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Jin, Xiaoming, John R. Huguenard, and David A. Prince. Impaired
Cl™ extrusion in layer V pyramidal neurons of chronically injured
epileptogenic neocortex. J Neurophysiol 93: 2117-2126, 2005; doi:
10.1152/jn.00728.2004. In the mature brain, the K*/CI~ cotransporter
KCC2 is important in maintaining low [Cl™];, resulting in hyperpo-
larizing GABA responses. Decreases in KCC?2 after neuronal injuries
result in increases in [Cl™ ]; and enhanced neuronal excitability due to
depolarizing GABA responses. We used the gramicidin perforated-
patch technique to measure Eo, (~Egapn) in layer V pyramidal
neurons in slices of partially isolated sensorimotor cortex of adult rats
to explore the potential functional consequence of KCC2 downregu-
lation in chronically injured cortex. Eq,5, Was measured by record-
ing currents evoked with brief GABA puffs at various membrane
potentials. There was no significant difference in E, between neurons
in control and undercut animals (-71.2 = 2.6 and -71.8 = 2.8 mV,
respectively). However, when loaded with C1™ by applying muscimol
puffs at 0.2 Hz for 60 s, neurons in the undercut cortex had a
significantly shorter time constant for the positive shift in E, during
the C1™ loading phase (4.3 = 0.5 s for control and 2.2 = 0.4 s for
undercut, P < 0.01). The positive shift in E¢, 3 s after the beginning
of C1™ loading was also significantly larger in the undercut group than
in the control, indicating that neurons in undercut cortex were less
effective in maintaining low [Cl™]; during repetitive activation of
GABA , receptors. Application of furosemide eliminated the differ-
ence between the control and undercut groups for both of these
measures of [C]™]; regulation. The results suggest an impairment in
Cl™ extrusion resulting from decreased KCC2 expression that may
reduce the strength of GABAergic inhibition and contribute to
epileptogenesis.

INTRODUCTION

Increases in chloride conductance are a major factor under-
lying the effect of y-aminobutyric acid (GABA) at GABA ,
receptors (Bormann et al. 1987). Whether activation of these
receptors leads to hyperpolarization or depolarization depends
principally on the relationship between the equilibrium poten-
tial for C1”™ (E)) and the resting membrane potential (V). In
the immature brain, where [CI™]; is high and E, is positive to
V... activation of GABA, receptors causes Cl~ efflux and
depolarizing inward current (Ben Ari et al. 1994; Cherubini et
al. 1990; Kakazu et al. 1999; Luhmann and Prince 1991),
whereas in the mature brain, low [Cl ]; and an E, negative to
V., results in Cl™ influx and hyperpolarizing inhibitory
postsynaptic potentials (IPSPs) during GABA , receptor acti-
vation (Andersen et al. 1980; Benardo 1994; Connors et al.
1988). This developmental shift indicates that [Cl ]; is not
passively distributed across membranes, rather it is regulated

by the cation-chloride cotransporters and the CI" /HCO; ex-
changers (Payne et al. 2003). The switch from depolarizing to
hyperpolarizing GABA responses results from a decrease of
[CI]; attributable to an increase in the Cl~ extruding K*-Cl™
cotransporter, KCC2 (Kakazu et al. 1999; Mikawa et al. 2002;
Plotkin et al. 1997; Rivera et al. 1999) and a decrease in the
Cl~ accumulating K*-Na®-2CI~ cotransporter, NKCCI
(Clayton et al. 1998; Marty et al. 2002; Yamada et al. 2004).

In pathophysiological conditions such as neuronal injuries,
the effect of GABA, receptor activation can change from
hyperpolarization to depolarization due to a decrease in KCC2
and consequent increases in [Cl ™ ]; (Coull et al. 2003; Malek et
al. 2003; Nabekura et al. 2002; Toyoda et al. 2003). After
trauma, activation of GABA , receptors causes depolarization
and an increase in intracellular Ca”* in different CNS regions
(Nabekura et al. 2002; Toyoda et al. 2003; van den Pol et al.
1996). In brain slice preparations, tetanic stimulation switches
the response to GABA from inhibition to one of excitation as
a result of an increase in [K™],, which probably disturbs C1™
extrusion (DeFazio et al. 2000; McCarren and Alger 1985;
Taira et al. 1997). Kindling-induced or spontaneous seizures
can also lead to reductions in expression of KCC2 (Rivera et al.
2002) and increases in NKCC1 (Okabe et al. 2002).

Normal brain function depends on a delicate balance be-
tween excitatory and inhibitory synaptic activity. Results from
a variety of experiments indicate that reductions in cortical
inhibitory electrogenesis can induce epileptiform activity
(Prince 1999). Reductions in inhibition, such as might result
from decreases in numbers of GABAergic neurons (Buckmas-
ter and Jongen-Relo 1999; Dinocourt et al. 2003; Magloczky et
al. 2000), loss of inhibitory synapses (Bloom and Iversen 1971;
Ribak et al. 1982), and alterations in GABA , receptors (Bian-
chi et al. 2002; Rice et al. 1996; Wallace et al. 2001), can lead
to hyperexcitability in neuronal networks and may be one
underlying mechanism in epileptogenesis (Bernard et al. 2000;
Prince 1999; Sloviter 1987). Small reductions in the strength of
cortical GABAergic inhibition have been reported in chronic
models of epilepsy (Li and Prince 2002; Roper et al. 1997), and
pharmacologically induced disinhibition can result in epilepti-
form discharges in acute experiments (Chagnac-Amitai and
Connors 1989; Schwartzkroin and Prince 1978).

