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Chloride (Cl2) homeostasis is critical for many cell functions
including cell signaling and volume regulation. The action of
GABA at GABAA receptors is primarily determined by the con-
centration of intracellular Cl2. Developmental regulation of intra-
cellular Cl2 results in a depolarizing response to GABA in imma-
ture neocortical neurons and a hyperpolarizing or shunting
response in mature neocortical neurons. One protein that partic-
ipates in Cl2 homeostasis is the neuron-specific K1–Cl2 co-
transporter (KCC2). Thermodynamic considerations predict that
in the physiological ranges of intracellular Cl2 and extracellular
K1 concentrations, KCC2 can act to either extrude or accumu-
late Cl2. To test this hypothesis, we examined KCC2 function in
pyramidal cells from rat neocortical slices in mature (18–28 d
postnatal) and immature (3–6 d postnatal) rats. Intracellular Cl2

concentration was estimated from the reversal potential of
whole-cell currents evoked by local application of exogenous

GABA. Both increasing and decreasing the extracellular K1 con-
centration resulted in a concomitant change in intracellular Cl2

concentration in neurons from mature rats. KCC2 inhibition by
furosemide caused a change in the intracellular Cl2 concentra-
tion that depended on the concentration of pipette Cl2; in re-
cordings with low pipette Cl2, furosemide lowered intracellular
Cl2, whereas in recordings with elevated pipette Cl2, furo-
semide raised intracellular Cl2. In neurons from neonatal rats,
manipulation of extracellular K1 had no effect on intracellular Cl2

concentration, consistent with the minimal KCC2 mRNA levels
observed in neocortical neurons from immature animals. These
data demonstrate a physiologically relevant and developmentally
regulated role for KCC2 in Cl2 homeostasis via both Cl2 extru-
sion and accumulation.
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The principal inhibitory neurotransmitter in the neocortex is
GABA. Early studies in vivo demonstrated that fast IPSPs and
responses to iontophoretically applied GABA have similar reversal
potentials and ionic sensitivities (Krnjevic and Schwartz, 1967;
Dreifuss et al., 1969). Subsequent studies in vitro showed that both
GABA responses and IPSPs reverse near the expected chloride
(Cl2) equilibrium potential and are blocked by bicuculline, sug-
gesting mediation by GABAA receptors (GABAARs) (Weiss and
Hablitz, 1984; Howe et al., 1987). The main permeant ion of
GABAA receptor channel complexes is Cl2, although permeability
to bicarbonate ions has been demonstrated (Bormann et al., 1987;
Kaila et al., 1993). The membrane potential and the transmem-
brane gradients of permeant ions determine ionic flux through the
GABAA receptor. In most mature neurons, the resting potential is
close to the Cl2 equilibrium potential, and activation of
GABAARs results in shunting inhibition (Andersen et al., 1980);
i.e., activation of GABAA receptors with minimal net ionic flux
results in decreased excitability. If the neuron is depolarized rela-
tive to the Cl2 equilibrium potential, GABAA receptor activation
results in an inward flux of Cl2 that hyperpolarizes the neuron.
Immature neocortical neurons have an elevated [Cl2]i, and
GABAAR activation results in a depolarizing response to GABA
(Owens et al., 1996).

Electroneutral cotransport of Cl2 ions plays a critical role in
[Cl2]i homeostasis (see Alvarez-Leefmans, 1990; Kaila et al.,
1993). One mechanism for accumulating Cl2 is the Na1–K1–2
Cl2 cotransporter (NKCC) (Kakazu et al., 1999). The primary
Cl2 extrusion mechanism is K1–Cl2 cotransport (Alvarez-
Leefmans, 1990). A neuron-specific form of the ubiquitous K1-
coupled Cl2 cotransporter (KCC2) has been characterized re-

cently (Payne, 1997; Rivera et al., 1999; Williams et al., 1999). The
expression of this transporter increases with development and is
believed to support the developmental changes in GABAAR-
mediated signaling (Lu et al., 1999; Rivera et al., 1999).

The direction of K1–Cl2 cotransport is determined by the
transmembrane K1 and Cl2 gradients. Under conditions of low
[Cl2]i and elevated [K1]o, thermodynamic considerations suggest
that KCC2 could operate in reverse to accumulate Cl2 (Payne,
1997; Jarolimek et al., 1999; see also Kakazu et al., 2000). A role for
KCC2 in maintaining [K1]o, i.e., that KCC2 could lower [K1]o by
cotransport of K1 and Cl2 ions into neurons, has also been
proposed (Payne, 1997). A consequence of such a mechanism
would be the accumulation of [Cl2]i, a phenomenon consistent
with activity-dependent decreases in GABAergic inhibition
(Thompson and Gähwiler, 1989a; Ling and Benardo, 1995).

In the present study, we tested the hypothesis that developmental
changes in the expression of KCC2 result in the coupling of [Cl2]i
and [K1]o via the activity of the furosemide-sensitive K1-coupled
Cl2 cotransporter. Our results demonstrate that manipulations of
[K1]o and furosemide altered [Cl2]i in a manner consistent with
either accumulation or extrusion of Cl2 via a K1-coupled Cl2

cotransport mechanism. [K1]o manipulations in immature neurons
had no effect on [Cl2]i, consistent with the low expression of KCC2
mRNA detected in cytoplasm harvested from these cells. Expres-
sion of KCC2 results in lowered [Cl2]i and translates physiological
changes in [K1]o to marked changes in [Cl2]i.

