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Prolonged exposure of most fast neurotransmitter-operated ion
channels to agonist drives the receptors into a nonfunctional, or
desensitized, state. Despite extensive investigation, desensiti-
zation remains a thoroughly characterized, yet poorly under-
stood, process. Part of the difficulty in elucidating the mecha-
nism of desensitization has been an inability to resolve the
kinetics of both agonist binding and functional desensitization
in the same set of operable receptors. To overcome this limi-
tation, we applied single oocyte ®H-ligand binding and two-
electrode voltage clamp to oocytes expressing recombinant
a1B2y2 GABA receptors. Using this approach, we report sev-
eral observations fundamental to the mechanism of desensiti-
zation. First, we confirm that desensitization reversibly shifts

GABA receptors into a high-affinity state. For [*HJGABA bind-
ing, the half-maximal binding of the desensitized state was
~0.040 um. Second, we show that, upon agonist removal, this
high-affinity state disappears with a time constant of 127 = 12
sec (n = 4), similar to the time constant for functional recovery
from desensitization of 124 + 26 sec (n = 5). [*H]GABA,
however, dissociates fourfold faster (r = 30 + 2 sec; n = 3) than
functional recovery, indicating that desensitized receptors need
not be bound by GABA. These data provide direct evidence for
a cyclical model of receptor desensitization.
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Early studies of endplate nicotinic acetylcholine (nACh) recep-
tors demonstrated that prolonged exposure to agonist drove the
receptors into a refractory, or desensitized, state (Katz and
Thesleff, 1957). Recovery from desensitization was a time-
dependent process that first required removal of the agonist. It is
now clear that desensitization is a general feature of most ligand-
activated ion channels (Changeux and Edelstein, 1998). In GABA
receptors, it has been suggested that desensitization may play an
important role in shaping synaptic inhibition (Jones and West-
brook, 1995; Overstreet et al., 2000), and desensitization has also
been implicated in the mechanism by which allosteric modulators
exert their effects (Birnir et al., 1997; Zhu and Vicini, 1997). Still,
despite extensive investigation, desensitization remains a thor-
oughly characterized, yet poorly understood, process.

In their pioneering studies, Katz and Thesleff (1957) proposed
the following cyclical model for desensitization:

R «———> AR
U]

D «——>AD

where R is the activatable receptor, A is the agonist molecule,
and D is the desensitized receptor. They postulated that, if the
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affinity for the agonist in the desensitized state was greater than
that of the activatable state, then this scheme could account for
the following: (1) the profound desensitization in the absence of
significant activation and (2) the slow rate of onset of desensiti-
zation compared with the rate of recovery when agonist was
removed. Although evidence has accumulated that suggests the
desensitized state has a higher affinity for agonist than that of the
nondesensitized closed state (Rang and Ritter, 1970; Weber et al.,
1975; Weiland et al., 1975; Quast et al., 1978; Neubig et al., 1982;
Heidmann et al., 1983), the issue is far from resolved. Scheme 1
also predicts that agonist can dissociate directly from the desen-
sitized state. In this scenario, a receptor may no longer be bound
by agonist but yet still functionally desensitized. Again, direct
evidence for this hypothesis is lacking.

We developed previously a technique that allows one to per-
form repeated radioactive ligand binding measurements in single
intact oocytes expressing recombinant GABA receptors (Chang
and Weiss, 1999a). One can then submit these oocytes to elec-
trophysiological recording, allowing a direct correlation between
binding and function in the same set of operable surface recep-
tors. Here, we use this approach to investigate the desensitization
of recombinant GABA receptors comprising rat al, B2, and 2
subunits.

MATERIALS AND METHODS

¢DNA and cRNA preparation. The wild-type cDNAs of rat a1, 82, and y2
subunits were subcloned into the vector pPGEMHE for high expression
(Liman et al., 1992). The plasmids were linearized by Nhel, which left a
>200 base pair tail for cRNA stability. RNase-free cDNA templates were
prepared by treating linearized cDNA with proteinase K. Capped
cRNAs were then transcribed by T7 RNA polymerase. After degradation
of the DNA template by RNase-free DNase I, the cRNAs were purified
and resuspended in diethyl pyrocarbonate (DEPC)-treated water. cRNA
yield and integrity were examined on a 1% agarose gel.



Chang et al. « GABA Receptor Desensitization

QOocyte preparation and cRNA injection. Female Xenopus laevis (Xeno-
pus I, Ann Arbor, MI) were anesthetized by 0.2% MS-222. The ovarian
lobes were surgically removed from the frog and placed in calcium-free
OR2 incubation solution consisting of 92.5 mM NaCl, 2.5 mm KCI, 1 mm
MgCl,, 1 mm Na,HPO,, 5 mm HEPES, 50 U/ml penicillin, and 50 pg/ml
streptomycin, pH 7.5. The lobes were cut into small pieces and digested
with 0.3% Collagenase A (Boehringer Mannheim, Indianapolis, IN) with
constant stirring at room temperature for 1.5-2 hr. The dispersed oo-
cytes were thoroughly rinsed with the above solution containing 1 mm
CaCl,. Stage VI oocytes were selected, and the follicular layer, if still
present, was manually removed with fine forceps. The oocytes were
incubated at 18°C.

