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Abstract. We used patch-clamp recording techniques tobaseline current variance when recorded with-ifled
investigate the contribution of GABA to baseline mem- pipettes. Addition of micromolar GABA to the extracel-
brane properties in cultured embryonic rat hippocampalular saline or to the pipette solution induced a saline-
neurons. Almost all of the neurons recorded with-Cl and bicuculline-sensitive baseline current signal compa-
filled pipettes and clamped at negative potentials exhibrable to that recorded in hippocampal neurons. Thus,
ited baselines that were noticeably noisy, with micro-both intra- and extracellular sources of GABA could
scopic fluctuations superimposed on the macroscopicontribute to the baseline properties recorded in these
holding current. A gentle steam of saline applied to thecultured neurons.
neuronal surface rapidly and reversibly reduced the base-
line current and fluctuations, both of which were com-
pletely eliminated by bicuculline. Fluctuation analysis
showed that the variance in the baseline current signef
was exponentially distributed with estimated kinetics
comparable to those activated by submicromolar concen- )
trations of exogenous GABA. The kinetics of Glhan-  Introduction
nels activated by endogenous GABA displayed a poten-
tial sensitivity comparable to those activated by exog-puring the late embryonic and early postnatal period
enous GABA. Non-neuronal cells Stably tranSfeCtedOf hippocampa' deve'opment there is a transient and
with o, andy, GABA, receptor subunits exhibited little  idespread expression of GABA, which can be detected
in many neurons using immunocytochemical tech-
nigues (Rozenberg et al., 1989). Electrical recordings of
R neurons in acutely prepared slice preparations of the
* Present addresdJniversity of Miami School of Medicine, Neurol- early postnatal hippocampus reveal that many neurons
ogy D4-5, P.O. Box 16960, Miami, FL 33101, USA exhibit a resting membrane potential that involves con-
** Present addresstilly Research Laboratories, Neuroscience Dis- tinued a.Ctlvatlon of GABA rece_pt_or/CT ion channels
covery, Building 48, Drop Code 0510, Indianapolis, IN 46285, usa (Ben-Ari et al., 1989; Cherubini et al., 1990). The
steady-state contribution of a GABAergic component to
= Present addresd:aboratory of Developmental Neurobiology, Na- the resting potential provides a depolarizing signal that
tional Institute of Child Health and Human Development, National disappears by the end of the first week postnatal, as
Institutes of Health, Bethesda, MD 20892, USA intracellular levels of Cl decrease to adult values and
spontaneous, fast GABAergic transients appear. The
disappearance in slice preparations suggests either tha
the tonic GABAergic signal is developmentally regu-
Correspondence toA.Y. Valeyev, University of Miami School of lated in a physiologically relevant manner and becomes
Medicine, Neurology D4-5, P.O. Box 16960, Miami, FL 33101, USA differentiated with respect to time into intermittent tran-
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sients or that sectioning the hippocampus to create a sliggared to those activated by GABA, and (iv) non-neuronal
has traumatic effects with different consequences at difWSS-1 cells stably transfected with andy, GABA,
ferent times in development. Tonic or “perpetual” con- receptor subunit genes express functional GAB&cep-
tributions of GABA to baseline properties have also beertor/CI”~ channels, which can be tonically activated by
recorded in slice preparations of the adult hippocampugxogenous GABA, from either extracellular or intracel-
and other supraspinal CNS regions (Otis, Staley &lular sources, to generate a GABAergic baseline compa-
Mody, 1991). These baseline GABAergic signals haverable to that recorded in hippocampal neurons. Some of
been attributed to the traumatic effects of sectioningthese results have been presented in a short communica
CNS tissue, which results in the accumulation of el-tion (Valeyev et al., 1993).
evated extracellular GABA levels derived both from
high frequency GABAergic transients and a compro- )
mised rate of clearance and uptake into intracellular sitedVlaterials and Methods

Electrical recordings of late embryonic hippocampal
neurons cultured for hours to days have suggested th
these cells also exhibit a steady GABAergic componenE
that contributes to their baseline properties (Valeyev et

al., 1993). The presence of a steady-state GABAergi(ﬁippocampi from 17- and 19-day old rat embryos (E17, E19) were

contribution to baseline properties recorded in Manyenzymatically dissociated with papain (Worthington, Freehold, NJ;
well-recovered neurons differentiating over time in cul- Huettner & Baughman, 1986), then gently triturated into a single-cell
ture supports the idea that tonic GABAergic signals maysuspension and plated onto 35-mm plates (Corning Glass Works, Corn-
not only involve the trauma necessary in preparation of"d: NY). which had been coated with 2@/ml high molecular weight
slices or cultures. The monolayer growth of dissociated?®Y>-!ysine. The culture medium consisted of minimal essential me-

. . . dium (MEM) with 3.7 g/l sodium bicarbonate, 6 g/l glucose (Gibco),
hlppocampal neuro_ns in culture permlttEd access to thg% fetal calf serum and 5% horse serum (Segal, 1983). Cultures were
surface of embryonic neurons and revealed that GABA'Scept for 1-15 days at 36°C in a GGneubator with medium partly
contribution involved a surface-accessible compartmentgxchanged with fresh medium twice each week.
since it could easily be flushed away by directing a
gentle stream of saline onto the cells (Valeyev et al.,

1993). Fluctuation analysis of the GABAergic baseline CELL CULTURE OF WSS-1 (ELLs
showed that the deviating peaks of the microscopic fluc- _ _
tuations in CT current were normally distributed about a WSS-1 cells (CRL 2059, American Type Culture Collection, Rock-

. . - . ville, MD) stably expressing rat, andvy, GABA, receptor subunits
mean level, which is characteristic of a random, time were cultured as previously described (Wong, Sei & Skolnick, 1992).

