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Regulation of Intracellular Cl- Levels by Na+-Dependent Cl- 
Cotranspot-t Distinguishes Depolarizing from Hyperpolariring 
GABA, Receptor-Mediated Responses in Spinal Neurons 
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Rohon-Beard (RB) spinal neurons of Xenopus larvae are depo- 
larized by GABA. To study the mechanisms underlying this 
distinctive response, intracellular and patch-clamp recordings 
were made from RB neurons in situ. The intracellularly recorded 
GABA reversal potential (ERev) was near -30 mV in normal 
saline and was -25 mV more negative in Na+-free saline. 
Whole-cell recordings from RB neurons and from neighboring 
dorsolateral interneurons (DLi) revealed that GABA responses 
of both cells were mediated by GABA, receptors. Currents 
elicited by GABA were mimicked by muscimol and reversibly 
blocked by bicuculline, and ERev shifted with changes in Cl- 
concentration ([Cl-]) in agreement with Cl- selectivity. In per- 
forated patch recordings, ERev for RB cells was significantly 
more positive than for DLi ceils (-38 vs -63 mv), indicating 
that intact RB cells maintain higher levels of intracellular Cl-. 

GABA is the major inhibitory transmitter in the adult mammalian 
CNS, exerting a hyperpolarizing influence primarily through the 
activation of GABA, receptor Cl- channels (Cherubini et al., 
1991; MacDonald and Olsen, 1994). In contrast, GABA acting at 
GABA, receptors depolarizes and excites immature neurons in 
the mammalian hippocampus (Mueller et al., 1984; Janigro and 
Schwartzkroin, 1988b; Ben-Ari et al., 1989; Cherubini et al., 
1990) where GABA-mediated excitation may be important be- 
fore the development of glutamatergic innervation (Cherubini et 
al., 1991). Similarly, GABA and glycine mediate depolarizing 
responses in developing mammalian motoneurons (Wu et al., 
1992) and dorsal horn neurons (Reichling et al., 1994; Wang et al., 
1994). These findings suggest that many immature neurons have 
elevated levels of intracellular Cll ([Cl-],). In the hippocampus, 
hyperpolarizing GABA, responses appear during the second 
postnatal week, consistent with a developmental increase in the 
Cl- gradient resulting from the appearance of outwardly directed 
Cl- transport during this period (Zhang et al., 1991). Recipro- 
cally, inwardly directed Cl- transport, as has been reported in 
adult guinea pig hippocampal neurons (Misgeld et al., 1986), 
could be a mechanism underlying the reduced Cll gradient in 
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Replacement of external Na+ or exposure to the Cl- transport 
inhibitor bumetanide (100 PM) shifted RB cell ERev to more 
negative values, consistent with Naf-dependent Cl- cotrans- 
port contributing to higher internal [Cl-]. In contrast, these 
treatments did not change DLi cell ERev. The results indicate 
that a Na’-dependent Cl- transport mechanism underlies 
GABA, receptor-mediated depolarizing Cl- conductances in 
RB neurons. Thus, both inhibitory and excitatory GABA re- 
sponses appear to be present during the same developmental 
period in vivo. GABA may stimulate Ca*’ influx in RB neurons 
because the intracellular GABA ERev is above the threshold for 
low voltage-activated Ca*+ channels. 

Key words: GABA; depolarization; chloride; chloride trans- 
port; spinal neurons; development 

immature cells. Presently, however, there appears to be no evi- 
dence for such a mechanism in young neurons. 

Primary sensory Rohon-Beard (RB) neurons in the developing 
Xenopus spinal cord are depolarized by GABA (Bixby and 
Spitzer, 1982). In intracellular recordings, the GABA reversal 
potential was near -30 mV and shifted toward more negative 
values in Na+-free external saline, suggesting a GABA-activated 
cationic conductance. Because spontaneous elevations of intracel- 
lular Cazt levels ([Ca”],) are involved in regulating differentia- 
tion of Xenopus spinal neurons (Gu and Spitzer, 1995), an in- 
creased understanding of the depolarizing action of GABA and 
glycine on sensory neurons is of considerable interest. 

We determined the ionic basis of the depolarizing GABA 
response in RB neurons of Xenopus larvae and compared the 
responses with those of neighboring dorsolateral interneurons 
(DLi), which receive inhibitory GABAergic and glycinergic syn- 
aptic input (Clarke and Roberts, 1984; Sillar and Roberts, 1991; 
Sillar and Simmers, 1994). Whole-cell recordings show that both 
the depolarizing response in RB cells and the inhibitory response 
in DLi cells are mediated by GABA, receptors. To address the 
mechanism of the differences between these cells in their normal 
intact condition, we carried out amphotericin B- and gramicidin- 
perforated patch recordings (Horn and Marty, 1988; Rae et al., 
1991; Kyrozis and Reichling, 1995) to minimize alteration of 
[Cl-],. Under these conditions, the GABA reversal potential of 
RB cells is -25 mV more positive than for DLi cells, presumably 
because of a higher [Cl-Ii (Rohrbough and Spitzer, 1994). We 
show for the first time that a Na+-dependent inward Cl- transport 
mechanism contributes to this elevated [Cl-Ii in developing spinal 
neurons. GABA, therefore, may generate depolarizations suffi- 
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Table 1. Composition of recording solutions (in IIIM) 

A. Intracellular 
recordings 

TrisCl or 
NaCl TEACI KC1 CaCl, HEPES Base 

Bl (Normal) 125 0 3 10 5 2 NaOH 
B2 (Na+-free) 0 120 3 10 5 17 Tris base 

B. Whole-cell 
recordings NaCl NaIsethionate KC1 CaCl, CdCl, CoCl, HEPES/NaOH 

External B3 (132.4(31-) 125 0 3 2 0.2 0 5 
B4 (106.4 Cl-) 99 26 3 2 0.2 0 5 
B5 (168 Cl-) 125 0 3 10 0 10 5 
B6 (43 cl-) 0 125 3 10 0 10 5 
B7 (43.4 Cl-) 36 89 3 2 0.2 0 5 