Micropipettes for cRNA injection were pulled from borosilicate glass
(Drummond Scientific, Broomall, PA) on a Sutter Instruments (Novato,
CA) P87 horizontal puller, and the tips were cut with scissors to an ~40
um outer diameter The cRNA with dilution in DEPC-treated water (for
voltage clamp) or without dilution (for binding) was drawn up into the
micropipette and injected into oocytes with a Nanoject microinjection
system (Drummond Scientific) at a total injection volume of 20—60 nl.

Electrophysiology. One to 2 d after injection, the oocyte expressing
alpB2y2 GABA receptors was voltage clamped at —70 mV. Dose-1-
esponse relationships were determined by measuring the current induced
by a range of agonist concentrations. The ECs, and Hill coefficient were
determined by fitting the data to the Hill equation of the following form:

Imax
= T ECIAY M
where I is the current amplitude for that particular agonist concentration
([A]), Imax is the maximum current amplitude, ECs, is the agonist
concentration that induces a 50% maximal response, and » is the Hill
coefficient.

Single oocyte binding. Two to 3 d after injection, the expression level of
the a1B2y2 GABA receptors was examined by two-electrode voltage
clamp at —70 mV. Oocytes with a current in response to 10 um GABA
of >3000 nA were selected for the binding assay. Most of the oocytes
tested had a current amplitude in the 4000-6000 nA range. The single
oocyte binding was performed as described previously (Chang and
Weiss, 1999a). Briefly, the oocyte expressing al1B2y2 GABA receptors
was held by gentle suction to the end of a sequencing gel loading pipette
tip. The oocyte was then incubated in OR2 containing [*H]GABA or
[*H]muscimol for 30 sec at room temperature, rinsed for 5 sec in a 0°C
OR2 bath with constant stirring (to remove unbound *H-ligand), and
finally placed in 250 ul of OR2 at room temperature for 85 sec to let the
bound *H-ligand dissociate. The 250 ul of OR2 was then thoroughly
mixed with 4 ml of scintillation fluid, and the radioactivity (in counts per
minute) was determined in a liquid scintillation counter. This binding
paradigm was followed by an accompanying run with the initial incuba-
tion in the same concentration of *H-ligand plus 300 uM nonradiolabeled
gabazine (SR95531) or bicuculline, antagonists of the GABA, receptor
(Research Biochemicals, Natick M A). In this case, the counts per minute
released is a measure of the nonspecific *H-ligand binding and, when
subtracted from the total binding (counts per minute measured in the
absence of the antagonist), provided a measure of the specific binding.
Except for the experiments examining the dose dependence of *H-ligand
binding, 1 uMm >H-ligand was typically used to assess changes in the
amount of bound ligand. Based on our estimate of the apparent Ky, (0.04
uM) and the k. (7 = 30 sec) and the relationship kg, = k,,, * [GABA]
+ ko, we determined an association time constant for 1 um GABA of 1.2
sec. Thus, our typical 30 sec incubation in 1 uM GABA is more than
sufficient to reach equilibrium for binding to receptors already in the
high-affinity state. However, during the incubation in *H-agonist, more
receptors enter the desensitized state. In this case, the measurements
were not at steady state. In addition, we demonstrate that GABA disso-
ciates from the high-affinity state with a time constant of ~30 sec at room
temperature. Thus, we lose <15% of the bound [*H]GABA in the 5 sec
cold rinse. In all binding paradigms, calculations confirmed that there
would be no significant depletion of the *H-agonist.

For the measurement of the apparent binding affinity, a concentration
range of *H-ligand was examined. The relationship between the concen-
tration of *H-ligand and the specific binding (B) were fit with the
following form of the Hill equation:

Bmax

B = I &A™ &)
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Figure 1. Specific binding to individual oocytes expressing recombinant

GABA, receptors. A, Oocytes were incubated in 1 um [*H]GABA or 2
uM [*H]muscimol for 30 sec as described in Materials and Methods.
Nonspecific binding was determined in the presence of 300 um SR95531.
Specific binding would be the difference between the total and nonspecific
binding (in counts per minute). B, An oocyte expressing GABA, recep-
tors was voltage clamped at —70 mV at 8°C, and 10 ul of 20 um GABA
was added in a rapidly flowing 100 ul bath. The current decay was well fit
by a single exponential function with a time constant of 0.85 = 0.08 sec
(n = 8). The arrow indicates 5 sec, the duration of the cold rinse in the
binding experiments. Note that, by 5 sec, the current returned to baseline.

in which Kj, is the concentration of ligand (A) required for half-maximal
binding, B, is the maximum binding of *H-agonist, and n is the Hill
coefficient. We will use the term apparent K, (half-maximal binding)
because this experiment does not necessarily measure the receptor
affinity because the agonist-receptor interaction is not a simple bimo-
lecular process (Colquhoun, 1998; Chang and Weiss, 1999a). The rate of
dissociation was determined using the same binding protocol as de-
scribed above, except that the final release of *H-ligand was into sequen-
tial 250 ul wells of OR2. The dissociation data were least-squares fit by
an exponential decay function.

