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Abstract

The present study was conducted to evaluate the effects of the resolved enantiomers of ( +)-1-hydroxy-3-aminopyrrolidone-2
((+£)-HA-966) on the electrophysiological properties of dopamine-containing neurons in the substantia nigra of the chloral
hydrate anesthetized rat. Both (+)- and (—)-HA-966 produced a dose-dependent reduction in firing rate that eventually resulted
in total cessation of spontaneous neuronal activity (IDs, = 5.7 and 57.8 mg/kg i.v., respectively). The inhibitory effects of both
drugs were accompanied by a marked increase in the regularity of neuronal firing and a concomitant suppression of bursting
activity. Although approximately 10-fold less potent than the (—) enantiomer, the inhibitory effects of (+)-HA-966 were
completely antagonized by the centrally active, GABA g receptor antagonist, CGP-35348 (300 mg/kg i.v.). These data suggest
that the complementary electrophysiological effects of the enantiomers of (4)-HA-966 on nigral dopamine neurons are
mediated through a common mechanism of action possibly involving a novel interaction with GABA ; receptors.
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1. Introduction

(+)-1-Hydroxy-3-aminopyrrolidone-2 (( +)-HA-966)
was synthesized in 1959 as a chemical congener of the
cyclic anhydric form of y-aminobutyric acid (GABA)
(Bonta et al., 1969b). In addition to its sedative proper-
ties, the drug is known to produce a variety of complex
central nervous system actions including antitremor,
muscle relaxant, anticonvulsant, antimyoclonic, anxi-
olytic and antinociceptive effects (Bonta et al., 1971;
Menon, 1981; Corbett and Dunn, 1991). The unique
behavioral profile of (4 )-HA-966 prompted early spec-
ulation that the compound might be useful in the
treatment of extrapyramidal disorders (Bonta et al.,
1969a,b). Although the results of preliminary clinical
trials proved equivocal (Van der Velden, 1969), subse-
quent biochemical studies have established that (4 )-
HA-966 is capable of markedly increasing dopamine
levels in the basal ganglia without affecting forebrain
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levels of either norepinephrine or serotonin (Hillen et
al., 1969; Bonta et al., 1971). These changes can be
directly attributed to a reduction in dopamine release
as well as a compensatory increase in dopamine syn-
thesis that occurs secondary to blockade of neuronal
activity within the pars compacta of the substantia
nigra (Van Valkenburg and Noach, 1978; Broxterman
and Mos, 1980; Shepard and Lehmann, 1992).

The complex behavioral and neurochemical profile
of (+)-HA-966 can be ascribed to the disparate phar-
macological effects of the individual enantiomeric forms
of the drug. For example, the well documented ability
of the racemic form of HA-966 to antagonize the
excitatory effects of glutamate, aspartate and N-
methyl-p-aspartate  (NMDA) (Davies and Watkins,
1972, 1973; Curtis et al., 1973; Stone, 1976; Evans and
Watkins, 1978; White et al., 1979) has recently been
attributed to the selective actions of the (+) enan-
tiomer (Pullan et al., 1990; Singh et al., 1990). The
ability of (+)-HA-966 to attenuate the effects of en-
dogenous excitatory amino acids is believed to reflect
its activity as a low-efficacy partial agonist at the
strychnine-insensitive glycine recognition site of the
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NMDA receptor complex (Fletcher and Lodge, 1988;
Foster and Kemp, 1989; Henderson et al., 1990; Singh
et al., 1990). In contrast to the seemingly well defined
actions of (+)-HA-966, the identity of the receptor(s)
mediating the central effects of the (—) enantiomer
has yet to be identified. Similarities between the phar-
macological effects of (—)-HA-966 and the prototypi-
cal GABA g receptor agonist baclofen have led to the
suggestion that these receptors may be indirectly in-
volved (Waldmeier, 1991; Shepard et al., 1993). Func-
tionally, the (+) enantiomer is thought to be responsi-
ble for the anxiolytic and antinociceptive effects of
(+)-HA-966 (Dunn et al., 1992; Anthony and Nevins,
1993; Millan and Seguin, 1993; Morrow et al., 1993;
Goldstein et al., 1994) while the anticonvulsant and
sedative effects are believed to be mediated principally
by the (—) enantiomer (Singh et al., 1990; Vartanian
and Taylor, 1991).