inV.ariam process, and exhibited estimated unitary propgeiis were grown in DMEM (Quality Biologicals, Gaithersburg, MD)
erties characteristic of GABAreceptor/Cl channels ac-  with 4.5 g/l glucose, 2 m glutamine, 10Qug/ml penicillin, 100 mg/ml

tivated by GABA (Valeyev et al., 1993; Vautrin, Schaff- streptomycin and 10% heat-inactivated fetal bovine serum (Hyclone,
ner & Barker, 1993)_ The contribution of GA&Are- Logan, UT) and maintained at 37°C in 5% ¢€r several days.
ceptor/CT channels activated by endogenous GABA re-

leased from a surface-accessible compartment w
quickly transformed by extracellular Zhinto a nonran-

dom, time-variant transient signal whose exponentialR ) ) .
. . ecording electrodes were fashioned from 1.5 mm borosilicate glass
time COF”SG,(S) of deC}"‘Y were fitted by the S.ame. Open(’:apillaries (World Precision Instruments, Sarasota, FL) using a three-
state kinetics describing the random activation ofsiage pull on a computer-controlled BB-CH-PC horizontal pipette
GABA, receptor/Cl channels (Vautrin et al., 1993). puller (Mecanex S.A., Switzerland). Whole-cell recordings were car-
Together, these results indicate that embryonic hipporied out at room temperature (22-24°C) using patch pipettes that con-
campal neurons exhibit a wide dynamic range intained (in m): 130 CsCl, 0.1 CaGJ 2 MyCl,, 1.1 ethyleneglycol-
GABAergic signaling at GABA receptor/Cl channels, ~ Pis@-amino-ethylether:N,N,N',N tetraacetic acid (EGTA), S ATP, 5

. . N-2-hydroxy-ethylpiperazine-N2-ethanesulfonic acid (HEPES), ti-
In the present StUdy’ we have Conf'rmed DV?V'OUS resun?rated to pH 7.15 with CsOH. Osmolarity was adjusted to 290 mosmol/
and extended them to show that (i) unloading of endogxg with sucrose. Prior to recording, the culture medium was com-
enous GABA from a surface accessible compartmenpletely exchanged three times with 2-ml volumes of recording saline
consistently occurs more rapidly than spontaneous resontaining (in nm): 145 NaCl, 5 KCI, 2 CaGl 10 MgCl, and 5
|Oading to generate a Steady-state baseline, (”) submiEPES, (titrated to pH 7.35 with NaOH) E\IHd 0.001 tet_rogiotoxin
cromolar levels of exogenous GABA approximate the(TTX)- TTX and elevated MgGl(10 mv) were included to eliminate
steady-state baseline signal involving endogenouéoltage-dependent Naaction potentials and to reduce or eliminate

. .. .. spontaneous network-related synaptic activity. The medium was not
GABA, (”') >95% of the 126 neurons studied exhibit exchanged during the experiment, but remained stagnant. The osmo-

microscopic fluctuations superimposed on the Macrosarity was adjusted to 310 mosmol/kg with sucrose. This combination
scopic baseline, which have exponential kinetics com-of extracellular and intracellular recording salines containing sym-
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metrical CI concentrations resulted in aGiquilibrium potential () similar to the activity of CI channels opened in patches by GABA and
of approximately 0 mV. The holding current delivered by the patch- initially reported by Bormann, Hamill & Sakmann (1987) and by most,
clamp amplifier L/M EPC-7 (List-Medical-Electronic, Darmstadt, Ger- if not all investigators since. Hence, long-lastingalues derived from
many) to control the membrane potential was bandpass-filtered at 0.low-frequency components likely reflect “burst-length durations”
Hz-1 kHz, and stored on a PCM VCR system (VR100, Instrutech,composed of channel openings having many brief interruptions. The
Elmont, NY) using wide bandwidth recording (0-9 kHz). average conductance, can be estimated from the relationship=
a?/(Al - Vp), whereo? is the membrane current variandd is the
membrane current change induced by experimental perturbations (sa-
PHARMACOLOGY line, bicuculline, picrotoxin or GABA) and/, is the driving force
underlying the current signal, or potential difference between the hold-

. . . . . . . ing potential and the Clion equilibrium potential (E,), which is set at
Blcucullm_e and picrotoxin (Sigma, St. Louis, MO) and ryan_odlne_ 0 mV with symmetrical Cl concentrations. Transitions in current in
(RBI, Natick, MA) were prepared as concentrated stock solutions inresnonse to GABA recorded at the single-channel level can exhibit
methanoI: SKF-89976-A was prepared in ethanol while thap5|garg|nprefe”ed levels and subconductance states (Bormann et al., 1987).
(RBI, Natick, MA) and BAPTA-AM (Molecular Probes, Eugene, OR) p5 an estimate of could be the algebraic sum of all conductance
were prepared in dimethyl sulfoxide (DMSO). Each stock solution wasgaq However, thus far only a single level of elementary current

diluted with extracellular recording saline at the time of experiment. activated by GABA has been recorded in membrane patches excised
The final ethanol or DMSO concentration was never greater, and UsUgom cultured embryonic hippocampal neurons (Liu et al., 1996).

ally less than 0.2% (v/v) and neither vehicle altered steady-state base-

line properties when used at the same dilutions as employed for the

ligands. Concentrated GABA was stored in distilled water and all con-

centrated stock solutions were kept frozen. Diluted stock solutionsReSUItS

were prepared fresh in extra- or intracellular salines for each experi-

ment. Saline was applied to the recorded neuron by pressure (<10 psi),

which generated a gentle stream, from patch-type pipettes with tips oM osT EMBRYONIC HiPPOCAMPAL NEURONS EXHIBIT