The equilibrium dose-response relationship for [’ H]JGABA was de-
termined by placing the oocyte in a 96 V-shaped well plate. The OR2 in
the well was removed and replaced with 12 ul of OR2 with the desired
[*H]JGABA concentration. After a 30 min incubation, the solution was
removed, and the oocyte was rinsed five times with 300 ul of cold OR2
over a 10 sec time period. Finally, 250 ul of room temperature OR2 was
added to the well, and 10 min was allowed for the release of [T H|GABA.
The OR2 was then collected, and radioactivity was determined in a liquid
scintillation counter. The process was repeated but with the 30 min
[*H]JGABA incubation in the presence of 300 uM SR95531 to determine
the nonspecific binding in the same oocyte.

Predictions of the proposed kinetic scheme. The prediction of the ECy,
for functional desensitization by Scheme 2 (presented in Discussion) was
determined from the following relationship:

1
D= (3)

[GABA]\" [GABA]\"’
1+M(1+ K N1+ %

where D is the fraction of receptors in the desensitized state for a given
GABA concentration, Ky and K, are the agonist binding affinities of the
resting and desensitized receptor, respectively, M is [R]/[D] or the ratio
of the equilibrium occupancies of the resting and desensitized forms of
the unbound receptor, and n is the maximum number of GABA mole-
cules that can bind to the receptor, two in our case (Edelstein and
Changeux, 1996).

RESULTS

Detection of specific binding in single oocytes
expressing a132y2 GABA receptors

Oocytes were injected with cRNA encoding for a182y2 GABA
receptors. Figure 14 demonstrates that we can obtain specific
binding of [*H]JGABA or [*H]muscimol to individual oocytes
expressing recombinant a132y2 GABA receptors. We previously
used this single oocyte radioactive ligand binding technique to
study pl GABA receptors in which, because of the lack of desen-
sitization and extremely slow dissociation of GABA from its



7984 J. Neurosci., September 15, 2002, 22(18):7982-7990

binding site, we were able to examine agonist association and
dissociation to and from nondesensitized open and closed states
(Chang and Weiss, 1999a). In contrast, the GABA-activated
chloride currents from «alp2y2 GABA receptors decay much
faster than pl receptors when agonist is removed (Amin and
Weiss, 1994). Figure 1B shows a sample current response at 8°C
in which one small drop (~10 ul) of 20 um GABA was added to
an oocyte in a rapidly flowing 100 wl bath. The current decay was
well fit by a single exponential function with a time constant of
0.56 = 0.03 and 0.85 = 0.08 sec at 23 and 8°C, respectively (n =
8). This 1.5-fold difference in the time constant of decay at the
two temperatures was partly attributable to the measured 1.2-fold
slower perfusion rate at 8°C compared with 23°C and was likely
attributable to a slight shrinkage of the diameter of the tubing at
the lower temperature. Recombinant a1B2y2 GABA receptors
expressed in HEK293 cells and assayed with the patch-clamp
technique (allowing a faster solution exchange than oocyte re-
cording) exhibit a biexponential deactivation with the slowest
time constant on the order of 180 msec (Tia et al., 1996). Thus,
the current decay we observed in oocytes expressing alB2y2
GABA receptors likely represents, in large part, the rate of
agonist removal from the bath rather than the underlying recep-
tor kinetics.

In the binding assay, the initial incubation in *H-ligand was
followed by a 5 sec 0°C rinse to wash away the free *H-ligand from
the surface of the oocyte. The rinse time was approximately
sixfold longer than the observed time constant of current decay
(Fig. 1B, arrow), indicating that ~99.7% of the receptors would
have closed by the end of the rinse. (This percentage is likely to
be a lower limit given that the observed current decay reflects
agonist removal in the perfusion chamber rather than agonist
dissociation, and, in addition, the rinse with 150 ml of OR2 in a
beaker with constant stirring should have a faster exchange rate
around the oocyte surface than that of the recording chamber.)
So, if channels are closing and agonist is dissociating within 5 sec,
what is the source of the specific binding in Figure 14? One
possible explanation is that the *H-ligand is binding to a state of
the receptor with higher affinity than that of the state(s) along the
activation pathway. The data in Figure 1B demonstrates that the
binding is clearly not to the presumed high-affinity open state
(Chang and Weiss, 1999b). Although we cannot completely rule
out that a small fraction of the binding in Figure 14 is to
nondesensitized states (closed or open), evidence will be pro-
vided that the majority of the binding is to the high-affinity
desensitized state.

Increased binding in desensitized receptors

Figure 24 shows a current in response to a 150 sec application of
500 uM GABA in an oocyte expressing a1B82y2 GABA receptors.
Note that, by the end of the prolonged GABA application, the
current decayed toward a steady-state level that was ~5% of the
peak current. Thus, a majority of the receptors were functionally
desensitized. This current decay was not attributable to a change
in the chloride gradient because we compared the reversal poten-
tials during a maintained application of 2 um GABA (—20.7 =
1.7; n = 3), which shows little decline in current, and at the end
of the prolonged application of 500 um GABA (—23.4 = 2.0;n =
3). This represents a 5.6 * 1.4% decrease in the driving force at
the end of the 500 um GABA application, which would only
account for a small fraction of the >95% decrease in current
amplitude. The filled bar in Figure 2B plots the specific binding in
single oocytes expressing a182y2 GABA receptors that were first
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Figure 2. Increased binding of 1 um [*H]GABA after receptor desensi-
tization. A, Application of 500 uMm GABA for 150 sec desensitized the
GABA receptors. B, Specific binding of 1 um [ 'H]|GABA was determined
in an oocyte, and then the oocyte was incubated in 500 uM GABA for 150
sec and rinsed for 30 sec, and the specific binding of 1 um [ *H]|GABA was
determined again in the same oocyte. Desensitization increased the
specific binding from 163 = 25 to 1253 * 309 cpm (n = 8), a 7.7-fold
increase.