Pipette 

KGluconate NaGluconate CsMeSO, CsCl NaCl CaCl, EGTA HEPES Base 

Pl (16.4 Cl-) 85 0 0 0 10 3.2 5 10 22 KOH 
P2 (16.4 Cl-) 0 0 90 0 10 3.2 5 10 23 CsOH 
P3 (106.4 Cl-) 0 0 0 90 10 3.2 5 10 21 CsOH 
P4 (6.4 Cl-) 0 10 90 0 0 3.2 5 10 21 CsOH 

C. Perforated patch 
recordings NaCl NaIsethionate TrisCl KC1 CaClz CdCl, TEACl HEPES Base 

External B8 (+Na+) 125 0 0 3 2 0.2 20 5 2 NaOH 
B9 (Na+-free) 0 0 125 3 2 0.2 20 5 1.5 Tris base 
BlO (Na+/K+-free) 0 0 128 0 2 0.2 20 5 15 Tris base 
Bll (31.4 Cl-) 0 125 0 3 2 0.2 20 5 2 NaOH 

KGluconate NaGluconate NaCl CaCl, KOH HEPES 

Pipette PPl 100 0 10 5 5 10 

PP2 100 5 5 5 5 10 

All external solutions contained 0.25 &ml ‘ITX. MgClz (2-10 mM) was included in external salines in some experiments to retard muscle activity. For reversal potential 
determinations in intracellular recordings, CoCI, (10 mM) and TBACI (20 mM) were included in solutions Bl and B2. In initial whole-cell recordings, external solutions 
contained 10 rnM CaCl, and C&l, (B5 and B6) for consistency with intracellular recording solutions. In most whole-cell experiments, solutions B3, B4, and B7 were used. 
Solutions Pl-P4 contained 2 rn~ MpATP. 

cient to activate low voltage-activated Ca2* channels and to 
elevate [Ca2+li in RB cells. The contrasting actions of GABA in 
these two types of larval spinal neurons demonstrate that, as in the 
hippocampus, GABA may serve both excitatory and inhibitory 
roles in the developing amphibian spinal cord. 

MATERIALS AND METHODS 
Preparation. Experiments were performed on 3- to 8-d-old Xenopus laevis 
larvae (stages 36-48; Nieuwkoop and Faber, 1965). Preparations were 
dissected and mounted for recording by methods similar to those of 
Baccaglini and Spitzer (1977). Animals were pinned into Sylgard-coated 
35 mm culture dishes in standard amphibian Ringer’s solution [(in mM) 
125 NaCl, 3 KCl, 10 CaCl,, 10 HEPES, pH 7.41 or recording solution 
(Table 1) and decapitated. Trunk skin and dorsal tail muscle were 
removed with jeweler’s forceps and an electrolytically sharpened tungsten 
needle. A thin, nearly transparent sheath consisting of meningeal mem- 
brane and fiber tracts remained overlying the dorsal aspect of the spinal 
cord. Because of their superficial position, RB neurons could be impaled 
with microelectrodes through this sheath. However, to make Gfl seals 
successfully from dorsal neurons in patch-clamp experiments, this surface 
had to be scored carefully with the tungsten needle to expose cell bodies. 
RB neurons were identified by their size (20-25 pm diameter) and 
position in the dorsal midline. Usually, recordings could be attempted 
from only a few of the -200 RB cells per preparation. Dorsolateral 
neurons are positioned in the dorsal quarter of the cord just lateral to RB 
cells and have cell body diameters of lo-15 pm. Nearly all of these cells 
are likely to be either dorsolateral commissural or ascending interneurons 
(Roberts and Clarke, 1982; Clarke and Roberts, 1984; Sillar and Sim- 
mers, 1994). By the convention established by Sillar and Simmers (1994), 
they are denoted here as DLi. The preparation was visualized at 500X 
with Zeiss interference contrast optics. 

Electrophysiological recordings. Preparations were superfused con- 
stantly with recording saline (-2 mhmin). A bath volume of -0.5 ml was 
maintained, and an agar bridge between the Ag-AgCl reference elec- 
trode and the bath solution was used in all experiments. For conventional 
intracellular recordings, voltages and injected currents were measured 
with a WP Instruments amplifier (model M4-A). RB cells were impaled, 
usually by brief capacitance overcompensation, with glass microelec- 
trodes filled with 3 M KC1 (80-120 Ma resistances). Data were accepted 
for cells with resting potentials > -40 mV. Injection of current for which 
the electrode remained in balance (<?0.3 nA) was used to adjust the 
membrane potential to different steady levels and to assess membrane 
conductance with current pulses. Voltage responses to bath-applied 100 
PM GABA or to brief (<50 msec) focal iontophoretic pulses from high- 
resistance microelectrodes containing 3-4 M GABA were recorded at 
membrane potentials negative to -40 mV. In previous intracellular 
recordings of GABA responses from RB neurons in vivo, similar results 
were obtained with either KCl-filled or K+-acetate-filled microelectrodes 
(Bixby and Spitzer, 1982); therefore, we did not consider leakage of Cl- 
from the electrodes to alter significantly the estimated GABA reversal 
potential. Signals were displayed on an oscilloscope, and permanent 
records were made to a Gould Brush pen recorder. 