-3 pm in diameter. The saline pipettes were positioned within 5-7 g rREacEACCESSIBLE GABAERGIC BASELINES
wm of the recorded neuron; GABA and picrotoxin were also applied by

less pressure for short periods. Some ligands were introduced to the
recorded neuron by slow diffusion to a final concentration in the 1-ml We consistently recorded microscopic fluctuations in the
volume of the recording saline. macroscopic baseline current signal at negative poten-
tials in CI'-loaded cells dissociated from the late embry-
onic hippocampus and cultured in serum-containing me-
FLUCTUATION ANALYSIS dium for hours to weeks (Fig.alin left-hand pair of
traces). Noticeably noisy baselines were recorded in
We employed established techniques in fluctuation analysis to estimat@omp|ete|y isolated cells, all of which exhibited pro-
t_he unitary properties of Clchannel_ activity contributing to the base- cesses and morphologies characteristic of neurons. The
line (Neher & Stevens, 1977). Briefly, membrane currents were re'ﬂuctuating baseline current signal was recorded in TTX

corded at low gain as a DC signal, and then amplified and filtered to L
allow computer-assisted quantitative analysis of membrane curren®! elevated MgCl and completely transformed within

fluctuations. The stored signal was played back, then bandpass-filtere@OUt & minute into synaptic-like transients after expo-
using filter model 3322R (Krohn-Hite, Cambridge, MA) for high-pass sure to extracellular Zii (Vautrin et al., 1993). These
at 0.1 Hz and filter model 901F (Frequency Devices, Haverhill, MA) results led to the conclusion that the fluctuating base-
for low-pass filtering at 1 kHz. The data were analyzed using Strath-line current signals represent a continuous form of sig—
clyde Electrophysiological Software (Dr. John Dempster, University Ofnaling involving random activation of Clion channels
Strathclyde, Glasgow, Scotland). The variance of filtered membran&) GABA. which b idlv t f d into fast
current, o, was integrated every second, converted to voltage, an y ! whic _Can € rapidly franstormed into as
stored on a PC computer in noncontiguous records of 2048 points CABAErgIC transients. .AlmOSt a“ of the 126 embryonic
o?was calculated from? = [§ S(f)df wheref is the frequency ang(f) hippocampal neurons included in the present study ex-
is the spectral density. Spectra were fitted with &fdnction or with  hibited such baseline signal fluctuations with varying
multiple Lorentzian functions of the forn(f) = S0)/[1 + (f/f)?] degrees of intensity.

where §(0) is the value ofS at zero frequency and is the corner The fluctuating baseline current was sensitive to ex-
frequency at which power in a component falls by one-half of its tracellular saline applied using low pressure (<10 pSi),

asymptotic value. Spectra were fitted using the software Kaleidagraph ;. . .
ymp P 9 98P hich decreased the DC signal and coincidentally re-

(Synergy Software, Reading, PA) on a Macintosh computer. The num- . : ) h ;
ber of Lorentzian components was always increased until no furtheduced the intensity and amplitude of the associated mi-
statistical improvement in the fit could be obtained. croscopic fluctuations apparent in the high-gain, AC-
Assuming that Lorentzian kinetics approximate the activity of coupled trace (Fig.din left-hand pair of traceslso see

each population of two-state (open-closed) ion channels, then the e’Fig. 4A) All neurons tested with noticeably noisy base-
ponential ‘;is“ib““"” ‘(’jf the °per(" Cocg‘dl“ftmﬁ stateof each Compoi lines at negative clamp potentials were saline-sensitive,
nent can be estimated from = (2nf,)™* (Neher & Stevens, 1977). . . . -

When single channels in excised outside-out patches of embryoni ith the DC current signal de,cre_a,smg to ava“ab_le extent
hippocampal neurons have been recorded directly during sustained e —D]_-O_A'O PAIN : 37)-_ The S|gn'f'cant Changes n IOW'_
posure to GABA transitions to the open, conducting state exhibitg@in, DC and high-gain, AC-coupled current traces typi-
briefly interrupted closings that lead to a “burst” (Liu et al., 1996) cally persisted for many seconds after the saline was
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Fig. 1. Saline- and bicuculline-sensitive baseline current signal in a cultured embryonic hippocampal neuron. The neuron was clamped at —6(
with a CsCl-filled patch pipette, anddEset at’D mV. Low-gain DC and high-gain AC-coupled traces reveal a baseline current signal superimpose
with microscopic fluctuations (pair of traces markad Close application of a gentle stream of saline to the cell surface for the period indicatec
rapidly decreases the clamp currém0 pA and markedly reduces the ambient fluctuations (traces mdmketebllowing cessation of the saline
stream the baseline current signal and associated fluctuations both gradually recover to their control levels over a four-minute periodnintrodu
of GABA into the medium followed by several minutes slow diffusion to a final concentratiorpef fesults, after a delay, in a progressive increase
in inwardly directed current together with fluctuations of greater intensity and amplitude (traces mprRegentle stream of saline at the time
indicated momentarily reduces the current signal induced by slowly diffusing GABA. After the GABA-induced current signal peaks and plate
(traces marked) slow diffusion of bicuculline (to a final concentration of 10@) blocks all of the current signal after a delay, leading to a baseline
comparable to that recorded during the initial stream of saline (compare traces reavikbdthose markedy).

terminated, as can be seen in Figs. 1 and 4. Completig the activation of Cl channels by exogenous GABA
recovery to the initial baseline current levels together(Fig. 1, final pair of traces). The progressive changes
with intense fluctuations usually required more than onecould be momentarily interrupted by a gentle stream of
minute (Fig. 1, second pair of traces betwdeandc). saline. Following cessation of the saline stream the cur-
During whole-cell recordings lasting30 min the base- rent response induced by GABA rapidly recovered and
line signals remained relatively stable and gentle puffs okeventually asymptoted at levels several hundred pA
saline induced similar, reversible changes of similargreater than that of the original baseline. Slow diffusion
magnitude and time coursa (= 4 cells; seeFig. 3).  of bicuculline in the bath completely abolished the as-
Thus, these cultured hippocampal neurons exhibit basemptotic current response to exogenous GABA and re-
line properties, which are dominated by a steady-stateluced the macroscopic baseline current level and accom-
process that can be interrupted by a gentle stream gfanying microscopic fluctuations to levels comparable to
saline. those recorded during the gentle stream of saline (Fig. 1,
Previous research has shown that the surfacefinal pair of traces marked ande).
accessible process associated with a saline-sensitive Collectively, these results support the notion of a
baseline could be completely eliminated by introducingsteady-state equilibrium between endogenous GABA re-
bicuculline into the medium at concentrations sufficientleased from a surface-accessible compartment and tonic
to block GABA's activation of GABA, receptor/Cl  random activation of GABA receptor/Cl channels.
channels, which are expressed by virtually all culturedFurther, submicromolar concentrations of exogenous
embryonic rat hippocampal neurons (Valeyev et al.,GABA approximate the endogenous equilibrium.
1993). These initial results implied that activation of
GABA, receptor/Cl channels by endogenous GABA