Both (+)- and (—)-HA-966 affect the electrical
activity of mesencephalic dopamine-containing neu-
rons, albeit to varying degrees. Thus, a single bolus
dose of 30 mg /kg iv., of the (—) enantiomer results in
total cessation of spontaneous activity while an identi-
cal dose of (+)-HA-966 produces only a modest inhibi-
tion in firing rate (Shepard and Lehmann, 1992). De-
spite its comparatively low potency as an inhibitor of
dopamine cell activity, (+)-HA-966 has other effects
on these neurons including an ability to produce a
marked regularization in firing pattern and a complete
cessation of bursting activity (McMillen et al., 1992).
Previous studies indicating that alterations in the tem-
poral organization of dopamine neuronal spike trains
can affect release from nerve terminals (Gonon, 1988;
Manley et al., 1992; Suaud-Chagny et al., 1992; Niss-
brandt et al., 1994) raise the possibility that some of
the behavioral effects of (+)-HA-966 derive from its
capacity to modify neuronal firing pattern. Such a
mechanism has recently been proposed to underlie the
ability of the (+) enantiomer to antagonize stress-in-
duced activation of mesocortical dopamine neurons
(Morrow et al., 1993; Goldstein et al., 1994).

Given its well documented effects as an NMDA
receptor antagonist, it is tempting to speculate that the
ability of (+)-HA-966 to modify dopamine cell firing
pattern may arise from blockade of glutamatergic in-
puts to the substantia nigra. However, since the phar-
macological mechanisms responsible for mediating the
electrophysiological effects of (—)-HA-966 have yet to
be established, we cannot exclude the possibility that
both enantiomers share a common mode of action. In
the present group of experiments, single unit recording
techniques were used to extend earlier observations to
include a comprehensive assessment of the effects of
the resolved enantiomers of ( +)-HA-966 on dopamine
cell activity in the chloral hydrate anesthetized rat. The
results indicate that electrophysiological effects previ-

ously attributed to (+)-HA-966 are shared by low,
non-sedative doses of (—)-HA-966. Moreover, evi-
dence is presented which strongly suggest that the
inhibitory effects of (+)-HA-966 are mediated through
an interaction with GABAjg receptors. These data
raise important questions regarding the specificity of
action of (+)-HA-966 and suggest that some of the
behavioral and neurochemical effects previously at-
tributed to the NMDA receptor antagonist properties
of the drug may actually stem from an interaction with
the (—)-HA-966 binding site.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats (Charles River, Wilming-
ton, MA, USA) were maintained in a constant temper-
ature vivarium (25°C) under controlled lighting condi-
tions (12 /12 h light /dark cycle). Animals were housed
in standard laboratory cages in groups of 2-3 and
provided unlimited access to food and water. All exper-
imental procedures were approved by the Institutional
Animal Care and Use Committee of the University of
Maryland School of Medicine and carried out in strict
accordance with the principals specified in the Hand-
book for the Use of Animals in Neuroscience Research
(Society for Neuroscience, Washington, DC, USA).

2.2. Single unit recording studies

Animals weighing 250-300 g were anesthetized with
chloral hydrate (400 mg/kg i.p.) and the right femoral
vein cannulated for intravenous administration of sup-
plementary anesthetic and test drugs. Animals were
positioned in a stereotaxic apparatus equipped with a
feedback-controlled heating pad that maintained body
temperature at 36.5°C throughout the experiment. A
small incision was made in the scalp and a burr hole
drilled in the skull exposing the cortex overlying the
substantia nigra (2-4 mm anterior to lambdoidal su-
ture, 1.5-3 mm lateral to midline). Incision sites and
soft tissue pressure points were infiltrated with a long-
acting local anesthetic (mepivacaine, 2%).

Extracellular single unit activity was recorded using
epoxy-coated tungsten microelectrodes (FHC Corpora-
tion, Brunswick, ME, USA) with an impedance of
2.5-4.5 M{2. Electrodes were stereotaxically positioned
within the substantia nigra using a hydraulic micro-
drive. Extracellular potentials were amplified, filtered
(bandpass 0.1-4 kHz) and resolved from background
noise using a high impedance AC amplifier equipped
with a window discriminator. Spontaneous activity of
well isolated cells was monitored using both an analog
oscilloscope and audio amplifier. Neurons were
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prospectively identified as dopaminergic on the basis of
established electrophysiological criteria (Grace and
Bunney, 1980a). Single unit activity from dopamine-
containing cells was observed and recorded for a mini-
mum of 5 min to establish basal firing characteristics.
Subsequently, each animal received a single dose of
either (+)-HA-966 (3-100 mg/kg) or (—)-HA-966 (1-
30 mg/kg) or multiple doses (300-500 mg/kg) of the
centrally acting GABAy receptor antagonist, 3-
aminopropane-diethoxymethylphosphinic acid (CGP-
35348; Olpe et al., 1990). In some experiments, animals
that had previously received a bolus injection of (+)-
HA-966 (100 mg/kg) were administered a single dose
of CGP-35348 (300 mg /kg). All drugs were given intra-
venously and only one cell was tested per animal. At
the conclusion of each experiment, a microlesion was
produced at the tip of the recording electrode by
application of a small DC current (+20 p A for 45 s).
Following removal from the stereotaxic apparatus, ani-
mals were deeply anesthetized and perfused transcar-
dially with saline followed by neutral buffered forma-
lin. Brains were removed, fixed and cryopreserved prior
to preparing 30 wm thick frozen sections. Tissue sec-
tions were stained with cresyl violet and examined for
verification of electrode placement. All cells included
in the present study were localized within the pars
compacta of the substantia nigra.

