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During the transition from embryonic to adult skeletal muscle, a decreased mean channel
open time and accelerated desensitization of nicotinic acetylcholine (ACh) receptors result
from the substitution of an e subunit for . A single ACh receptor channel of the embryonic
type, expressed in Xenopus oocytes, interconverts between gating modes of shortand long
open time, whereas the adult receptor channel resides almost exclusively in the gating
mode with short open time. Differences in the fraction of time spent in either gating mode
account for the subunit dependence of both receptor open time and desensitization.
Therefore, developmental changes in the kinetics of muscle ACh receptors may be im-
parted through subunit-dependent stabilization of intrinsic gating modes.

Calcium, sodium, potassium, and chloride
channels have discrete modes of activity (I,
2); single channel recordings exhibit peri-
ods of either high or low activity, presum-
ably reflecting the interconversion between
sets of protein configurations. Shifts in gat-
ing modes can exert large effects on the size
and kinetics of macroscopic membrane cur-
rents, as exemplified in the inactivation of
voltage-dependent sodium (3) and calcium
channels (I, 4). The existence of gating
modes for ligand-gated ion channels has
been revealed by studies on muscle gluta-
mate (5) and embryonic and adult forms of
ACh receptors (6), in which gating modes
with different open probabilities were ob-
served. We utilized the Xenopus oocyte to
express ACh receptors composed of either
afdy subunits (embryonic type) or afde
subunits (adult type) to determine the effect
of subunit composition on desensitization
(7, 8) and modal gating (9).

In outside-out patches containing sever-
al hundred embryonic ACh receptors (10),
sudden application of 100 wM ACh, a
concentration expected to produce near
maximal response (8, 11), resulted in mac-
roscopic inward currents that were activat-
ed within 5 ms and decayed to half peak
value within 100 ms (Fig. 1A). The decay
was well described by the sum of two expo-
nential components with time constants
that averaged 53.9 + 14.9 ms (60 = 12%)
and 459 = 128 ms (12) in ten patches (Fig.
1A, inset). The rate of recovery from the
desensitized state or states was measured
with two-pulse protocols that began with
either a long (630 ms) or short (80 ms)
conditioning pulse of 100 uM ACh (13).
For the experiments with the long condi-
tioning pulse (Fig. 1A), the fractional-
recovery curves indicated that, similar to
the onset of the macroscopic desensitiza-
tion, recovery from the desensitized state
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did not proceed as a single time-dependent
exponential process (Fig. 1C). The sum of
two exponential functions, with fast and
slow time constants corresponding to 214 +
131 ms (42 = 25%) and 2590 + 3060 ms,
respectively, described the time course of
recovery from the desensitized state. That
the recovery from the desensitized state was
measured in the complete absence of ago-
nist suggests the existence of at least two
kinetically distinct desensitized states in the
nicotinic ACh receptor (14).

The existence of a separable desensitized
state with fast recovery was tested with

Fig. 1. Time-dependent onset and recovery from
the desensitization. (A) Current response to the
two-pulse protocol with a 630-ms conditioning
pulse of 100 uM ACh. The intervals between the
conditioning and the test pulses are 70, 270,
470, and 970 ms. Each trace represents a nor-
malized average of 10 to 20 records (70). Pi-
pette voltage = —80 mV. (Inset) Two-exponen-
tial fit to the average of all conditioning records
shown in (A). The current trace was fit on the
assumption of no steady-state component. Time
constants, given in the text, ranged from 33 to 81
ms (fast) and 311 to 731 ms (slow). (B) Current
records in response to a two-pulse protocol with
an 80-ms conditioning pulse. Shown are inter-
vals of 70, 170, 270, and 470 ms. The current
response to the test pulse after the shortest time
interval lacked the fast desensitizing component
that was observed with longer interpulse inter-
vals, further indicating that the fast component
does not recover at very short intervals. Each
trace corresponds to an average of 10 to 20
records. Pipette voltage = —60 mV. (C) Com-
parison of the recovery of the fractional current
that desensitized during the long (630 ms, filled
circles) and short (80 ms, open circles) condi-
tioning pulses. For the solid lines, fitting param-
eters are given in the text. The dashed line
indicates the best fit of a single-exponential
function, with = 801 + 100 ms, to the recovery
data obtained with the long-prepulse protocol.

