D, Dopamine Receptor Activation Required for
Postsynaptic Expression of D, Agonist Effects
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D, and D, dopamine receptors exert synergistic effects on the firing rates of basal
ganglia neurons and on the expression of stereotyped behavior in rats. Moreover, the
ability of D, agonists to induce changes in basal ganglia single unit activity and
spontaneous motor act1v1ty is dependent upon the presence of endogenous dopaniine
to stimulate D, receptors; in rats treated with a-methyl-p-tyrosine to reduce endoge-
nous dopamine levels, the neurophysiological and behavioral effects of the D, agomst
quinpirole are significantly attenuated, while the effects of nonselective agonists like
apomorphine, which stimulate both D; and D, receptors, or combinations of a D,
agonist and a D, agonist aré not atteriuated. Thus, the previously held view that D;
receptors alone are responsible for evoking the changes in behavior and basal ganglia
output induced by nonselective dopamine agonists and endogenous dopamine is not
supported by these results, which indicate that these phenomena require concurrent
stimulation of both dopamine receptor subtypes.

first presented evidence for two dopa-

mine receptor subtypes, D; and Dy,
considerable attention has been directed to-
ward understanding the relative contribu-
tions of these receptor subtypes to the medi-
ation of physiological and behavioral phe-
nomena induced by dopamine and its ago-
nists. For years, little function was ascribed
to the D; dopamine receptors in the central
nervous system (CNS) beyond their ability
to stimulate dopamine-sensitive adenylate
cyclase. D, receptors of the CNS have been
considered responsible for eliciting the be-
havioral sequelae and certain of the bio-
chemical alterations attending the adminis-
tration of classical nonselective dopamine
agohists such as apomorphine (2) that stim-
ulate both receptor subtypes. However, sev-
eral studies have raised questions about the
presumed independence of the D; receptor
in mediating such dopamine agonist—in-
duced effects (3-6). We have therefore
sought to determine whether processes
evoked by stimulation of postsynaptic D;
and D, receptors interact to elicit neuro-
physiological and behavioral effects like
those induced by the nonselective dopamine
agonists, and to determine whether such an
interaction between receptor-mediated pro-
cesses might in fact be necessary for the
expression of these effects.

We examined the abilitiés of selective D,
and D, agonists, administered alone and in
combination, to induce apomorphine-like
changes in the activity of output neurons of
the basal ganglia and to elicit classical dopa-
mine agonist—related behaviors. The results
show that D, and D, receptors exert syner-
gistic effects on the firing rates of basal
ganglia neurons and on the expression of
stereotypic behavior in rats. Moreover, con-
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current’ stimulation of both receptor sub-
types appears to be required to evoke the
changes in behavior and basal ganglia out-
put typically observed with the nonselective
dopamine agonists. These results indicate
that currently held concepts regarding the
relative roles of the two dopamine receptor
subtypes in the CNS may need to be modi-
fied.

Effects of dopamine receptor stimulation
on basal ganglia neuronal output were stud-
ied by recording tonic extracellular single
unit activity in the rat globus pallidus (7).
The globus pallidus receives a major input
from the striatum and thus activity in the
globus pallidus is likely to reflect changes in
the level of striatal dopamine receptor stim-
ulation; it also receives a sparse but wide-
spread innervation from dopamine cells lo-
cated in the substantia nigra pars compacta
(8). Previous studies have shown that non-
selective dopamine agonists such as apomor-
phine and pergolide (9), which stimulate
both D; and D, receptors, substantially
increase the activity of cells in the globus
pallidus (10-13). Similar changes are not
induced by drugs that alter serotonin or
norepinephrine receptor stimulation (10,
12, 14).

When administered systemically, the se-
lective D, agonist quinpirole induced dose-
dependent increases in pallidal neuron activ-
ity that were significantly smaller than those
induced by the nonselective agonists, even
though the efficacy and potency of quinpi-
role at inhibiting the activity of dopamine
cells in the substantia nigra pars compacta
via the dopamine D, autoreceptors are equal
to that of apomorphine (13). When SKF
38393, a selective D; agonist, was adminis-
tered before quinpirole, however, marked
increases in pallidal neuron activity, indistin-

guishable from those indiiced by apomor-
phine, were observed. The inactive form of
SKF 38393, S-SKF 38393 (15), did not
potentiate the effécts of quinpirole (13). Our
results indicate that the synergistic effects of
quinpirole and the D, agonist reflect a gen-
eral property -of dopamine D; and D, recep-
tor function rather than a pharmacodynamic
or 1dlosyncrat1c interaction between these
two agonists; a second selective D, agonist,