Potential contributions of disordered Cl  transport to the
epileptogenesis occurring after neocortical trauma have not
been well explored. Epileptogenesis is known to occur in vivo
in partially isolated islands of neocortex of cats (Echlin and
Battista 1963), monkey (Sharpless and Halpern 1962) and
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perhaps human (Scoville 1960) 2-3 wk after injury. We have
adapted this model to guinea pig and rat and shown that both
spontaneous and evoked interictal epileptiform activity and
rare ictal episodes can occur in neocortical slices cut through
the partially isolated cortical island and maintained in vitro
(Hoffman et al. 1994; Prince and Tseng 1993; Salin et al.
1995). Preliminary results obtained with immunocytochemical
and in situ hybridization techniques have shown that KCC2
protein and mRNA are downregulated in layer V pyramidal
neurons of rat partially isolated “undercut” neocortex begin-
ning ~2 wk after injury (Prince et al. 2000; I. Parada and D. A.
Prince, unpublished data). The effects of reductions in KCC2
on [Cl |]; resting E,, and the capacity of these neurons to
recover from increases in [Cl ™ ]; that result from intense acti-
vation of GABA , receptors, have not been examined in this
model of posttraumatic epileptogenesis. To explore these po-
tential physiological consequences of reduced KCC2 expres-
sion, we applied the perforated-patch technique to pyramidal
cells in layer V of control and chronically injured, partially
isolated neocortex. We expected that the decreased expression
of KCC2 after injury would result in a positive shift in Eg,
and/or slower Cl~ clearance, which could contribute to the
increased excitability and epileptogenesis.

METHODS
Surgical procedures

All experiments were carried out according to protocols approved
by the Stanford Institutional Animal Care and Use Committee. Forty-
four Sprague-Dawley rats aged P36-46 (PO = date of birth) were used
for in vitro recordings. Partially isolated islands of sensory-motor
cortex (“‘undercuts”) were produced in 26 anesthetized rats at P21,
using previously described techniques (Hoffman et al. 1994; Li and
Prince 2002). Rats were deeply anesthetized with ketamine (80 mg/kg
ip) and xylazine (Rompun, 8§ mg/kg ip) and mounted in a stereotaxic
frame; the scalp was incised and retracted, and a portion of frontopa-
rietal cortex of the left hemisphere was exposed by removing a ~3 X
5 mm bone window centered on the coronal suture, leaving the dura
intact. A partial isolation of an island of sensory-motor cortex (Zilles
1985) was made as previously described (Hoffman et al. 1994). A
30-gauge needle, bent at approximately a right angle 2.5-3 mm from
the tip, was inserted tangentially through the dura, just beneath the
pial vessels, parasagittally ~1-2 mm from the interhemispheric sul-
cus, and lowered to a depth of 2 mm. The needle then was rotated
120-135° to produce a contiguous white matter lesion, elevated to a
position just beneath the pia, making a second transcortical cut, and
removed. An additional transcortical lesion was placed ~2 mm lateral
and parallel to the parasagittal cut in a similar manner. The skull
opening was then covered with sterile plastic wrap (Saran Wrap), and
the skin sutured. Rats were allowed to recover for =2 wk, a latency
at which most in vitro slices containing a portion of the injured area
generated evoked epileptiform activity in previous experiments (Gra-
ber and Prince 1999; Hoffman et al. 1994).

Slice preparation and recording

Animals were anesthetized with pentobarbital (55 mg/kg ip) and
decapitated; the brain was rapidly removed and placed in cold (4°C)
oxygenated slicing solution containing (in mM) 230 sucrose, 2.5 KCl,
1.25 NaH,PO,, 10 MgSO,.7HO,, 10 glucose, 0.5 CaCl,.2H,0, and
26 NaHCO;. Coronal slices (250 wm) were cut with a vibratome
(Lancer Series 1000) through the lesioned cortex and from the same
region in control animals, and maintained using standard techniques
(Li and Prince 2002). After ~1 h incubation at 36°C in standard
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artificial cerebrospinal fluid (ACSF), slices were held at room tem-
perature. The ACSF contained (in mM) 126 NaCl, 2.5 KCl, 1.25
NaH,PO,, 2 CaCl,, 2 MgSO,.7H,0, 26 NaHCO;, and 10 glucose; pH
7.4 when saturated with 95% 0O,-5% CO,. Bicarbonate is known to
make a small contribution to the GABA equilibrium potential (Bor-
mann et al. 1987) that might be eliminated through the use of
bicarbonate-free ACSF. We assumed that the presence of bicarbonate
in our experiments would affect E, similarly in control and undercut
neurons recorded under identical conditions, and therefore standard
ACSF was used as in the preceding text, to record Eg g, under
physiological conditions. We also corrected the contribution of bicar-
bonate current in our calculations using Goldman-Hodgkin-Katz
equation (GHK equation).

Patch electrodes were pulled from borosilicate glass tubing (1.5 mm
OD), and those used for gramicidin perforated patch recordings had an
impedance of 2-3 M{) when filled with intracellular solution contain-
ing (in mM) 130 KCl, 5 EGTA, 0.5 CaCl,.2H,0, 2 MgCl,.6H,0, and
10 HEPES, pH 7.3 adjusted with 1 M KOH. Gramicidin at a final
concentration of 25-50 wg/ml was added to the pipette solution before
each experiment and the mixture sonicated for =30 s. Pipettes for
whole cell recording had an impedance of 2.5-4 M) when filled with
intracellular solution containing (in mM) 95 K-gluconate, 40 KCl, 5
EGTA, 0.2 CaCl,.2H,0, and 10 HEPES, pH 7.3 adjusted with 1 M
KOH. The osmolarity of the pipette solutions was adjusted to 275-285
mosM. Liquid junction potentials were determined using the junction
potential calculator in Clampex 9.0 software and corrected during data
analysis. Single slices were transferred to a recording chamber where
they were minimally submerged and maintained at 32 = 1°C. Patch-
clamp recordings were made from visually identified layer V pyra-
midal cells in undercut cortex or the same region in control slices,
using infrared video microscopy and a X63 water-immersion lens
with differential interference contrast optics (Zeiss Axioskop) and an
Axopatch 200A amplifier (Axon Instruments). Access resistance was
measured in voltage-clamp mode from responses to 5 mV depolariz-
ing voltage pulses. Perforated patch recordings with access resistance
of <80 MQ) and without significant (>25%) changes during the
recording were used for data analysis. The responses were low-pass
filtered at 2 kHz and recorded on hard disk for later analysis.