short conditioning pulses 80 ms in dura-
tion. Under these conditions, the fractional
current recorded during a second applica-
tion of ACh reflects principally the recov-
ery of the fast component of the desensiti-
zation (Fig. 1B) (15). The single exponen-
tial fit of these data yielded a time constant
of 242 = 13 ms (n = 5 patches). This time
constant agrees with the value measured for
the fast component of the recovery with the
long conditioning-pulse protocol (Fig. 1C),
indicating that the desensitization process
that has a faster onset also exhibits faster
recovery.

Single channel correlates of the two
desensitization processes were investigated
in patches containing single embryonic or
adult receptor proteins (16). Complex ki-
netics were observed for both channel types
in response to application of 100 uM ACh.
Some traces were characterized by succes-
sive short duration openings, others exhib-
ited successive long duration openings, and
a few showed transitions between successive
openings of long and short duration (arrow-
heads in Fig. 2A). To determine whether
this heterogeneous kinetic behavior corre-
sponded to two or more discrete gating
modes, we measured the average open du-
ration, closed duration, and probability of
being open for each cluster composed of ten
or more openings (I17). The expected dis-
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tribution for the averages of, for example,
ten single exponentially distributed open
durations is a gamma distribution. Thus, the
number of gating modes is reflected in the
number of components required in the gam-
ma distribution to fit the histogram of the
intracluster open time averages. The sum of
three gamma components was required to fit
the resultant histogram of pooled intraclus-
ter average open times for both embryonic
[time constants T, = 1.3 = 0.1 ms (32%); T,
=3.8%x0.2ms (50%);and 7, = 17.0 £ 1.1
ms] and adult [7; = 1.2 £ 0.2 ms (56%); T,
=3.4+0.6ms (38%);and 7, = 13.5 £ 3.1
ms] receptor types (Fig. 2B) (18).

Although the sets of time constants for
each mode are similar in adult and embry-
onic receptors, the areas corresponding to
each mode differ for the channel types.
Openings by the slowest mode (>8 ms) are
infrequently observed in the cluster open-
time distributions for the adult receptor
type. Thus, the embryonic and adult ACh
receptors share common gating modes, dis-
tinguishable on the basis of open-time dif-
ferences, which suggests that the differences
in open time between adult and embryonic
receptors are the consequence of differences
in the fractional time spent in a particular
mode (19). The finding of multiple kinetic
modes for both adult and embryonic recep-
tors is in agreement with the results from
Xenopus myotomal muscle (6) and develop-
ing skeletal muscle (20).

To test for possible effects of the gating

Fig. 2. Modal gating in single em- A
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modes on the kinetics of receptor desensi-
tization, we constructed separate ensemble
averages for the different modes. Because
we could not separate the two shorter open-
time modes, we elected to treat all clusters
with average open times <8 ms as a single
kinetic population (fast mode), different
from the long open time population (slow
mode) (21). Within individual patches,
comparison of the ensemble averages for
embryonic types indicate a significantly
faster decay for short-opening records than
the ensemble average for the long-opening
records (Fig. 2C, left). When data from the
ten experiments on single embryonic recep-
tor channels were pooled, the resultant
ensemble average showed two-exponential
desensitization kinetics with time constants
of 55.8 £ 1.6 ms (61 = 1%) and 349 + 9
ms (Fig. 3A), in general agreement with
the two time constants of macroscopic cur-
rent decay measured for patches containing
many embryonic-type channels (Fig. 1A,
inset).