generated the surface-accessible baseline properties. TOABA , RECEPTORCI™ CHANNELS ACTIVATED BY

compare the putative endogenous GABAergic activitygnpocenous AND EXOGENOUS GABA HAVE
with that induced by a known concentration of eX0g- comparABLE PROPERTIES

enous GABA, a high concentration of GABA in a small

volume was discretely introduced into the recording me-

dium. All' 5 neurons exposed to slow diffusion of GABA We used fluctuation analysis to infer the unitary proper-
responded in the same manner. Typically, after severdies of GABA, receptors/Cl channels activated by en-
minutes delay, baseline fluctuations began to intensifyfdogenous and exogenous GABA in five neurons using
accompanied by modesil{0—-20 pA) changes in the DC the same experimental paradigm outlined in Fig. 1. Re-
current level (Fig. 1, pair of traces markeld Over the sults similar to those illustrated in Fig. 2 were found in
next 4-5 min, the baseline current signal gradually in-all five neurons. Power density spectra calculated for the
creased in a smooth and progressive manner in paralléaseline current variance resulting from the equilibrium
with ever-intensifying microscopic fluctuations, reflect- between endogenous GABA and GABAeceptor/Cl
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(pA¥Hz)

Frequency (Hz)

Fig. 2. Endogenous baseline noise exhibits kinetic components similar to those induced by submicromolar GABA. Power density spectra \
calculated for the membrane current fluctuations associated with epeefikistrated in Fig. 1. Corner frequenciek)(derived from statistical
fitting of calculated spectra are identified by downward arrows f{ values of 4.3 Hz and 150.2 Hz corresponcrig,  of 38.1 msec andgy,q

of 1.3 msec, respectivelyb) Low frequency power is lost during saline application, leaving some power at the higher frequencied wielde
aTspot = 2.3 Msec; &-b) saline-sensitive “difference” spectrumy .,y = 37 MseCghoy = 1.1 Msec; € initial increase in current variance
induced by submicromolar GABAY .,y = 44.2 MSeCTghon = 2.8 Msec; ¢-b) GABA and saline-sensitive “difference” spectrum;y,, = 35.4
msec,Tspo = 1.8 msec; €) asymptotic level of GABA-induced current variance is distributed wijth,, = 43 msec andg,. = 1.7 msec; €

after slow diffusion of bicuculline, all of the exponentially distributed power is eliminated, leavind sp&ttrum; é-e) bicuculline-sensitive
“difference” spectrum reflecting both initial [GABA] and underlying baseline signajs;,y = 41.9 msecsgpo = 1.4 msec; ¢-€) bicuculline-
sensitive “difference” spectrum at asymptotic [GABAY; ,,, = 58.9 msec and, ,,q = 6.3 msec.

channels were composed primarily of two (or three)devoid of Lorentzian components, since bicuculline
Lorentzian components, reflecting exponentially distrib-blocked the tonic activation of GABAreceptor/Cl chan-
uted channel openings or burst-durations (Fig). 2n nels whose summed activities underlie the exponentially
the cell illustrated, saline preferentially eliminated moredistributed power in the signal. All of these could then
of the power associated with the low-frequency compo-it by a 1/f term (Fig. 2). Subtraction of this baseline
nent (Fig. ). Therefore, “difference” spectra derived from those generated by endogenous and exogenou:
from subtraction of the baseline current signal varianceGABA revealed bicuculline-sensitive contributions to
remaining in saline (Fig.t®) from that recorded initially —each that were generally comparable (Fig-€ c-eand
(Fig. 2a) revealed a two-component spectrum (Fig. 2 d-€). Hence, exogenous GABA stimulates GABAe-
and b) whose inferred kinetics closely paralleled thoseceptor/CI channels whose open-state kinetics are gen-
calculated under control conditions. This indicates thaterally quite comparable to those activated by endogenous
the steady-state equilibrium recorded under these experGABA.
mental conditions is largely dominated by continuing We estimated the elementary conductance of
activation of GABA, receptor/Cl channels many of GABA, receptor/CI channels;y, from the relationship
which exhibit distinct, exponentially distributed kinetics. y = o/A (I - V). The decrease in baseline currefit)(
After exposure to exogenous GABA, fluctuation analysisat the holding potential (-60 mV) induced by a stream of
consistently revealed two-component spectra with kinetsaline, by diffusion of bicuculline in the bath or by close
ics similar to those calculated under control conditionsapplication of bicuculline together with the correspond-
for CI” channels activated by endogenous GABA (Fig.ing changes in associated membrane current variance
2¢). The difference spectra (Figc2ndb) also exhibited (o) provided the denominator and numerator, respec-
two components, which were comparable to those caltively, to estimatey values of channels activated by en-
culated for saline-sensitive spectra (Figa a2nd  dogenous GABA. The difference between the current
b). Spectra calculated after complete equilibration withactivated by exogenous GABA and that remaining after
exogenous GABA, likewise exhibited two kinetic com- bicuculline together with the corresponding variance dif-
ponents similar to those calculated both for €hannel ference provided the denominator and numerator for es-
activity generated by endogenous GABA and for submi-timating y values of channels activated by exogenous
cromolar GABA (Fig. 2i). GABA. A representative account ef’ changes result-
Spectra calculated after bicuculline were completelying from a stream of saline and from diffusion of bicu-
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_ Control
Fig. 3. Saline- and bicuculline-sensitive baseline