2.3. Data acquisition and analysis

Data acquisition and analysis was accomplished us-
ing an integrated software package for electrophysiol-
ogy (RISI, Symbolic Logic, Dallas, TX, USA). Cumula-
tive rate histograms were compiled in real-time from
discriminated spikes accumulated in consecutive 10 s
intervals. Analysis of neuronal firing pattern was con-
ducted off-line from spike trains collected before and
after drug administration. Unless otherwise indicated,
first-order interspike interval histograms were com-
piled from 1000 consecutive spikes using a 1 ms bin
width. Alterations in firing pattern were assessed, in
part, by paired comparison of the variation coefficients
associated with control and post-drug interspike inter-
val histograms. This statistic, defined as the ratio be-
tween the standard deviation and mean interval, is
relatively insensitive to alterations in firing rate and
has been used successfully to quantify changes in the
temporal organization of neuronal spike trains (Werner
and Mountcastle, 1963; Matthews et al., 1984). Control
and post-drug interval data were also analyzed using an
algorithm that tallied the number of events occurring
as doublets or as bursts comprised of 3 or more spikes.
Bursts were operationally defined as spike pairs with
an interspike interval less than or equal to 80 ms. All
subsequent spikes were considered as components of

the initial burst unless an interval exceeding 160 ms
was encountered which signaled burst termination.

All data are presented in the text as mean + S.E.M.
Dose-response curves illustrating the inhibitory effects
of the resolved enantiomers of (+)-HA-966 were com-
piled from groups of animals that received a single
bolus dose of either (+)- or (—)-HA-966 (n =3-13
cells per group). Alterations in firing rate reflecting the
maximal effect of each drug were expressed as a per-
centage of the pre-drug (control) firing rate and plot-
ted as a function of the dosage administered. 1D,
values, representing the average dose required to in-
hibit neuronal firing by 50%, were computed using a
4-parameter logistic equation (De Lean et al., 1978).
Data used to construct the dose-response relationship
for (+)-HA-966 were compiled from an earlier group
of experiments (Shepard and Lehmann, 1992). Om-
nibus testing of the overall differences between treat-
ment groups was accomplished using a one-way analy-
sis of variance with repeated measures or in the case of
paired comparisons with a paired ¢-test. Post-hoc com-
parisons between treatment groups was conducted us-
ing the Bonferroni ¢-test method.

2.4. Drugs

(+)-HA-966 was obtained from Merck Sharp and
Dohme Research Laboratories (Essex, UK) as a gift or
purchased from Tocris Cookson (Bristol, UK). CGP-
35348 was provided as a gift from Ciba-Geigy, Basel,
Switzerland. (—)-HA-966 was provided by Research
Biochemicals International (Natick, MA, USA) as part
of the Chemical Synthesis Program of the National
Institutes of Mental Health, Contract 278-90-0007 (BS).
All drugs were dissolved in 0.9% saline.

3. Results

3.1. Effects of the resolved enantiomers of (+)-HA-966
on the spontaneous activity of nigral dopamine-contain-
ing neurons

All forms of HA-966 inhibited the firing rate of
dopamine-containing neurons in a dose-dependent
manner (Fig. 1). (—)-HA-966 proved to be the most
potent of the three compounds with an estimated 1D,
of 5.7 + 1.2 mg /kg (n = 37). High doses of the drug (10
and 30 mg /kg) caused a total cessation of spontaneous
activity in the majority of cells tested (9/13 and 4/5,
respectively). A single dose of 6 mg/kg consistently
inhibited neuronal activity but failed to silence any of
the cells tested (n = 5). Lower doses of the drug (1 and
3 mg/kg) produced a more variable response. At the 3
mg/kg dose, 6 of 8 cells were inhibited by an average
of 23.7 + 6.0% while the remaining 2 cells showed



82 P.D. Shepard et al. / European Journal of Pharmacology 285 (1995) 79-88

1201 o (-)HA966
o ()HA966
o (+)HA66

100 4
80 4

60

40

% Baseline Firing Rate

20 1

1 10 100
Dose (mg/kq)