MATERIALS AND METHODS
Brain slice preparation, maintenance, and electrophysiolog ical recording. An-
imals were housed and handled according to approved guidelines. Brain
slices were prepared from postnatal day 3 (P3) to P6 and P18 to P28 animals.
Rats were anesthetized with ketamine (100 mg/kg) before decapitation. The
brain was rapidly removed and submerged in oxygenated (95% O2/5% CO2)
ice-cold saline with no added calcium [containing (in mM ):125 NaCl, 3.5
KCl, 26 NaHCO3, 10 D-glucose, and 4 MgCl2]. Coronal sections (300 mm)
containing somatosensory cortex were cut with a Vibratome. Slices were
stored in saline consisting of (in mM ): 125 NaCl, 5 KCl, 26 NaHCO3, 10
D-glucose, 2.5 CaCl2, and 1.3 MgCl2, bubbled with 95% O2/5% CO2.
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Whole-cell voltage-clamp recordings were made from visually identified
neocortical pyramidal cells in layer II /III. Cells were identified by their
distance from the pial surface, pyramidal shape, and the presence of a
prominent apical dendrite. Recordings were made at 30°C and at a holding
potential of 270 mV. Pipettes were pulled from 1.5 mm glass capillaries
(KG-33; Garner Glass Company). They had resistances of 2–4 MV when
filled with the intracellular solution. Series resistance (Rs) was carefully
monitored throughout each experiment by the use of a small hyperpolar-
izing voltage step applied before each acquisition (see Fig. 1 A, inset). The
peak of the capacitative transient was used to estimate series resistance
(equal to the instantaneous current divided by the voltage step: Rs 5
Ipeak/Vstep). Only recordings with stable Rs (,20 MV with ,5 MV change
in 20 min) were used in the analysis.

The internal solutions contained (in mM): 135 K-gluconate, 5 EGTA, 10
HEPES, 2 MgATP, 0.2 NaGTP, and 0.2 CaCl2. KCl was substituted for
K-gluconate to arrive at the desired Cl 2 concentration. The pH was
adjusted to 7.3 with 1 mM KOH and HCl such that the final added Cl 2

concentration equaled 1, 20, or 40 mM and the final [K 1]i was always 150
mM. Sucrose was added to achieve a final osmolarity of 300 mOsm. Liquid
junction potentials for all solutions were measured, and all voltages re-
ported are corrected values (Neher, 1992).

During recording, slices were continuously perfused with the storage
saline listed above with the addition of 0.5 mM TTX (Calbiochem) to block
Na 1-dependent action potentials, 2–5 mM kynurenic acid (Tocris) to block
ionotropic glutamate receptors, and 10 mM SCH50911 (Research Bio-
chemicals, Natick, MA) to antagonize GABAB receptors. Extracellular
K 1 was varied by making K 1-free saline and adding 1, 3.5, or 10 mM KCl.
Saline containing 1 mM furosemide was sonicated for 30 min and then
oxygenated for at least 30 min before bath application. All drugs (except
GABA) were bath applied, and each cell served as its own control. Bath
temperature was maintained at 30°C by the use of an in-line heating unit
(Warner Instruments). Whole-cell and excised patch recordings (Sakmann
and Neher, 1995) were made with an Axopatch-1B amplifier. No series
resistance compensation was used. Recordings were digitized at 5–10 kHz
by the use of a Digidata 1200 data acquisition system and Clampex
software (Axon Instruments). Data analysis was performed with custom
scripts written for Origin Pro (Microcal Software). All averages are re-
ported as the mean 6 SEM. A Student’s t test was used to determine
significance ( p , 0.05).

Pressure application of GABA. Under direct visual guidance, GABA (250
mM or 1 mM) was pressure applied to the soma of the recorded neuron or
to excised patches. Pipettes for pressure applications were fabricated in the
same manner as patch electrodes described above. GABA was applied in
a solution consisting of (in mM): 125 NaCl, 3.5 KCl, 20 HEPES, and 10
glucose; pH is 7.3 with NaOH. Pressure applications were controlled by the
use of a Picospritzer II (General Valve, Fairfield, NJ). Pulses of 5–15 msec
were delivered at 3–12 psi. These settings were kept constant during
recording. Application of the pressure pipette solution without GABA did
not evoke a detectable current (n 5 3).

Reverse transcription-PCR. The methods used for determination of
mRNA in single neurons have been described (Poth et al., 1997; Devay et
al., 1999). In brief, cytoplasm and pipette solution (;6 ml) were reverse
transcribed in a 20 ml reaction (1 hr at 37°C) containing 1 mM each dNTP,
100 pmol of 18-mer polyT, 20 U of RNase inhibitor, and 40 U of AMV
reverse transcriptase. Sets of specific primers were constructed such that
the annealed products crossed at least one intron/exon boundary, exclud-
ing the possibility of amplification of genomic DNA. PCR reactions (50 ml)
contained aliquots of the reverse transcriptase (rt) product, 1 mM dNTPs,
2.5 mM MgCl2, 10 pmol of each forward and reverse primer, and 5 U of
Taq polymerase. The PCR cycling parameters were as follows: 5 cycles of
94°C for 1 min, 55°C for 1 min, and 72°C for 2 min followed by 35 cycles
of 94°C for 1 min, 65°C for 1 min, and 72°C for 2 min. The reaction
products were then spun through CentriSep columns to remove excess
primers and subjected to reamplification (one or two additional amplifi-
cation steps) by the use of 35 cycles of 94°C for 1 min, 65°C for 1 min, and
72°C for 2 min. Final reaction products were purified by phenol /chloroform
extraction. The PCR products were subjected to analysis on 2% agarose
gels. rt-PCR was performed without knowledge of the age of the animal or
the contents of each centrifuge tube (control extracellular solution or
intracellular harvest).