RU 24926, produced similar effects when
given together with SKF 38393. RU 24926
(16) is structurally dissimilar to quinpirole
(17) and is also equipotent with apomor-
phine in inhibiting the activity of substantia
nigra dopamine cells (13). Administration
of RU 24926 (0.3 mg per kilogram of body
weight, intravenously) alone produced an
average increase in pallidal neuron firing
rates of 30 £ 9% (SEM, » = 8) (Figs. 1A
and 2). SKF 38393, given aloné (20 mg per
kilogram of body weight, mtravenously)

produced an average raté increase of
17+ 6% (»=43) (Fig. 2). However,

when RU 24926 was administered 15 min-
utes after SKF 38393, a significantly poten-
tiated rate increase of 85 + 17% (»n = 12)
was observed (Figs. 1B and 2). As with
quinpirole, this increase is comparable to
that induced by an equimolar dose of apo-
morphine (Figs. 1E and 2) or pergolide,
greater than that observed with RU 24926
or SKF 38393 alone, and greater than the
ddditive effects of SKF 38393 and RU
24926 given separately (18).

Behavioral studies of the effects of selec-
tive Dy and D, receptor stimulation yield
compatible results. Quinpirole (3 mg per
kilogram of body weight, subcutaneously)
significantly increased nonstereotypic loco-
motion, grooming, and sniffing in the nor-
mal animal, but failed to induce the intense,
continuous stereotyped behavior - typically
observed with apomorphine (0.75 mg per
kilogram of body weight, subcutaneously)
(Table 1). Behaviors observed with this dose
of quinpirole resemble those elicited by low-
er doses (in the range of 0.2 mg per kilo-
gram of body weight, subcutaneously) of
apomorphine (19). Moreover, even at high
doses (48 mg per kilogram of body weight),
quinpirole does not elicit intense licking,
biting, gnawing, or repetitive head and limb
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patterned stereotypic behaviors (20). Simi-
larly, SKF 38393 (20 mg per kilogram of
body weight, subcutaneously) elicited in-
tense grooming, but no stereotypic behav-
ior. However, when quinpirole was admin-
istered 51multaneously with SKF 38393,
intense stereotypic licking, biting, and
gnawing behavior was observed with a con-
comitant decrease in organized motor activi-
ties such as locomotion, grooming,  and
sniffing (Table 1). In addition, as in the
electrophysiological studies, evidence of
synergistic interactions between D; and D,
receptors was observed in behavioral studies
utilizing RU 24926 (3 mg per kilogram of
body weight, subcutaneously). This second
selective D, receptor agonist also induced
no intense, focused licking, biting, or gnaw-
ing or head and limb patterned stereotypies,
although  nonstereotypic  locomotion,
grooming, and sniffing were observed.
When SKF 38393 was administered simul-
taneously with RU 24926, however, intense
stereotypy was induced; nonstereotypic
grooming, sniffing, and locomotion were
concomitantly reduced (Table 1).

The requirement for both D; and D,
receptors to be stimulated to induce changes
in behavior and tonic pallidal neuron activi-
ty comparable to those occurring with non-
selective dopamine agonists could explain
the puzzling observation that the selective
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D, antagonist SCH 23390 blocks the be-
havioral effects of apomorphine and am-
phetamine (4), as well as the finding that
SCH 23390 attenuates the effects of apo-
morphine and d-amphetamine on pallidal
cell activity (12). In fact, SCH 23390 is as
potent a blocker of apomorphine’s effects on
pallidal activity as YM-09151-2, a D, antag-
onist (21) (Fig. 3). The inactive S enantio-
mer of the D, antagonist, SKF 83566 (0.1
mg per kilogram of body weight), the 8-
bromo analogue of SCH 23390 (22), failed
to attenuate the rate-increasing effects of
apomorphine (0.3 mg per kilogram of body
weight) on pallidal cell activity. These stud-
ies show that stereoselective D; receptor
blockade, as well as D, receptor blockade,
attenuate the effects of a nonselective dopa-
mine agonist on globus pallidus neurons
and further support the idea that apomor-
phine’s effects in the basal ganglia require
concurrent Dy and D, receptor stimulation.