Fig. 1. Log dose-response curves illustrating the effects of (+)-HA-
966 and its resolved enantiomers on the firing rate of nigral dopamine
neurons. Data are expressed as the percent change in basal firing
rate exhibited by groups of cells tested with a single dose of one of
the 3 forms of HA-966. Each point represents the average maximal
response (mean + S.E.M.) of 5-6 cells unless otherwise indicated (n).
In most cases, firing rate changes were computed 10~20 min follow-
ing drug injection (see text for details regarding latency to onset).
Data illustrating the effects of (+)-HA-966 were compiled from an
earlier group of experiments (Shepard and Lehmann, 1992). Note
that the non-sigmoidal nature of the dose-response relationship for
(+)-HA-966 appears to reflect the combined profile of the individual
enantiomers of the parent compound.

modest but sustained increase in firing rate (23.3 +
8.7%). Threshold doses of the drug (1 mg/kg) in-
creased the activity of 3 of 6 cells tested (7.9 + 3.4%)
with the remaining 3 neurons showing either a de-
crease in rate (n = 1) or no effect (n = 2). The average
latency to onset of the peak inhibitory effects of (—)-
HA-966 at 10 and 30 mg/kg averaged 11.3 + 1.6 and
12.0 + 5.2 min, respectively and did not differ signifi-
cantly from those observed in response to lower doses
of the drug (3 mg/kg: 14.7 + 2.0 min; 6 mg/kg: 13.5 +
1.9 min; ANOVA, F(3,27) =0.44, P> 0.7). Further-
more, no significant relationship was observed between
latency to onset and the magnitude of the inhibitory
effects produced by (—)-HA-966 (r = —0.16, n =31,
P>0.4). ’

Although the ability of (—)-HA-966 to produce a
sustained increase in neuronal firing rate was confined
to doses below 6 mg/kg, the inhibitory effects pro-
duced by higher doses of the drug were frequently
preceded by a transient excitatory effect. This biphasic
response was most frequently observed at the 10 mg /kg
dose where 5 of 13 dopamine neurons displayed an
initial excitation averaging 16.7 + 2.8%.

Systemic administration of (+)-HA-966 also inhib-
ited the firing rate of nigral dopamine neurons al-
though higher doses were required (IDy, =578 £ 1.2
mg /kg, n = 30). Thus, while (+)-HA-966 administered
in doses up to 10 mg/kg had no effect on neuronal
firing rate (control: 2.6 + 0.2 Hz; 3 mg /kg ( +)-HA-966:
2.8+ 0.2 Hz, n=3; control: 49 + 0.8 Hz; 10 mg/kg

(+)-HA-966: 4.3 + 0.6 Hz, n = 5), higher doses of the
drug significantly inhibited the activity of all cells tested
(control: 3.7 + 0.4 Hz; 30 mg /kg (+)-HA-966: 2.6 + 0.4
Hz, paired t-test, ¢,,=9.3, P <0.0001; control: 4.4 +
0.6 Hz; 60 mg/kg (+)-HA-966: 3.1 + 0.4 Hz, paired
t-test, 1, =3.1, P <0.05). Although the magnitude of
the inhibition produced by 30 mg/kg of (+)-HA-966
was comparable to that observed in response to 60
mg/kg, a single injection of 100 mg/kg of the drug
completely inhibited the firing rate of 5 of the 6 cells
tested. Latency to onset of the maximal inhibitory
effects of (+)-HA-966 (30-100 mg/kg) averaged 29.7
+ 1.9 min (n =22). As a group, cells that were com-
pletely inhibited by a single dose of ( +)-HA-966 exhib-
ited a longer latency to onset of these effects than cells
tested with an equivalent dose of the (—) enantiomer
((+)-HA-966, 100 mg /kg: 20.7 + 3.6 min; (—)-HA-966,
10 mg/kg: 10.5 + 2.2 min; Student’s ¢, = —2.5, P<
0.05). No relationship was observed between the time
required to achieve maximal inhibition in activity and
either the dose of (+)-HA-966 administered or magni-
tude of the drug-induced alteration in firing rate.

As with the (—) enantiomer, (+)-HA-966 (30 and
60 mg/kg) caused an initial transient increase in neu-
ronal activity in approximately one-half of the cells
tested (Fig. 2A). Although of comparable magnitude
(19.3 + 4.6% increase), the duration of the excitatory
component was significantly longer than that observed
for (—)-HA-966 (12.1+ 1.7 min vs. 2.1 +0.9 min,
Mann-Whitney U, P <0.003). However, none of the
cells tested with (+ )-HA-966 (n = 30) showed evidence
of a sustained increase in firing rate.

