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ABSTRACT. They-aminobuytric acid (GABA) receptor is a membrane-bound protein that mediates signal
transmission between neurons through formation of chloride ion channels. GABA is the activating ligand,
which upon binding to the receptor triggers channel opening in the microsecond time domain and reversible
desensitization of the receptor in the millisecond time region. We have investigated the channel-opening
mechanism for this receptor in rat hippocampal neurons before the protein desensitizes by using a rapid
flow method (cell-flow) with a 10 ms time resolution and a laser-pulse photolysis technique wisd a

us time resolution to determine the rate and equilibrium constants for channel opening and closing. Two
different forms of the receptor, namely, a rapidly and a slowly desensitizing form, exist in the rat
hippocampal cells and are characterized by their different rates for desensitization. /A1Z58BA the

rate constant for desensitization was 2:3.4 s* for the rapidly desensitizing form and 04 0.1 st

for the slowly desensitizing form. The dissociation constant of GABA from the site controlling channel
opening was 106 40 uM for the rapidly desensitizing form and 12060 «M for the slowly desensitizing

form. The rate constants for channel closing did not differ significantly for the two forms; 86 s1

for the rapidly desensitizing and 1@0 60 s! for the slowly desensitizing form. However, the channel-
opening rate constant differed by a factor of 3, 184060 s for the rapidly desensitizing and 67@0

330 st for the slowly desensitizing form. This difference in the rate constant for channel opening for the
two forms, determined by the laser-pulse photolysis technique, is reflected as a shift in the channel-
opening equilibrium constant, which isf7 5 and 20+ 15 for the rapidly and slowly desensitizing forms
respectively, determined by the cell-flow method. These constants, together with the concentration of
GABA and the concentration of receptor sites in the membrane, determine the number of channels that
open as a function of GABA concentration, and the rate at which they open and close. These constants
play an important role in determining the rate of the transmembrane ion flux and, therefore, the receptor-
controlled changes in transmembrane voltage that trigger signal transmission.

The y-aminobuytric acid (GABA) receptor belongs to a ok K kp  —
J > i . A+ L~—— AL ALy =—— AL,
family of membrane-bound proteins responsible for transmis- | kel
sion of signals at the junctions (synapses) between cells of ki ke, s
the nervous systeni). Upon binding their specific neuro- L - I

transmitters, the GABA and glycine receptors form transient FIGURE L. Miﬁiﬂ‘um chemical meckf]‘f?lnism for the GARAeceptor
anion-conducting transmembrane chann#jsThese inhibi-  2ased on cell-flow1€) and quench-flow experimentdZ, 13). A

. - . and | represent the active and inactive (desensitized) receptor forms,
tory anion-conducting channels counteract the excitatory respectively, ant; andK, represent the recepteneurotransmitter