Our results raised another question: could
the characteristic effects induced by a D,
agonist depend on endogenous dopamine
that was providing tonic D, receptor stimu-
lation? The fact that SCH 23390 attenuated
the effects of quinpirole on pallidal single
unit activity (12) supports this view. In
addition, our data (Table 1) demonstrate
the attenuating effect of SCH 23390 on
behaviors induced by quinpirole. The role of

AMPT-treated

Fig. 1. Effects of dopamine agonists on the single unit activity of spontaneously active globus pallidus
neurons. (A) RU 24926 (RU) (0.3 mg/kg), administered as a single bolus intravenous dose, induced
modest increases in pallidal cell activity, which were reversed by administration of the D, antagonist,
YM-09151-2 (YM) (0.2 mg/kg). (B) Administration of SKF 38393 (SKF) (20 mg/kg) had no
significant effect on the firing rate of this pallidal neuron. However, when RU 24926 (0.3 mg/kg) was
given 15 minutes after SKF 38393 (20 mg/kg), the resulting increase in firing was significantly greater
than the effect observed when this dose of RU 24926 was administered alone. (C) Quinpirole (QUIN)
(1 mg/kg) increased the firing rates of pallidal neurons. The dose of quinpirole administered here is
greater than the doses of RU 24926 and apomorphine shown in (A) and (E), respectively, and is a
maximally effective dose in the globus pallidus (13). YM-09151-2 (0.2 mg/kg) reversed the effect of
quinpirole on firing rate. (D) In animals pretreated with AMPT (23), quinpirole (1.0 mg/kg) induced
nonsignificant changes in pallidal cell activity. Subsequent administration of SKF 38393 (20 mg/kg)
caused a rate increase similar to that induced by the combination of the D, and D, agonists shown in
(B) and similar to that induced by the administration of apomorphine, a nonselective D,-D, agonist, as
shown in (E) and (F). This rate increase was reversed by haloperidol (HAL) (0.2 mg/kg). (E)
Apomorphine (APO) (0.3 mg/kg) markedly increased pallidal neuron activity. (F) AMPT pretreatment
(23) did not attenuate the effects of apomorphine (0.3 mg/kg).
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Fig. 2. Bar graph showing averaged effects of
selective and nonselective Dy-D, dopamine ago-
nists on globus pallidus neuron activity in normal
animals and animals pretreated with AMPT (23).
Drugs were administered intravenously at doses
shown in Fig. 1, (A) through (F). Bars represent
the mean and SEM. The number of neurons (that
is, the number of animals) studied was: APO, 21;
RU, 8; SKF, 43; RU + SKF, 12; QUIN, 12;
QUIN + AMPT, 10; QUIN + SKF + AMPT;
9; APO + AMPT, 5. *, Significantly different
(27) from apomorphine in normal and AMPT-
treated rats and from the combination of RU
24926 and SKF 38393; t, significantly different
from apomorphine in normal and AMPT-treated
rats; F, significantly different from quinpirole in
riormal rats, from the quinpirole and SKF 38393
combination, and from apomorphine in normal
and AMPT-treated rats.

tonic endogenous D; receptor stimulation
in the induction of neurophysiological and
behavioral phenomena by D, agonists was
therefore explored in animals in which en-
dogenous dopamine levels were reduced be-
fore the experiment by a-methyl-p-tyrosine
(AMPT) treatment (23). If the D, receptor
independently mediates the effects of the D,
agonist, then the full range of behavioral
and neurophysiological effects occurring in
intact animals should persist in such a prepa-
ration. In fact, the effect of a quinpirole dose
(1 mg per kilogram of body weight, intrave-

-nously) that increases pallidal cell firing in

the normal rat was significantly atteriuated
in rats pretreated with AMPT (Figs. 1D and
2). However, when SKF 38393 was admin-
istered after quinpirole to AMPT-treated
rats, marked increases in pallidal neuron
firing rates were observed equivalent to
those induced by either apomorphine or by
the combination of these agents in the intact
animal (Fig. 1, E and F, and Fig. 2). Consis-
tently, the effects of apomorphine, which is
capable of stimulating both receptor sub-
types, were not attenuated in AMPT-treated
rats. Increases in pallidal neuron activity
after apomorphine administration in this
preparation did not significantly differ from
the increases induced by apomorphine in the
intact animal.