The primers for the experiments were as follows: actin (GenBank
accession number L08165) sense, ATCTTTCTTGGGTATGGA, and an-
tisense, ACATCTGCTGGAAGGTGG; KCC2 (GenBank accession num-
ber AJ011033) sense, GCAGAGAGTACGATGGCAGG, and antisense,
CGTGCCAAGGATGTACATAGC.

Intracellular chloride calculation. [Cl 2]i was calculated from the reversal
potential of GABA-evoked currents. Cells were voltage-clamped to 270
mV and stepped to various test potentials. The series resistance (estimated
from the peak transient during a 10 mV test pulse given before each trial)
and the amplitude of the current (before baseline correction, see Fig. 1 A,
inset) 100–200 msec from the time of the pressure application were used to
calculate the voltage error caused by uncorrected series resistance errors.
The baseline current (taken 20 msec before the time of the pressure pulse)
was subtracted from the absolute current amplitude (see Fig. 1 A, baseline-
corrected traces). These values were plotted as a function of the series
resistance-corrected membrane potential (see Fig. 1 B). The three consec-
utive data points whose sum was closest to zero current were selected for

a linear fit. The x-axis intercept ( y 5 0) of this fit was verified by eye and
referred to throughout this paper as the reversal potential (Vrev). [Cl 2]i
was calculated from the reversal potential by the use of a derivation from
the Nernst equation:

@Cl2]in 5 @Cl2#outexp~ 2 Vrev F/RT!.

[Cl 2]o was set to the extracellular Cl 2 concentration, corrected for
activity (Robinson and Stokes, 1959) (e.g., in 3.5 mM [K 1]o, 139.6 mM 3
76% 5 106.1 mM). Averaged changes in reversal potential and [Cl 2]i
reflect the mean of the differences from the control condition (3.5 mM
[K 1]o) for each cell; thus, each cell served as its own control.

The role of bicarbonate and other anions. Bicarbonate is known to
permeate GABAA receptors (Bormann et al., 1987). We did not account
for a bicarbonate component of the GABAA current because our results
suggest that bicarbonate does not contribute significantly to the whole-cell
currents under our recording conditions. When 1 mM Cl 2 was included in
the pipette, the reversal potential of GABAA-mediated currents was de-
polarized relative to the reversal potential obtained in excised patches (see
Fig. 2 A). This result is consistent with a bicarbonate efflux caused by 20
mM intracellular bicarbonate and a permeability ratio of 1:5 (HCO3

2/Cl 2).
However, lowering [K 1]o and cotransport antagonism with furosemide
both lowered the reversal potential to values similar to those obtained in
excised patches (see Results). Because these types of manipulations are not
expected to affect intracellular bicarbonate, changes in Vrev are attributed
to alterations in Cl 2 and K 1–Cl 2 cotransport.

Another source of error was the purity of the compound providing the
primary anion in the internal solution. We obtained potassium-D-
gluconate, “puriss” grade, from Fluka. Other sources of the potassium salts
of isethionate (Eastman Kodak) and methylsulfate (J. T. Baker Chemical
Company) resulted in reversal potential measurements indicative of 10–15
mM internal Cl 2 when no Cl 2 had been added to the pipette solution.
This suggests that these compounds were contaminated with significant
amounts of chloride (or another substance permeable through GABAA
receptors). It has also been reported that gluconate can pass through
GABAA channels (Barker and Harrison, 1988). Our results with excised
patches demonstrated an effective concentration of pipette Cl 2 of 2.06 6
0.16 mM when only 1 mM KCl was added. Assuming that this difference
from added Cl 2 is caused solely by gluconate permeability, the relative
permeability of gluconate to Cl 2 is ;0.008.

RESULTS
Disparity between pipette chloride and calculated
intracellular chloride
We assessed the intracellular Cl2 concentration of neocortical
pyramidal neurons by measuring the reversal potential of GABAA
receptor-mediated currents. Responses to pressure application of
250 mM GABA are shown in Figure 1A. The pipette Cl2 concen-
tration was 1 mM in this recording. The inset illustrates the currents
evoked by the voltage step protocol and local pressure application
of GABA. The currents are shown superimposed on a faster time
base after zeroing the baseline currents. GABA response ampli-
tude was measured 100–200 msec after the pressure pulse, at the
time indicated by the vertical dotted line. Response amplitude is
plotted as a function of membrane potential in Figure 1B (squares).
After correction for the series resistance error (circles), the reversal
potential was calculated from a linear fit to the three consecutive
data points closest to zero current (dotted line). This indicated a
Vrev of 289.9 mV, .30 mV depolarized from the expected value of
2121 mV calculated for 1 mM [Cl2]i.