exposed to 500 um nonradiolabeled GABA for 150 sec, rinsed for
30 sec, and then tested for specific binding of 1 um [*HJGABA
using the same protocol as in Figure 1A4. The open bar plots the
specific binding from the same oocytes but before the 150 sec 500
uM GABA incubation. Desensitization of the receptors increased
the specific binding from 163 = 25 to 1253 = 309 cpm (n = 8), a
7.7-fold increase. In the case of the desensitized receptors, a
fraction of the binding sites would still be bound by unlabeled
GABA at the end of the 30 sec rinse. Thus, we would be mea-
suring binding in the fraction of receptors from which GABA has
dissociated. The observation that the specific binding increased
with the 500 um GABA preincubation suggests that, although the
receptors released GABA, they are still desensitized. In a subse-
quent section, a more direct demonstration of this will be pro-
vided. Nevertheless, an interpretation of this increased binding is
that the desensitized receptors have a higher affinity for agonist.

Relationship between the concentration dependence

of the increased binding and functional desensitization
If the increase in binding in Figure 2B were to the desensitized
state of the receptor, then the concentration dependence of the
increased binding should be similar to the concentration depen-
dence of functional desensitization. Figure 34 shows our method
for assessing the concentration dependence of functional desen-
sitization. First, we measured the current in response to 1 um
GABA. Next, a variable concentration of GABA was applied for
150 sec to desensitize the receptors. Thirty seconds from the
termination of the GABA application, the current in response to
1 uM GABA was tested again. The level of functional desensiti-
zation was the ratio of the 1 um GABA applications after and
before desensitization. This ratio is normalized and plotted in
Figure 3B (open circles). The solid line is a fit of Equation 1 to
these data and yielded an ECs, for functional desensitization of
9.8 = 3.4 uM. We used the same protocol (agonist concentrations
and incubation times) to examine the concentration dependence
of the increased binding. The filled circles in Figure 3B plot the
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Figure 3. Correlation of the concentration dependence of the increased
binding and functional desensitization. 4, Oocytes were first tested with
1 uM GABA and desensitized for 150 sec with 1, 3.16, 10, 31.6, and 100
uM GABA, and then retested with 1 uM GABA to assess the fraction of
functionally desensitized receptors. Three representative fraces from an
oocyte desensitized with 1, 3.16, and 10 um GABA are superimposed. B,
The open circles plot the fraction of desensitized receptors as a function
of the concentration of GABA used in the desensitizing application. The
same protocol was used to assess the concentration dependence of in-
creased binding ( filled circles). Both functional desensitization and in-
creased binding show the same concentration dependence with an ECs, of
9.8 + 3.4 uM (n = 3) and an apparent K, of 10.1 = 3.2 um (n = 4),
respectively.

increase in binding of 1 um [PH]JGABA (B) normalized to the
maximum binding increase (B,,.,) as a function of the concen-
tration of nonlabeled GABA used to desensitize the receptors.
The continuous line is a least-squares fit of Equation 2 to these
data and yielded an apparent K, of 10.1 £ 1.2 um (n = 4).
Equilibrium was likely not achieved at the lower GABA concen-
trations in either the functional or binding experiments of Figure
3. Thus, the ECsys and apparent K, values are not accurate
determinations of the GABA concentration required to desensi-
tize half the receptors or the GABA concentration required for a
half-maximal increase in binding. Nevertheless, the goal was to
correlate the concentration dependence of functional desensiti-
zation and [*H]GABA binding. Because the relationships are
remarkably similar, these data further support the notion that the
measured binding is to the desensitized state of the receptor.

Relationship between the time course of the
disappearance of the increased binding and the time
course of functional recovery

If the increased binding is to desensitized receptors, then the time
course of the disappearance of the increased binding should be
similar to the time course of functional recovery from desensiti-
zation. Figure 44 shows the paradigm for assessing the time
course of recovery from the functionally desensitized state. After
a stable response to 1 um GABA was obtained, the receptors were
desensitized for 150 sec in 500 um GABA. At the end of this
prolonged GABA application and a 30 sec rinse, 30 sec pulses of
1 um GABA were applied at 2 min intervals. The filled circles in
Figure 4A4 plot the fractional recovery of the current versus time.
The recovery was well described by a single exponential function
with a time constant of 124 = 26 sec (n = 5). A similar protocol
(30 sec incubation, 5 sec rinse, 85 sec release) was used to assess
the disappearance of the increased binding after a 150 sec incu-
bation of 500 um GABA and 30 sec rinse (Fig. 4B). The decay of
the increased binding was dominated by an exponential function
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Figure 4. Correlation of the time course of the recovery of function and
increased binding after receptor desensitization. 4, After a stable re-
sponse to 1 uM GABA was obtained, 500 uM GABA was applied for 150
sec, followed by a 30 sec rinse, and a 1 pum 30 sec test pulse of GABA was
applied in 2 min intervals. The filled circles plot the recovery, and the solid
line is from a fit of a single exponential function yielding the indicated
time constant. B, The same protocol was performed to assess the decay of
the increased binding, which also decreased as a single exponential
function (solid line) with a time constant very similar to that observed for
functional recovery.

with a time constant of 127 * 12 sec (n = 4). Note that, after 600
sec, the binding was still slightly elevated over the original base-
line, suggesting the presence of an additional slower component.
Nevertheless, the similarity of the time constants that dominate
the recoveries further supports the hypothesis that the observed
*H-ligand binding reflects the desensitized state of the receptor.