Drug application

Drugs were delivered using a local perfusion system composed of
eight fine tubes ending in a common outlet tube, positioned ~250 wm
from the recorded neuron (Kumar et al. 2002; Sun et al. 2001).
CGP35348 0.5 mM, TTX 1 uM, muscimol 100 uM, GABA 100 uM,
furosemide 0.5 mM, bumetanide 10 uM were mixed in ACSF and
locally perfused. All drugs were obtained from Sigma.

To activate GABA, receptors, brief pressure pulses (“puffs”;
12-15 ms, 200-275 kPa) of GABA (100 uM) or muscimol (100 uM)
were applied to the soma of the recorded neuron through a patch
pipette located ~50-80 wm away in layer V. Pipettes for pressure
applications were fabricated as described in the preceding text for
patch pipettes, and had an impedance of 5-7 M{) when filled with
ACSF containing GABA or muscimol. The distance between the
“puffer” pipette and soma was routinely adjusted to evoke minimally
detectable current responses. Pressure pulses were applied using a
solenoid-controlled pressure valve. The settings were kept constant
during recording.

Data analysis

Data were analyzed using Clampfit 9.0 (Axon Instruments, Union
City, CA) and Origin (Microcal Software, Northampton, MA) soft-
ware. Perforated-patch access resistance was determined by analyzing
the transient responses to 5 mV voltage-clamp steps (Marty and Neher
1985). The amplitude of the voltage step divided by the resultant
instantaneous current yielded an estimate of access resistance. “In-
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IMPAIRED ClI” EXTRUSION IN EPILEPTOGENIC NEOCORTEX

stantaneous” current was measured as the extrapolated zero time
current obtained after fitting two exponential functions to the decay of
the capacitive current transients. All membrane potentials were sub-
sequently corrected for the voltage drop across the access resistance.
In experiments involving GABA puffs, equilibrium potentials were
determined by measuring the voltage at the intersection of the holding
and total current /-V curves. When voltage ramps were used, chloride
reversal potentials were determined by measuring the voltage at the
intersection of the control and muscimol-induced current curves.

Once a stable perforated patch was established, passive membrane
properties were determined from voltage responses to small 100 pA
current steps (Rall 1977). The membrane time constant (7,,) was
estimated from the slowest component of multiexponential fits to the
voltage responses from the onset to the steady state. The electrotonic
length (L) and dendritic dominance (p) were further calculated based
on result of multiexponential fits.

To quantify C1™ load, we integrated the total C1™ loading current,
both during the holding period at —50 mV and during the voltage
ramp, by subtracting net inward Cl~ current from outward Cl™
current (Fig. 2B3). The contribution of HCOS current was estimated
by applying the GHK equation, using a C1 :HCOj5 permeability ratio
of 0.8:0.2 (Kaila et al. 1993; Staley et al. 1995) and assuming that
[CI"]; and Cl™ cotransporter activity did not change significantly
during each ramp. The total CI~ load over the 60 s period (total
charge) was used to estimate the number of ions transferred

[CT Jintux = Quow/F

Where F'is Faraday’s constant, and Q,,,, is the total C1~ load over the
60 s period.

The shifts in [C17]; in the first three ramps were individually
calculated from the modified GHK equation, using the change in
EGapa during each ramp period. Neuronal volume was then estimated
from the number of ions (moles) admitted versus the change in [C]™ ],
during each of the three ramp periods and averaged (Staley and
Proctor 1999)

Cell volume = A[Cl™ Ji,nu/A[C1 7]

Where A[C]™ ], ,qux is moles of C1™ loaded during a single ramp, and
A[CI7]; is the change in intracellular C1~ concentration during that
ramp period.

Unless otherwise indicated, statistical analyses were performed
using Student’s 7-test with a level of significance of P < 0.05. Data are
presented as means * SE.

RESULTS

All recordings were obtained from layer V within the par-
tially isolated cortex and from homologous areas of control
cortex from age-matched untreated animals. Transcortical cuts
were easily seen in slices under a low power objective. Un-
dercutting lesions were present in white matter closely adjacent
to layer VI and a small area of cavitation was often associated
with the undercut. Layer V pyramidal neurons were visually
identified based on their location, large pyramidal-shaped so-
mata and a single emerging apical dendrite extending toward
the pial surface. Data from neurons with a resting membrane
potential more negative than —-50 mV were accepted for anal-
ysis. Most neurons had a regular spiking firing pattern in
response to depolarizing current pulses (83.4%); the remainder
were burst firing pyramidal neurons (Connors et al. 1982;
Tseng and Prince 1996). Data from these two groups of cells
were not significantly different and therefore were combined
for analysis. Because the GABA, equilibrium potential
(Egapa) 18 predominately determined by E;, we refer to
EGapa as E¢, throughout.
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Resting E., in layer V pyramidal neurons of undercut
epileptogenic cortex

Acceptable perforated patch-clamp recordings were ob-
tained from 13 neurons in 12 slices of undercut cortex from
seven rats and 8 cells in 8 slices of control cortex from four
rats. CGP 35348 (0.5 mM) and TTX (1 uM) were locally
perfused to block GABAj receptor activation and action po-
tential firing respectively. GABA (100 uM) was pressure-
applied close to the soma of the voltage-clamped cells. An
example of a perforated patch-clamp experiment is shown in
Fig. 1A. The agonist-induced current was measured at different
command potentials between —90 and —20 mV. After correc-
tion for access resistance, current—voltage (/-V) relationships
before and during the GABA response revealed the GABA
reversal potential (Egapa, Fig. 1B, <). The mean Eg g, Was
—71.2 £ 2.6 mV (n = 8) in the control group and -71.8 * 2.8
mV (n = 13) in the undercut group (Fig. 1C). These Egaga
levels were hyperpolarizing relative to the average membrane
potential of —58.8 *£ 2.4 and —63.7 = 2.3 mV for the control
and undercut groups, respectively. The calculated mean intra-
cellular chloride concentrations in control and undercut neu-
rons under these conditions were 5.4 = 1.0 and 5.6 = 1.2 mM,
respectively, using the modified GHK equation with [HCO5], =
26 mM, [HCO;]; 16 mM (Dallwig et al. 1999) and
Phcos/Per = 0.25 (Kaila et al. 1993; Staley et al. 1995). There
were no statistical differences between the control and under-
cut groups in either Egapa or calculated [Cl™]; (Fig. 10).