The observed discrepancy in Vrev implies the existence of a
homeostatic mechanism that regulates [Cl2]i. To test this hypoth-
esis and to determine whether such a mechanism is developmen-
tally regulated, measurements of Vrev were made in P3–P6 and
P18–P28 animals at various pipette Cl2 concentrations. Reversal
potentials determined for each of these experimental conditions, at
a [K1]o of 3.5 mM, are shown in Figure 2A. The mean reversal
potentials for the three pipette chloride concentrations are shown
for recordings from P18 to P28 (white circles) and P3 to P6 ( gray
triangles) neurons. This plot also shows the theoretical relationship
between [Cl2]i and the reversal potential (solid line). In whole-cell
recordings with 1 mM pipette chloride, the reversal potential in
both P3–P6 and P18–P28 neurons was always more depolarized
than the value predicted from the Nernst equation. This implies the
existence of a Cl2 accumulation mechanism in both groups. At
higher pipette chloride concentrations (20 and 40 mM) the mea-
sured reversal potential was consistently below the predicted rever-
sal potential, consistent with a Cl2 extrusion mechanism.
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We also estimated reversal potentials in excised patches, reason-
ing that the large volume of the pipette solution should minimize
the effects of Cl2 homeostatic mechanisms residing in the small
patch of membrane in the pipette tip. The reversal potentials from
excised patches were closer to values calculated from the expected
pipette [Cl2] than to those obtained in whole-cell recordings, as
shown in Figure 2A (black squares). Also, the reversal potentials in
excised patches were insensitive to manipulations that effected
KCC2 function in whole-cell recordings (changes in [K1]o and
furosemide; data not shown). These data support the existence of
homeostatic [Cl2]i regulation involving a Cl2 accumulation mech-
anism at low pipette Cl2 concentrations and a Cl2 extrusion
mechanism when pipette Cl2 is elevated.

Figure 2B plots the calculated [Cl2]i for each group when the
pipette contained 1 mM Cl2. In P18–P28 neurons, [Cl2]i was
3.73 6 0.35 mM (n 5 11), whereas it was significantly lower in
P3–P6 cells (2.82 6 0.16 mM; p , 0.04; n 5 5). Recordings from
excised patches indicated a pipette Cl2 concentration of 2.10 6
0.16 mM (n 5 4). Estimates of [Cl2]i in P3–P6 and P18–P28
neurons were significantly greater than that in excised patches ( p ,
0.03). If we assume that the reversal potential of currents in excised
patches with 1 mM pipette Cl2 reflects the actual pipette Cl2

concentration, these results suggest that in 3.5 mM [K1]o and with
low pipette Cl2, P3–P6 and P18–P28 neurons can accumulate
0.7–1.6 mM Cl2.

Figure 2C plots the calculated [Cl2]i as a function of pipette
chloride concentration. In 3.5 mM [K1]o and elevated pipette Cl2,
the reversal potentials of whole-cell currents evoked by GABA
were consistently lower than the expected values calculated from
the Nernst equation. They were also lower than the values obtained

Figure 1. The reversal potential of the GABA-evoked current measured
from the amplitudes of the responses at different step potentials. A, The
baseline current at each step potential was subtracted from the raw traces
(shown in the inset). B, Then the amplitude of the current at the vertical
dotted line in A was plotted as a function of step potential. Squares illustrate
the amplitudes as a function of the command potential. Circles represent
current amplitude versus membrane potential corrected for the series
resistance (Rs) error. A linear fit (dotted line) to the current as a function
of the Rs-corrected step potential was obtained from the three consecutive
data points closest to zero current ( gray circles). This recording was ob-
tained from a P18–P28 neuron with 1 mM pipette Cl 2.

Figure 2. Reversal potentials for GABAA currents recorded with different
pipette Cl 2 concentrations support Cl 2 accumulation and extrusion in
neocortical pyramidal cells. A, Reversal potentials obtained at three pipette
Cl 2 concentrations in postnatal days 3–6 (PN 3–6 ), PN 18–28, and outside-
out patches are plotted as a function of pipette Cl 2 concentration. For
comparison, the theoretical relationship between [Cl 2]i and reversal po-
tential (assuming 103.4 mM [Cl 2]o ) is shown as a solid line. Reversal
potentials obtained from outside-out patches were closest to theoretical.
The reversal potentials from PN 3–6 and PN 18–28 were significantly
different from outside-out patches at all pipette Cl 2 concentrations ( p ,
0.03). B, Mean calculated [Cl 2]i was significantly lower in outside patches
(p) ( p , 0.03) and 1.1 mM higher than the added KCl concentration (1
mM). The differences in whole-cell [Cl 2]i from the excised patch values
suggest a Cl 2 accumulation mechanism in both neonatal and PN 18–28
neurons. C, Calculated [Cl 2]i is plotted as a function of pipette Cl 2

concentration. As in A both PN 3–6 and PN 18–28 neurons had significantly
lower calculated [Cl 2]i compared with that in excised patches, suggesting
the action of a Cl 2 extrusion mechanism.
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in outside-out patches. With 20 mM pipette Cl2, the calculated
[Cl2]i in P3–P6 neurons was 17.55 6 0.71 mM (n 5 5), whereas in
P18–P28 neurons, [Cl2]i was significantly lower (11.9 6 1.1 mM;
p , 0.002; n 5 11). [Cl2]i determined in excised patches was
significantly higher than that in either P3–P6 or P18–P28 neurons
(21.69 6 0.72 mM; n 5 7; p , 0.005). Assuming that the reversal
potential in excised patches reflects the actual pipette Cl2 concen-
tration, our results imply that the neuronal Cl2 homeostatic mech-
anisms can extrude 4–9 mM Cl2 in 3.5 mM [K1]o. These data
support a prominent role for Cl2 extrusion in determining [Cl2]i
in these neurons.