Comparison of muscimol activation and binding

The ECs, for a1B2y2 GABA receptors is ~46 uMm for GABA
compared with ~14 um for muscimol (Amin and Weiss, 1993).
Furthermore, the available stock concentrations of [*H]JGABA is
11 puM compared with 51 um for [*H]muscimol. Thus, we can
examine [*H]muscimol binding to the receptor across a wider
activation range than for [PH]GABA. The open circles in Figure
5A plot the normalized current amplitude as a function of mus-
cimol concentration in oocytes expressing a1B2y2 GABA recep-
tors. These data were fit with a Hill equation (continuous line)
yielding an ECs, of 5.3 £ 1.0 uM and a Hill coefficient of 1.60 +
0.10 (n = 5). We next conducted binding studies over a compa-
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Figure 5. Muscimol binding and activation. A, Correlation of the con-
centration dependence of activation and binding by muscimol. The open
circles plot the dose—response relationship for muscimol. The solid line is
a fit of the Hill equation yielding an ECs, of 5.3 = 1.0 uM and a Hill
coefficient of 1.60 = 0.10 (n = 5). The specific binding for [ *H]muscimol
(filled symbols) demonstrated a dominant apparent K, of 6.3 uM and a
Hill coefficient of 1.76. The reported binding parameters represent fits to
the mean rather than the mean of the fits to individual oocytes. For both
binding and activation, the data were normalized to the maximum pre-
dicted from a least-squares fit to the data points. B, Desensitization shifts
the receptors into a high-affinity state. Specific binding is plotted as a
function of [*H]muscimol. For the resting (open symbols) and recovered
(shaded symbols) states, oocytes were incubated with the indicated con-
centrations of [*H]muscimol and specific binding was determined as in
Figure 1A4. In the desensitized case (filled symbols), the oocyte was
incubated in 500 um GABA for 150 sec and rinsed for 30 sec before each
test concentration. For all three relationships, the data were well de-
scribed by the sum of two Hill equations with ECs, values and Hill
coefficients provided in Table 1. For each oocyte, the data were normal-
ized to the value at 6.3 uM in the resting state.

rable range of [*H]muscimol concentrations. The filled circles in
Figure 54 plot the specific binding as a function of the [*H]mus-
cimol concentration. Fitting a Hill equation to the mean of the
binding data yielded a dominant apparent K, of 6.3 um (n = 6),
which agreed well with that determined in the electrophysiolog-
ical analysis of muscimol-mediated activation.

If the desensitized state is of higher affinity than the resting
closed state, the question arises as to why the ECs, for activation
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and the apparent K, for binding in Figure 54 are in excellent
agreement. In the binding studies, prolonged exposure to musci-
mol drives the receptors to the high-affinity desensitized state to
which we can measure bound [*H]muscimol. In the electrophys-
iological studies, the receptors must be driven through the same
set of states on the pathway to channel opening. Thus, a possible
interpretation of the data in Figure 54 is that the concentration
dependence is similar for both activation and desensitization
because they share common agonist concentration-dependent
binding steps.

Direct demonstration that desensitization increases
the apparent affinity of the receptor
The data thus far suggests that the desensitized state has an
increased agonist affinity. To directly test this hypothesis, we
examined binding as a function of [ *H]muscimol concentration as
in Figure 54, except each test concentration of [ *H]muscimol was
preceded by a 150 sec preincubation in 500 um GABA, followed
by a 30 sec rinse. The open circles in Figure 5B plot the binding as
a function of [*H]muscimol concentration without predesensiti-
zation (resting). The filled circles plot the binding as a function of
[>H]muscimol with predesensitization before each test concen-
tration of [*H]muscimol (desensitized). Note that the dose—
binding relationship shifted to the left, indicating a higher appar-
ent affinity. The receptors were then allowed to recover, and the
binding as a function of [*H]muscimol (without predesensitiza-
tion) was reexamined (Fig. 5B, shaded circles, Recovered). The
dose-binding relationship returned to the control, resting level.
For all three conditions in Figure 5B (Resting, Desensitized, and
Recovered), the sum of two Hill equations was required to fit the
binding curves, suggesting a minimum of two apparent affinities.
Fitting a single component gave an inadequate description of the
data. Table 1 provides the parameters for the two components.
These data indicate a high-affinity component of <200 nm and a
low-affinity component in the 6-9 um range (Table 1). In the
resting and recovered curves, the fraction of the high-affinity
component was 0.15 in both cases, whereas the fraction of the
high-affinity component after desensitization was 0.58. Because of
the small amplitude of the high-affinity component in the resting
and recovered states, as well as the low number of data points, the
fitting failed to converge to a solution. To estimate the parame-
ters, we fixed the apparent K, of the high-affinity component to
the value we determined in the desensitized state. Regardless of
the specific values of the parameters, we interpret the two com-
ponents as follows. Without predesensitization, a small popula-
tion of receptors may already exist in the desensitized state (see
Discussion). Thus, we measure a minor high-affinity component
and a dominant low-affinity component. The same is true for the
recovered state. During desensitization, however, receptors shift
to a high-affinity state, and, therefore, the fraction of the high-
affinity component was increased. In the desensitized situation,
the low-affinity component was still significant because recovery is
occurring during both the 30 sec rinse after the 500 um GABA
desensitization and the 30 sec incubation in [*H]muscimol.