Whole-cell and perforated patch voltage-clamp recordings were made 
with a Dagan 8900 amplifier. The TL-1 interface hardware and pClamp 
software (Axon Instruments, Foster City, CA) were used for data acqui- 
sition and analysis. Patch pipettes were pulled from 100 ~1 capillaries 
(Drummond, Broomall, PA) with a Flaming/Brown electrode puller 
(model P-87, Sutter Instruments, Novato, CA) and had 3-5 Ma resis- 
tances when filled with pipette solutions (Table 1). Seals were formed on 
exposed and clearly visualized somata of cells by applying gentle suction 
to the pipette. Stable patch-clamp recordings from cells in viva were more 
difficult to achieve than from cultured embryonic spinal neurons. In 
general, however, the success rate of both recording modes was several- 
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fold higher for DLi cells than for RB cells. Series resistance (R,) was 
estimated from the extrapolated peak current of transients (digitized at 
50 kHz) generated by a lo-15 mV depolarizing step from -80 mV. In 
most cases the transient decay could be fit with a single exponential time 
constant. In some cases the fit was improved with a second exponential 
with a slower time constant and a minor fractional area (10 ? 10% of the 
area of the primary component). Adequate voltage-clamp control over 
the soma was assumed for cells in these categories, and all reversal 
potentials were determined from responses to focal application of agonist 
to somata. R, typically was 4-10 MfI in whole-cell recordings. Voltage 
corrections for Rs were applied to the data and did not exceed a few 
millivolts because the recorded currents were usually several hundred 
picoamperes or less. 

Perforated patch recordings were made using amphotericin B or gram- 
icidin. Amphotericin B is similar to nystatin in its selectivity for mono- 
valent cations over Cl-, whereas multivalent ions are impermeant. The 
permeability to Cl- is 0.03-0.1 relative to the permeability to Na+ and 
Kt in lo-100 mM salt solutions (Cass et al., 1970; Marty and Finkelstein, 
1975; Russell et al., 1977; Kleinberg and Finkelstein, 1984). A K+ 
gluconate pipette solution containing 15 or 20 mM Cl- (Table 1) was used 
for amphotericin B-perforated patch recordings from both classes of cells 
to reduce possible changes in [Cl-], over time because of equilibration 
with the pipette solution. We also made recordings from DLi cells using 
gramicidin, which is impermeant to Cl- (Hladky and Haydon, 1984; Rhee 
et al., 1994; Kyrozis and Reichling, 1995) to verify that shifts in [Cl-], 
using amphotericin B were minor or negligible. Stocks of amphotericin B 
or gramicidin in dimethyl sulfoxide (DMSO; 60 mg/ml, Fisher Scientific, 
Pittsburgh, PA) were prepared daily and frozen. One milliliter of filtered 
pipette solution was added to an aliquot of freshly thawed stock plus 8 ~1 
of 20% pluronic (Molecular Probes, Eugene, OR) for final antibiotic 
concentrations of 120-240 &ml (amphotericin B) and 30-5Q pg/ml 
(gramicidin). This mixture was vortexed for -30 set, sonicated for -15 
set, and (for amphotericin B) stored on ice in the dark during experi- 
ments. Fresh 1 ml mixtures were made every 1-2 hr. Pipettes were dipped 
for -5 set in standard pipette solution to fill the tip and then back-filled 
with the antibiotic solution. A slight positive pressure was applied to the 
pipette until a cell was contacted. Access resistance after seal forma- 
tion was estimated from current transients recorded at frequent intervals. 
In our preparation, R, typically decreased to 20-50 Ma, but little 
thereafter. Recordings were begun as soon as R, reached this range, 
within several minutes in many cases when using amphotericin and 
generally within 8-10 min when using gramicidin. Gramicidin- 
perforated patch recordings from RB cells were unsuccessful because of 
invariable deterioration and eventual loss of the seal during this period. 
Partial R, compensation (-50%) was applied during data acquisition. 
Additional voltage correction, typically no more than several millivolts, 
was applied during data analysis to achieve complete compensation. 

Reversal potential determination. In intracellular recordings, the GABA 
reversal potential (Eaev) was determined from voltage responses to 
iontophoretically applied GABA by linear extrapolation of response 
amplitudes plotted against membrane voltage. In most whole-cell and 
perforated patch experiments, GABA was applied with brief ionto- 
phoretic pulses (20-50 msec). In some experiments, 100 FM GABA 
dissolved in external saline was applied by a pressure pipette (100-200 
msec, 5-10 psi). These two modes of focal GABA application elicited 
comparable currents, and there was no difference between the average 
E aev values recorded with the two methods under the same ionic condi- 
tions. Muscimol (loo-150 FM) was applied by pressure pipette. GABA 
E aev values were determined by recording over a range of voltages in 
which agonist currents reversed in polarity. The agonist current was 
determined from the peak response amplitude after subtraction of the 
baseline just before the response. 

In initial perforated patch recordings, we observed that ERev of the 
smaller DLi cells could be shifted transiently in the positive direction by 
strong outward currents elicited by GABA at depolarized voltages or by 
repeated or lengthy (>lO set) depolarizing steps. Accordingly, GABA 
responses were elicited during a 1-2 set voltage step from a holding 
potential of -60 or -70 mV, and depolarizing steps were applied that 
were just sufficient to reverse the current. Intracellular Cll activity 
(a[Cll],) was estimated from the reversal potential and external aCl- 
using the Nernst equation. Estimates of the total aCll for all solutions 
were made from the sum of activities for individual Cll salts (Robinson 
and Stokes, 1965). Current traces were low-pass-filtered at l-5 kHz and 
digitized to disk at 0.5-l kHz. Selected records were refiltered digitally at 
200-1000 Hz for display. All values in the text and figures are presented 
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Figure I. Depolarizing responses of RB neurons to iontophoretic appli- 
cation of GABA. A, Schematic anatomical representation of neurons in a 
transverse section of the Xenopus larval spinal cord. RB, Rohon-Beard 
cells; DLi, dorsolateral interneurons; m, motoneurons; after Roberts and 
Clarke (1982) with permission. B, Depolarizations recorded intracellu- 
larly in response to focal iontophoretic applications (50 msec) of GABA in 
normal saline (top), and plot of response amplitude versus membrane 
potential (bottom). Solution Bl; 3.5-d-old larva. Membrane voltage is 
indicated for each trace. The extrapolated reversal potential determined 
by least-squares regression (dotted line) is -32 mV. 

as mean -t SD; significance was assessed by Student’s two-tailed t test, 
and values are indicated to be significantly different for p < 0.05. 