current variance. The neuron was clamped at —60
mV as in Fig. 1. Average values of baseline
variance are plotted at various times during a typical
Wash¢ experiment. Gentle application of saline (“puff
50M BCC saline”) reduces variance hiyB80% in a completely
reversible manner. Close application of 0@
bicuculline (“puff BCC”) eliminates virtually all of
the ambient variance and this is followed by partial
recovery, since the medium is not perfused
continuously. Slow diffusion of bicuculline first to a
final concentration of 5qum and then to 10Qum
Puff leads to stepwise loss and virtual elimination in the
P ..o T S ] variance of the current signal.
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culline is shown in Fig. 3. There was some variability in the baseline current fluctuations. Close application of
the estimatedy values, which ranged from 10 to 18 pS 100 um picrotoxin decreased the baseline signals (Fig.
for saline-sensitiver( = 37 cells) and 12 to 20 pS for 4A-D) and eliminated all of the power distributed over
bicuculline-sensitive signals activated by endogenoushe lower frequency range (FigB% In the cell shown,
GABA (n = 33 cells). Comparablg values were also the resulting “difference” spectrum was also better fit-
obtained when the effects of saline and bicuculline werded by two, rather than one component. The effects of
measured directly on the same cell together with estipicrotoxin to alter the endogenous signal outlasted the
matedy values associated with Cthannels activated by effects of saline by many seconds (Fig)4nd were also
submicromolar GABA. These results indicate that exog-reproduced by slowly diffusing picrotoxin into the me-
enous GABA stimulates GABA receptor/Cl channels  dium (not showi. These pharmacological effects of pic-
with unitary properties comparable to those activated byrotoxin to alter the baseline signal provide further evi-
endogenous GABA. The estimated unitary conductancelence that the endogenous signal involves GABA acting
range for activated Clchannels indicates that the base-at GABA, receptor/Cl channels.
line current signal is derived from the summed activities
of [1L0-40 channels.
POTENTIAL SENSITIVITY OF CI™ CHANNEL KINETICS
TONICALLY ACTIVATED BY ENDOGENOUSGABA
PiIcrROTOXIN ALSO BLocks ENDOGENOUS GABA 4 RESEMBLES THAT OF CHANNELS ACTIVATED BY
RecePTORCI™ CHANNEL ACTIVITY ExoGeENous GABA OR OCCURRING PHYSIOLOGICALLY
DURING FAST GABAERGIC TRANSMISSION

Since picrotoxin is well established to block GABA

receptor/Cl channel activity in cultured hippocampal We evaluated the possibility that the endogenous
neurons (Segal & Barker, 198% we compared the ef- GABA, receptor/Cl channel activity might exhibit po-
fects of saline and picrotoxim(= 3). In the cell illus-  tential sensitivity, since depolarization of cultured em-
trated, which exhibited a single-component spectrum, sabryonic rat hippocampal neurons to positive potentials is
line eliminated almost all traces of low frequency associated with increases both in burst-length duration of
Lorentzian contributions, thus resulting in[a4/f spec- pharmacologically activated Clchannels (Segal &
trum (Fig. 4A andB) and the “difference” spectrum was Barker, 1984) and in the exponential time constant of
well-fitted by a single Lorentzian term (FigBJ). When  physiologically occurring GABAergic Cltransients at
the cells were depolarized and clamped gt E0 mV)  synapses (Segal & Barker, 1984 Stepwise depolariza-
there was no evidence of microscopic fluctuations (Fig.tion of four neurons over a 120 mV range of potential
4A ¢), as expected, and close application of saline had noevealed changes in the overall variance of the signal and
effect, eliminating purely technical considerations fromin the estimated values of the two Lorentzian compo-
explaining the effects of saline at negative potentials.nents that describe the exponentially distributed channel
The resulting spectra calculated at 0 mV were 8lf in openings (Fig. 5). Low- and high-frequency Lorentzian
form (Fig. 4B). Return to a negative clamp potential components in the baseline signal were readily apparent
restored the driving force acting onGlhannels and thus at both negative and positive potentials, but always dis-
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Fig. 4. Picrotoxin also blocks baseline membrane current signals in embryonic hippocampal neurons. The neuron was clamped at —60 mV and
pipettes with saline or saline containing 10 picrotoxin (PTX) positioned near the cellA) Gentle application of saline rapidly reduces the
baseline current signal, which slowly recovers after cessation of the stream. Polarization of the cell taBgh¥®liminates all of the most intense
fluctuations in the current signal. Return to —60 mV recovers the fluctuating baseline, which is blocked by close application of PTX, with recov
requiring significantly longer than after salin®)(Spectral plots of the baseline current fluctuatioasn(panelA), the residual signal remaining

in the gentle stream of salin®)( the current signal at 0 m\t), the return to baseline at -60 mV and the residual signal in locally applied PTX
(d). Spectra of baseline currents at —60 mV exhibit Lorentzian components, while during saline or at 0 mV the spectrum béd@itresakin
blocks most of the power in the low frequency range.

appeared completely ald mV, as expected for a Gl  transients at synapses between cultured hippocampa
dependent conductance recorded in symmetrical][Cl neurons.

(Fig. BA; see alsoFig. 4A). Plots of membrane current

variance as a function of potential were U-shaped with a

nadir at 0 mV (Fig. B), with consistently more variance HETEROGENEITY OFCI™ CHANNEL KINETICS ACTIVATED

in each cell at positive potentials and driving forces (Fig.BY ENDOGENOUSGABA

5A). When quantified, we found that variance markedly

increased in a nonlinear manner at positive potentialVe studied the variability in Clchannel kinetics acti-
(Fig. BB). Spectral analysis revealed characteristic two-vated by endogenous GABA in cultured embryonic hip-
component spectra at negative and positive potentialpocampal neurons clamped at a putative resting mem-
and a 1/f distribution at 0 mV (Fig. ®. The two brane potential (e.g., =60 mV). We found tha@6% of
Lorentzian components calculated for baseline fluctuathe spectra calculated for fluctuating baseline currents
tions had significantly lower corner frequencies at posi-were fitted best by either two or three Lorentzian com-
tive potentials than those at negative potentials, indicatponents (Fig. 6). In the remaining population, the spec-
ing both longer duration short and long "Cthannel tra were either best fitted by a single Lorentzian orfa 1/
openings. These results show that the kinetics of Clfunction. We found a wide range in the estimatedal-
channels randomly activated by endogenous GABA exues derived from the multicomponent specttg,o.
hibit potential sensitivity comparable to that previously ranged from 1.1 msec to 48 msec, whilg,, ranged
reported for channel kinetics activated by exogenoudrom 16.4 msec to 353 msec for two-component spectra.
GABA on hippocampal neurons and to that reported forr,,; ranged from 0.4 msec to 13.1 mseg,qium from

the physiological time course of decay of GABAergic 6.2 msec to 90 msec ang,,, from 42.3 msec to 6.2
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Spectral plots of current signals show two
Lorentzian components (arrowheads identify
corner frequencies) at —40 mV and +40 mV and
a 1f spectrum at 0 mV. The estimatedvalues

for the two components are increased at the
positive potential.