Rate of dissociation of [*HJGABA from

desensitized receptors

As demonstrated in Figure 2, desensitized receptors show an
enhanced binding of [?’H]JGABA. Unless new binding sites are
being uncovered by desensitization (an unlikely scenario), these
data suggest that GABA must dissociate from the desensitized
receptor faster than the disappearance of the high-affinity state
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Table 1. Parameters from the fit of the sum of two Hill equations to the relationship between the concentration dependence of [*H]muscimol

binding

High-affinity component Low-affinity component

ECsy 1 (uM) Hill 1 Fraction 1 ECs 2 (uM) Hill 2
Resting 0.16 0.72 0.15 6.3 1.76
Desensitized 0.16 0.95 0.15 7.8 1.02
Recovered 0.16 0.41 0.58 9.4 1.29

The data represent the average of six oocytes for the resting and desensitized states. Only two oocytes survived through the recovery. The parameters are a fit to the mean,

and therefore no SEs are provided.
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Figure 6. Dissociation rate of [*H]GABA from desensitized receptors.
Receptors were first desensitized with 500 uM GABA and then bound
with 1 uM [*H]GABA. The filled symbols plot the [’H]GABA released in
6 sec intervals. The dissociation was well described by a single exponential
component (solid line) yielding the indicated time constant. The data were
normalized to the first point of the control run before desensitization of
the receptors. The plotted value is actually the absolute value of the
derivative of dissociation. However, the derivative of an exponential
function has the same time constant, so the reported 7 is the same as that
for the dissociation.

(Fig. 4B). To quantify the rate of dissociation, we examined the
time course of [*HJGABA dissociation from the desensitized
receptors. Oocytes were exposed to 500 pum nonradiolabeled
GABA for 150 sec, rinsed for 30 sec, and then incubated in 1 um
[*H]GABA for 30 sec. Figure 6 shows the time course of disso-
ciation of [*"H]|GABA. The continuous line is the best fit of a
single exponential component, which yielded a time constant of
30 = 2 sec (n = 3). There is evidence of a faster component, but
we do not have the temporal resolution to establish its kinetics.
Nevertheless, these data, coupled with the data in Figure 4 dem-
onstrating a functional recovery with a time constant of 124 sec,
indicate that receptors can remain in a desensitized state long
after agonist has dissociated from its binding site.

In a previous study using single oocyte binding and concomi-
tant two-electrode voltage clamp on oocytes expressing recombi-
nant pl GABA receptors, we identified an ~10-fold excess in the
number of receptors determined by binding compared with elec-
trophysiology (Chang and Weiss, 1999a). This comparison was
possible because of the slow agonist dissociation and lack of

desensitization of the receptor. Unfortunately, because of the
rapid activation and desensitization kinetics of the a132v2 recep-
tor and because desensitized receptors do not conduct current, we
were unable to make a similar comparison. Although we cannot
rule out excess binding, the high correlation between the concen-
tration and time dependence of desensitization as assessed by
binding and electrophysiology (Figs. 3, 4) gives us confidence that
we are probing the same process(es) with the two measurements.

DISCUSSION

Part of the difficulty in elucidating the mechanism of desensitiza-
tion has been an inability to resolve the kinetics of both agonist
binding and functional desensitization in the same set of operable
receptors. To this end, we used the single oocyte binding tech-
nique (Chang and Weiss, 1999a), along with the two-electrode
voltage clamp, to investigate the mechanism of GABA receptor
desensitization.

We were able to measure specific binding of [’HJGABA and
[?H]muscimol in individual oocytes expressing recombinant
alB2y2 GABA receptors. We concluded that the observed spe-
cific binding was to the desensitized state of the receptor based on
the following observations. First, the specific binding increased
dramatically (approximately eightfold) after the receptors were
desensitized. Second, the concentration dependence of functional
desensitization (ECs, of 9.8 uM) and increased binding (apparent
Ky, of 10.1 um) were similar. And third, the increase in binding
after desensitization recovered with a time constant of 127 sec,
similar to the 124 sec time constant of recovery from functional
desensitization. Having established that the observed binding was
to the functionally desensitized state, we addressed two funda-
mental issues regarding the mechanism of GABA receptor de-
sensitization: (1) the dissociation rate of agonist and its relation-
ship to functional recovery and (2) the affinity of the desensitized
state.

