brain injury in
3-year-old children. Pediatrics 119:e616 – e623.

Khalilov I, Esclapez M, Medina I, Aggoun D, Lamsa K, Leinekugel X, Khazi-
pov R, Ben-Ari Y (1997) A novel in vitro preparation: the intact hip-
pocampal formation. Neuron 19:743–749.

Khalilov I, Dzhala V, Ben-Ari Y, Khazipov R (1999) Dual role of GABA in
the neonatal rat hippocampus. Dev Neurosci 21:310 –319.

Khalilov I, Holmes GL, Ben-Ari Y (2003) In vitro formation of a secondary
epileptogenic mirror focus by interhippocampal propagation of seizures.
Nat Neurosci 6:1079 –1085.

Khazipov R, Khalilov I, Tyzio R, Morozova E, Ben-Ari Y, Holmes GL (2004)
Developmental changes in GABAergic actions and seizure susceptibility
in the rat hippocampus. Eur J Neurosci 19:590 – 600.

Kirov SA, Sorra KE, Harris KM (1999) Slices have more synapses than
perfusion-fixed hippocampus from both young and mature rats. J Neu-
rosci 19:2876 –2886.

Koch C, Poggio T, Torre V (1983) Nonlinear interactions in a dendritic tree:
localization, timing, and role in information processing. Proc Natl Acad
Sci U S A 80:2799 –2802.

Kuner T, Augustine GJ (2000) A genetically encoded ratiometric indicator
for chloride: capturing chloride transients in cultured hippocampal neu-
rons. Neuron 27:447– 459.

4030 • J. Neurosci., March 21, 2012 • 32(12):4017– 4031 Dzhala et al. • Neuronal Trauma and Excitatory GABA Signaling



Lado FA, Laureta EC, Moshé SL (2002) Seizure-induced hippocampal dam-
age in the mature and immature brain. Epileptic Disord 4:83–97.

Lee BW, Olin MR, Johnson GL, Griffin RJ (2008) In vitro and in vivo apo-
ptosis detection using membrane permeant fluorescent-labeled inhibi-
tors of caspases. Methods Mol Biol 414:109 –135.

Leinekugel X, Medina I, Khalilov I, Ben-Ari Y, Khazipov R (1997) Ca 2�

oscillations mediated by the synergistic excitatory actions of GABA(A)
and NMDA receptors in the neonatal hippocampus. Neuron 18:243–255.

Leinekugel X, Khalilov I, Ben-Ari Y, Khazipov R (1998) Giant depolarizing
potentials: the septal pole of the hippocampus paces the activity of the
developing intact septohippocampal complex in vitro. J Neurosci
18:6349 – 6357.

Leinekugel X, Khazipov R, Cannon R, Hirase H, Ben-Ari Y, Buzsáki G (2002)
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Sipilä ST, Huttu K, Soltesz I, Voipio J, Kaila K (2005) Depolarizing GABA
acts on intrinsically bursting pyramidal neurons to drive giant depolariz-
ing potentials in the immature hippocampus. J Neurosci 25:5280 –5289.
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