The behavioral effects of quinpirole and
SKF 38393 in normal and catecholamine-
depleted rats paralleled these neurophysio-
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logical effects (Table 1). In AMPT-treated
rats, the ability of quinpirole to elicit the
behaviors produced by this drug in normal
animals was significantly diminished; fre-
quencies of total motor activity as well as
individual behaviors such as locomotion,
sniffing, or grooming did not differ from
those observed in controls receiving only
vehicle and no AMPT. However, when
quinpirole and SKF 38393 were adminis-
tered in combination to AMPT-treated ani-
mals, marked stereotyped behavior resem-
bling that typically seen after apomorphine
or amphetamine administration was ob-
served. Thus, a reduction in endogenous
dopamine levels substantially attenuated the
ability of quinpirole to induce behavioral
changes in the AMPT-treated rat, while the
full extent of apomorphine-like effects oc-
curred only when the D; and D, receptors
were stimulated simultaneously.

Our results indicate that D, dopamine
receptors are not independently responsible
for mediating postsynaptically induced ef-
fects of nonselective dopamine agonists such
as apomorphine. Rather, a synergistic inter-
action between Dy and D, dopamine recep-
tor-regulated processes appears to be essen-

tial for the expression of behavioral phe-
nomena typically associated with postsynap-
tically active doses of nonselective dopamine
agonists, as well as the increases in tonic
single unit activity in the globus pallidus
evoked by systemic administration of these
agents. Moreover, the behavioral or physio-
logical effects induced by selective D, ago-
nists apparently require the presence of en-
dogenous dopamine concurrently stimulat-
ing the Dy receptor. These conclusions are
supported by a behavioral study that moni-
tored dopamine agonist—induced rotation
after a striatal quinolinic acid lesion (6) and by
observations suggesting that the ratio of D; to
D, receptor stimulation may determine the
nature of behaviors expressed in intact and
catecholamine-depleted animals (24).
Synergistic interactions between dopa-
mine receptor subtypes also appear to occur
in animals with supersensitive dopamine
receptors; these interactions have been dem-
onstrated by behavioral studies (25) and
neurophysiological investigation of single
unit activity in the substantia nigra pars
reticulata, a second major basal ganglia out-
put nucleus (26). Quinpirole and SKF
38393, at doses which, when given alone,

Table 1. Behavioral effects of the D, agonists quinpirole and RU 24926 and the D, agonist SKF 38393
administered independently and concurrently to control and AMPT-treated rats. Behavioral scores are
expressed as the percent of the total number of intervals in which that behavior was observed. Male,
Sprague-Dawley rats (250 to 300 g) were placed individually in 34 by 44 by 18 cm observation cages
with 1 by 1 cm wire grid on the bottom and front walls and were allowed 2 hours to accommodate
before testing. AMPT treatment was as described (23). Quinpirole, RU 24926, and SKF 38393 were
administered subcutaneously in doses of 3 mg/kg, 3 mg/kg, and 20 mg/kg, respectively. SCH 23390 in
a dose of 0.1 mg/kg was injected intraperitoneally. Behaviors were assessed by an observer unaware of
the animal treatments. Specific behaviors (28) were rated as present or absent in a series of consecutive
intervals uniformly distributed throughout the total period of observations. Observation intervals were
generally 15 seconds in length and ranged from 10 to 20 in number. The total duration of behavioral
observations ranged from 60 to 150 minutes in these experiments. Data were analyzed for statistical
significance with Wilcoxon—Mann-Whitney Rank Sum tests and appropriate Bonferroni correction.
The criterion of significance was P < 0.05.

Nonstereotypic behaviors Intense Total
(% of time) stereo- mqt(i)r
Treatment n A activity
typy (% (% of
Locomotion Sniffing Grooming of time) time)
Control 6 32 5+3 11+3 0=0 15+ 4
Quinpirole 6 62 11*t 62 = 13*t 54 + 13*f 0= 0t 100 = 0*
SKF 38393 7 145 % 325 *f 52+ 5% 00t 72 * 6*
Quinpirole and 7 4=x2 4=+3 3+2 86 * 8* 100 = 0%
SKF 38393
RU 24926 6 26 x 6%f 68 + 9%t 45 + 14*f 00t 90 + 5*
RU 24926 and 6 3x2 9+3 2+2 82 + 7% 99 + 1*
SKF 38393
Quinpirole 5 54 = 16¥| 72 = 14%] 48 + 13¥| 0x0 100 = 0¥
Quinpirole and 6 1+1§ 9 + 4§ 5=+ 4§ 00 10 = 4§
SCH 23390
Quinpirole with 6 11=x3§ 6 = 3§ 42§ 00 24 *+ 4§
AMPT pretreatment
Quinpirole and
SKF 38393 with 8 4+ 3§ 2=x2§ 11§ 95 + 4*§| 99 + 1¥|
AMPT pretreatment
*Significantly different from control. tSignificantly different from quinpirole and SKF 38393.  iSignificantly
different from RU 24926 and SKF 38393.