Solutions. The compositions of external and pipette solutions are listed 
in Table 1. Additionally, whole-cell pipette solutions contained 2 mM 
Mg-ATP, and all external solutions contained 0.25 pg/ml TTX. NaCl, 
KCl, MgCl,, and CaCl, were obtained from Fisher Scientific (Tustin, 
CA), HEPES was obtained from Research Organics (Cleveland, OH), 
and all other chemicals and drugs were obtained from Sigma (St. Louis, 
MO). Liquid junction potentials between bath and pipette solutions were 
measured (Neher, 1992) for each combination used in whole-cell and 
perforated patch experiments. Corrections for liquid junction potentials 
were applied to the data and varied from -3 mV (solutions B4 and P3) 
to -18 mV (solutions BlO and PPl). 

RESULTS 

Depolarizing GABA responses in intracellular 
recordings from RB cells 
GAEIA applied by bath perfusion (100 PM) or by iontophoresis 
generated depolarizations in RB cells of up to 40 mV in intracel- 
lular recordings (Fig. I&I). GABA depolarizations were accom- 
panied by two- to fivefold increases in membrane conductance 
from resting values (3.6 + 0.9-fold, n = 12). E,, was estimated 
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Figure 2. Depolarization and membrane conductance increase in re- 
sponse to bath application of GABA in whole-cell recording. Current 
clamp recording from a 7-d-old larva. GABA (100 PM) was applied in the 
bath for 5 set (hatched bar). The increase in membrane conductance is 
indicated by the size of the voltage excursions to 0.02 nA hyperpolarizing 
current pulses (not shown). The delay in response onset is a result of the 
lag in the perfusion system. Solutions Bl and Pl. 

from voltage responses elicited at different membrane potentials 
to iontophoretically applied GABA (Fig. 1B). To minimize the 
activation of voltage-gated conductances by depolarization, block- 
ing agents (TTX, TEA, and Co’+; Table 1) were included in the 
external saline, and responses were recorded at membrane poten- 
tials negative to -40 mV. E,, was -29 ? 4 mV in normal saline 
(n = 9), which is in good agreement with the intracellular ERev 

reported previously under the same ionic conditions (Bixby and 
Spitzer, 1982). These authors found ERev to be 35 mV more 
negative in Naf-free external saline, an unexpected result for a 
response mediated by GABA, receptors. As a first step in exam- 
ining the ionic basis of the depolarizing response, we recorded 
responses in Na+-free external saline to confirm this effect. When 
Na+ was replaced with Tris or TEA, the extrapolated ERev was 
-55 ? 6 mV (n = 16). This 25 mV negative shift in ERev 

confirmed the involvement of NaC in the GABA response of RB 
neurons; however, the magnitude of the shift was substantially less 
than that expected for a Na+-selective conductance. 

GABA responses in FIB cells are mediated by Cl- 
conductance in whole-cell recordings 
In initial whole-cell recordings, responses were recorded in cur- 
rent clamp mode to bath-applied GABA in normal and Na+-free 
saline to address the Na* dependence of the GABA response. 
Application of 100 pM GABA produced depolarizations that 
reversed in polarity near -50 mV (solutions Bl and Pl) and large 
increases in membrane conductance (5.7 t 2.7-fold increase, IZ = 
20; Fig. 2). Replacing external Na+ with Tris did not alter the 
response amplitude or conductance increase or shift the whole- 
cell GABA ERev (n = 9), which is inconsistent with the contribu- 
tion of a Na+ conductance to the GABA response. 

We therefore examined the Cl- dependence of the RB cell 
GABA response in whole-cell voltage-clamp recordings (Fig. 3). 
GABA applied focally by iontophoresis or by pressure pipette 
(100 PM) elicited inward currents that reversed at -50 ? 2 mV (n 
= 5; solutions B5 and P2). Reducing external [Cl-] to 43 mM 
resulted in a positive shift in ERev to -22 2 2 mV (n = 5), 
indicating dependence on Cl-. For four additional combinations 
of external and pipette [Cl-], the whole-cell ERev varied in a 
manner consistent with selectivity for Cl-, characteristic of a 
GABA,-type response (Fig. 3C). The ERev shifted with a slope of 
54 mV per lo-fold change in the ratio of external to pipette 
a[Cl-1, a value reasonably close to that predicted from the Nernst 
equation assuming Cl- selectivity. 

RB cell GABA responses exhibit GABA* 
receptor pharmacology 
GABA responses were reversibly blocked by the competitive 
GABA, receptor antagonist bicuculline methiodide (BMI; Fig. 
4). BMI (50-100 PM) applied to the superfusate for l-2 min 
reversibly blocked -80% of the peak current evoked by ionto- 
phoretically applied GABA (n = 5). The incomplete blockade 
under these conditions was probably caused by application of 
GABA at concentrations sufficient to overcome competitive inhi- 
bition by BMI. The currents remaining in the presence of 50-100 
PM BMI reversed at the same potential as control currents (Fig. 
4B; n = 3), consistent with an incompletely blocked GABA, 
response. The GABA, agonist muscimol (150 PM) elicited re- 
sponses in RB cells similar to those elicited by GABA (n = 5). 
The muscimol ERev of -46 t 4 mV (solutions B5 and Pl) did not 
differ significantly from that observed for GABA at the same 
a[Cl-] ratio. The Cl- selectivity and characteristic GABA, phar- 
macology lead us to conclude that the GABA response of RB cells 
is mediated by GABA, receptors. 