cation-conducting channels formed by receptors activated by(L) complex dissociation constants for the A and | forms,
acetylcholine and glutamaté)( The net movement of ions  respectivelyd is the equilibrium constant between the closed and
open forms of the receptor and is equakigk,p, whereky is the
rate constant for channel closing akg) is the rate constant for
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ing of (i) the integration of excitatory and inhibitory chemical to determine the mechanism of GARAeceptor potentiators
signals arriving at one cell that determines whether a signal such as barbiturates and benzodiazepines, which are used
is transmitted to another cell, (ii) the mechanism of abnormal as anxiolytics and as sedativex/).
receptor function in diseases of the nervous system (e.g., The value of the rate constant for channel closikg) (
epilepsy) R), and (iii) the effects of therapeutic agents (e.g., (Figure 1) can be obtained from mean channel-open durations
tranquilizers) 8) and abused drugs (e.g., cocaim®)dn the using single-channel current recordind®,(28). However,
elementary steps of the receptor-mediated reactions. Investhe presence of two receptor subtypes for the GABA
tigation of the mechanism involves the determination of the receptor(11, 12, 16) complicates the interpretation of single
reaction pathway starting with neurotransmitter and the channel current measurementis},(15). Recent measure-
receptor in the cell membrane and leading to the formation ments, in which small outside-out membrane patches were
of an open receptor channel and desensitized receptor formaised, have increased the time resolution for the flow
and of the rate and equilibrium constants pertaining to thesemeasurements from milliseconds to submillisecontid. (
steps 5—8). Included in our studies is a determination of However, as shown in the Results section, the time resolution
the dissociation constant of the neurotransmitter and of theof these measurements is not sufficient to establish the
rate constants for channel opening and closing and receptorrelationship between the observed rate constant for channel
desensitization. opening and GABA concentratiol 7). Furthermore, only
The GABA4 receptor, upon binding GABA, forms tran- one receptor form was observed in these studies, because
sient transmembrane channels permeable to chloride ipns ( only a very small sample of the receptors in the membrane
3, 9). The function and activation of the GABAreceptors of a whole cell is present in the outside-out membrane
have been studied extensively by various techniques, suchpatches. It may, therefore, not be possible to detect the
as equilibrium binding measuremenig), quench-flow {1, different receptor forms that may be present in the cell
12), single-channel current recordind®(13—15), and flow membrane.
measurementd 6, 17). These techniques indicated a require- ~ The recently developed laser-pulse photolysis technique
ment for the binding of two GABA molecules for channel (19, 29), wherein the whole cell is equilibrated with a
opening to occurXl, 12, 16, 17), and the quench-flow and  biologically inert photolabile precursor of the neurotrans-
cell-flow measurements indicated the existence of at leastmitter (caged neurotransmitter) and the neurotransmitter is
two distinct forms of the GABA receptor {1, 12, 16). The photolytically released from an inactive precursb®, (29—
dissociation constankg) of GABA from the receptor, as  35), has proven to be useful in determining the rate constants
well as the desensitization rates for the GABreceptor, for channel opening and closing of nicotinic acetylcholine

were dependent on the type of neuronal cells uddd12, receptors in BGH1 cells (9, 25, 26). In this report the
16). In embryonic cortical cells from mice the valueskof dissociation constant for GABA and the rate constants for
for the two forms of the GABA receptors were 40M and channel opening, closing, and desensitization for two receptor
320uM and the desensitization rate constants were 414 s forms (the rapidly and slowly desensitizing forms) of the
and 0.7 st at saturating concentrations of GABAG). On GABA receptors in rat hippocampal neurons were deter-

the other hand, in membrane vesicles prepared from postnatamined by using a combination of cell-flovd§) and laser-
rat cortical cells, the concentration of GABA that gives the pulse photolysisX9, 21, 29, 37) techniques.
half-maximal response was approximately 100 for both

receptor forms and the desensitization rates were 2argl MATERIALS AND METHODS
4 st at saturating concentrations of GABAY, 12). The GABA was purchased from Sigma and the caged GABA
above parameters from quench-flod(12) and cell-flow derivative,N-(a-carboxy-2-nitrobenzyl)GABA 1), was a
measurementd 6) make it possible to separate the important gift from Molecular Probes (Eugene, OR). Hippocampal
steps leading to channel opening and desensitization (Figureneurons were obtained from 1-day-old SpragDawley rats

1). However, the time resolution of methods in which the (16). These cells were mechanically isolated and cultured
cell surface receptors are equilibrated with the neurotrans-on dishes coated with rat tail collagen and in minimum
mitter in solutions flowing over the cell is not sufficient to  essential medium containing 5% fetal bovine serum and 5%
measure the openindof) and closing k) rate constants of  horse serum and supplemented with 2.7 mM glutamine and
the transmembrane chann&®) (see Figure 5). The ratio of 10 mM glucose 16). Cells used in the experiments had been
these rate constants determines the concentration of opemaintained in culture for 58 days.