Relationship between the dissociation rate of agonist

and the lifetime of the functionally desensitized state

A cyclical model of receptor desensitization (Scheme 1) (Katz
and Thesleff, 1957) implies that agonist can dissociate directly
from the desensitized receptor. Thus, a receptor may have re-
leased agonist yet still be functionally desensitized. Previous
evidence in support of this notion is that the recovery rate of
desensitized nACh receptors does not depend on the particular
agonist (Rang and Ritter, 1970). The basis for this argument is
that, if agonist remained bound, the affinities of the different
agonists would determine their rates of recovery. Additional
evidence for the cyclical model is that the observed rate of agonist
dissociation from desensitized receptors in membrane prepara-
tions was faster than the rate of functional recovery (Quast et al.,
1978; Boyd and Cohen, 1980). The extent to which this holds true
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for operable surface receptors was unclear. This is an important
consideration because membrane isolation can alter the apparent
receptor affinity (Fenster et al., 1999).

In this study, we were able to directly correlate dissociation and
recovery in intact surface receptors. We found that agonist dis-
sociation from desensitized GABA receptors was dominated by a
single exponential component with a time constant of 30 = 2 sec,
whereas GABA receptors recovered from functional desensitiza-
tion with a time constant of 124 * 26 sec. These data indicate that
a basic model of GABA receptor desensitization must be cyclical
and include the ability of agonist to dissociate directly from the
desensitized receptor (AD — D in Scheme I). In fact, this must
be the dominant pathway for recovery, otherwise the rate of
recovery and the rate of dissociation would be the same. For
example, receptors recovering from AD to AR (Scheme I) will
move along a pathway from which they can be reactivated. Some
reactivation may occur, and this is evident in Figure 34 in which
the tail of the GABA-activated current, because of the increased
level of desensitization, is slowed with increasing GABA
concentration.

Jones and Westbrook (1995) observed that GABA receptor
deactivation was slowed by desensitization and modeled their
data using a noncyclical model. Because they did not examine
binding and the relationship between dissociation and functional
recovery, we do not know whether a cyclical model would be more
appropriate. The desensitization and recovery in the Jones and
Westbrook study were dominated by rates faster than we could
resolve in our binding and electrophysiological analyses. The
question remains as to how their findings relate to the present
study. It should be kept in mind that they probed a heterogeneous
population of native GABA receptors in mammalian neurons
with brief GABA applications, whereas we examined a homoge-
neous population of recombinant receptors expressed in oocytes
desensitized for extended time periods. Furthermore, we are
studying GABA receptors in an exogenous expression system that
may lack components (cytoskeletal elements, linker proteins, and
kinases) that contribute to the properties of receptor activation
and desensitization. The relationship between their mechanism
and the mechanism we presented here and the degree to which
this difference can be attributed to the expression system, recep-
tor subtype, and/or temporal resolution must await future studies.
More recently, a slow component of desensitization (7,ccovery ~ 15
sec) was investigated in hippocampal neurons and shown to
influence synaptic inhibition by decreasing GABA receptor avail-
ability. Therefore, slow components of desensitization may serve
a physiological role (Overstreet et al., 2000).

Does desensitization increase the affinity of the
receptor for agonist?

Indeed, evidence has supported the hypothesis that desensitized
receptors have a higher agonist affinity than the resting closed
state (Rang and Ritter, 1970; Weber et al., 1975; Weiland et al.,
1975; Quast et al., 1978; Sine and Taylor, 1979; Neubig et al.,
1982; Heidmann et al., 1983), although these measurements have
been typically performed in membrane or vesicle preparations in
which the functional integrity of the receptors was unknown.
Using the single oocyte binding technique, we have been able to
compare the apparent affinity of the same set of surface recep-
tors, before and after receptor desensitization. In both cases, the
relationship between the concentration of [*H]muscimol and the
specific binding was described by the sum of two Hill equations:
a component with an apparent K, of ~8.0 um and a higher-
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affinity component with a apparent K, of ~0.20 um. The fraction
of the specific binding in the high-affinity component increased
with receptor desensitization. The simplest interpretation of
these data are that desensitization shifted receptors from a low- to
high-affinity state. Although a minimum of two apparent affinities
seems inescapable from the data in Figure 5B, caution must be
exercised in interpreting the parameters of these components.
First, by the nature of the binding assay, the relative amplitudes of
the two components reflect a partial recovery of the receptors
from desensitization. Second, some fraction of the receptors were
desensitized by the [*H]muscimol incubation used to assess the
level of desensitization. Third, in the case of the specific binding
before receptor desensitization in which the high-affinity compo-
nent was relatively small, it was necessary to constrain the appar-
ent K, for the fitting algorithm to converge. Finally, caution must
be exercised in interpreting the apparent K, values because they
do not represent true binding affinities, and their values must be
considered in light of a specific kinetic scheme for receptor
desensitization (Colquhoun, 1998). It should be mentioned that,
at steady state, only a single component would be observed in the
dose dependence of agonist binding. However, these measure-
ments were not taken at steady state, thus permitting the appear-
ance of the two apparent affinities.

Working hypothesis for desensitization of

GABA, receptors

Although the consideration of a complete model with transitions
between the resting, open, and desensitized states is beyond the
scope of this study, we can consider select transitions to and from
the desensitized states, begin to define the most likely pathways,
and put some limitations on select rates. Scheme 2 is similar to

KR KR
R «<——> AR <——> AjR
M Ma Ma2 (2)

<>
D (S AD €D

Scheme 1 but has been modified to account for the two agonist
binding steps. In this allosteric scheme, K represents the affinity
of the resting state (the open states are not depicted in this
scheme), K, represents the affinity for binding to the desensitized
states, M is [R]/[D], and a is K/Kg.