ISigni; cantlg different from quinpirole and SCH 23390 and also from

quinpirole with AMPT pretreatment. SSignificantly different from quinpirole.
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Fig. 3. Dose-response curves comparing the rela-
tive abilities of the D; antagonist SCH 23390 and
the D, antagonist YM-09151-2 to block the
excitatory effects of apomorphine on pallidal neu-
ronal firing. SCH 23390 (@) or YM-09151-2
(W) were administered intravenously over a range
of doses 3 minutes before administration of 0.3
mg/kg apomorphine. Only one dose was adminis-
tered per experiment. Each point represents the
mean response of all cells observed after apomor-
phine administration at a given dose of the antag-
onist (# = 5 to 10). Vertical bars represent SEM.

induce no significant effect on substantia
nigra pars reticulata neuronal activity will,
when administered simultaneously, induce
marked decreases in firing rates of these
neurons (26). Thus, synergistic interactions
between Dy and D, receptors or between
the processes they regulate appear to occur
in the basal ganglia of both normal animals
and animals with supersensitive dopamine
receptors.

These results imply that, like the nonselec-
tive agonists, endogenous dopamine may
induce certain of its behavioral and electro-
physiological effects in the intact animal by
concurrent stimulation of both receptor
subtypes. In this respect, the central dopa-
mine system seems unlike most central trans-
mitter systems with multiple receptor sub-
types studied thus far. Consideration of the
functional interaction between D; and D,
receptors could have important implications
in disorders such as Parkinson’s disease and
schizophrenia, where stimulation or block-
ade of postsynaptic dopamine receptors con-
fers symptomatic benefit. Knowledge of the
optimal ratio of relative drug activity at D,
and D, receptors may provide a basis for
improved treatment in therapeutic situa-
tions where dopamine receptor stimulation
or blockade is warranted.

REFERENCES AND NOTES

1. J. W. Kebabian and D. B. Calne, Nature (London)
277,93 (1979).

2. P. Seeman, Pharmacol. Rev. 32, 229 (1980); 1.
Creese, D. R. Sibley, M. W. Hamblin, S. E. Leff,
Annu. Rev. Neurosci. 6, 43 (1983).

3. O. Gershanik, R. E. Heikkila, R. C. Duvoisin,
Neurology 33, 1489 (1983).

4. L. C. Iorio, A. Barnett, F. H. Leitz, V. P. Houser,
C. A. Korduba, J. Pharmacol. Exp. Ther. 226, 462
(1983); R. B. Mailman ez al., Eur. . Pharmacol.
101, 159 (1984); A. G. Molloy and J. L. Wadding-
ton, #bid. 116, 183 (1985); M. T. Pugh, K. M.
O’Boyle, A. G. Molloy, J. L. Waddington, Psycho-

REPORTS 721



pharmacology 87, 308 (1985); F. J. White and R. Y.

Wang, J. Nenrosci. 6, 274 (1986).

. M. Mashurano and J. L. Waddington, Nexrophar-

macology 25, 947 (1986).

6. P. Barone, T. A. Davis, A. R. Braun, T. N. Chase,
Eur. J. Pharmacol. 123, 109 (1986).

7. Techniques for extracellular, single unit recording as
described [B. S. Bunney, J. R. Walters, R. H. Roth,
G. K. Aghajanian, J. Pharmacol. Exp. Ther. 185, 560
(1973)]. Preparation of animals and electrophysio-
logical identification of neurons in the globus palli-
dus as described [D. A. Bergstrom and J. R. Walters,
J. Nenrosci. 1, 292 (1981)].

8. A. Graybiel and C. W. Ragsdale in Progress in Brain
Research, M. Cuenod, G. W. Kreutzberg, F. E.
Bloom, Eds. (North-Holland, Amsterdam, 1979),
vol. 51, pp. 239-283; O. Lindvall and A. Bjork-
lund, Brain Res. 172, 169 (1979).