Changes in E; during Cl~ loading in neurons of
undercut cortex

The lack of a significant difference in Eq 5, (Ec;) between
the undercut and control group was surprising because previ-
ous experiments have shown decreased KCC2 immunoreactiv-
ity in neurons of layer V of undercut cortex (Prince et al. 2000;
D. A. Prince, unpublished data) and decreased KCC2 expres-
sion resulting in a positive shift in E- and depolarizing
GABA, responses has been reported after axotomy, other
neuronal injuries, and seizures (Malek et al. 2003; Nabekura et
al. 2002; Woo et al. 2002). It is possible that sufficient KCC2
activity is present in neurons of the undercut cortex to maintain
a normal low [Cl ]; under resting conditions but not during
periods of CI™ loading resulting from GABA release during
intense interneuronal discharge as might occur during epilep-
tiform activity (e.g., Fig. 11 in McCormick et al. 1985). To
further explore this issue, we held V,, of neurons at =50 mV
and induced CI™ loading by applying 100 uM muscimol puffs
to the somata of layer V pyramidal neurons at 0.2 Hz for 60 s
to mimic the effect of intense GABA, receptor activation
(Thompson and Gahwiler 1989). Voltage ramps from — 100 to
—40 mV were applied at 1 Hz to monitor the changes in
membrane conductance over time during the loading and
recovery phase (Fig. 2A). E, was determined from voltage at
the intersection of the control and muscimol current traces after
correction for access resistance (Fig. 2B). In each cell, the time
constant of changes in E, during the loading phase and the
recovery phase was obtained by fitting values for E, from
voltage ramp responses with a single-exponential function
(Fig. 2C). Acceptable perforated patch-clamp recordings were
obtained from 12 neurons in 10 slices of undercut cortex from
seven rats and 8 cells in 6 slices of control cortex from five rats.
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FIG. 1. Measurement of E., using perforated patch-clamp recordings. A:

gramicidin perforated patch-clamp recording of membrane currents evoked by
brief (12 ~ 15 ms) focal GABA puffs (100 uM) at different command
potentials (—90 to —20 mV) in a layer V pyramidal neuron. TTX (1 uM) and
CGP35348 (0.5 mM) were continuously applied by local perfusion. Holding
current (0) and peak current (m) were measured at times indicated by vertical
dashed line. B: I-V relationship of holding current and total current during
GABA application in the same neuron. Arrow, GABA current reversal poten-
tial that is assumed to be ~E¢, (-68.6 mV in this neuron). C: resting E, was
unaltered in layer V pyramidal neurons of undercut epileptogenic cortex.
Graphs show average E¢, (left) and calculated [Cl ™ ];, (right) in control and
undercut groups. E.; was —71.2 = 2.6 mV in control (0, n = 8) and —71.8 =
2.8 mV in undercut group (m, n = 13); [C] ];,, calculated from the modified
GHK equation, was 5.4 = 1.0 mM in control and 5.6 * 1.2 mM in undercut
group. Differences between the 2 groups were not significant.
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FIG. 2. Measurement of time constants for altered E; during Cl~ loading
and recovery. A: layer V pyramidal neuron voltage-clamped at —50 mV during
application of 12 ~ 15 ms, 100 uM muscimol pressure pulses (0.2 Hz) for 60 s
to load C1™. Deflections show membrane current responses to voltage ramps as
shown in B, delivered at 1 Hz. AI: C1™ loading phase. Black arrows mark times
of 1st and 2nd muscimol applications. A2: recovery phase, beginning imme-
diately after last muscimol puff. Open arrowhead marks beginning of recovery
phase. B: E was measured from intersection of currents evoked by voltage
ramps. BI: superimposed responses obtained at points a and b of C1~ loading
phase in A/, before and immediately after 1st muscimol puff. B2: responses to
same voltage ramp during recovery phase after last muscimol puff (response ¢
in A2) and the control trace (response a in A7) were superimposed. Voltages at
intersections of the control and muscimol response traces (asterisks) indicate
the reversal potential at the beginning of C1™ loading (B/) and the beginning
of recovery phase (B2). B3: voltage ramp protocol used in A and B included
250 ms at —50 mV before and after a ramp ranging from —100 to —40 mV
over 500 ms. The horizontal line drawn at =71 mV indicates Eg . The time
spent at membrane voltages positive to Egapa (light gray) was much greater
than the time spent at more negative potentials (dark gray), leading to net C1~
loading during the protocol. Vertical lines in B, /-3, indicate GABA reversal
potential. C: time constants for E, changes during and after C1™ loading. E,
from a layer V pyramidal neuron in undercut cortex plotted as a function of
time from the beginning of muscimol puff 30 s (CI) and from the beginning
of recovery period (C2). Plots fit with a single-exponential function (solid
lines). Tau is 2.7 = 0.3 s for loading phase and 6.7 = 0.5 s for recovery phase.
D: changes in E, during Cl™ loading and recovery phases. There were no
significant differences between the 2 groups in resting E¢, (left), Eq, after 60 s
of C1™ loading (middle), or 30 s into the recovery period (right). The difference
in Eq; between the resting state and after 60 s of C1~ loading was significant
for both control and undercut groups (*: P < 0.05).
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In both control and undercut groups, there was a significant
positive shift in E; between the resting state and after C1™
loading (Fig. 2D), indicating that the muscimol loading proto-
col was effective in increasing E;. The mean total C1™~ loading
in 60 s, calculated based on total net inward current after
correction for bicarbonate current according to GHK equation,
was 0.35 = 0.09 and 0.41 = 0.09 femtomole in the control and
undercut group, respectively. From the change in [Cl ]; de-
rived from the C1~ load, the mean cell volumes estimated were
3,200 = 600 and 2,400 = 300 ;ml3 in the control and undercut
group, respectively. Neurons in the undercut cortex tended to
be smaller than control, but there were no statistical differences
between the two groups in either C1~ loading or cell volume
(P > 0.05). There were also no significant differences between
the two groups in average E¢; at the beginning and the end of
CIl™ loading, and after 30 s recovery (P > 0.05, Fig. 2D). E,
at the beginning of C1~ loading (measured at the beginning of
the 1st muscimol puff) was —72.8 = 2.7 and —73.1 = 2.4 mV
for the control and undercut groups, respectively, values very
close to those for resting E~, measured using GABA puffs, as
shown in Fig. 1C. Additionally, there was no significant
difference in tonic GABA , currents between the two groups as
estimated from baseline shifts in holding current after applica-
tion of 10 uM bicuculline (data not shown).