receptor channels at a given concentration of neurotransmitter Cell-Flow and Laser-Pulse Photolysi$he flow device
(20, 21). This information is of interest because the neuro- used for the rapid exchange of solution around a single cell
transmitter concentration and time-dependent concentrationhas been described in detail by Krishtal and Pidoplicta8) (

of open receptor channels in the cell membrane, determinedand its use in a cell-flow method by Udgaonkar and Hess
in these studies, together with the conductance of the receptol36). In brief, the flow device is a U-tube with a 1Qm
channel, determines the rate of transmembrane flux of aperture. At a flow rate of 5 cm/s and when the cell is placed
inorganic ions 21). The rate of this transmembrane flux 50um from the aperture, the equilibration of the cell surface
determines the change in the voltag@-24) across the cell  receptors with the ligand solution occurs within tens of
membrane and, therefore, whether a signal is transmitted tomilliseconds. The laser-pulse photolysis experiments were
another cell {). Furthermore, the mechanism of action of performed as described by Matsubara et d19).( The
inhibitors and potentiators, as well as changes due to a chang@hotocleavage of the caged GABA was initiated with a pulse
in the transmembrane voltage, can be best understood byof laser light generated by a flash lamp-pumped dye laser
studying their effect on these rate constan®, (26). (Candela SLL 500) using a rhodamine 640 dye together with
Specifically, the approach used in this study can be extendedfrequency doubling of the laser output € 320 nm). The
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output of the laser was coupled into an optical fibe200

um in diameter), which delivered the light near the cell. The
concentration of caged GABA used was 1 mM, and the laser
energy for the photolysis was in the range efZ0 mJ. The
cell-flow method was used before and after each laser-pulse
experiment to determine the concentration of the GABA
released from the caged GABA and to detect if there was
any cell damage. We have previously showsi)(that
exposing fetal mouse cortical neurons to 500 caged
GABA does not affect the properties of the GABA receptor 0 500 5000 10000

as determined in cell-flow experiments. We have ascertained Time (ms)

that exposing the hlppoc_:ampal neurons to 1 mM caged FiGure 2: Whole-cell current recording from a rat hippocampal
GABA for 1 s, before flowing 1 mM caged GABA together  cell induced by 25:M GABA in a cell-flow experiment, at pH
with 20 uM GABA over the cell, gives the same current 7.4, 20°C and—60 mV. The flow of the GABA solution over the

versus time trace as experiments in which the caged GABA cell was initiated at time 0 and continued for 10 s. The rising phase
was omitted (experiments not shown) of the current represents formation of the open channel. About 60%

. ) of the current decay, considered to be due to desensitization, is
For both the cell-flow and the photolysis experiments, the characterized by a rate coefficient of G40.1 st and 40% by a

electrode solution contained 140 mM CsCl, 2 mM MgCl  rate coefficient of 2.3t 0.4 s*. The break in the abscissa occurs

1 mM CaCh, 10 mM EGTA, 2 mM NaATP, and 10 mM &t 900 ms.

HEPES (pH 7.4); the extracellular bath solution contained

145 mM NacCl, 1.8 mM MgGJ, 1 mM CaC}, 3 mM KClI,

10 mM glucose, and 10 mM HEPES (pH 7.4). Whole-cell

currents 89, 40) were amplified with an Adams and List

EPC-7 amplifier, low-pass-filtered at-b kHz for the cell-

flow experiments and at 2680 kHz for the laser-pulse

photolysis experiments. The filtered signal was digitized at o0 o 51 —

0.5-2 kHz for the cell-flow measurements and-120 kHz la = IVRULIL" + (L + K)“®@] ~ = IyRy(AL,) (1)

for the laser-pulse photolysis experiments by a Labmaster___

DMA digitizing board controlled by Axon PClamp software. AL is the fraction of the receptor molecules in the open-

The time constants for the rising and decaying phases forchannel form;L represents the molar concentration of the

the whole-cell current were obtained by using a nonlinear ligand, namely, GABA'lv is the current due to 1 mol of

least-squares fitting program with Microcal Origin 3.0 open receptor-channels; ar, represents the moles of

software. All the experiments were performed at room receptors in the membrank; is the dissociation constant