So that we could eliminate cross-con-
taminated records containing transitions
between fast and slow gating modes (Fig.
2A, arrowheads), records with average
open durations between 4 and 16 ms were
excluded from ensemble current averages of
embryonic receptors (22). The two popula-
tions of records showed different rates of
current decay, with the fast mode measur-
ing 82.8 %= 1.3 ms and the slow mode
measuring 283 = 3 ms (Fig. 3B). The time
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constant for the fast mode of the embryonic
receptor was very similar to the decay con-
stant of 87.2 = 1.7 ms measured for the fast
mode of the adult receptor (Fig. 2C) (23).
From the fractional steady-state current
measured during the ACh application, sim-
ilar recovery rates from desensitization were
estimated for the fast modes of both recep-
tor types (Figs. 2C and 3B). These recovery
rates agreed with those obtained indepen-
dently from the recovery of peak macro-
scopic current measured by the two-pulse
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Fig. 3. Macroscopic rates of desensitization for
fast and slow gating modes. (A) Ensemble
averages of 338 idealized single channel rec-
ords (from ten single channel patches) were
summed to obtain the macroscopic rates of
desensitization. The solid line is the sum of two
exponentials with no steady-state component.
(B) Ensemble averages constructed for traces
having average open times shorter than 4 ms (7
= 83 ms) and average open times longer than
16 ms (t = 283 ms). Solid lines are fits of single
exponential functions to the average records of
short open time (with steady-state component
of 0.09 £ 0.03) and long open time (with fixed
zero steady-state component), respectively.
Averages were scaled to match both peak
open probabilities, which measured 0.35 and
0.96 for the ensembles of short and long open
times, respectively. (C) Macroscopic rate of
desensitization (filled circles) and average
cluster duration (open circles) as a function of
the single channel intracluster open probability.
Symbols indicate embryonic slow (es), embry-
onic fast (ef), and adult fast (af) modes. The
value for adult slow (as) mode was computed
on the basis of only three clusters with average
open times longer than 8 ms.




protocol (Fig. 1A), further supporting the
idea that the fast component of desensitiza-
tion corresponds to the fraction of receptors
in the fast gating mode (24). Consequently,
differences in time constants for desensiti-
zation of adult and embryonic receptors are
attributable to the modal differences in
channel gating.

The isolation of the different compo-
nents of macroscopic desensitization pro-
vided estimates of both the onset and re-
covery rates. The decay phase of the ensem-
ble averages, constructed for the fast mode
of the embryonic and adult receptors, was
not significantly better fit by the sum of
exponentials than by a single exponential.
This suggests that, in the presence of 100
wM ACh, receptors in either mode enter a
single desensitized state. Because ACh re-
ceptors bind two ACh molecules before
opening and the probability of being open is
nearly maximal at 100 pM ACh (8, 11,
19), we assume that, during each agonist
application, the receptors are principally in
the doubly liganded state (8, 11). On the
other hand, the linear relationship ob-
served between either the macroscopic rate
of desensitization or the cluster duration
and the intracluster closed probability (1 —
P,) (Fig. 3C) suggests that the transition to
the desensitized state occurs mainly from
the doubly liganded closed state, as has
been proposed for other types of ligand-
activated receptor channels (25). Thus, a
simple scheme can be applied for either the
fast mode or the slow mode.

AR <—3> AR*

\

AD

A receptor in the doubly liganded closed
state (A,R) undergoes a conformational
transition to either the open state (A,R*)
or the desensitized state (A,D), where d*
and d~ are the microscopic rates of desen-
sitization onset and recovery, respectively.
Because the fractional current at the end of
the ACh application was less than or equal
to one-tenth of the peak for all ensemble
averages, d*/d~ = 9 for both modes of the
embryonic receptor and for the fast mode of
the adult type (26). These results indicate
that the relaxation of the currents is gov-
erned almost exclusively by d*, suggesting
identical microscopic onset rates of desen-
sitization (d* = 27 s™') for both kinetic
modes of the embryonic receptor and for
the fast mode of the adult receptor (slope in
Fig. 3C). Thus, the rate of macroscopic
desensitization is governed by the closed
probability of the primary gating mode of
the receptor (26).

Because the different modes exhibit
large differences in open probability, the

variations in the predominance of individ-
ual modes between patches may account for
the wide variability between patches in
desensitization rates and in mean open
times reported for the nicotinic receptors of
embryonic muscle (27). Additionally, the
dependence of desensitization rates on the
specific agonist (28) may in part be ex-
plained by the destabilization of a particular
gating mode. Finally, the reduction in em-
bryonic receptor channel open time and the
time constant for desensitization induced by
volatile anesthetics and alcohols (29) can
be accounted for by a shift to the receptor’s
fast mode.