In comparison to the control group, the undercut group had
faster C1™ loading (Fig. 3, Aand B; =43 £ 0.5s,n = 6 for
control and 2.2 = 0.4 s, n = 11 for undercut, P < 0.01), but
there was no significant difference between the two groups
during the recovery phase. Further analysis of E, change
revealed that the shift in E; 3 s after the beginning of Cl™
loading was significantly larger in the undercut group than in
the control (Fig. 3C; 2.3 = 0.5 mV, n = 8 in control group and
4.0 = 0.5 mV, n = 12 in undercut group; P < 0.05), indicating
that layer V pyramidal neurons in undercut cortex were less
effective in maintaining a stable low level of [Cl ]; during
sustained activation of GABA , receptors.

To rule out the possibility that the difference in C1~ loading
was in some way due to a change in intrinsic neuronal prop-
erties, we compared properties of neurons in control and
undercut groups (Table 1). No significant differences were
present in resting membrane potential (V,,,), electrotonic length
(L), dendritic dominance (p), and input resistance (R;,,.0)-
although R, tended to be higher in the undercut group. The
membrane time constant (7,,,) was significantly longer in neu-
rons of the undercut (52.9 *£ 5.8 ms) than in control cells
(31.6 = 3.2 ms; P < 0.01), suggesting an increase in mem-
brane specific resistivity or capacitance in the undercut neu-
rons. The changes in Ry, and 7, were similar to those
reported in earlier experiments (Prince and Tseng 1993). There
was also no significant difference in peak GABA , conductance
(Ggapa) between control and undercut groups, suggesting that
the undercut lesion did not result in a significant net change in
the effects of GABA , receptor activation.

One explanation for the shorter time constant and larger
amplitude of the shift in E, at 3 s during the C1™ loading phase
would be an impaired Cl™ extrusion mechanism. To test this
possibility, we applied the nonspecific Cl~ cotransporter
blocker, furosemide, which affects both NKCC1 and KCC2.
Because the inward CI~ cotransporter NKCC1 has a primarily
dendritic localization in adult cortical neurons and is not
significantly involved in somatic C1~ regulation (Martina et al.
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FIG. 3. E(, increases more rapidly in undercut cortical neurons than con-

trols during CI™ loading. A: graphs showing average time constants for C1~
loading (left) and C1~ loading in 0.5 mM furosemide (middle), and for C1~
recovery (right). Average time constants for undercut and control groups
during C1™ loading phase were 4.3 * 0.5 s for control (n = 6) and 2.2 = 0.4 s
for undercut (n = 11, **: P < 0.01). There were no significant differences in
time constants during C1~ loading phase in 0.5 mM furosemide (middle) and
during recovery phase between the control and undercut groups (right). In the
control group, average time constant during Cl~ loading phase became faster
(middle, 7= 2.4 * 0.6 s, *: P < 0.05) when 0.5 mM furosemide was present.
B: cumulative probability plots for time constants of E.; change during C1™
loading (left) and recovery phase (right) in both groups. Each data point
represents the fraction of neurons in the group with tau that is equal to or less
than the corresponding value shown on the x axis. The leftward shift of the
curves during Cl™ loading phase in undercut group indicates significantly
shorter time constants. C: average E, change 3 s after the beginning of CI™
loading phase and 10 s after the beginning of recovery phase during perfusion
of normal artificial cerebrospinal fluid (ACSF) and ACSF containing 0.5 mM
furosemide. There was a significant difference between control and undercut
group during first 3 s of Cl™ loading phase (3 s CI™ loading, *: P < 0.05), but
not when 0.5 mM furosemide was added (3 s Cl™ loading in furo), or during
the recovery phase. 0.5 mM furosemide resulted in a significant increase in E¢,
positive shift in control group during the loading phase (P < 0.05) as well as
in both groups during the 1st 10 s of the recovery phase.
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TABLE 1. Membrane properties of control and undercut neurons

Group Vi mV Egapa, mV GGagas NS R;ppue MQ L Ty, MS p
Control —63.1 £2.7(16) —=71.5 £1.9(16) 11.1 £ 2.7 (16) 172.7 = 22.0 (16) 1.3 £0.2(16) 31.6 £3.2(16) 14+03(14)
Undercut ~ —65.9 = 1.8(24)  —724+1.6(24) 129+ 1.6(24) 1855+ 189(22) 1.5+02(18) 529 =58 (18)** 13+ 0.1 (17)

Number of neurons is in parentheses. Values are presented as means * SE. V,, membrane potential; Eg,5x, GABA, equilibrium potential; Ggapa, GABA 4
conductance; Rinpues input resistance; L, electrotonic length, 7,,, membrane time constant; p, dendritic dominance; ** P < 0.01.