As previously reported (Shepard and Lehmann,
1992), intravenous administration of the racemic form
of HA-966 inhibited the firing rate of nigral
dopamine-containing neurons in a dose-dependent
manner (IDs;=10.7 + 1.3 mg/kg, n=27). As illus-
trated in Fig. 1, the profile of the dose-response rela-
tionship obtained in response to (+)-HA-966 appeared
to reflect the combined effects of the individual enan-
tiomeric forms of the drug.

3.2. Effects of (+)- and (—)-HA-966 on neuronal firing
pattern

Alterations in the spontaneous activity of nigral
dopamine neurons following administration of the indi-
vidual enantiomers of (+)-HA-966 were accompanied
by a pronounced change in neuronal firing pattern. As
illustrated in Fig. 2, both drugs produced a ‘pace-
maker-like’ discharge pattern characterized by inter-
spike interval distributions consisting of a normally
distributed but markedly leptokurtic primary peak.
Clusters of intervals forming smaller secondary and
tertiary distributions frequently appeared at longer
harmonic intervals and could be attributed to periodic



P.D. Shepard et al. / European Journal of Pharmacology 285 (1995) 79-88 83

spike failure (Fig. 2B and E). Decreases in the disper-
sion of intervals comprising individual distributions
were reflected by a significant reduction in the average
variation coefficient computed for all cells that re-
mained spontaneously active following drug adminis-
tration (Fig. 3). Drug-induced increases in the regular-
ity of neuronal firing pattern were also associated with
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Fig. 2. Effects of (+)- and (—)-HA-966 on the firing properties of
nigral dopamine-containing neurons. A-C: Integrated rate (C) and
associated interspike interval histograms (A and B) illustrating the
effects of a single injection of 6 mg /kg of (+)-HA-966 on the activity
of a representative dopamine neuron. Note the transient increase in
firing rate preceding the inhibitory effects of the drug. D-F: Effects
of (—)-HA-966 (6 mg/kg) on the firing rate (F) and discharge
pattern (D and E) of a typical dopamine neuron. Inverted arrow-
heads denote drug injection (a =apomorphine, 40 pg/kg; h=
haloperidol, 0.1 mg/kg). In both examples, horizontal lines on the
rate histograms denote the segments of data used to compile pre-drug
(A and D) and post-drug (B and E) interval distributions (n =1000
spikes, 1 ms bin width). Note that the modest inhibitory effects of
both drugs were associated with a pronounced reduction in the
variability of neuronal firing.
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Fig. 3. Effects of the resolved enantiomers of (+)-HA-966 on the
firing pattern of dopamine-containing neurons. Variation coefficients
were calculated from interspike interval histograms (n = 1000 spikes)
compiled immediately before (open bars) and within 30 min after
(solid bars) a single intravenous injection of A: (+)-HA-966 or B:
(—)-HA-966 at the dosages indicted. Data are expressed as mean +
S.EM. (+)-HA-966: 3 mg/kg, n=3; 10 mg/kg, n=>5; 30 mg/kg,
n=11; 60 mg/kg, n=5. (—)-HA-966: 1 mg/kg, n=6; 3 mg/kg,
n=17; 6 mg/kg, n=>5; 10 mg/kg, n = 4. Asterisks denote significant
differences from control values (paired t-test). * P <0.05 " P<
0.01; *** P <0.001.

a dose-dependent reduction in the percentage of spikes
occurring in bursts (Table 1). Notably, doses of (—)-
and (+)-HA-966 previously shown to have no effect on
firing rate (1 and 10 mg/kg, respectively) were found
to significantly modify neuronal firing pattern. Al-
though qualitatively similar, comparison of the magni-
tude of the changes produced by the individual enan-
tiomers of (+)-HA-966 revealed the (—) enantiomer
to be approximately 10-fold more potent in regulariz-
ing firing pattern than (+ )-HA-966.

3.3. Effects of CGP-35348 on (+)-HA-966-induced al-
terations in neuronal activity

Previous studies indicating that the inhibitory effects
of (—~)-HA-966 can be reversed by CGP-35348 have
provided evidence for the involvement of GABA re-
ceptors in mediating the unique electrophysiological
effects of the (—) enantiomer (Shepard et al., 1993).
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Table 1
Effects of (+)- and (—)-HA-966 on bursting activity of nigral
dopamine-containing neurons

Drug n  Doublets > 3 spikes % Decrease *
mg/kg iv. Control Post- Control Post- (total'
drug drug bursting)

(+)-HA-966

3 3 352 332 185 222 -3.0
10 5 370 198 844 277 60.9
30 11 804 0 443 0 100
60 5 528 0 25 0 100
( — )-HA-966

1 6 318 52 77 6 85.0

3 7 346 6 953 0 99.5

6 5 588 0 252 0 100
10 4 316 0 144 0 100

Values represent the total number of spikes occurring as doublets or
as bursts comprised of 3 or more spikes. Data were derived from
interspike interval histograms comprised of 1000 consecutive action
potentials obtained from cells that remained spontaneously active
following drug administration. * Decrease in total bursting (doublets
+ > 3 spikes) expressed as a percentage of pre-drug control values.