-2000

-1000

Whole-cell current (pA)

o
L

tude was, therefore, corrected for desensitization by the
method described by Udgaonkar and H&$.(The relation-
ship between the corrected curreht)(the GABA concen-
tration, and the constants pertaining to the mechanism (Figure
1) of channel opening is shown i3&)

temperature+22 °C), at pH 7.4 and at-60 mV. of GABA and @' is the channel-opening equilibrium
Outside-out patchesvere obtained from the cells as constant. _ o
described by Hamill et al.39). The diameter of the pipets The corrected maximum current obtained in the cell-flow

used was~1—2 um. GABA was delivered from the same €xperiments reported here for the rapidly and slowly
flow device and at the same flow rate as was used for the desensitizing forms of the GABAreceptor in rat hippo-
whole-cell recording measurements. The currents for the €@mpal neurons at various GABA concentrations is shown
above three measurements were amplified with an Adamsin Figure 3. Because the concentration of the receptors, as

and List EPC-7 amplifier and filtered at 10 kHz. The filtered Measured by the whole-cell current, differs considerably from
data were digitized at 1020 kHz and analyzed with cell to cell, the maximum current was normalized to the value

Microcal Origin 3.0 software. obtained at 25:M GABA. The constantX, IyRw, and
@1 (listed in Table 1) were evaluated from the dependence
RESULTS AND DISCUSSION of the corrected maximum current on the GABA concentra-

tion (eq 1). TheK; values of 100+ 40 uM for the rapidly

Cell-Flow ExperimentsFigure 2 shows a GABA- (250  desensitizing form and 12@ 60 uM for the slowly
uM) induced whole-cell current recorded from a rat hippo- desensitizing form are in good agreement with those
campal neuron at a membrane potentia-@0 mV. The  determined by quench-flow measurements with postnatal rat
maximum current reflects the concentration of the open cortical cells {1, 12). It must be noted that the values of
channel and the decay of the current represents receptothe dissociation constants depend on the type of cells studied,
desensitization (Figure 1). The desensitization can be bestsince in embryonic cortical cells from mice tig values
fit by two exponentials, 0.43 and 2.3 s, in the experiment  for the two forms of the GABA receptors were determined
shown. The fraction corresponding to each of the two phasesto be 40 uM and 320 uM (16). The channel-opening
varied from cell to cell, with some cells exhibiting only the  equilibrium constantd 1, differs by a factor of 3 between
fast or only the slow desensitization reaction. Further, only the rapidly and slowly desensitizing receptor forms, indicat-
the component corresponding to the slow desensitization ising a difference in the rate constants for channel closing or
inhibited by picrotoxin {6). For these reasons, the two opening or both for the two forms of the receptor.
desensitization phases have been assigned to two GABA | aser-Pulse Photolysis Experiments the experiment
receptor forms 16). shown in Figure 4a, 1 mM caged GABA was allowed to

Some receptor molecules begin to desensitize before theequilibrate with the receptors on the surface of a hippocampal
current reaches the maximum amplitude; the current ampli- cell before photolysis was induced by a laser pulse at time
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Table 1: Constants Determining the Formation of Open Channels in the GA®&eptor in Rat Hippocampal Neurons-&60 mV, pH 7.4,
and at Room Temperature

rapidly slowly
desensitizing desensitizing
parameter type type method
K1 (uM) dissociation constant of site controlling channel opening 10® 120+ 60 cell-flon?
EGso (M) half-maximum response 100 100 quench-fiqdl)
@~ channel-opening equilibrium constant +75 21+ 10 cell-flon?
20+ 15 67+ 30 laser-pulse photolysis
IuRw (NA) 1.3+ 0.4 27405 cell-flow?
desensitization rate constant{gat 250uM GA 23104 0.4+ 0.1 cell-flow?
21 4 quench-flow(11)
kop (s71) rate constant for channel opening 184060 6700+ 330 laser-pulse photolysis
6000 flow (17)
ke (s71) rate constant for channel closing 8520 100+ 60 laser-pulse photolysis
1029 40 flowe (17)
181, 32 single-chanrfe(14)

aUsing rat hippocampal neuronsUsing membrane vesicles from rat cortical ceflslsing membrane patchesFrom rat cerebellar granule
neurons & From purkinje neurons.Using mouse spinal cord cells.

GABA was used. The time constantfor the current rise
time of ~60 ms is approximately 50 times larger than in the
laser-pulse photolysis experiment (Figure 4a). The current
corrected for desensitizatioB) is shown by the dotted line.
About 50% of the current decay due to receptor desensitiza-
tion is characterized by a rate coefficient of 2.9 and 50%

by a rate coefficient of 0.473.