2001; and see following text), changes induced by furosemide
would be due primarily to effects on KCC2 activity. Furosemide
had no effect on the time constant for Cl™ loading in undercut
neurons (Fig. 34). However, in the control group, addition of 0.5
mM furosemide resulted in a significant decrease in time constant
(Fig. 3A, middle) and a significant increase in Cl™ loading (Fig.
3C, 3 s ClI" loading in furo). Thus blockade of KCC2 with
furosemide interfered with the normal extrusion of intracellular
CI" in control but had no effect in undercut cells. Furosemide also
eliminated the difference between the undercut and control groups
in CI™ loading time constant (Fig. 3A, middle; 2.4 = 0.5 s in
control and 2.1 = 0.3 s in the undercut group, P > 0.05). There
was a greater positive shift in E¢, in the control group than in the
undercut group in the first 3 s after the beginning of Cl~ loading;
however, the difference between the two groups did not reach a
significant level (P = 0.055, Fig. 3C). These effects of furosemide
suggest that the decreased chloride extrusion capability in under-
cut cells is likely due to reduced expression of KCC2. Furosemide
also significantly reduced E, recovery 10 s after the end of Cl™~
loading in both control and undercut groups (Fig. 3C, 10-s
recovery and 10-s recovery in furo). The recovery time constant in
0.5 mM furosemide could not be accurately determined because
the mean E, recovery was only -2 to -3 mV.

E, in layer V pyramidal neurons of undercut and control
cortex during whole cell recording

Another approach for testing the capacity of neurons to
regulate [Cl]; is to use a whole cell recording pipette to load
the neurons with a known Cl™ concentration and measure E,
under steady-state conditions. Because of the action of KCC2
to continuously pump out intracellular C1~, E measured in
whole cell recordings tends to be more negative than the
predicted value, when the Cl™ concentration in the pipette is
high (20 and 40 mM) (DeFazio et al. 2000). We obtained
whole cell recordings with patch pipettes containing 40 mM
Cl™ and used voltage ramps and muscimol application as
above to measure E; (e.g., Fig. 2B). Recording pipettes with
resistance of 2.5-4 M) were used. There was no significant
difference between the two groups in access resistance (9.5 *
0.5 MQ in control and 10.8 = 0.5 M{) in undercut group, P >
0.05). Acceptable whole cell recordings were obtained from 19
cells in 15 slices of control cortex from 9 rats and 18 neurons
in 16 slices of undercut cortex from 8 rats. E was =53.4 = 1.2
mV (n = 19) and -49.8 = 0.6 mV (n = 18) after correction for
liquid junction potential in control and undercut groups, re-
spectively, values that were more negative than the predicted
Eq of —29.8 mV based on the CI™ concentrations in the
pipette and ACSF, and the GHK equation. However, there was
no significant difference in E, between the control and under-
cut groups (Fig. 4; P > 0.05; Mann-Whitney rank sum test was
used because of unequal sample variance), a result similar to
that obtained with perforated-patch recordings.

Blocking NKCC1 had no effect on E;

One possible explanation for the lack of effect of injury on
[Cl"]; and E, in pyramidal neurons within the undercut cortex
would be a concurrent decrease in both the outward Cl—
cotransporter KCC2 and the inward CI~ cotransporter,
NKCCI. Because the two cotransporters have opposite effects
on [Cl];, downregulation of both might result in no change in
[CI7]; and Eg;. To rule out this possibility, we examined the
effect of bumetanide (10 wM), which selectively inhibits
NKCCI1 at low concentrations (Beck et al. 2003; Russell 2000).
Bumetanide application did not significantly affect E. in
neurons of either the control or undercut group under resting
conditions (Fig. 5, left), 30 s after C1™ loading, or after 30 s
recovery (Fig. 5, middle and right), suggesting that NKCCl1
contributes little to the regulation of [Cl ]; in somata of adult
layer V pyramidal cells. Bumetanide application did not affect
the time constants of Cl~ loading and recovery. Results are
consistent with those of other studies showing that NKCC1 has
a predominant dendritic localization and bumetanide does not
affect E, in somatically recorded mature pyramidal neurons
(Martina et al. 2001; Marty et al. 2002).

E, in neonatal layer V pyramidal neurons

To confirm that our perforated-patch clamp recordings could
correctly detect a change in E, if present, we used voltage
ramps ranging from —90 to —20 mV to measure E, of layer
V pyramidal neurons in rat neocortical slices at P2-P6. At
these times, the expression of KCC2 is markedly less than in
mature cortex and E, is known to be depolarized with respect
to V,, (DeFazio et al. 2000; Owens et al. 1996; Yamada et al.
2004). The average V,, was —62.0 £ 1.6 mV and E. was
=563 = 1.3 mV (n = 16) or 5.7 = 1.7 mV more positive than
V., (Fig. 6). When the neurons were voltage-clamped at =30 mV,
CI™ loading caused a significant positive shift in Eq (Eq =

Control ucC

Ec (mV)
8

-60 4

FIG. 4. E¢, in whole cell recordings is similar in undercut vs. control
animals. Reversal potentials for GABA, currents were recorded in layer V
pyramidal cells with patch pipettes containing 40 mM Cl— during perfusion
with ACSF containing 130 mM C1. Dashed line, E, calculated from these
values. More negative average values for E¢, estimated from GABA reversal
potentials were not significantly different between the control (n = 19) and the
undercut groups (n = 18).
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Resting E, 30s Cl loading  30s recovery
-60 v
-65 - *x L
. ** gox
E *
~=-70 A
uy
-75 1 O Ctr-normal
[ Ctr-bumetanide
O UC-normal
-80 - E UC-bumetanide
FIG. 5. Bumetanide has no effects on E,. E-, was measured in layer V

pyramidal neurons using perforated patch with or without the application of 10
uM bumetanide in the control and undercut groups. There were no statistical
differences between the 2 groups in resting Eg, (left), Eq, after 30-s CI™
loading (middle), and during the recovery phase (right), in control ACSF or
during application of 10 uM bumetanide (n = 3-5). However, there were
significant (*: P < 0.05) or highly significant differences (**: P < 0.01)
between resting E, and E, after 30-s C1~ loading (middle), indicating the C1~
loading protocol was effective.