Alterations in [K1]o affect [Cl2]i

If K1-coupled Cl2 cotransport is involved in the accumulation and
extrusion of Cl2 demonstrated above, manipulations of [K1]o
should change the reversal potential of the GABA-evoked currents.
Lowering [K1]o should lower the Cl2 set point and thus enhance
extrusion and/or retard accumulation. Raising [K1]o should have
the opposite effect by raising the Cl2 set point via impairment of
extrusion and/or enhancement of accumulation.

Figure 3 illustrates the effect of decreasing [K1]o on whole-cell
responses to GABA. The recordings were obtained from a P18–
P28 neuron by the use of 1 mM Cl2 in the recording pipette.
GABA responses in 3.5 and 1 mM [K1]o are shown in Figure 3A.
At a holding potential of 285 mV, the GABA-evoked current
changes from inward to outward when the [K1]o was changed from
3.5 to 1 mM. Lowering [K1]o consistently shifted the reversal

potential in the negative direction, indicating a decrease in [Cl2]i.
In whole-cell recordings from P18 to P28 neurons with 1 mM

pipette Cl2, the mean reversal potential (2100.1 6 1.3 mV; n 5 5)
and calculated [Cl2]i (2.27 6 0.11 mM) measured in 1 mM [K1]o
were not significantly different from the mean values obtained in
outside-out patches (2102.8 6 2.0 mV and 2.06 6 0.16 mM,
respectively; p . 0.3). This difference was significant ( p , 0.002) in
3.5 and 10 mM [K1]o. The change in reversal potential occurred
slowly and was reversible, as shown in Figure 3B.

In previous studies, raising extracellular potassium inhibited Cl2

extrusion (Thompson et al., 1988a,b; Thompson and Gähwiler,
1989b). Payne (1997) estimated the apparent affinity (Km) of KCC2
for [K1]o to be ;5 mM. This led to the hypothesis that KCC2 could
operate in reverse in the presence of elevated [K1]o and accumu-
late both K1 and Cl2. As shown in Figure 4, raising [K1]o
reversibly shifted the reversal potential in the depolarizing direc-
tion. In these experiments, the cell was initially maintained in 3.5
mM [K1]o. The bath concentration of K1 was then raised to 10 mM,
resulting in a .15 mV depolarization in the reversal potential. This
indicates a corresponding 3.1 mM increase in [Cl2]i. With low
pipette Cl2, raising [K1]o increased [Cl2]i by increasing the net
influx of Cl2 via K1–Cl2 cotransport.

Furosemide is a loop diuretic that blocks chloride cotransport.
Application of furosemide in the presence of 10 mM [K1]o shifted
the reversal potential back toward initial levels (Fig. 4). Lowering
[K1]o to 3.5 mM in the presence of furosemide made the reversal
potential more negative (Fig. 4), approaching levels observed with
excised patches. This effect was reversible. In furosemide and 1 mM

pipette Cl2, both the reversal potential (293.5 6 6.8 mV; n 5 4, 4
animals) and the calculated [Cl2]i (3.19 6 0.72 mM) were not
significantly different from the same parameters recorded in
outside-out patches ( p . 0.2). This effect is similar to the lowering
of [Cl2]i observed in 1 mM [K1]o. The combination of these results
suggests that the Cl2 accumulation mechanism responsible for the
deviations from low pipette Cl2 concentrations is a K1-coupled
Cl2 cotransporter.

To test the hypothesis that K1-coupled Cl2 extrusion lowers
[Cl2]i in recordings with elevated pipette Cl2, we examined the
effects of manipulating [K1]o and blocking transport with furo-
semide. Figure 5A summarizes the effects of manipulating [K1]o
and furosemide application on reversal potentials in P18–P28 neu-
rons. The changes in [Cl2]i are shown in Figure 5B. When record-
ings were made with 1 mM pipette Cl2, lowering [K1]o to 1 mM

produced a 212.7 6 2.3 mV (n 5 5) change in reversal potential,

Figure 3. Lowering extracellular potassium lowers intracellular chloride.
A, GABA (250 mM) was applied at 20 sec intervals to the soma during
voltage steps to the indicated potentials. The pipette solution contained 1
mM added Cl 2. Relative to the currents evoked by GABA application in 3.5
mM [K 1]o , a 15 mV drop in the reversal potential is apparent. B, A time
course plot of the change in reversal potential is shown.

Figure 4. Potassium and furosemide alter intracellular chloride. A 10 min
application of 10 mM [K 1]o reversibly depolarized the reversal potential
and raised the [Cl 2]i by 3.1 mM. After washout, bath application of 1 mM
furosemide hyperpolarized the reversal potential and lowered [Cl 2]i by 1.9
mM. In this figure, 0 min represents the first current–voltage measurement
taken ;5 min after whole-cell mode was achieved. Furo., Furosemide.
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indicating a 1.54 6 0.41 mM decrease in [Cl2]i. A similar change in
both parameters was observed with 20 mM pipette Cl2. Likewise,
the mean changes in reversal potential and calculated [Cl2]i when
[K1]o was raised to 10 mM were similar in both 1 and 20 mM pipette
Cl2 groups. The effect of furosemide depended on the pipette Cl2

concentration. In 1 mM pipette Cl2, furosemide shifted the rever-
sal potential to more negative values and lowered calculated [Cl2]i.
In the 20 mM pipette Cl2 group, furosemide produced a positive
shift in the reversal and raised the calculated [Cl2]i.