The current from a 2um diameter membrane patch
obtained by flowing 20@«M GABA over the patch at a rate
of 5 cm/s is shown in Figure 4c. The time constant for the
current rise of 8 ms is about 7 times longer than in the laser-
pulse photolysis experiment (Figure 4a; see also Figure 5
inset). Only a single desensitization process, characterized
by a rate coefficient of 2.373, characteristic of the fast-
desensitizing receptor form is observed.

By carefully screening many cells it is possible to find
cells that contain only the rapidly desensitizing receptor form
(~14%) and cells that contain only the slowly desensitizing
form (~20%). To determine the rate constants for rapidly
and slowly desensitizing receptor forms, only cells that had
either of these forms were used in the laser-pulse photolysis
1o 100 o~ " 000 experiments. The rise in the current for both types of cell

[GABA (M) followed a single-exponential rate equation:

Ficure 3: Concentration dependence of the current amplitlge (

corrected for receptor desensitization, obtained_at_pH 7.£C0 |t = Imax [1- exp(—kob;)] (2)
and —60 mV, for the (top panel) rapidly desensitizing form and
e o e sonosts suren: 1 the cUrent observed at irgandiye s the masimal
obtained from cell-flow measuremengs). The data were normal- observed current in the absence of desensitization. For the
ized to thel value obtained in the presence of 20@ GABA. A mechanism in Figure 1, the relationship between the first-

value of 1.1 nA was taken as normalization point for the results in order rate coefficient for the channel-opening process and

the top panel and 2.4 nA for the results shown in the bottom panel. 1he constant of the mechanism has been derig8d When
These current values represent the mean value of the current, for, . S
all the cells used in the present experiments, induced byu260 the ligand-binding steps are fast compared to the channel-

GABA. Each data point shown in the figures is the average-ef2 ~ OPening process anid represents the molar concentration
measurements made with—2 cells. The parameters used to of the ligand, namely, GABA,

compute the solid linelRy, K;, and ®) are listed in Table 1

and were obtained by using the relationship shown in eq 1 with a — 2

nonlinear least-squares fitting program. kObS kC' + kOP [LAL + Kyl (3)
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zero, leading to the liberation of 1Z0M free GABA. In the The assumption that the ligand-binding steps are faster
experiment shown, the current rise follows a single expo- than the channel-opening steps is based on the fact that the
nential with akopsvalue of 830 5 (r = 1.2 ms). The current  current rise is well represented by a single exponential at all
rise represents formation of the open channel and theconcentrations of GABA. The single-exponential rise will
maximum current reflects the concentration of the open also be observed in the case where the ligand-binding steps
channel. For comparison, Figure 4b shows a cell-flow are rate limiting. However, under these conditions the
experiment with the hippocampal cell in which 2@0/ concentration dependencelgfs as shown in eq 3, will not
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Ficure 4: Experiments with hippocampal cells, and outside-out membrane patches from them, at pB07mdY, and room temperature.
(a) Whole-cell current induced by 17M GABA, which was released by laser-pulse photolysis of 1 mM caged GABA, the cell was
equilibrated with 1 mM caged GABA fol s prior to photolysis. Thi,,sfor the current rise was 8305 (b) Whole-cell current induced

by 200uM GABA, applied with a flow device and a flow rate of 5 cm/s. Tkgs value for the current rise was 17's About 50% of the
current decay, due to desensitization, is characterized by a rate coefficient of @dds50% by a rate coefficient of 2.91s The current
corrected for desensitization is shown as a dotted line. (c) Current from a membrane-@atohin diameter induced by the application

of 200uM GABA. The flow rate of the solution was about 5 cm/s and was initiated at time 0. The sl §A) positive and negative
current spikes are due to electrical noise and are also observed in the absence of GAB4 fdrethe current rise was 1255 The
current decay, which occurs in a different time region and is not shown, has a rate coefficient df Z& other details see Materials and
Methods.

however, differs by a factor of 3 for the two forms of the
receptor. This difference in the rate constant for channel
opening between the two forms of the receptor accounts for
the difference in the channel-opening equilibrium constant
(%) evaluated by flow measurements (Table 1).