—40.9 = 1.8 mV, P < 0.0005 when compared with resting
E)), indicating that the perforated recording method could
reliably monitor changes in intracellular chloride. The positive
shift in E, did not recover in 30 s as in adult neurons. Rather
a slow recovery of E; to baseline values of —57.4 = 5.0 mV
occurred over 3-5 min, likely attributable to the effect of
Donnan equilibrium.

DISCUSSION

Our results indicate that neurons in epileptogenic partially
isolated cortex maintain a normal resting E,, even though the
expression of KCC2 is reduced. This finding differs from
several reports showing decreased KCC2 expression coupled
with a depolarizing chloride reversal potential under various
pathological conditions such as axotomy of facial and dorsal
vagal motor neurons (Nabekura et al. 2002; Toyoda et al. 2003)
or lamina I neurons of the spinal cord dorsal horn (Coull et al.
2003). Animals deficient in KCC2 exhibit an excitatory GABA
and glycine action and frequent generalized seizures (Hubner
et al. 2001; Woo et al. 2002), and seizure activity per se in the
hippocampal kindling model causes downregulation of KCC2
and a depolarizing shift in E; (Rivera et al. 2002). Reduction
in KCC2 expression that leads to high [Cl]; and depolarizing
GABA 4 responses is thus a potential mechanism contributing
to neuronal dysfunction in pathological conditions such as
neuronal trauma and epilepsy.

There are several possible explanations for the lack of
effects of this chronic injury on resting E; in our experiments.
First, as we did not measure KCC2 in the recorded neurons, it
is possible that selection bias in some way resulted in sampling
of cells in the partially isolated cortex that were less injured
and had more normal KCC2 levels. For example, it might be
more likely to obtain a satisfactory tight seal during patch-
clamp recordings from such healthier neurons. This is a poten-
tial drawback generic to patch clamp studies of neurons in
areas of CNS injury. The location of undercutting lesions just
beneath layer VI suggests that most layer V pyramidal cells
were axotomized, making it unlikely that our sample from
partial isolations included a significant number of uninjured
neurons. Another possible explanation for this discrepancy is a
functional compensatory alteration of the KCC2 cotransporter
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(see piscussioN below). One major difference between the
undercut model employed here and previous studies of acute
axotomy or other traumatic lesions is the chronic nature of the
partial isolation. The delay of 2 wk between the injury and
electrophysiological experiments would allow cortical neurons
to recover from acute injury and compensatory mechanisms to
potentially take place. Both the expression and level of activity
of KCC2 are regulated by processes that may be altered by
injury. NKCC and KCC?2 activities in several nonneuronal cell
types (Jennings 1999; Krarup et al. 1998; Lauf and Adragna
2000; Russell 2000) and in CNS neurons (Kelsch et al. 2001)
can be modulated by phosphorylation—dephosphorylation
mechanisms, by cAMP-dependent processes (Greger et al.
1999) and by myosin chain kinase (Kelley et al. 2000). Com-
pensatory changes in one of these regulatory mechanisms
might allow relatively normal KCC2 function at rest even
though the expression of KCC2 is reduced.

KCC2 and impaired Cl™ extrusion

In the CNS, several anion transporters including Nat-K™"-
2CI~ (NKCC) cotransporter, the K™-Cl™-cotransporter (KCC),
Cl"/HCO; exchanger and Na'-coupled Cl /HCO; ex-
changer act in concert to regulate intracellular pH and the
concentration of anions (Chesler 2003; Payne et al. 2003).
KCC2 is the major chloride cotransporter involved in main-
taining low intracellular chloride concentration in adult neu-
rons (Jarolimek et al. 1999; Kakazu et al. 1999; Rivera et al.
1999). When [Cl ], is extremely low, or [KjL]0 is high, KCC2
can function in reverse and serves to move Cl~ into neurons
(DeFazio et al. 2000; Payne 1997). NKCC1 expression is
largely limited to dendritic regions where its activity results in
accumulation of chloride ions, whereas in adult pyramidal
neurons its expression is undetectable and contributes little to
chloride homeostasis (Martina et al. 2001; Plotkin et al. 1997,
Yamada et al. 2004). Other cotransporters such as C1 /HCO5;
and Na™-coupled C1 /HCOj5 exchangers function in control of
pH and are less involved in [Cl ™ ]; regulation (Brett et al. 2002;
Chesler 2003; Kaila 1994; Payne et al. 2003; Raley-Susman et
al. 1993).

Reduced KCC2 expression often results in a positive shift in
E¢, as has been shown in neuronal injuries and in other
5min rec