GABA, receptor/Cl channels in hippocampal neurons

statistically fit spectra was so great that standard deviawas investigated with non-neuronal (WWS-1) cells sta-
tions of mean values was either comparable to, or a sigbly transfected with GABA receptor subunit transcripts

nificant proportion of the mean. The variability was not
obviously due to time in culture or specific neuronal

(g, vo) that encode proteins forming functional Gon
channels. These cells exhibited lingéar relations over

morphology since similar values were recorded both at wide range of potential®¢t showi with low levels of
early and late times in culture and in neurons with quittambient membrane current variance (Fig. 7, traces

different morphologies in the same fielddt showi.

markeda), whose power was always distributed across

Furthermore, the individual values estimated for expo- the frequency spectrum in a monotonid-type function
nentially distributed, short, medium and/or long channel(rig. 88). In all five cells studied, slow diffusion of mi-
Open-times on different neurons were not Significantlycrom()'ar levels of GABA into the medium |ed, after
correlated, suggesting that the different Lorentzian comseveral minutes delay, to a modest, yet stable increase i
ponents were distinct and not necessarily related to eacwardly directed current[0-20 pA) at the holding

other fiot showi.

GABA , RECEPTORSUBUNIT-TRANSFECTED
NON-NEURONAL CELLS CAN RELEASE EXOGENOUS
GABA TONICALLY

potential (-60 mV) together with clearly detectable mi-
croscopic fluctuations (Fig. 7, traces markied Addi-
tion of higher concentrations of GABA resulted in sub-
stantially greater increases in the current coincident with
progressively more intense fluctuations of higher ampli-
tude (Fig. 7, traces marked). Most of the GABA-

The source of the surface-accessible compartment of efirduced signals could be eliminated, in a reversible man-

dogenous GABA underlying continuing activation of

ner, by a gentle stream of saline applied to the cell sur-
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Fig. 6. Almost all cultured hippocampal neurons exhibit Lorentzian spectra. Plots of representative power density spectra calculated for fluctua
endogenous to baseline currents expressed by a sample of 126 cultured hippocampal neurons. The percentages indicate the relative propor
cells whose fluctuations in membrane current are distributed as a function of frequency in four characteristic patterns2#dl difthe neurons
exhibit spectra fit with one, two or three Lorentzian components. The different components are identified by downward arrowheads, which n
the corresponding corner frequencies from whichth@lues have been derived. When there are multiple components, most of the power in th
fluctuating signal is consistently carried by the lowest frequency, which account®%66 of the signal in two-component) and [(94% of the
signal in three-component spectia)( There is no apparent relationship between the complexity of the spectra or lack of it, and the intensity of tf
fluctuations in membrane current, as measured using average variance.

face (Fig. 7, traces marked). Slow diffusion of various frequencies of GABA-induced fluctuations could
bicuculline into the medium rapidly blocked all of the be described by either single (FigBB or multi-
signals (Fig. 7, traces markejl These results show that component Lorentzian®¢t showi. Saline reduced the
when 5-10um levels of exogenous GABA are in steady- power in the spectrum so that it became more monotonic
state equilibrium with GABA receptor/Cl channels a and 1f-type, while bicuculline always induced af tis-
stable DC signal with microscopic fluctuations compa-tribution (hot showm, which was identical to that re-
rable to the baseline current recorded in embryonic hip€orded under control conditions (e.g., FidB)8
pocampal neurons is generated, which can be readily and  Surprisingly, we found that 1@wm GABA intro-
reversibly interrupted by a gentle stream of saline. Thusduced via the patch pipette in the whole-cell recording
one source of endogenous GABA capable of generatingnode also generated a continuously fluctuating signal at
continuous activation of GABA receptor/Cl channels GABA, receptor/Cl channels, albeit of modedtf0-20
in hippocampal neurons is extracellular. pA) amplitude (Fig. &; n = 5 cells tested). After rup-
We used fluctuation analysis techniques to characture of the high-resistance seal, development of detect-
terize the estimated elementary kinetics of the underlyingble inward current superimposed with microscopic fluc-
a4y, receptor/Cl channels. We found that the power at tuations proceeded in a progressive, continuous mannel
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Fig. 7. Extracellular GABA tonically activates GABA receptor/Cl channels in a WSS-1 cell transfected with- and y,-GABA, receptor
subunits. A non-neuronal WSS-1 cell stably transfected witly, GABA , receptor subunits was recorded with a CsCl-filled patch pipette. With
the cell clamped at -60 mV and-Eset at 0 mV there is a low level of fluctuation characteristic of all baselines in these cells recorded in this wa
(pair of traces marked). GABA was added to the medium and slowly diffused to a final concentratioruef,3hus inducing 1L0-15 pA inwardly
directed current superimposed with fast and slow fluctuations (traces mbajk&low diffusion of another 5um GABA gradually leads to
substantially more current baseline signal superimposed with more intensified fluctuations (tracesanalghtle stream of saline momentarily
eliminates most, but not all of the GABA-induced fluctuating current signal (traces majkéakclusion of bicuculline in the medium at a final
concentration of 10Qwm eliminates all of the signal induced by extracellular GABA (traces masjed

over several minutes until a stable level was reacheadf GABA. There was a wide-ranging heterogeneity in
(Fig. 8A). Like the baseline current recorded in hippo- estimated GABA receptor/Cl ion channel properties
campal neurons this steady signal could be eliminated imctivated by endogenous or exogenous GABA. Endog-
a reversible manner by a gentle stream of salimet ( enous GABA, receptor/Cl channel activity exhibited
showr). Fluctuation analysis of the baseline current sig-potential-sensitive properties comparable to channels ac-
nal revealed much more power at low to moderate fretivated by exogenous GABA. Exposure of non-neuronal
guencies, which was exponentially distributed, with ki- cells expressing functional GABAreceptor/Cl chan-
netics identical to those activated by extracellular GABAnels showed that either extracellular or intracellular
(Fig. 8B). Thus, both intracellular and extracellular sites sources of micromolar GABA could generate fluctuating
could be potential sources of GABA tonically activating baseline signals identical to those recorded in hippocam-
GABA, receptor/CI channels in hippocampal neurons. pal neurons.