It is of interest to compare the values lefs for channel
opening obtained from laser-pulse photolysis with that
determined by flow measurements with small outside-out
membrane patches from the rat cerebellar c&l3. (At very
high concentrations of GABA the publishdd,s values
obtained in flow measurementd® are in very good
agreement with those obtained with the slowly desensitizing
receptor form in the laser-pulse photolysis experiments. There
is reasonable agreement at very low concentrations of GABA
between the flow experimentsly) and the laser-pulse

6000 -

4000

kobs ( 5-1)

2000 4

A
04

0.00
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LKy
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FiGurRe 5: Rate coefficientk,ps for the rising phase of the current . B . .
obtained by the laser-pulse photolysis technique (pH-768 mV, photolysis experiments presented here, but not at intermediate

and room temperature) is plotted as a functionLdff ¢+ K1)2, where concentrations. In the intermediate concentration range the
L is the GABA concentration, according to eq 3. The parameters flow measurementsl{) give lower rate constants than those
zop, kc,lky) f(ij“,d Ky ?ETab:% |'1) werc.ethevaluzﬁt.ed bBI/ thte remo”?ﬁip obtained from the laser-pulse photolysis measurements (see
pfosgrr:m?_ T so(lﬁjo ;qagizévfepiggﬂtmtzg f%?sthseqﬂg[ﬁglyl "9 also Figure 4c and Figure 5 inset). We assume that at very
desensitizing form of the GABA receptor, and the triangles 10W GABA concentrations, wheréops for the channel-
represent th&.sfor the slowly desensitizing form. The inset shows opening process is low~200 s in the experiments shown
the kops Obtained, with outside-out membrane patches, for flow in Figure 5), the flow technique has an adequate time
measurements at various concentrations of GABA. resolution. In the intermediate range of GABA concentra-
tions, at whichkypsfor channel opening has a lower value in
be satisfied. If the rates for ligand-binding steps were on flow experiments than in photolysis measurements (Figure
the same time scale as that of the channel-opening rates, thedc, Figure 5 inset). We assume that thg value obtained
two exponentials would be required at lower concentrations in flow measurements is determined by both diffusional
of GABA. A plot of the observed rate constants for channel access of GABA to the membrane-bound receptor and the
opening for the rapidly and slowly desensitizing receptor rate constant for channel opening. When the GABA con-

forms of the GABA\ receptor obtained at various GABA
concentrations is shown in Figure 5. The intercept for this
plot, as shown in eq 3, represettsand the slopé, The
rate constants for channel closing, for the two forms of
the receptor are 8% 20 s* and 100+ 60 st and are in

centration in the flowing solutions is much higher than is
required K; = ~100 uM) to saturate the receptor sites, a
small fraction of the GABA will reach the receptor sites in

a time that is fast compared to channel opening. Hence, at
these supersaturating concentrations of GABAkevalues

good agreement with the mean open time of the channel ofdetermined in flow experiments are in agreement with those

10 ms (corresponding tQ, of 100 s') which was determined

obtained by the laser-pulse photolysis technique (Figure 5

from single-channel current recordings in mouse spinal cord inset). Does the difference ks values obtained in flow

cells (14, 15). The rate constant for channel opening,

and photolysis measurements reflect differences between
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receptor types in the cells used for flow measuremehifs (  mouse cortical cells, 40M and 320uM for the rapidly and
(rat cerebellar cells) and those used in laser-pulse photolysisslowly desensitizing receptor forms, respectively)( in-
experiments (rat hippocampal neurons)? To answer thisdicating that the dissociation constant for GABA from the
guestion we have made flow measurements with small GABAA receptor is dependent on the type of cells used. The
outside-out patches from the same cells as we have used irchannel-closing rate constant did not differ significantly for
the photolysis experiments (Figure 5 inset). At very high the two forms of the receptor in rat hippocampal cells.
and very low concentrations of GABA we find good However, the channel-opening rate constant was three times
agreement between the results obtained with the flow larger for the slowly desensitizing form relative to the rapidly
measurements and those obtained with the rapidly desensitizdesensitizing form. This was also reflected in the channel-
ing receptor form by the laser-pulse photolysis technique opening equilibrium constants determined by cell-flow
(Figure 5 inset). In the intermediate range of GABA measurements (Table 1). The results in Table 1 form the
concentration the flow technique gives lovkgssvalues than basis for relating rate and equilibrium constants of the
the photolysis technique (Figure 4c, Figure 5 inset). We GABA, receptor-mediated reaction to structural information.