Whole-cell GABA, currents in DLi cells 
DLi cells are located in the dorsal spinal cord, immediately lateral 
to RB cells (Fig. 1A) and are most likely composed of dorsal 
ascending and dorsolateral commissural interneurons (Roberts 
and Clarke, 1982; Clarke and Roberts, 1984; Sillar and Simmers, 
1994). Spontaneous IPSPs mediated by GABA and glycine, as 
well as glutamatergic EPSPs, have been demonstrated previously 
in intracellular recordings from DLi cells in the spinal cord (Sillar 
and Roberts, 1991; Sillar and Simmers, 1994). Because the hyper- 
polarizing IPSPs suggest that GABA mediates an inhibitory re- 
sponse in these cells typical of mature neurons, whole-cell GABA 
responses were recorded from DLi cells in the same preparations 
for comparison with RB cell responses. 

DLi cells were identified by their location and smaller size and 
by the presence of spontaneous synaptic currents in the presence 
of TTX and Cd’+ or Co’+ (Fig. 5A). Responses in DLi cells to 
focal applications of GABA also were mediated by GABA, 
receptors. The whole-cell ERev exhibited selectivity for Cl-, shift- 
ing 55 mV per lo-fold change in the ratio of external to pipette 
a[Cl-] (Fig. 5). The peak currents elicited by GABA were usually 
larger than those observed for RB cells. This may indicate a 
higher receptor density on DLi somata or the activation of addi- 
tional receptors on proximal neurites. As in RB cells, GABA 
responses in DLi cells were reversibly blocked by 50-100 pM BMI 
(n = 7; Fig. 5B). The results from whole-cell recordings indicate, 
therefore, that GABA responses in both RB and DLi cells are 
qualitatively the same and are mediated primarily by GABA, 
receptors. 

Perforated patch recordings reveal different chloride 
distributions in RB and DLi cells 
Because it is presently considered unlikely that whole-cell dialysis 
alters the ion selectivity of the receptor channel, the results 
indicate that the GABA response in intact RB neurons is a 
Cl--mediated depolarization. The estimated GABA ERev of -30 
mV in intracellular voltage recordings suggests further that [Cl-Ii 
is elevated in these cells. To test this hypothesis, we made am- 
photericin B-perforated patch recordings (Horn and Marty, 1988; 
Rae et al., 1991) from RB and DLi cells to indirectly assess [Cl-], 
under conditions that more closely approximate those of intact 
cells. The same pipette solutions containing 15 or 20 mM [Cl-] 
(-13-17 mM a[Cl]-) were used for both cell types, and GABA 
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Figure 3. Chloride dependence of GABA response in RB neurons in whole-cell voltage-clamp recordings. A, B, Currents elicited by iontophoretically 
applied GABA (30 msec; top) and current-voltage (I-V) relationships (bottom) for two combinations of bath and pipette [Cl-]. Holding potential is 
indicated for each current trace. Both recordings were from S-d-old larvae. A, Solutions B3 (132.4 mM Cl-) and P2 (16.4 mM Cl-); the current reversed 
at -47 mV. B, Solutions B4 and P3 (symmetrical 106.4 mM Cl-); the current reversed at +2 mV. C, Relationship of whole-cell reversal potential (ERcv) 
to Cl- activity ratio (a[Cl-],/a[Cl-I,). Each point is the mean k SD (where it exceeds the symbol size) for two to seven cells from 3- to &d-old larvae. 
The dotted line reoresents the PredIcted relationship, with a slope of -59 mV per lo-fold increase in the ratio. The solid line fit to the data has a slope 
of -54 mV per lb-fold increase. 

responses were recorded in many cases within several minutes 
after seal formation. The ERev for RB cells was nearly 25 mV 
more positive than for DLi cells in standard external saline (-38 
2 3 mV, II = 22 vs -62 2 8 mV, n = 24; Fig. 6), which is 
consistent with the hypothesis that [Cl-Ii is significantly higher in 
RB cells. This result also argues against a rapid equilibration of 
[Cl-], with the pipette solution, which would occur to a greater 
extent in the smaller DLi cells. Such equilibration is expected to 
decrease or abolish a difference in E,, between RB and DLi 
cells. Although there was greater variation in the ERev distribution 
for DLi cells, there was no consistent difference in ERev for either 
cell type as a function of recording times of up to 30 min, 
suggesting that Cl- redistribution was not a significant source of 
variation under these conditions. Additionally, after several re- 
cordings, the patch was ruptured successfully and ERev was re- 
corded in whole-cell configuration (9 DLi cells, 2 RB cells). In 
these cases, the whole-cell ERev always shifted in the negative 
direction for RB cells and in the positive direction for DLi cells, 
indicating that in the perforated patch configuration [Cl-Ii in 
these cells was significantly higher and lower, respectively, than in 
the recording pipette. 

In perforated patch recordings, the pipette and cell contained 
K+, rather than Cs+, which was used in the internal whole-cell 
recording solution. We considered the possibility, therefore, that 
GABA, receptor activation contributes to the more negative DLi 
cell ERev in perforated patch recordings. Two lines of evidence 
suggest that this is not the case. First, when external [Cl-] was 
reduced to 31 mM, the DLi cell E,, shifted in the positive 
direction by 40 2 7 mV (n = 3). This shift was close to the 
predicted change in E,, for these cells, assuming that a[Cl-li 

remained unchanged, and is consistent with a Cl--selective 
GABA, conductance. Second, after patch rupture the ERev re- 
corded in whole-cell configuration was reliably within several 
millivolts of E,, for the bath and pipette solutions used. There- 
fore, it is likely that the GABA E,, in perforated patch and 
intracellular recordings reflects significantly different Cl- distri- 
butions in RB and DLi cells. 

Gramicidin is a particularly attractive agent for perforated 
patch recordings in studies of Cl--dependent processes because, 
unlike amphotericin B and nystatin, its permeability to Cl- is 
negligible (Rhee et al., 1994; Kyrozis and Reichling, 1995). The 
gramicidin-perforated patch ERev in DLi cells was not different 
from that recorded using amphotericin B (-67 + 4 mV, IZ = 7), 
further indicating that ERev was not biased significantly by redis- 
tribution of Cl- through the perforated patch. The agreement 
between results obtained with either gramicidin or amphotericin 
B strengthens confidence in estimates of normal a[Cl-li in these 
cells and supports the reliability of results from RB cells obtained 
with amphotericin B. From the ERe. values determined in perfo- 
rated patch recordings in normal external saline (Table 2), corre- 
sponding values of a[Cl-li were estimated to be -27 mM in RB 
cells and -11 mM in DLi cells. 