The dependency of the action of furosemide on pipette Cl2

supports the hypothesis that Cl2 homeostatic mechanisms can
operate either to accumulate or to extrude Cl2. In 10 mM [K1]o
the reversal potential and calculated [Cl2]i were still significantly
lower than those obtained with outside-out patches ( p , 0.002; n 5
5; 20 mM [Cl2]pipette; n 5 3; 40 mM [Cl2]pipette). This suggests that
although K1–Cl2 cotransport plays an important role in maintain-
ing [Cl2]i, other mechanisms may also contribute to Cl2 extrusion.

Developmental regulation of KCC2 function
and expression
Previous studies have indicated that KCC2 expression is develop-
mentally regulated (Lu et al., 1999; Rivera et al., 1999). We tested
the hypothesis that the reversal potential of Cl2 currents in neu-
rons lacking KCC2 would be relatively insensitive to changes in

[K1]o. Figure 6A shows the lack of effect of changes in [K1]o on
the Cl2 reversal potential in a P3 animal. The reversal potential
immediately after establishment of whole-cell recording with 20
mM pipette Cl2 reached a value near 249 mV. Only minimal
changes in the reversal potential were subsequently observed. In
P3–P6 neurons, neither raising [K1]o to 10 mM (n 5 3) nor
lowering [K1]o to 1 mM (n 5 3) had any significant effect on the
reversal potential for GABA responses (Fig. 6B), consistent with a
lack of expression of KCC2. Comparison of the reversal potentials
in 3.5 mM [K1]o between P3–P6 and P18–P28 neurons provides
further support for reduced function of KCC2 in neonates. As
shown above in Figure 2A, the reversal potential and [Cl2]i in
P3–P6 neurons were significantly different from that in P18–P28
cells, although both groups were also significantly different from
the measurements made in outside-out patches ( p , 0.03). Under
conditions that support Cl2 accumulation by KCC2 (low pipette
Cl2), the reversal potential and [Cl2]i in the P3–P6 group were
significantly lower than that in P18–P28 neurons ( p , 0.05).
Conversely, with elevated pipette Cl2, these values were signifi-
cantly higher in P3–P6 than in the older neurons ( p , 0.002).
These results suggest that KCC2 does not substantially contribute
to Cl2 homeostasis in P3–P6 neocortical neurons.

The physiological data presented above are consistent with a
developmental role of KCC2 in chloride homeostasis and suggest
the hypothesis that KCC2 expression levels will be reduced in P3
neurons compared with P25 neurons. To test this hypothesis, we
examined KCC2 mRNA levels in P3 and P25 neurons using single-
cell rt-PCR procedures (Fig. 6C). KCC2 mRNA was detected in all
P25 neurons including pyramidal cells and interneurons. However,
only one of four P3 neurons showed detectable levels of KCC2
mRNA. The presence of KCC2 in all P25 cells was unlikely to be
caused by contamination during the rt-PCR procedure because
control samples in which the cell cytoplasm was not harvested
failed to reveal KCC2 mRNA expression. To ensure that the lack of
KCC2 mRNA expression in P3 neurons was not caused by a failure
to detect all mRNAs during the rt-PCR process, we examined, in
the same sample, the expression of actin mRNA (Fig. 6D). Actin
mRNA was detected in all P3 and P25 cells. The actin controls also
allowed for the semiquantitative analysis of KCC2 levels in the one
P3 neuron expressing KCC2 mRNA. The amount of KCC2 mRNA
in the P3 neuron (relative to actin mRNA measured in the same
cell) was 14% of that in P25 neurons. These data show that the
developmental changes in K1-coupled and furosemide-sensitive
Cl2 accumulation and extrusion are correlated with the expression
of KCC2 mRNA and reinforce the role of KCC2 in the develop-
mental shift to lowered [Cl2]i.

Functional consequences of thermodynamic driving
forces for cotransporters
The results presented above support the role of KCC2 in both
accumulation and extrusion of Cl2 under physiological conditions.
To determine whether this action of KCC2 is consistent with the
chemical forces acting on the transporter, we used a theoretical
model to predict the thermodynamic driving forces as a function of
[Cl2]i and [K1]o. The direction of transport of an electroneutral
cotransporter is governed by the chemical potentials of the ions
transported [derived from Stein (1990), Eq. 2.3]:

U 5 RT O
j51

n

mjlnS @Xj#in

@Xj#out
D ,

where n is the number of different ion species transported (KCC2,
n 5 2; NKCC, n 5 3), mj is the number of molecules transported
for each species (for NKCC, mCl 5 2; m 5 1 otherwise), [Xj]in and
[Xj]out are the concentrations of ion species j inside and outside the
cell, and RT is the product of the gas constant and absolute
temperature. The thermodynamic driving force (U) is plotted in
Figure 7 for two chloride cotransporter subtypes: NKCC and
KCC2. The direction of transport in NKCC is relatively insensitive

Figure 5. The action of furosemide depends on pipette chloride. A,
Changes in reversal potential were smaller in 20 mM pipette Cl 2 but resulted
in similar changes in calculated [Cl 2]i. B, Furosemide lowered the reversal
potential and [Cl 2]i when pipette Cl 2 was low and raised both the re-
versal potential and [Cl 2]i when pipette Cl 2 was high. The magnitude of
the effect of furosemide was not significantly different from that of the effect
of lowering [K 1]o in 1 mM pipette Cl 2 or raising [K 1]o in 20 mM pipette
Cl 2.
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to changes in [Cl2]i or [K1]o over the range of physiological
concentrations of the two ions. However, the direction of KCC2
transport is sensitive to small changes in [Cl2]i and [K1]o near
physiological levels. Below the expected [Cl2]i for mature pyrami-
dal cells [;10 mM (R. A. DeFazio and S. Keros, unpublished
observations)], KCC2 is predicted to accumulate intracellular chlo-
ride when [K1]o is .1 mM (Fig. 7, gray shaded region).