suspect that one reason that the time resolution of the flow pg the rapidly and slowly desensitizing receptor forms
technique is less than anticipated is that it is determined by differ in subunit composition and/or in the number of
flowing electrolyte solutions over the open end of the glass sybunits that form the receptor channel? At least 13 GABA
capillary of the recording electrodet). However, the  receptor genes have been identifigd)( Of these,al—5,
diffusion coefficients of electrolytes are larger than those of B1-3, y1—3, ando are present in the hippocampu). In

the neurotransmitters and these diffusion coefficients play asjty hybridization studies have indicated the colocalization
critical role in determining equilibration times between of al, 81,2, andd subunit mRNAs in hippocampal dentate
reactants42) (GABA and the cell surface receptors in the  gyrys granule cells and colocalization of &, 81, andy2
studies reported here). Another reason may be that thesypunits in the pyramidal cells of the hippocampt8) (The
membrane attached to the glass capillary of the recording s, subunit containing receptors are known to have a reduced
electrode used in these studies is not flat but invaginated yesensitization rate associated with thet8)(In addition,
due to contacts of the membrane with the inner wall of the phosphorylation of the nicotinic acetylcholine receptor is
glass capillary43, 44). It must be noted that the differences known to affect receptor desensitization ratd$)( The
we have observed between the flow measur:ements- WlthGABAA receptor is known to have phosphorylation sites on
membrane patches and the laser-pulse photolysis experimentgt jeast three different subunitsgj. Hence, the two receptor
might have implications in the experiments performed with forms could be different in the number of subunits phos-

membrane patches, wherein the rate constants of the liganthhorylated or differ in some other posttranslational modifica-
binding steps have been determind8, (46). tions.

Furthermore, in the flow measurements with small mem-
brane patches there is no evidence for two GAB&ceptor
forms in either the rat cerebellat?) or hippocampal cells
(Figure 4c). On average 65% of the rat hippocampal cells
used in our experiments contain both rapidly and slowly
desensitizing GABA receptor forms. The rapidly desensitiz-
ing receptor form on average comprise0% of the
receptor forms in the cells that contain both receptor forms.
The membrane patches carry only a small sample of the
receptors on the cell surface; hence in the small outside-out
patches from rat cerebellar cell&7f or rat hippocampal
neurons (Figure 4c) only one of the two GARAeceptor

The determination of the various reaction steps and rate
constants for these steps for the GABPreceptor is a first
step toward understanding how a single cell integrates the
action of inhibitory and excitatory neurotransmitter receptors
(37). The determination of the elementary steps of the
channel-opening process and receptor desensitization also
allows one to determine how the mechanism of the GABA
receptor and the associated constants are affected in diseases
such as epilepsy?}. Furthermore, the mechanism of action
of pharmacological drugs such as barbiturates and benzo-
diazepines, which are potentiators for the GABA receptor
forms that are usually found in the membrane of neurons of (8), can now be investigated by detgrmining the effepts of
both mice and ratsl( 11, 12, 16) can be detected.y) such drugs on th_e_ elementary steps in channel opening and

T ' receptor desensitization. These studies are expected to be
CONCLUSIONS useful for the discovery of new drugs that alleviate abnormal
receptor function in disease, once the effect of the disease
on the elementary steps of the receptor-mediated reaction
have been identified.

The two forms of the GABA receptor, namely, the rapidly
and slowly desensitizing receptor forms, are characterized
by different desensitization rates in postnatal rat hippocampal
cells. At 250uM GABA the rapidly desensitizing form  pEFERENCES
desensitizes with a rate constant of 3.4 s* while the
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