to Hg?* (Fig. 2A) was seen in both Hg**
experiments. A similar transient effect of
Hg?*, as well as its irreversibility, has
been observed in other in vitro systems
©).

In view of the results with Pb** and
Hg?2* it occurred to us that Cd?*, a heavy
metal widely distributed in the environ-
ment and now causing increasing con-
cern clinically (/10), might prove toxic to
the retina. Accordingly, using CdCl, we
performed two experiments on receptor
potential amplitude (Fig. 2B). A 12.5 uM
concentration of Cd*" diminished the
amplitude of the rod response by 50 per-
cent, while leaving the cone response
unaffected. Since in the second of these
experiments 5.0 uM Cd?*depressed the
rod response 27 percent, it would seem
that the effect of Cd** (like that of Pb**)
is concentration-dependent. The effects
of Cd*" and Pb?** were also similar with
respect to both reversibility and the ki-
netics of onset of, and recovery from,
the amplitude depression. Although it
still did not affect the cones, Cd?*
appears to be two to three times more
potent than Pb?** in depressing the
rod potential (Figs. 1A and 2B); in other
systems Cd?* was more toxic than either
Pb*" or Hg?" (9). Perhaps, therefore,
scotopic vision deficits may be found in
clinical or experimental situations after
Cd** exposure.

The mechanism of action of heavy
metals on the rod photoreceptors is not
yet clear. Divalency of cations in general
apparently is not the main factor since
barium increases the rod response ampli-
tude (/7). By itself, that the effect of
Hg?* is irreversible indicates that Hg?*
acts in a manner somewhat different
from Pb*" and Cd?*. In addition, only
with Hg?*" did we see an initial transient
increase in rod response amplitude prior
to the typical decrease in rod potential
observed with all three heavy metals.
This initial transiency may or may not be
responsible for the delay in the depres-
sive effect of Hg?" as compared to Pb?*
and Cd?*. It is possible that Hg?* is ac-
tually causing a selective degeneration of
the rods, a capability that has been dem-
onstrated in retinal cell cultures under
conditions similar to ours (/2). The rapid
onset of the depression of the rod re-
sponse with Pb?>* and Cd?** and, espe-
cially, the reversibility may rule out cell
degeneration as a factor. Alternatively,
heavy metals have been shown to bind to
ligands such as sulfhydryls (/3), to de-
crease the activity of the Na*, K*-adeno-
sinetriphosphatase pump (/4), to inhibit
the activity of calcium pumps (/5), and
to alter the permeability of cell mem-

branes to Na* and K* (/3, /6)—phenom-
ena that occur or are proposed to occur
in retinal rods (I7-19).

A major problem in proposing a mech-
anism of action of the heavy metals is
providing an explanation for the lack of
effect on the cone photoreceptors. Cones
are not impervious to attack by divalent
cations since barium causes a decrease
in cone response amplitude (/7).

Little biochemistry has been done on
retinal cones but it is usually assumed
that their characteristics would be simi-
lar to those of the rods. A known dif-
ference between rods and cones is the
outer segment morphology (20). Rod
outer segments contain saccules or
disks, which are enclosed by the plasma
membrane but isolated from that mem-
brane; these may function in the genera-
tion of the rod receptor potential (/9).
Cones usually have no such disks and
their lamellae, which are analogous to
the rod disks, are continuous with the
extracellular fluid 20). This morphologi-
cal difference may somehow account for
the fact that Pb%*", Hg?>", and Cd2*,
depress the rod receptor potential ampli-
tude but leave the cones unaffected.