9. M. Goldstein et al., Proc. Natl. Acad. Sci. US.A. 77,
3725 (1980).

10. D. A. Bergstrom and J. R. Walters, J. Neurosci. 1,
292 (1981); D. A. Bergstrom, S. D. Bromley, J. R.
Walters, Eur. J. Pharmacol. 78, 245 (1984).

11. D. A. Bergstrom, S. D. Bromley, J. R. Walters,
Brain Res. 238, 266 (1982).

12. J. H. Carlson, D. A. Bergstrom, J. R. Walters, Eur.
J. Pharmacol. 123, 237 (1986).

13. J. H. Carlson, D. A. Bergstrom, J. R. Walters, Brain
Res. 400, 205 (1987).

14. Dopamine receptors that are able to most directl
induce these changes in the activity of globus palli-
dus neurons include the D; and D, dopamine
receptors in the striatum as well as the D, dopamine
receptors more sparsely distributed in the globus
pallidus and the D; dopamine receptors located on
the terminals of the striatopallidal cells [S. I. Walaas
and P. Greengard, J. Neurosci. 4, 84 (1984); M.-P.
Martres, M.-L. Bouthenet, N. Sales, P. Sokoloff, J.-
C. Schwartz, Science 228, 752 (1985)]. Dopamine
autoreceptors located on the substantia nigra pars

com[;)acta dopamine neurons do not appear to be

involved in mediating these changes in neuronal
activity of the globus pallidus [D. A. Bergstrom, S.
D. Bromley, J. R. Walters, Brain Res. 238, 266
(1982)].

15. P. E. Setler, H. M. Sarau, C. L. Zirkle, H. L.
Saunders, Eur. J. Pharmacol. 50, 419 (1978); A. G.
Molloy and J. L. Waddington, Psychopharmacology
82, 409 (1984); K. M. O’Boyle and J. L. Wadding-
ton, Eur. J. Pharmacol. 98, 433 (1984).

16. C. Euvrard, J. Premont, C. Oberlander, J. R. Bois-
sier, J. Bockaert, Naunyn-Schmicdebergs Arch. Phar-
makol. 309, 241 (1979); C. Euvrard et al., Neuro-
pharmacolggy 19, 379 (1980).

17. R. D. Titus et al., . Med. Chem. 26, 1112 (1983);
K. Tsuruta et al., Nature (London) 292, 463 (1981).

18. A tenfold higher dose of RU 24926 (3.0 mg/kg,
intravenously) produces a 55 = 14% (SEM, » = 7)
(13). Thus, the increase observed with combined
administration of 0.3 mg/kg RU 24926 and 20

mﬂg/kg SKF 38393 is also greater than the additive

effects of 20 mg/kg SKF 38393 and 3.0 mg/kg RU
24926 when given individually.

19. P. J. Fray, B. J. Sahakian, T. W. Robbins, G. F.
Koob, S. D. Iversen, Psychopharmacology 69, 253
(1980).

20. A. R. Braun, unpublished observations.

21. M. Terai, S. Usuda, I. Kuroiwa, O. Noshira, H.
Maeno, Jpn. . Pharmacol. 33, 749 (1983).

22. K. M. O’Boyle and J. L. Waddington, Eur. J.
Pharmacol. 106, 219 (1984).

23. AMPT was administered at a dose of 300 mg/kg,
intraperitoneally, 4 hours and 200 mg/kg, intraperi-
toneally, 2 hours before administration of dopamine
agonists in both recording and behavioral studies.
Striatal dopamine levels, as determined by high-
performance liquid chromatography with electro-
chemical detection, were reduced by 70% with this
AMPT pretreatment schedule as compared to con-
trol striatal dopamine content (116.2 * 4.3 ng per
milligram of protein).

24. A. R. Braun and T. N. Chase, Soc. Nenrosci. Abstr.
11, 671 (1985).

25. D. M. Jackson and M. Hashizume, Psychopharmacol-
ogy 90, 147 (1986); G. S. Robertson and H. A.
Robertson, Brain Res. 384, 387 (1986).

26. B. G. Weick and J. R. Walters, Brain Res. 405, 234
(1987).

27. Statistical differences among groups were calculated
with analysis of variance and Duncan’s multiple
range test. For all statistical analyses, significance
was determined using a criterion of significance of
P < 0.05.