Discussion SURFACE-ACCESSIBLE SOURCE OFGABA

SALIENT FINDINGS The sensitivity of the baseline current to a gentle stream
of saline indicates that freely diffusible GABA is in
Many embryonic rat hippocampal neurons cultured forsteady-state equilibrium with GABAreceptor/CI chan-
hours to days exhibit resting baseline properties at neganels. The rapid disappearancéséconds) of GABAergic
tive potentials, which involve steady-state contributionsbaseline signal is presumably due to immediate disrup-
of GABA randomly activating GABA, receptor/Cl  tion of the GABA-GABA, receptor/Cl channel equilib-
channels. This conclusion is supported by the transientium at the surface, while the protracted recovery likely
loss of the baseline signal following a gentle stream ofreflects the kinetics of GABA diffusing from intra- and/
saline to disturb the unstirred layer at the cell surface anar extracellular sources and gradual return to an equilib-
by the complete loss of baseline signal following slowrium with GABA, receptor/Cl channels. Hence, the
diffusion of bicuculline to the cell surface, which is a baseline signal and its recovery results from a continuing
competitive antagonist of GABA at GABAreceptor/  supply of freely diffusible GABA, which could be de-
CI” channels. Fluctuation analyses of the GABfe-  rived from either extracellular and/or intracellular
ceptor/CT channel activity revealed estimated propertiessources, and which equilibrates with GABAeceptors
of channels activated by endogenous GABA that weran the unstirred layer at the neuronal surface. The results
comparable to those activated by submicromolar level®btained introducing GABA into non-neuronal cells ex-
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104M GABA nalde neurons intermittently discharge GABA to transiently
« l activate GABA, receptor/Cl channels simultaneously at
3| DC = - T T presynaptic release sites having GABAeceptor/Cl
channels and at postsynaptic receptors of a synaptically
coupled pair (Vautrin et al., 1994). Thus, there are mul-
« tiple sources of GABA that could contribute to the tonic
| ac W GABAergic signaling at GABA receptor/Cl channels.

In cultured embryonic rat thalamic neurons, which
exhibit little endogenous GABAergic baseline sigred;
0genoussABA can be loaded into the surface-accessible
compartment (Liu et al., 1995). After loading, spontane-
ous and continuing release of GABA generates a base-
T-388msec line signal comparable to that recorded in hippocampal
neurons, which can be rapidly and reversibly reduced by
a gentle stream of saline. Recovery to an equilibrium
state following a stream of saline occurs much more
rapidly than in hippocampal neurons generating a
GABAergic baseline from endogenous sources. Further-
more, like the endogenous signal in hippocampal neu-
rons, the loading and subsequent release of exogenou:
GABA from thalamic neurons is not affected by inhibi-
tors of GABA uptake nor by Cd-free conditions nor by
membrane potential (Liu et al., 1995).

In a preliminary series of experiments, we have not
been successful in our attempts to alter the baseline
GABAergic signal in hippocampal neurons using experi-
mental manipulations to perturb intracellular “Cédno-

Fig. 8. Intracellular GABA tonically activates GABA receptor/Cl  Meostasis (e.g., BAPTA-AM to chelate free cytoplasmic
channels. 1qum GABA was added to the CsCl used to fill the patch C&*, ryanodine to alter C4 stores in organelles, thap-
pipette. &) Rupture of the high resistance seal with a WSS-1 cell startssigargin to disturb C& pumps in various intra- and ex-
equilibration of GABA in the pipette with the cytosol (downward ar- tracellular membranes and ionomycin to elevate cyto-
row). High-. and very-hig.h-gain current trages reveal glowly increa§ing lasmic Ca from extra- and intracellular sources). Phar-
inwardly directed baseline current superimposed with progressivel macological interference with GABA uptake using

more intense fluctuationsB) Spectral analysis of baseline fluctuations . . . . . . .
within the first minute of recording (i) and several minutes later, after NPECOUC acid and SKF-89976A, a nipecotic acid deriva-

new levels of baseline current and fluctuations have been establisheldve, both of which block GABA uptake, had little, if any

(ii) reveal the development of fluctuations whosealue is character- ~ effects. Therefore, the molecular mechanisms underly-

istic of GABA, receptor/Cl channel activation by extracellular ing the tonic GABAergic baseline signal at GARAe-

GABA. ceptor/CT channels remain to be elucidated. It is pos-
sible that the membrane is the source of GABA since in
excised, outside-out patches of cultured spinal cord neu-

pressing functional GABA receptor/Cl channels show rons spontaneous, random activation of GABPecep-

that freely diffusible micromolar levels of GABA can tor/Cl” channels can be eliminated in a reversible manner

readily pass through the plasma membrane to activatby a gentle stream of saline (Barker, Harrison & Owens,

GABA, receptor/CI channels. In fact, GABA has pre- 1990).

viously been reported to pass through simple lipid bi-

layer membranes (Hell et al., 1990). It is possible that

uncharged species of GABA can permeate the bilayerREGULATION OF GABAERGIC SIGNALING DURING

Therefore, the principal sources of GABA generating theH!IPPOCAMPAL NEURON DEVELOPMENT

baseline current signal in cultured hippocampal neurons

would be either the recorded neuron, which could beSeveral forms of enzymatic activity that generate GABA

GABAergic, and/or other GABAergic neurons, which by decarboxylating glutamate to GABA (glutamic acid

could secrete GABA directly or indirectly onto the re- decarboxylase, GAD) have been characterized in the

corded neuron. In this regard, a sizable population oimammalian CNS. Both forms (65,000 MW GAband

cultured embryonic hippocampal neurons (20-50%) aré7,000 MW GAL,) appear in neurons during the em-