D. A. Fox*, A. J. SILLMAN
Department of Animal Physiology,
University of California, Davis 95616
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Dopamine Auto- and Postsynaptic Receptors: Electrophysiological

Evidence for Differential Sensitivity to Dopamine Agonists

Abstract. The responses of dopamine cells in the substantia nigra to iontophoreti-
cally administered dopamine and intravenous apomorphine were compared to the
responses of spontaneously active neurons in the caudate nucleus. Dopaminergic
cells were six to ten times more sensitive to dopamine and intravenous apomorphine
than 86 percent of the caudate cells tested. This differential sensitivity of dopamine
auto- and postsynaptic receptors may explain the apparently paradoxical behavioral
effects induced by small compared to large doses of some dopamine agonists and
may provide a means of developing new types of drugs to antagonize dopaminergic

influence in the central nervous system.

Recent biochemical and electrophysi-
ological studies have provided evidence
for a new dopaminergic receptor whose
function seems to be the regulation of
dopamine (DA) influence on post-

80 0036-8075/79/1005-0080$00.50/0 Copyright © 1979 AAAS

synaptic cells. This presynaptic receptor
(autoreceptor) is present both on caudate
dopaminergic nerve terminals, where it
appears to regulate transmitter synthesis
and release (/), and on nigral dopaminer-
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Fig. 1 (left). Log dose-response curves for inhibition of firing rate of spontaneously active neurons in the substantia nigra zona compacta (SN)
(autoreceptor) and the head of the caudate nucleus (CN) (postsynaptic receptor) in response to jontophoretically applied DA (0.1M, pH 4). Each
point on the curve represents the mean inhibition (N = 10) obtained at a giVén ejection current of DA. The vertical bars represent the standard
error of the mean. Asterisks indicate significant differences from control (P < .001, Student’s -test). Despite marked differences in the sensitivi-
ties of these two receptors to weak iontophoretic DA currents (10 to 40 nA), no difference was discernible at a current of 80 nA. This suggests that

whenever one attempts to compare receptor sensitivities, it is important that dose-response curves be obtained.

Fig. 2 (right). Cumulative log

dose-response curves for inhibition of firing rate of spontaneously active neurons in the substantia nigra zona compacta (SN) and the head of the
caudate nucleus (CN) in response to systemic APO. Each point on the curve represents the mean inhibition (N = 10) obtained at a given
cumulative dose. Apomorphine was administered intravenously in increasing incremental doses. The vertical bars represent the standard error of
the mean. Asterisks indicate significant differences from control (P < .001, Student’s ¢-test).

gic cell bodies (2), where it may be in-
volved in dendrodendritic synapses on
dopaminergic or nondopaminergic neu-
rons (3). Is this receptor more sensitive
to dopamine agonists than the post-
synaptic DA receptor? If it were more
sensitive, one would predict that DA
agonists in small doses might produce
biochemical or behavioral effects which
resemble those commonly seen with DA
antagonists. Several studies have at-
tempted to answer this question. For ex-
ample, it has been found ) that small
doses of the direct-acting DA agonist
apomorphine (APO) decrease locomotor
activity (an effect not dissimilar to the
decrease in motor activity after adminis-
tration of DA receptor blockers such as
neuroleptic medication), whereas larger
doses produce the usual behavioral ef-
fect seen with DA agonists—increased
locomotor activity. To explain these
dose-dependent, opposite, behavioral ef-
fects of APO, it has been suggested that
in small doses APO acts on autorecep-
tors to inhibit the activity of the dopa-
minergic neuron and decrease DA release,
whereas in larger doses it stimulates
postsynaptic receptors directly (5).

In this report we describe experiments
in which electrophysiological techniques
were used to measure the sensitivity of
DA auto- and postsynaptic receptors to
DA agonists. We give evidence that DA
autoreceptors on nigral dopaminergic
cell bodies and dendrites are at least six
to ten times more sensitive to the inhib-
itory effects of DA agonists than are
postsynaptic DA receptors located on 86
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percent of the spontaneously active cells
in the caudate nucleus.