28. A behavioral checklist was utilized that allowed for

w

722

independent quantification of individual motor be-
haviors as well as posture and movements of the
head, mouth, trunk, and limbs. Behaviors such as
locomotion or grooming were rated as present in an
interval whenever these were documented on the
checklist. Stereotyped behavior was rated indepen-
dently. Stereotzfy was rated as present in an interval
when the animal received a score of 3 or greater on a
modified Ernst Scale [H. L. Klawans, C. G. Goetz,
P. M. Carvey, Clin. Neuropharmacol. 6,129 (1983)]
or when characteristic repetitive and invariant pat-
terns of head and limb movements were present.

29. We thank R. Vane for technical assistance and the
following drug companies for their generous gifts of
drugs: Eli Lilly and Co., Smith Kline and French
Laboratories, Schering-Plough, Roussel-UCLAF,
and Yamanouchi Pharmaceutical Co. Part of this
work represents partial fulfillment of the require-
ments for a Ph.D. degree at the Department of
Pharmacology, Graduate School of Arts and Sci-
ences, George Washington University, Washington,
DC, for J.H.C.

24 November 1986; accepted 11 March 1987

Proteolytic Self-Cleavage of Hepatitis B Virus Core
Protein May Generate Serum e Antigen

RoGeERrR H. MILLER

A model is proposed to explain the presence of the e antigen (HBeAg) of hepatitis B
virus (HBV) in the serum of individuals infected with this virus. The e antigen, which
has only recently been characterized, is a fragment of the virus core, or nucleocapsid,
protein. Serum HBeAg is a valuable clinical marker for active HBV infection because
its appearance correlates both with virus replication in the liver and with the presence
of circulating virions. In this study a protease-like amino acid sequence was identified
at the amino terminus of the core protein sequence. Experimental evidence indicates
that HBeAg may be produced by proteolytic self-cleavage of the core protein.

HREE ANTIGEN COMPLEXES ARE AS-

sociated with infection by hepatitis B

virus (HBV). The outer viral coat
protein is detected as surface antigen
(HBsAg) and the inner nucleocapsid pro-
tein as core antigen (HBcAg). The serum of
infected individuals contains intact virions
(Dane particles) and two viral antigens not
associated with infectious particles: HBsAg
and ¢ antigen (HBeAg). Free HBsAg circu-
lates as spherical and tubular particles: these
noninfectious forms have been used to pro-
duce the serum-derived HBV vaccine. In
contrast, HBeAg occurs as a soluble protein
in the serum. The relationship of HBeAg to
HBV has only recently been established.
The finding of HBeAg reactivity in virus
particles only when they were disrupted in
vitro implied that HBeAg was present in the
whole virus, but in a cryptic form. Further
analysis demonstrated that both HBeAg and
HBcAg reactivities were associated with the
viral core protein and that HBeAg was, in
fact, a fragment of the HBcAg molecule (1,
2). Analysis, by amino acid mapping, posi-
tioned HBeAg at the amino (NH,) terminal
half of the core molecule. The vast majority
of soluble HBeAg in serum is not derived
trom HBcAg released from disrupted viri-
ons. It is, for an unknown reason, synthe-
sized in excess during virus replication in
hepatocytes and released from these cells as a
soluble protein. Data presented here suggest
that HBeAg may be produced by proteolytic
self-cleavage of HBcAg in infected hepato-

cytes.

Human HBV is the prototypic member
of the hepadnavirus family, which includes
similar viruses which infect ground squir-
rels, woodchucks, and ducks. Recent studies
show that the hepadnaviruses and retrovi-
ruses may be genetically related because they
share a novel mechanism of genome replica-
tion involving reverse transcription of RNA
(3), and because the nucleotide and predict-
ed amino acid sequences of the genomes of
these virus families share sequence homolo-
gy (4, 5). Recent data also indicate that
hepadnaviruses may express the polymerase
protein as a nucleocapsid polymerase poly-
protein, as do retroviruses (6). The protease
gene sequence of retroviruses has been iden-
tified, and the putative active site has consid-
erable homology with cellular acid, or car-
boxyl, proteases. However, no such protease
gene sequence or protease activity has been
identified in hepadnaviruses.

In this report I present evidence for a
protease-like sequence in the predicted ami-
no acid sequences of hepadnaviruses. The
amino acid sequences of the hepadnavirus
gene products (core, surface, polymerase,
and X genes) were examined for sequences
homologous with those of retroviral and
cellular proteases. This analysis revealed the
presence of a protease-like sequence located
at the NH, terminus of the viral core protein
sequence. This is likely to be a biologically
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