Similarities observed in the present study between the
effects of the resolved enantiomers of (+)-HA-966 on
dopamine cell activity prompted us to test whether
CGP-35348 was also effective in antagonizing the elec-
trophysiological effects of (+)-HA-966. As illustrated
in Fig. 4, systemic administration of CGP-35348 (300-
500 mg/kg) alone failed to alter the basal activity of
dopamine-containing neurons (control: 4.8 + 0.3 Hz;
CGP-35348, 300 mg/kg: 4.6 + 0.2 Hz; CGP-35348, 500
mg/kg: 4.6 + 0.3 Hz; n =6, ANOVA, P> 0.3). Neu-
ronal firing pattern was also unaffected by the drug
(coefficient of variation, control 39.3 + 11.4%; CGP-
35348, 300 mg/kg: 48.3 £ 10.4%; CGP-35348, 500
mg/kg: 46.8 + 7.3%; n=6, ANOVA, P> 0.1). How-
ever, as illustrated in Fig. 5, when administered follow-
ing a dose of (+)-HA-966 capable of completely in-
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Fig. 4. Effects of CGP-35348 on the firing rate of nigral dopamine-
containing neurons. Vertical bars represent the average firing rate
(+S.EM.) of 6 neurons immediately prior to and within 20 min
following 2 consecutive injections of CGP-35348 (300 mg/kg+ 200
mg/kg) totaling 500 mg/kg. Note that neither dose of the drug
affected basal discharge rate.
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Fig. 5. Effect of CGP-35348 on (+)-HA-966-induced inhibition in
dopamine cell impulse flow. A-C: Representative rate (C) and
interspike interval histograms (A and B) illustrating the effects of a
single intravenous injection of CGP-35348 (300 mg/kg) on the activ-
ity of a nigral dopamine cell following inhibition by (+)-HA-966 (100
mg /kg). Horizontal lines above the rate histogram denote areas used
to compile the interspike interval histograms. Arrows indicate time
of drug injection. Note the marked increase in regularity of firing
following CGP-35348-induced recovery of neuronal activity. D: Bar
graph summarizing the results from all experiments (n = 5). Data are
expressed as the average firing rate in Hz (mean+S.EM.). * P <
0.05, Bonferroni ¢-test.

hibiting dopamine cell firing (100 mg/kg), CGP-35348
(300 mg/kg) caused a rapid return of spontaneous
activity in all cells tested (n = 5). Average firing rates
following CGP-35348-induced reversal of the inhibitory
effects of (+)-HA-966 were not significantly different
from control values (control: 4.6 + 0.3 Hz; CGP-35348,
300 mg/kg: 44+ 0.9, n=35, Bonferroni t-test, P>
0.05). Despite the ability of CGP-35348 to fully antago-
nize the rate suppressant effects of (+)-HA-966, the
firing pattern exhibited by cells following the antago-
nist was markedly pacemaker-like (Fig. 5B). This was
reflected by a significant reduction in the coefficient of
variation associated with interspike interval histograms
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(n =500 events) compiled following CGP-35348-in-
duced reversal of the inhibition produced by (+ )-HA-
966 (coefficient of variation, control: 61.7 + 6.1%;
CGP-35348, 300 mg/kg: 12.3 +2.3; paired ¢, = 8.6,
P =10.001).