Experiments were perforﬁiéd in which
single-unit recording and iontophoretic
techniques (6) were used. A 3-mm burr
hole was drilled at coordinates within the
head of the caudate nucleus (anterior,
8380 um and posterior, 3000 xm) in a
group of Sprague-Dawley a}lbino rats
paralyzed with gallamine. In another
group, a 3-mm burr hole was drilled in
the center of the zona compacta of the
substantia nigra [anterior, 1950 uwm and
lateral, 2200 wm, according to Konig and
Klippel (7)]. Recordings were made from
cells whose characteristics matched
those of cells identified as dopaminergic
in the zona compacta of the substantia
nigra (6) and from spontaneoti§ly active
caudate potentials (type I and type II)
8). Responses to increasing currents of
iontophoretic DA were determined, and
microiontophoretic =~ warm-up effects
were carefully controlled (9). Currerit
artifact was checked by ejecting com-
parable currents of up to 100 nA from
the balance channel containing 4M
NaCl; in no case did this current affect
the firing rate of the cell.

Cells in the zona compacta (N = 10)
were more sensitive to DA at low ion-
tophoretic currents than were the type
1 potentials in the caudate nucleus
(N = 10). A 50 percent reduction in fir-
ing rate was measured in the zona com-
pacta with DA currents of 20 nA; cur-
rents of 50 nA were necessary to cause a
comparable reduction in caudate neuro-
nal activity (Fig. 1). At the highest ion-

tophoretic current (80 nA), there was no
difference in the degree of response of
the two receptors to DA; thus, both the
autoreceptor and the postsynaptic recep-
tor displayed a ceiling response to DA. It
was not possible to totally inhibit the fir-
ing of nigral dopaminergic cells or the
majority of caudate cells with currents of
up to 100 nA.

In an effort to further compare the sen-
sitivities of the pre- and postsynaptic re-
ceptors, we measured the effects of sys-
temically administered APO. Figure 2
shows APO dose-response curve for do-
paminergic cells (N = 10) and spontane-
ously active type I caudate potentials
(N = 10). Dopaminergic cells were more
sensitive than the caudate cells. A medi-
an effective dose (EDs,) for inhibition of
nigral cells of 8 ug of APO per kilogram of
body weight (intravenously) was found;
this confirmed the findings of Guyenet
and Aghajanian (/0). In contrast, the
ED;, for APO in the caudate nucleus
was 50 ug/kg. In addition, three type I
caudate cells failed to respond to APO
at all.

Finally, the responses of spontaneous-
ly active type II potentials in the caudate
nucleus were examined. This type of cell
had a far more complex response to APO
than either the type I potentials or the
dopaminergic cells. Of the 14 type II
cells examined, five showed a biphasic
response to APO, increasing their firing
rates with small doses of APO (2 to 4 ug/
kg, intravenously) but reducing their fir-
ing rates by the time the dosage had been
doubled or quadrupled. Thus, intrave-
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nous doses as small as 8 ug/kg were ef-
fective in inhibiting the firing rate of type
II cells by at least 50 percent. Six type II
cells were inhibited by doses of APO
comparable to those that affected type I
cells (ED;, = 50 ug/kg, intravenously).
Finally, three of the 14 cells did not re-
spond at all to intravenous doses of APO
as large as 400 ug/kg.

These data provide direct evidence
that dopaminergic neurons are more sen-
sitive than most caudate neurons to DA
agonists (/1). On the basis of these data,
a biphasic response of caudate neurons
to systemically administered APO would
be expected; small doses would be ex-
pected to reduce dopaminergic neuron
firing and thus increase caudate neuron
activity, whereas larger doses would be
expected to stimulate postsynaptic re-
ceptors directly and thus decrease cau-
date activity. Indirect evidence for such
phenomena has been obtained in bio-
chemical and behavioral studies (/, 5).
Small intraperitoneal doses of APO (20
ug/kg) decrease motor and tyrosine hy-
droxylase activity, whereas large intra-
peritoneal doses (500 wg/kg) increase
movement.