DISCUSSION
Our results demonstrate the existence of a powerful homeostatic
mechanism that maintains intracellular Cl2 concentration. De-

spite whole-cell dialysis with the low Cl2 pipette solution, K1–
Cl2 cotransport activity raised the calculated intracellular Cl2

concentration by 0.7–1.6 mM. This is a net change in Cl2 concen-
tration; in light of the continuous dialysis of the cell with the low
Cl2 pipette solution, it is likely that the pumps were accumulating
substantially more than ;1 mM chloride. Likewise despite elevated
pipette Cl2 concentrations, reversal potentials indicated intracel-
lular Cl2 concentrations well below those calculated from excised
patches. This implies that the pumps were extruding at least several
millimolar Cl2. It is unlikely that NKCC, the pump traditionally
associated with Cl2 accumulation, plays a role under these record-
ing conditions because both lowering extracellular potassium (af-
fecting only K1–Cl2 cotransport) and cotransport antagonism
with furosemide (affecting both NKCC and K1–Cl2 cotransport)
lowered intracellular Cl2 to levels similar to those obtained in
excised patches. This surprising result suggests that K1–Cl2 co-
transport function alone is sufficient for the homeostatic mainte-
nance of intracellular Cl2; i.e., under these recording conditions,
K1–Cl2 cotransport is both the primary extrusion and accumula-
tion mechanism in mature neocortical neurons.

Bicarbonate flux has been proposed to be a major contributor to
GABAA receptor function (Kaila et al., 1993; Staley and Proctor,
1999). Our initial finding that the reversal potential with low pipette
Cl2 was much more depolarized than those obtained in excised
patches could be interpreted to reflect a strong bicarbonate flux
(see Materials and Methods). However, when Cl2 accumulation
via K1–Cl2 cotransport was reduced by lowering extracellular
potassium or by cotransport antagonism with furosemide, the re-
versal potentials were no longer significantly different from those of
excised patches, which lacked a bicarbonate component. These
manipulations of extracellular potassium and cotransport antago-
nism are not expected to modify intracellular or extracellular
bicarbonate. These results support the contention that the depo-
larized reversal observed with low pipette Cl2 was caused by Cl2

accumulation via K1–Cl2 cotransport and not by an unmasked
bicarbonate efflux. Bicarbonate can be an important component of
GABA responses (Kaila et al., 1993, 1997; Staley and Proctor,
1999); however, under the present recording conditions bicarbon-
ate did not appear to play a major role in determining the response
to GABA. A lack of a bicarbonate contribution to depolarizing
GABA responses in hippocampal pyramidal cells has also been
reported (Grover et al., 1993).

Figure 6. Single-cell rt-PCR of neurons from neocortical
slices reveals developmentally regulated expression of KCC2
RNA. A, Manipulations of [K 1]o had no effect in this exam-
ple recording from a P3 neuron with 20 mM pipette Cl 2. B,
The mean changes in reversal potential and calculated [Cl 2]i
were significantly less than those observed in P18–P28 neu-
rons. Data from both 1 and 20 mM pipette Cl 2 were pooled.
C, Single neurons were analyzed from neocortical slices of P3
or P25 rats. rt-PCR, as described in Materials and Methods,
was used to amplify a specific KCC2 fragment from pyrami-
dal neurons or interneurons. Control lanes (C) refer to rt-
PCR performed on samples taken by aspirating extracellu-
larly within the slice. D, Cell contents from several of the
cells in C were subjected to rt-PCR amplification of both
KCC2 and actin.

Figure 7. The thermodynamic driving force determines the direction of
electroneutral Cl 2 cotransport. The x-axis represents the intracellular Cl 2

concentration. Along the y-axis, positive values of the driving force repre-
sent Cl 2 extrusion, whereas negative values indicate Cl 2 accumulation. The
sum of the chemical potentials of Na 1, K 1, and 2 Cl 2 inside and outside
the cell as a function of intracellular Cl 2 concentration is represented by
the dashed line for 3.5 mM [K 1]o. The solid lines represent the driving force
for the cotransport of both K 1 and Cl 2 (thus KCC2) at different [K 1]o.
The gray shaded region represents the range of ion concentrations that give
rise to intracellular K–Cl accumulation; thus at elevated [K 1]o and low
[Cl 2]i , thermodynamic calculations predict that the KCC2 activity will
raise intracellular Cl 2.
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Differential expression of the transport proteins involved in Cl2

homeostasis has been proposed to explain differences in resting
Cl2 concentrations between cell types (Rohrbough and Spitzer,
1996; Ulrich and Huguenard, 1997) and during development
(Owens et al., 1996; Kakazu et al., 1999; Rivera et al., 1999). The
absence of K1-coupled Cl2 cotransport in our recordings from
neonatal neurons correlated well with the reduced expression of
KCC2 mRNA detected in single-cell harvests. Although other
extrusion mechanisms must exist in neonatal neurons, the absence
of a potassium-coupled mechanism is consistent with the elevated
intracellular Cl2 concentration reported in neonatal neurons. In
addition, because of a role for neuronal K1–Cl2 cotransport in the
maintenance of extracellular potassium (Payne, 1997), the lack of
KCC2 expression in neonatal neurons may explain differences in
extracellular potassium regulation observed during development
(Hablitz and Heinemann, 1989).