4. Discussion

Previous electrophysiological studies have estab-
lished the ability of (+)-HA-966 to inhibit the sponta-
neous activity of mesencephalic dopamine-containing
neurons in vivo (Shepard and Lehmann, 1992). When
administered in sufficiently high doses, the drug is
capable of temporarily blocking neuronal impulse flow
leading to a compensatory elevation in dopamine levels
in the forebrain (Bonta et al., 1971; Hillen and Noach,
1971). Neurochemical studies comparing the effects of
the resolved enantiomers of (+)-HA-966 on striatal
dopamine levels have attributed these effects to the
actions of (—)-HA-966 (Singh et al., 1990). In agree-
ment with these findings, we have previously reported
that the ability of (+)-HA-966 to reversibly suppress
dopamine cell activity resides principally with the (—)
enantiomer (Shepard and Lehmann, 1992). However,
since both of the aforementioned studies were limited
to comparison of a single dose of the resolved enan-
tiomers of (+)-HA-966, the relative potency and effi-
cacy of these drugs could not be established with
certainty. The results of the present study, while con-
firming the superior potency of (—)-HA-966 in inhibit-
ing neuronal activity, have revealed that both (+)- and
(—)-HA-966 are capable of blocking dopamine cell
impulse flow. Overall, (+)-HA-966 was found to be
approximately 10-fold less potent than (—)-HA966
(ID,: 57.8 vs. 5.7 mg /kg, respectively). Nevertheless, a
single dose of 100 mg/kg of the (+) enantiomer was
sufficient to completely suppress the activity of the
majority of cells tested. Comparable effects were ob-
served following 10 mg/kg of (—)-HA-966. Inhibitory
effects similar to those described in the present study
have not been observed in response to either local or
systemic administration of NMDA receptor antagonists
(Tung et al., 1991; Overton and Clark, 1992; Chergui et
al., 1993; French et al., 1993; Shepard et al., 1994). To
the contrary, some of these drugs have been reported
to increase dopamine cell activity (French and Ceci,
1990; French et al., 1993). Taken together, these data
strongly suggest that mechanisms other than blockade
of NMDA receptors are involved in mediating the
rate-suppressant effects of (+)-HA-966.

Although (+)- and (—)-HA-966 proved capable of
markedly inhibiting dopamine cell activity, the effects
of both drugs required 10-20 min to become fully
expressed and were occasionally preceded by a tran-
sient excitation. The latter observation together with

the finding that some cells tested with low doses of
(—)-HA-966 exhibited a sustained elevation in firing
rate suggest that the inhibitory effects of (+)- and
(—)-HA-966 may mask an underlying excitatory effect.
In fact, y-hydroxybutyrate, a drug with many of the
same neurochemical and behavioral actions as (—)-
HA-966 including the ability to suppress dopamine cell
activity in the chloral hydrate anesthetized rat (Walters
et al., 1972; Roth et al., 1980; Engberg and Nissbrandt,
1993) has been shown to excite dopamine cells in an
unanesthetized preparation (Diana et al., 1991). More-
over, preliminary studies conducted in our laboratory
have revealed that the magnitude of the inhibitory
effects of (—)-HA-966 are significantly reduced in ke-
tamine-anesthetized animals (Shepard et al., 1993).
Thus, it is conceivable that the rate-decreasing effects
of the resolved enantiomers of (+)-HA-966 involve a
synergistic interaction with chloral hydrate.

The pharmacological basis of the relatively long
delay in onset of the inhibitory effects of the resolved
enantiomers of ( +)-HA-966 is at present unknown but
may provide important insights into the mechanisms
responsible for producing the unique electrophysiologi-
cal effects of these drugs. In addition to potential
pharmacokinetic considerations (bioavailability, first
pass effect, etc.), it is possible that the enantiomers of
(+)-HA-966 like their chemical congener, y-butyrolac-
tone, are converted to an active form by enzymatic
degradation in vivo (Roth and Giarman, 1966; Gessa et
al., 1966). Such a mechanism has been proposed to
explain the delay in onset of the behavioral effects of
(+)-HA-966 (Bonta et al., 1971). Optical specificity of
the catalytic enzyme for its substrate may favor conver-
sion of the (—) enantiomer and thus explain both the
delay in onset of the inhibitory effects as well as the
differences in potency observed between the (+) and
(—) conformations of the drug. This interpretation is
also consistent with the finding that latency to cessa-
tion of dopamine cell impulse flow following (+ )-HA-
966 was approximately twice as long as that associated
with (—)-HA-966.