V., Resting E;, 60s mus 30s rec

Eq (mV)
5
o

* k%
-65 1 Kk Kk

FIG. 6. Depolarized E, in neonatal layer V pyramidal neurons. E.; was
measured from P2 to P6 rats using perforated patch. E., (—56.3 £ 1.3 mV)
was depolarized by 5.7 £ 1.7 mV relative to V,, (—62.0 = 1.6 mV, n = 16).
When the neurons were held at =30 mV, CI™ loading (60-s muscimol) caused
a significant positive shift in E¢, (Eq; = —40.9 = 1.8 mV, ***: P < 0.001,
when compared with resting E., n = 6). This positive shift remained for >30
s (30-s rec) but recovered to resting E¢, level after 5 min (5 min rec).
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epilepsy models (Coull et al. 2003; Malek et al. 2003; Na-
bekura et al. 2002; Toyoda et al. 2003). Our experiments were
designed to determine whether similar reductions in KCC2 in
layer V pyramidal neurons of partially isolated cortex (I.
Parada, L. Kao, and D. A. Prince, unpublished observations)
affected [Cl ™ ], regulation. We did not see a shift in baseline E,
in this model, perhaps because there is sufficient residual
KCC2 in neurons to maintain C1~ homeostasis under resting
conditions when intense GABAergic activity is not present.
However, the faster time constant and larger positive shift in
E(, during the initial loading phase (Fig. 3) indicate that there
is a more rapid rise in [Cl ]; during intense GABA , receptor
activation in neurons of the partially isolated cortex. A de-
crease in somatic size, known to occur in corticospinal pyra-
midal neurons after axotomy (Tseng and Prince 1996) and
pyramidal cells in partial isolations (Prince and Tseng 1993;
and see above), cannot underlie this abnormality because both
the calculated amount of CI™ loading and the time constant of
Cl™ loading in furosemide were not significantly different in
control and undercut cells (Fig. 3A). From Fig. 34, it is also
evident that furosemide had little effect on the time constant of
Cl™ loading in neurons of the undercut, while significantly
speeding loading in control cells. Thus the loss of a furo-
semide-sensitive mechanism in the injured neurons underlies
the decrease in time constant. Although low concentrations of
furosemide inhibit a6 subunit-containing GABA, receptors
(Thompson et al. 1999), the expression of these receptors is
highly limited to granule cells in the cerebellum (Pirker et al.
2000; Wisden et al. 1992), making it unlikely that the 0.5 mM
furosemide used in our experiments would have significant
direct effects on neocortical GABA 4 receptors. To the extent
that furosemide, at the concentration employed, is selective for
blockade of KCC2-mediated effects on ClI~ (DeFazio et al.
2000; Payne 1997), the findings indicate a functional reduction
in the transporter. The observation that the amount of Cl™
loading was the same in control and undercut neurons also
argues against a large difference in the density or function of
GABA, receptors contributing to the more effective initial
loading in the undercut cells, a conclusion further supported by
the fact that the conductance induced by GABA puffs was
similar in control and undercut cortical neurons (Table 1). The
contrast between the normal E; under resting conditions and
the changes seen during intense activation of GABA , recep-
tors in the chronically injured cells emphasizes the importance
of assessing dynamic inhibitory function under physiological
stress before concluding that inhibition is “normal.” Changes
in GABA transporter GAT-1 or -3 expression have been shown
in several epilepsy models (Conti et al. 2004; During et al.
1995). Decrease in GAT-1 or -3 in undercut cortex could
contribute to the faster C1™ loading time constant by increasing
GABA exposure and promoting GABA, channel activation.
However, the calculated C1~ load was not significantly differ-
ent between the undercut and control groups, suggesting that
changes in GABA transporters, even if present, did not con-
tribute significantly to the difference in Cl™ loading time
constant.

An increase in the time constant for recovery of E(, after
Cl™ loading, which might have been expected in undercut cells
with decreased KCC2 (e.g., Thompson et al. 1988), was not
observed (Fig. 3). This result is consistent with the presence of
sufficient residual KCC2 activity in undercut neurons to main-
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tain a normal E, under resting conditions or when the increase
in [C]l]; is small and protracted as during the recovery phase.
Cl™ loading was most effective during the first few muscimol
puffs; however, the effects of subsequent applications on
membrane conductance decreased dramatically, likely due to
desensitization of the GABA, receptor. This would tend to
make CI~ loading inefficient so that the residual capacity of the
cell to extrude CI™ would not be exceeded even though KCC2
was reduced. However, a rapid influx of large amounts of Cl
as occurred during the early phase of muscimol applications,
uncovered a measurable reduction in Cl~ extrusion, presum-
ably due to insufficiency of KCC2 activity in neurons of the
undercut cortex. The lack of a significant difference in Eg,
between the undercut and control groups during whole cell
recordings (Fig. 4) may likewise be due to a relatively slow
diffusion of Cl~ from the pipette into the cell.

Because application of bumetanide did not affect resting E,
Cl™ loading, or recovery in either control or undercut cells
(Fig. 5), a concurrent injury-induced alteration in the inward
transporter, NKCC, is unlikely as a factor influencing our
results. This conclusion is compatible with results of previous
studies showing that changes in NKCC1 mRNA expression do
not occur in acutely axotomized neurons (Nabekura et al. 2002;
Toyoda et al. 2003). Thus we conclude that changes in the time
constant of Cl~ loading and loss of furosemide efficacy in
undercut neurons is attributable to a reduced Cl™ extrusion
mechanism likely resulting from reduced KCC2 expression.

Significance of impaired Cl~ homeostasis

A constant balance between excitation and inhibition is
essential for the maintenance of normal cortical function.
Repetitive activation of fast inhibitory events results in intra-
cellular accumulation of chloride and depression of inhibition
(Huguenard and Alger 1986; Ling and Benardo 1995; McCar-
ren and Alger 1985; Thompson and Gahwiler 1989), and a
reduction in inhibition is a major mechanism contributing to
the generation of epileptiform discharge (Kobayashi and Buck-
master 2003; Mody et al. 1994; Rice et al. 1996). Our results
indicate that layer V pyramidal neurons in the undercut cortex
maintain a normal E, under resting conditions. However, the
faster, furosemide-sensitive time constant during early Cl~
loading (Fig. 3C) suggests that these neurons cannot clear
chloride influx efficiently during intense inhibitory activity.
GABAergic interneurons are relatively preserved in some
chronic models of epileptogenesis (Babb et al. 1989; Magloc-
zky et al. 2000; Prince et al. 1997) and can fire at high
frequencies during epileptiform activity (Timofeev et al. 2002;
Tuff et al. 1983; Velazquez and Carlen 1999; Wu and Leung
2001). Considering the much higher frequency of spontaneous
synaptic activity in vivo (Pare et al. 1997), neurons in the
epileptogenic cortex might encounter more intense GABAergic
inhibition, resulting in larger C1™ influxes and a more positive
E,. During epileptiform discharges, large increases in [K "],
occur (Moody et al. 1974); this would not only directly in-
crease neuronal excitability but might also further increase
[CI]; through reversed Cl transport by the partially impaired
KCC2 (Payne 1997). Under these conditions, impaired C1™
extrusion may result in large increases in [Cl ];, convert
hyperpolarizing GABAergic responses into depolarizing ones
and enhance Ca®* entry, thus contributing to the generation of
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sustained depolarizations in networks of pyramidal neurons
that contribute to epileptiform activities.
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