Na+-dependent Cl- transport contributes to the 
elevated [Cl-Ii in I?6 cells 
The combination of GABA, receptor properties, elevated [Cl-Ii, 
and Nat dependence of the intracellular RB ERev suggests the 
presence of a Naf-dependent inward Cl- transport mechanism. A 
similar mechanism for Cl- transport has been reported in adult 
mammalian hippocampal (Misgeld et al., 1986) and frog dorsal 
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Figure 4. Bicuculline (EC) blockade of GABA response in RB cells. A, 
Whole-cell currents elicited by iontophoretically applied GABA (30 msec) 
before, during, and after superfusion of 50 pM BMI. The holding potential 
is -50 mV for each trace. 4-d-old larva; solutions B4 and P3 (symmetrical 
[Cl-]). B, Whole-cell I-V relationship for a different RB cell in the 
presence of 100 pM BMI (open symbols) and after washout (solid symbols). 
Solutions as in A. The current reversed at +3 mV in both conditions, 
consistent with an incompletely blocked GABA, response. 3-d-old larva. 
Similar results were recorded in two other RB cells. C, Summary of 
bicuculline blockade in RB cells in 3- to S-d-old larvae (n = 5) for 50-100 
PM concentrations of BMI. 

root ganglion (DRG) cells (Alvarez-Leefmans et al., 1988) and 
has been proposed for various developing neurons. This hypoth- 
esis was tested in perforated patch recordings from RB cells. In 
seven cells, E,, in Na+-free saline (substituted with Tris) shifted 
-9 -C 5 mV from the value recorded in standard saline. The ERev 
in Na’-free saline was -48 2 11 mV overall (n = 9; Table 2), a 
value significantly more negative than control (-38 t 3 mV, n = 
22). The shift after Na+ replacement occurred within -3 min in 
some cells, which represented the shortest practical interval for 
solution replacement and ERev measurement. This time course is 
consistent with the rate of change in a[Cl-1, (4-5 mn?/min) mea- 
sured in frog DRG cells after removal of Na+ (Alvarez-Leefmans 
et al., 1988). Furthermore, the loop diuretic bumetanide (100 pM; 

exposure for 2 10 min), an inhibitor of Nat-dependent Cl- trans- 
port (Haas, 1989) also shifted RB cell E,, by nearly 10 mV in 
the negative direction (-47 I 4 mV, n = 9; Table 2). Because we 
were unable to maintain these recordings for extended periods of 

time, the full extent of the shifts caused by these treatments may 
not have been observed. 

In contrast, DLi cells were not affected similarly by replacement 
of external Na+ for comparable periods. E,, values recorded 
from the same cells in both normal and Nat-free saline were not 
significantly different (-68 -C 4 vs -70 ? 4 mV, II = 8). Addi- 
tionally, there was no effect of 100 PM bumetanide (n = 12) or a 
combination of 100 PM bumetanide and 300 PM ethacrynic acid (n 
= 5; Table 2) an inhibitor of ATP-coupled Cl- transport (Hara 
et al., 1992). 

Schematic model for the regulation of [CIJi in RB and 
DLi neurons 
We hypothesize a mode1 for the regulation of [Cl-], in RB and 
DLi cells that is consistent with the difference in Cl- distributions 
indicated by the GARA ERev in these cells (Fig. 7). The principal 
feature suggested by our results is the presence of a Na+- 
dependent, bumetanide-sensitive Cl- transport mechanism in the 
RB cell membrane that contributes to the elevated [Cl-],. An 
additional mechanism to that proposed in the model may be 
involved in RB cells, because removal of external Nat or exposure 
to bumetanide in perforated patch recordings produced shifts less 
than half as large as the -2.5 mV difference between the mean RB 
and DLi E,, values in standard external saline. Our results do 
not exclude the existence of Cl- transporters or pumps on DLi 
cells; however, the absence of dependence on external Nat or 
sensitivity to bumetanide and ethacrynic acid argues against the 
involvement of Na’-dependent and ATP-coupled Cl- transport, 
respectively. The model thus considers DLi cells to be represen- 
tative of inhibitory GARA function. Taking the GABA E,, in 
perforated patch recordings to be the best reflection of normal 
intracellular anion concentrations, a[Cl-1, appears to differ by a 
factor of at least two between these cells. 

DISCUSSION 
Although recordings from the intact spinal cord currently present 
a significant technical challenge, they have potentially greater 
relevance than in vitro recordings because identified cells can be 
studied within a largely intact functional environment over a more 
extensive range of development. Our results from intracellular, 
whole-cell, and perforated patch recordings demonstrate that 
GABA, receptors mediate GABA responses in RB and DLi cells. 
The properties of responses of both cells are the same in whole- 
cell recordings. In perforated patch recordings, however, the 
GABA 4x, of DLi cells is -25 mV more negative than for RB 
cells and is not affected by removal of external Na+ or by Cl- 
transport inhibitors. The more negative reversal potential, cou- 
pled with the observation that spontaneous IPSPs recorded from 
DLi cells are typically hyperpolarizing (Sillar and Roberts, 1991; 
Sillar and Simmers, 1994) is consistent with an inhibitory function 
for GABA acting on DLi cells. 