Mode switching in channel kinetics ap-
pears to be a highly conserved feature
among different ion channel types (1-6).
The ability of channel proteins to exhibit
discrete sets of kinetic behavior is best
compared with allosteric enzymes that in-
terconvert between configurations that
have different catalytic properties (30).
Thus, intrinsic gating modes for ion chan-
nels may be a consequence of a limited
number of sets of protein conformations, in
which only the residence time in each
mode is modulated. The rate of transition
between gating modes may be modulated by
short-term posttranslational modification
(31)—as was proposed for the alteration of
gating modes in voltage-dependent calcium
channels (4)—or as directly shown in this
study, by longer term structural changes
involving subunit substitutions.
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Modulation of Cocaine Self-Administration in the
Rat Through D-3 Dopamine Receptors

S. Barak Caine* and George F. Koob

The reinforcing properties of cocaine are probably mediated by the mesocorticolimbic
dopamine pathways in the central nervous system, but not all of the dopamine receptor
subtypes involved in cocaine’s reinforcing actions have been clearly identified. Recently,
the D-3 receptor has been cloned, and its distribution in the brain has been found to be
relatively restricted to limbic projections of the midbrain dopamine system. The D-3—
selective compounds 7-hydroxy-N, N-di-n-propyl-2-aminotetralin (7-OHDPAT) and quin-
pirole potently decreased cocaine self-administration in the rat at doses that were not by
themselves reinforcing. Moreover, three dopamine receptor agonists had affinities for
binding to the D-3 receptor that correlated highly with their relative potencies in decreasing
cocaine self-administration. The D-3 receptor may be involved in the reinforcing effects of
cocaine and may be a useful target for the development of new pharmacotherapies for

cocaine abuse.

It has been hypothesized that cocaine pro-
duces its reinforcing properties by inhibit-
ing dopamine reuptake and thereby poten-
tiating dopaminergic neurotransmission
(1). Lesion studies have shown that cocaine
self-administration in the rat depends on an
intact mesocorticolimbic dopamine system
(2). The recent identification of at least five
dopamine receptor subtypes (3-5) with dis-
tinct molecular and pharmacological prop-
erties, as well as different anatomical distri-
butions, provides a means for the evalua-
tion of the relative contribution of these
subtypes in cocaine reinforcement.

The paucity of highly selective ligands for
dopamine receptor subtypes makes the unam-
biguous determination of the function of these
subtypes in cocaine self-administration diffi-
cult (6). However, the recently developed
D-3-selective compound 7-OHDPAT binds
to D-3 receptors with an affinity of <1 nM

and has a lower (weaker) affinity for other

subtypes (about 102, 103-, and 10*-fold lower
affinity for D-2, D-4, and D-1 receptors,
respectively) (7). Quinpirole has approxi-
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mately equal affinity for D-3 and D-4 receptors
and has about 100-fold and 3000-fold lower
affinity for D-2 and D-1 receptors, respectively
(7, 8). Apomorphine has high affinity for D-4
receptors, about 10-fold lower affinity for D-3
and D-2 receptors, and 100-fold lower affinity
for D-1 receptors (7, 8). Using these three
dopamine agonists, we investigated the ability
of D-3 receptors to modulate cocaine self-
administration in the rat.

Male Wistar rats were implanted with
long-term jugular catheters and trained to
self-administer cocaine intravenously in
daily 3-hour sessions (9). Once baseline
rates of cocaine self-administration were
established, various doses of dopamine ag-
onists were combined with cocaine in the
self-administration syringe (9). All of the
dopamine agonists, when self-administered
in combination with cocaine, reduced co-
caine intake by producing an increase in
the interval between injections without
disrupting self-administration (Fig. 1). This
is interpreted as an enhancement of co-
caine’s reinforcing effects because an in-
crease in the dose of cocaine produces the
same effect (10). The relative potencies of
the various agonists to decrease cocaine
self-administration were calculated from