In a previous study, taking advantage of a mutation that pro-
motes spontaneous opening of the al1pB2y2 GABA receptor, we
were able to estimate K (Chang and Weiss, 1999b). The desen-
sitized states were not included in the derivation of these param-
eters. If entry into desensitized states are significant along the
activation pathway (R — AR — A,R — A,0), then desensitiza-
tion would affect the derivation of these values. Nevertheless, we
estimated K to be ~78.5 um.

In the present study, we examined receptors under conditions
that favor receptor desensitization. We approximated the K, for
muscimol (Fig. 5B), but, because a majority of the experiments we
presented in this study were with GABA, we set out to determine
the apparent affinity of the desensitized receptor for [’ H|GABA
(Fig. 7A4). In this case, the binding was performed with a 30 min
incubation at each concentration of [*H]JGABA to ensure that
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Figure 7. Equilibrium binding and steady-state desensitization. A, Equi-
librium binding of [*’H]JGABA. Oocytes were incubated for 30 min with
the indicated concentrations of [*’H|GABA. The filled symbols represent
the average of three oocytes. The continuous line is a fit of the Hill
equation of these data yielding a apparent K of 0.040 uM and a Hill
coefficient of 1.22. B, Determination of the steady-state level of desensi-
tization. An oocyte was voltage clamped at —70 mV, and the indicated
concentrations of GABA were applied successively. All four concentra-
tions of GABA were saturating in terms of desensitization. The amplitude
of the baseline current at the end of the application was used to calculate
the maximum fraction of receptors in the desensitized state, which was
0.049 of the peak GABA-activated current.

equilibrium was obtained. The relationship between specific bind-
ing and concentration was well described by a single Hill equation
with a apparent K, of 0.04 um and a Hill coefficient of 1.22. In
contrast to muscimol (Fig. 5B), a second component was not seen
because the resting state affinity (~78 um) would be too low to
resolve in this assay. Early studies examining [*H]GABA binding
in synaptic membrane fractions revealed a K, on the order of 100
nM (Zukin et al., 1974). Subsequently, a heterogeneity of binding
sites was observed with K, values in the 10-20 and 100-200 nm
range (Olsen et al., 1981). Whether these two affinities represent
an interconvertible pool or distinct receptor populations was
unclear. The interpretation of K, values determined from mem-
brane preparations is further complicated by a study in which the
apparent binding affinity of nicotine to nACh receptors expressed
in oocytes was compared in both intact oocytes and membranes
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prepared from these oocytes. In this case, the membrane prepa-
ration demonstrated an ~25-fold higher affinity for nicotine,
suggesting that membrane isolation may alter the apparent re-
ceptor affinity or uncover new high-affinity binding sites (Fenster
et al., 1999).

The Ky, is the ratio of the microscopic off and on rates. Because
we determined the dissociation rate for GABA (~0.03 sec ™ !)
(Fig. 6), the k,, for the desensitized state would be ~0.75 um™*
sec” . In Scheme 2, a = K,/Ky or 0.00051. At saturating concen-
trations of GABA, the receptors would be at equilibrium between
A,D and A,R. We can estimate the population of state A,D from
the experiment shown in Figure 7B in which receptors were
exposed to 316, 1000, 3160, and 10000 um GABA. These are all
saturating concentrations of GABA in terms of desensitization
because the steady-state current level did not change. At the end
of the series of applications, 0.049 of the peak current remained.
This value is an upper limit because we likely underestimated the
peak attributable to the necessarily slow application rate of
GABA to oocytes. Nevertheless, after correction for the maxi-
mum open probability of 0.84 (Chang and Weiss, 1999b) based on
Scheme 2, Ma? = [A,R]/[[A,D] = 0.043 and therefore M =
165320. This model suggests that, in the absence of GABA, 6.0 X
10 ~° of the receptors would be in the desensitized state. Again,
these parameters are only approximations, and the equilibrium
constants would depend on the specific kinetic scheme. For ex-
ample, it is conceivable that the desensitized states communicate
mainly with the open states. Nevertheless, our demonstration of a
cyclical model for desensitization would still hold, as would our
estimation of the apparent affinity of the desensitized state. From
our previous analysis of receptor activation and the present
consideration of desensitization, we provided estimates of the
apparent K, values of the resting, open, and desensitized states to
be ~78.5 um, 120 nm, and 40 nm, respectively. It is interesting that
a biochemical study of [?’H]JGABA binding in native membranes
from bovine cortex suggested three sites in terms of affinity with
K, values of 1 um, 100 nm, and 10 nMm. These affinities were
hypothesized to represent the resting, open, and desensitized
states, respectively (Olsen et al., 1984).

Can Scheme 2 account for our experimental data? Using
Scheme 2, the derived equilibrium constants, and, in Equation 3,
we predicted an EC5, for functional desensitization of 19.4 um
(see Materials and Methods) that is close to the experimentally
observed value of 9.8 um. Clearly this is a simplified model
because it does not include the open states. Inclusion of transi-
tions from the open states to desensitized states could shift the
predicted estimate toward the observed value. A complete de-
scription of the experimental results must await a more compre-
hensive model of receptor activation and desensitization.
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