In contrast, GABA depolarizes RB cells because of a relatively 
elevated internal [Cl-]. Replacement of external Nat or exposure 
to bumetanide in perforated patch recordings shifts E,, in the 
negative direction by -10 mV, strongly suggesting that inwardly 
directed, Nat-dependent Cl- transport contributes to the higher 
[Cl-],. These results provide evidence for a specific Cl- transport 
mechanism establishing the Cl- driving force that generates de- 
polarizing GABA responses in the developing spinal cord. RB 
cells in vivo are sensitive to GARA from an age of 27 hr (stage 24; 
Bixby and Spitzer, 1982). GABA, therefore, may serve an excita- 
tory function from an early period of development, similar to that 
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Figure 5. GABA, responses in dorsolateral interneurons. A, Cl- dependence of whole-cell GABA responses in DLi cells. Left, Currents elicited by 
iontophoretically applied GABA (20 msec) at the holding potentials indicated, symmetrical [Cl-] solutions (B4 and P3). Spontaneous synaptic currents 
(attenuated by sampling frequency) are present. 7-d-old larva. Middle, I-V relationship for the same cell. The current reversed at +2 mV. Right, 
Relationship of whole-cell GABA E,, to Cl- activity ratio @[Cl-]&Cl-I,). Each symbol is the mean rfr SD for three to five cells from 3- to 7-d-old 
larvae. The dotted line has the predicted slope of -59 mV per IO-fold increase, as in Figure 3. The solid line fit to the data has a slope of -57 mV per 
lo-fold increase. B, Bicuculline (Bit) blockade of GABA responses in DLi cells. Left, GABA currents before, during, and after superfusion of 65 pM BMI 
for the same cell shown in A. The holding potential was -50 mV for each trace. Right, Summary of bicuculline blockade in DLi cells from 3- to 7-d-old 
larvae (n = 7) for SO-100 pM concentrations of BMI. 

proposed for developing mammalian hippocampal and spinal 
neurons (Cherubini et al., 1991; Wu et al., 1992; Reichling et al., 
1994). Ion transporter expression may be a developmentally reg- 
ulated mechanism for altering neurotransmitter action in some 
neurons. 

The conclusion that intact RB cells maintain higher levels of 
[Cl-Ii relies on the comparison of E,, values while preventing 
alterations in [Cl-Ii. In intracellular recordings, we confirmed the 
finding that the RB cell GABA E,, is near -30 mV in normal 
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-40 
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-120 
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PA 

saline and is 25-30 mV more negative in Na+-free saline (Bixby 
and Spitzer, 1982). However, intracellular recordings had two 
inherent limitations, in that E,, was determined by the extrap- 
olation of voltage responses over a limited linear range and that 
replacement of external Cl- likely led to a reduction of [Cl-Ii. 
These factors probably account for the apparent absence of de- 
pendence on external [Cl-] in the report by Bixby and Spitzer 
(1982), whereas the Na* dependence of the response suggested a 
cationic conductance. Perforated patch recordings of EGABA pro- 
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Figzcre 6. GABA reversal potentials in perforated patch rec0rdings.A and B, Representative I-V relationships in perforated patch recordings in normal 
external saline (solutions B8 and PPl). A, I-V plot for an RB cell from a 5-d-old larva. The current reversed at -40 mV. B, I-V plot for a DLi cell from 
a 4-d-old larva. The current reversed at -57 mV. C, Histogram of perforated patch GABA ERev for RB cells (open bars) and DLi cells (solid bars); mean 
values are inset. All data were recorded using amphotericin B and solutions B8 and PPl or PP2; 3- to &d-old larvae. 
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Table 2. GABA reversal potentials in perforated patch recordings 

Condition E RP” 

RB cells: 1. Normal saline (+Na+) -38 t 3 mV (22) 
2. 0-Na+/O-Na+, O-K+ -48 t 11 mV (9)“* 
3. + Bumetanide -47 t 4 mV (9)“.* 

DLi cells: 4. Normal saline -63 t 7mV (31) 
5. 0-Na+ -68 2 6mV (11)“’ 
6. + Bumetanide -61 L 8 mV (12)“’ 
7. + Bumetanide, 

+ Ethacrynic acid -65 t 15 mV (5)R’ 

Values for DLi cells in normal external saline using either amphotericin B or 
gramicidin did not differ (see text) and are pooled in line 4. 
a Significantly different from RB cell E,,, in normal saline. 
’ Significantly different from DLi cell ERev in normal saline. 

’ Not significantly different from DLi cell ERev in normal saline. 

vide an estimate of [Cl-], when a direct measurement, such as 
with ion-selective microelectrodes (Alvarez-Leefmans et al., 
1988), is not feasible. This approach assumes that [Cl-Ii does not 
change significantly with time because of equilibration of Cl- 
through the perforated patch. Nystatin and amphotericin B, two 
commonly used pore-forming antibiotics, have significant Cl- 
permeability, although the permeability is less than one-tenth that 
of monovalent cations (Cass et al., 1970; Marty and Finkelstein, 
1975; Russell et al., 1977; Kleinberg and Finkelstein, 1984). De- 
pending on [Cl-] in the recording pipette and the length of the 
recording, a considerable change in [Cl-], may occur over time 
when nystatin is used; this problem is alleviated by the use of 
gramacidin as the perforant (Rhee et al., 1994; Kyrozis and 
Reichling, 1995). However, our observation that DLi cell ERev did 
not differ between amphotericin B and gramicidin recordings 

\ a[Cl-]i - 27 mM / 

Rohon-Beard Neuron 

\ a[Cl-]I - 11 mM / 

Dorsolateral Interneuron 

Figure 7. Model for the regulation of [Cl-Ii in RB and DLi cells. RB 
neuron and dorsolateral interneuron with GABA, receptors are schema- 
tized. A Naf-dependent, bumetanide-sensitive Cl- cotransporter is rep- 
resented in the RB membrane. Internal Cll activities are estimated from 
the mean perforated patch En, for each cell type. In RB cells, inwardly 
directed CT transport contributes to an a[Cl-Ii that is more than twofold 
greater than that of DLi cells. G, GABA; BMT, bumetanide. 

indicates that [Cl-Ii was not altered significantly by equilibration 
between pipette and cell. In the larger RB cells, it is unlikely that 
Cl- equilibration affected the estimation of [Cl-Ii, although tech- 
nical difficulties precluded directly verifying this with gramicidin 
recordings. Under the present conditions, the perforated patch 
E,, of -38 mV for RB cells vs -63 mV for DLi cells is consistent 
with a two- to threefold higher a[Cll], in RB cells. 