The presence of a powerful potassium-coupled Cl2 cotransport
mechanism has important functional implications. Our results sug-
gest that K1–Cl2 cotransport alone is sufficient for homeostatic
maintenance of intracellular Cl2. The Cl2 set point (the concen-
tration at which the pump exhibits no net flux) is coupled to [K1]o.
If intracellular Cl2 exceeds the set point, K1–Cl2 cotransport can
extrude Cl2. If Cl2 goes below the set point, K1–Cl2 cotransport
can accumulate Cl2. We have demonstrated the capacity of these
pumps to maintain intracellular Cl2 concentrations despite whole-
cell dialysis via a patch pipette. Such a Cl2 load or sink is sub-
stantially less than the physiological Cl2 load or sink because of
GABAA receptor-mediated Cl2 flux, thus demonstrating reserve
capacity, an important aspect of numerous physiological systems. It
is clear that other Cl2 homeostatic mechanisms are present in the
neuron. For example, the Cl2 reversal potential is still quite
hyperpolarized in neurons from P3 to P6 animals, suggesting that
although immature cells have reduced KCC2 mRNA levels some
other mechanism is lowering intracellular Cl2.

Payne (1997) proposed that KCC2 could contribute to extracel-
lular potassium homeostasis. Although the relative contribution of
neurons to the spatial buffering of extracellular potassium remains
to be determined, one of the primary consequences of a rise in
extracellular potassium would be elevation of the intracellular Cl2

concentration. In our experiments, raising extracellular potassium
from 3.5 to 10 mM increased intracellular Cl2 ;3 mM (with either
1 or 20 mM pipette Cl2). A 3 mM increase in intracellular Cl2 from
a resting Cl2 concentration of 10 mM would raise the Cl2 reversal
potential from 261 to 254 mV. Under these conditions, activation
of GABAA receptors could depolarize the cell to 254 mV, much
closer to the threshold for action potential generation in neocortical
neurons. Large increases in extracellular potassium have been
described during seizure-like activity both in vivo (Lux et al., 1974;
Xiong and Stringer, 1999) and in vitro (Benninger et al., 1980;
Swann et al., 1986; Hablitz and Heinemann, 1989). It is possible
that elevations in neuronal Cl2 could contribute to the difficulty in
controlling prolonged seizures.

The net effect on excitability of a K1-dependent accumulation of
intracellular Cl2 is not clear. A rise in extracellular potassium has
multiple effects on neurons; in addition to increased intracellular
Cl2, input resistance decreases and the membrane potential de-
polarizes. In the present study at a holding potential of 270 mV,
raising extracellular potassium from 3.5 to 10 mM decreased the
input resistance by 41 6 10 MV and induced a depolarizing current
of 388 6 122 pA. To a considerable degree the most prominent
effect of an acute increase in extracellular potassium is membrane
depolarization such as that described by Kaila et al. (1997). They
demonstrated an ;20 mV depolarization because of a transient
increase in extracellular potassium of up to 7.4 mM in response to
a high-frequency stimulus train. Such a depolarization is sufficient
to place the membrane potential above the elevated Cl2 reversal
potential and result in a hyperpolarizing response to synaptic
GABA. Neuronal buffering of extracellular potassium probably
does not have pathological consequences for neuronal function

because the elevated intracellular Cl2 concentration is balanced by
a decrease in input resistance and membrane depolarization.

Recent studies suggest a strong neuronal contribution to buffer-
ing of [K1]o (Ransom et al., 2000; Xiong and Stringer, 2000). It is
difficult to infer a direct role of KCC2 in these studies because the
manipulations that would affect the cotransporter also altered the
spontaneous activity that gave rise to the potassium transient.
Lowering extracellular Cl2, furosemide, and ouabain all raised
the ceiling of the extracellular potassium transient (Xiong and
Stringer, 2000). Although Xiong and Stringer conclude a role for
the neuronal Na1–K1 ATPase, it is clear that breakdown of the
potassium gradient because of inhibition of the Na1–K1 ATPase
could also inhibit K1-coupled Cl2 cotransport. KCC2-mediated
Cl2 accumulation in elevated [K1]o is consistent with an enhance-
ment of the capacity of the homeostatic mechanisms that regulate
extracellular K1. In addition to its major role in neuronal Cl2

homeostasis, KCC2 expression may result in a more rapid return to
normal levels of [K1]o and/or a lower maximal level that [K1]o can
attain.

In summary, we have shown that developmental changes in the
expression of KCC2 result in the coupling of [Cl2]i and [K1]o via
the activity of the furosemide-sensitive K1-coupled Cl2 cotrans-
porter. [K1]o manipulations in immature neurons had no effect on
[Cl2]i, consistent with the low expression of KCC2 mRNA de-
tected in cytoplasm harvested from these cells. Expression of
KCC2 results in lowered [Cl2]i and translates physiological
changes in [K1]o to marked changes in [Cl2]i. These data dem-
onstrate a physiologically relevant and developmentally regulated
role for KCC2 in Cl2 homeostasis and neuronal excitability.
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