As previously reported (McMillen et al., 1992; Shep-
ard and Lehmann, 1992), alterations in firing rate
produced by (+)-HA-966 were accompanied by a
marked increase in the regularity of firing as evidenced
by a dose-dependent reduction in the coefficient of
variation. Maximal effects were observed in response
to a single dose of 30 mg/kg and led to the develop-
ment of a pacemaker-like firing pattern similar to that
observed spontaneously in vitro (Sanghera et al., 1984;
Shepard and Bunney, 1988; Silva and Bunney, 1988).
Phasic activity, in the form of spike doublets or multi-
ple spike bursts, was totally suppressed by the drug.
Evidence supporting the involvement of NMDA recep-
tors in the expression of bursting activity (Johnson et
al., 1992; Overton and Clark, 1992; Chergui et al.,
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1993) together with the ability of (+ )-HA-966 to antag-
onize these receptors in vivo, make it tempting to
speculate that alterations in firing pattern following
(+)-HA-966 occur as consequence of the blockade of a
tonic excitatory drive onto dopamine cells in the sub-
stantia nigra. Support for this hypothesis derives from
previous observations that kynurenic acid, a broad-
spectrum excitatory amino acid receptor antagonist
with preferential affinity for the glycine co-agonist
binding site, is capable of suppressing bursting activity
and increasing the regularity of dopamine cell firing
(Grenhoff et al., 1988; Charlety et al., 1991). However,
one of the principal findings of the present study is
that low doses of (—)-HA-966, a compound with negli-
gible affinity for the strychnine-insensitive glycine re-
ceptor (Pullan et al., 1990; Singh et al., 1990), are also
capable of producing marked alterations in dopamine
cell firing pattern. In fact, comparison of the magni-
tude of the changes in activity patterns produced by
(+)- and (—)-HA-966 revealed the (—) enantiomer to
be approximately 10 times more potent in both regular-
izing neuronal spike trains and suppressing phasic ac-
tivity than the (+) enantiomer. These observations are
consistent with previous results in which the pattern-
regularizing effects of (+)-HA966 were found to per-
sist following systemic administration of centrally ac-
tive, competitive NMDA receptor antagonists (McMil-
len et al., 1992; Shepard et al., 1994) and suggest that
the pattern-regularizing effects of (+)-HA-966 are not
mediated by the drug’s ability to displace glycine from
its allosteric site on the NMDA receptor.

The similarity between the electrophysiological ef-
fects of (+)- and (—)-HA-966, together with the obser-
vation that the (—) enantiomer is the more potent of
the two forms of the drug suggest that both compounds
exert their effects through an interaction at the (—)-
HA-966 binding site. Although neither compound ex-
hibits appreciable affinity for GABA  receptors (Mc-
Millen et al., 1992; N. Bowery, personal communica-
tion), the electrophysiological changes produced by the
enantiomers of (+)-HA-966 are qualitatively indistin-
guishable from those produced by systemic administra-
tion of baclofen and y-hydroxybutyrate (Grace and
Bunney, 1980b; Engberg and Nissbrandt, 1993; Eng-
berg et al., 1993). Previous studies indicating that the
neurochemical and electrophysiological effects of ba-
clofen, y-hydroxybutyrate and (—)-HA-966 can be
blocked or reversed by GABA  receptor antagonists,
have provided further support for the direct involve-
ment of GABA receptors (Waldmeier, 1991; Engberg
and Nissbrandt, 1993; Engberg et al., 1993; Shepard et
al., 1993). The results of the present study indicating
that the rate-suppressant effects of (+)-HA-966 can be
fully reversed by CGP-35348 suggest that the inhibitory
effects of this drug on mesencephalic dopamine neu-
rons result from an interaction with GABA j receptors

and provide additional support for the notion that the
electrophysiological effects of the enantiomers of (+)-
HA-966 are mediated through a common mode of
action. Interestingly, neuronal firing pattern following
CGP-35348-induced reversal of the rate-suppressant
effects of (+)-HA-966 remained pacemaker-like sug-
gesting that the inhibitory and pattern-regularizing ef-
fects of the drug are mediated by different pharmaco-
logical mechanisms. The observation that the inhibitory
effects of (+)-HA-966, a drug with little or no direct
affinity for GABA 5 receptors, can be rapidly reversed
by CGP-35348 will require further study; however,
these seemingly paradoxical findings are consistent with
the notion that (+)-HA-966 may undergo metabolic
conversion to an active conformation in vivo.

Identification and characterization of the cellular
mechanism(s) mediating the unique electrophysiologi-
cal effects of (+)-HA-966 may have important preclini-
cal and clinical implications. As a potentially heuristic
model of the pacemaker-like activity exhibited by
dopamine cells in vitro, further study of the pharmaco-
logical properties of the drug may lead to additional
insights regarding the mechanisms responsible for
maintenance of normal activity patterns in vivo. The
ability of (+)- and (—)-HA-966 to potently suppress
irregular single spike and phasic activity and to induce
a uniform pacemaker-like firing pattern among
dopamine-containing neurons throughout the ventral
midbrain may also provide a useful pharmacological
tool to examine, in further detail, the influence of
neuronal firing pattern on regulation of dopamine re-
lease (Nissbrandt et al., 1994). Confirmation of a func-
tional interdependence between temporal coding and
neurotransmitter release may form the basis of a novel
strategy for reducing forebrain levels of dopamine
without evoking the deleterious side effects associated
with chronic blockade of postsynaptic dopamine recep-
tors.
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