We have considered so far, as is widely assumed, that E,,,, is 
equivalent to E,,. Alternatively, ERev for GABA, and glycine 
receptor responses could be influenced by other permeant anions 
such as bicarbonate, which has a relative permeability of -0.2 
compared with Cll in mammalian GABA, receptors (Bormann 
et al., 1987). HCO; contributes significantly to the depolarizing 
GABA IPSP in neocortical neurons, where the intracellular con- 
centration was estimated to be lo-20 mM (Kaila et al., 1993). 
Because we have used salines buffered with HEPES and without 
CO, equilibration, a[HCO;li is likely to be negligible. However, 
calculations show that even for an a[HCO;], of lo-20 mM, a[Cl-Ii 
must be twofold higher in RB cells than in DLi cells to account for 
the difference in ERev. 

Removal of external Nat and exposure to bumetanide produce 
similar negative shifts in RB cell ERev, but less than half as large 
as the observed 25 mV difference between RB and DLi cells in 
standard saline. The shift in Naf-free saline is larger in intracel- 
lular recordings from RB cells, possibly because the exposure time 
in perforated patch recordings was insufficiently long or because 
the transport mechanism was compromised by the recording tech- 
nique. Although we found no evidence for Na+-dependent Cl- 
transport in DLi cells, it is possible that outward transport was not 
detected under conditions in which [Cl-Ii was normally low. In 
mammalian neurons that maintain a low [Cl-&, evidence for 
furosemide-sensitive outward Cl- transport has been demon- 
strated after elevation of [Cl-], by injection or chronic membrane 
depolarization (Misgeld et al., 1986; Thompson et al., 1988). The 
difference in the GABA ERcv of intact RB and DLi cells also 
could be influenced by other factors, including different passive 
distributions of Cll or an unusually elevated [HCO;], in RB cells. 

Our results indicate that both depolarizing and hyperpolarizing 
GABA, receptor-mediated responses are present at the same 
time in two neighboring populations of embryonic spinal neurons, 
in contrast with recent studies in the mammalian CNS, which 
emphasize the transition in GABA responses from predominantly 
depolarizing to hyperpolarizing over the first few weeks of life. 
Spontaneous and evoked synaptic potentials mediated by GABA, 
receptors are depolarizing (Mueller et al., 1984; Ben-Ari et al., 
1989; Cherubini et al., 1990; Luhmann and Prince, 1991), and 
exogenous application of GABA, agonists similarly generates 
depolarizations in embryonic hippocampal (Mueller et al., 1984; 
Janigro and Schwartzkroin, 1988b), cortical (Luhmann and 
Prince, 1991), and spinal neurons (Mandler et al., 1990; Wu et al., 
1992). Inwardly directed Cll transport has been proposed to 
account for these results, but there has been no direct evidence 
previously from embryonic or immature neurons to support this 
hypothesis. 

Depolarizing GABA, responses are found in the adult CNS as 
well, including amphibian and mammalian dorsal root neurons 
(Nicoll, 1978; Wojtowicz and Nicoll, 1982; Gallagher et al., 1983) 
and mammalian hippocampal neurons (Andersen et al., 1980; 
Misgeld et al., 1986; Janigro and Schwartzkroin, 1988a; Lambert 
et al., 1991; Michelson and Wong, 1991; Grover et al., 1993). The 
involvement of Cl- transporters has been difficult to resolve in 
part because Cl- transport inhibitors were found in some cases to 
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directly depress the Cll conductance, rather than having the 
expected effect of shifting the GABA ERev (Nicoll, 1978; Gal- 
lagher et al., 1983). In hippocampal neurons, spatial differences in 
[Cl-Ii have been indicated by depolarizing and hyperpolarizing 
responses when GABA is applied to dendritic and somatic re- 
gions, respectively. Such spatial differences in CIl gradients may 
be regulated by both inwardly and outwardly directed furosemide- 
sensitive Cl- transporters or pumps in different regions of the 
same cell (Misgeld et al., 1986; Mtiller et al., 1989). Recent work 
resolves these issues with a model in which high-frequency 
GABA, receptor activation leads to shifts in Cl- and HCO; 
gradients that support depolarization in distal dendrites (Staley et 
al., 1995). 

By 30 hr of age, nearly 100% of RB cells in viva respond to 
GABA with depolarization; in addition, -40% respond similarly 
to glycine (Bixby and Spitzer, 1982). Although a source of neuro- 
transmitter input to RB cells is not presently known, their longi- 
tudinal processes run in the same tract with GABAergic interneu- 
rons (Roberts and Clarke, 1982; Roberts et al., 1987) and may be 
contacted by them. At the time that RB cells become sensitive to 
these transmitters, the action potential is prolonged with inward 
current carried mainly by Ca*+ ions (Baccaglini and Spitzer, 
1977). Spontaneously generated, transient elevations of [Cazfli in 
cultured Xenopus spinal neurons during this early, Cazf-sensitive 
period are important for several aspects of neuronal differentia- 
tion, including neurite extension, acquisition of GABA immuno- 
reactivity, and accelerated potassium current activation (Holliday 
and Spitzer, 1990; Desarmenien and Spitzer, 1991; Spitzer et al., 
1993; Gu and Spitzer, 1995). GABA and glycine evoke depolar- 
izations and elevate [Ca2+li in developing mammalian spinal 
neurons (Wu et al., 1992; Reichling et al., 1994; Wang et al., 1994) 
and in cortical and cerebellar neurons (Connor et al., 1987; Yuste 
and Katz, 1991). Thus, the potential for these transmitters to 
stimulate Cazt elevations in RB cells via Cl--mediated depolar- 
ization prompts further investigation of their role in the develop- 
ing spinal cord. 
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