GABA-immunopositive (A.E. Schaffnerunpublished bryonic period of CNS development at all levels of the

observations Furthermore, some of these GABAergic neuraxis, including the hippocampus (for reviesee
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Barker et al., 1998). After differentiation most GABA- sient decay (J. Vautrinynpublished observationsRe-
immunopositive hippocampal neurons express bothHurn to negative potentials recovers the spontaneous
GAD forms to varying degrees (Houser & Esclapez, GABAergic transients within seconds. Hence, em-
1994). GADy readily associates with vesicular and bryonic hippocampal neurons exhibit a wide dynamic
plasma membranes via its palmitoylation moiety, whichrange in their ability to generate tonic and transient
is lacking in GADy,, resulting in a diffuse cytoplasmic GABAergic signals at GABA receptor/CI channels,
distribution of the latter (Esclapez et al., 1994). Eitherwhich can be modulated by membrane potential as well
one or both of these enzymes could be the source of thas Zn.
continual supply of GABA that generates the baseline
signal in developing hippocampal neurons, both inConclusions
acutely prepared slice preparations and in dissociated
cell cultures. Developing hippocampal neurons exhibit baseline prop-
In this regard, a baseline signal reflecting GABA’s erties in culture and in slice preparations that are due in
random activation of GABA receptor/CI channels has part, to a continuous release of GABA, which randomly
been reported in slices taken from the postnatal hippoactivates GABA, receptor/Cl channels. This tonic
campus (Ben-Ari et al., 1989), which contains numerousGABAergic contribution to polarize neurons is not sim-
GABA-immunopositive neurons detected in fixed sec-Ply due to trauma, but is likely to have physiological
tions with immunocytochemistry (Rozenberg et a|_,relevance during development. Both extra.cellular _and
1989). The baseline GABAergic signal at GABAe-  intracellular sources of GABA could steadily polarize
ceptor/Cl channels, which serves effectively to steadily "eurons near &, which during early differentiation lies
polarize neurons nearegF gradually disappears during depolarized to_the resting _pot_ent|al_. The developm_ental
postnatal development, paralleling the decrease in intra01€(S) of a tonic GABAergic signal in morphogenesis of
cellular [CIT and the appearance of hyperpolarizing the hippocampus and in synapse formation are a chal-
GABAergic transients. In vitro, tonic GABAergic sig- |€nge for future study.
naling can be transformed into transients_ih min fol-
lowing diffusion of the trace metal Zn (Vautrin et al., References
1993). The transformation induced by Zn occurs in a _
continuous, uninterrupted manner. Initially, the baselineca’er L. Hamison, N.L., Owens, D.G. 1990. Pharmacology and
. i . . . physiology of CI' conductances activated by GABA in cultured
current signal exhibits amplitude fluctuations, which mammalian central neuron: Chloride Channels and Carriers in
over time are normally distributed around an average Nerve Muscle and Glial Cells. F.J. Alvarez-Leefmans and J.M.
level. The normal distribution reflects a random process, Russell, Editors. pp. 273—-297. Plenum Press, New York
name|y, random activation of GABA receptorlc‘[ Barker, J.L., Behar, T., Li, Y..-X., Liu, Q.'-Y., Ma, W., Marig, D., Maric',
channels by endogenous GABA. During the transforma- 3 ?/32?“;‘31 Aﬁ(?é’n Saralfgw;.gRé ig‘:gr' ?C\(’:e ”550;23953;";‘;"3 \l’:‘g:\'l’;
tion, the variance decreases coincident with a grad_ual d'évelor;mém'jpersr’]eétives on Deve?opment Neufobioldgy
appearance of a skewed rather than normal distribution, presy
as GABA release becomes synchronized and generat@sn-Ari, Y., Cherubini, E., Corradetti, A.R., Gaiarsa, J.L. 1989. Giant
all-or-none synapticlike transients (Vautrin et al., 1993;  synaptic potentials in immature rat CA3 hippocampal neurdns.
Barker et al., 1998). The GABAergic transients exhibit  Physiol.416:303-325 _ _
exponential decays identical to those estimated fronformann, J., Hamill, O.P., Sakmann, B. 1987. Mechanism of anion
fluctuation analysis of the Clchannels randomly acti- permeation through channels gated by glycine amn_mbmy”c
. . acid in mouse cultured spinal neurondsPhysiol.385:243-286
vated by GABA (Vautrin et al., 1993). Thus, tonic and cherubini, E., Rovira, C., Gaiarsa, J.L., Corradetti, R., Ben-Ari, Y.
transient forms of GABAergic signaling at GABAre- 1990. GABA mediated excitation in immature rat CA3 hippocam-
ceptor/CI channels appear to be derived from a common  pal neuronsint. J. Dev. Neuroscig:481-490
source of GABA, which can be released at rates exhibEsCeree, 10T CnE o T caization of o form of ol
!tmg a wide dynamlc. range (contmuou; and tonic .tO tamic a(’:id decarboxylasepand their mRNAs in rat brain supportithe
;rr:t:r(;?:attrﬁgac?rgféggs:)efngn Lhnia?]ef:%rgsgjc?dnaigrdly'?r? concept of functional differences between the fordhdeurosci-
. encel4:1834-1855
this regard, embryonic hippocampal GABAergic neu-Hell, J.W., Edelman, L., Hartinger, J., Jahn, R. 1990. Functional re-
rons have been recorded, which simultaneously signal constitution of they-aminobutyric acid transporter from synaptic
to themselves and postsynaptic neurons in a transient vesicles using artificial ion gradient®iochemistry30:11795—
gzgfr (\-/aUtrin et al,, 1994). At negativelpqtemri]als'Houlsle?’OOCR Esclapez, M. 1994. Localization of mRNAs encoding
ergic transients occur spontaneously in these b N : ; )
cells, Wh?le at positive potentials?, the transie)r/ns rapidly ?;”r"m;"gg“j ::pggézmﬁuﬁ;%iﬁoxylase in the rat hippocampal
decompose into a tonic signal whose exponential openuettner, J.E., Baughman, R.W. 1986. Primary culture of identified
time kinetics are comparable to those calculated for tran- neurons the cortex of postnatal rais.Neurosci6:3044—3060
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