The autoreceptor response is of partic-
ular interest in light of possible mecha-
nisms of regulation of nigral DA system
activity. Our finding that the micro-
iontophoretic administration of DA was
unable to completely stop the firing of
active cells in the zona compacta or the
majority of cells in the caudate nucleus,
whereas intravenous APO effectively
shut off nigral cells, may provide evi-
dence for a relative participation of pre-
and postsynaptic systems in the regula-
tion of neuronal DA. The importance of
striatonigral feedback pathways for me-
diating drug-induced changes in dopa-
minergic activity is emphasized in these
findings. It is of particular interest that
the dose of APO that produced a 50 per-
cent reduction in type I caudate potential
activity was the same as the dose that
caused an almost total inhibition of do-
paminergic cell firing in the substantia
nigra. Thus, small doses of APO prefer-
entially affect the more sensitive autore-
ceptor whereas larger doses may ‘‘re-
cruit’’ the postsynaptic inhibitory effects
in the striatum, thereby producing, via
striatonigral feedback pathways, a great-
er inhibition of dopaminergic cell activ-
ity. However, not even total destruc-
tion of the striatonigral pathways com-
pletely prevents intravenous APO from
inhibiting nigral dopaminergic cells if the
dose is large enough (for example, ~ 0.1
mg/kg) (12).

The greater sensitivity of the autore-
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ceptor compared to the postsynaptic re-
ceptor is also suggested by our finding
that five of 14 type II caudate potentials
responded to very small intravenous
doses of APO by increasing their rate of
firing. Such an increase would be ex-
pected to occur if APO were specifically
stimulating DA autoreceptors in the sub-
stantia nigra, inhibiting both dopaminer-
gic cell activity and DA release and con-
sequently removing caudate neurons
from the inhibitory effects of DA. It is
not known whether the somatic autore-
ceptor and the DA receptor on the nerve
terminal are similar. Perhaps the termi-
nal autoreceptor is also more sensitive to
DA agonists than the postsynaptic recep-
tor. If this is the case, similar effects
would be expected if APO were decreas-
ing DA release by stimulating the autore-
ceptor at the nerve terminal.

The mixed responses of the type II cell
population in the caudate nucleus point
out the complexity of the striatonigral
system. Histological and biochemical
studies (/3) have shown that the striatum
contains several types of cells and a vari-
ety of neurotransmitters which influence
its function (/3). The variety of re-
sponses of these cells to systemic APO
suggests that the caudate nucleus is
made up of subpopulations of cells
whose innervation is heterogeneous.

Nevertheless, our data provide direct
evidence that the sensitivity of dopa-
minergic cells to the inhibitory action of
DA agonists is greater than at least 86
percent of spontaneously active caudate
neurons. This has several clinical impli-
cations. Tardive dyskinesias are thought
to be caused by the functioning of a
striatal system that is made supersensi-
tive to DA by long-term treatment with
neuroleptic medication (/4). Both the
auto- and postsynaptic receptors have
been shown (8, /5) to become super-
sensitive in response to such treatment
@, 15). If the difference in sensitivity be-
tween auto- and postsynaptic DA recep-
tors still exists after supersensitivity de-
velops, it should be possible to treat tar-
dive dyskinesias with small doses of
APO, thereby reducing DA release
through the specific stimulation of DA
autoreceptors. Such a hypothesis is sup-
ported by the clinical finding that treat-
ment with APO in small doses has a ben-
eficial effect on some tardive dyskinesia
patients (/6). Our data also point out the
complex interactions that must be con-
sidered when trying to describe the
mechanism by which a drug acts on the
brain. A drug at one dose can act behav-
iorally and biochemically like a DA an-
tagonist whereas in larger doses it can

behave like a DA agonist—based solely
on the anatomical site of its action. Fi-
nally, our data support the concept that
it may be possible to develop new drugs
that specifically stimulate the autorecep-
tor while having little effect on post-
synaptic DA sites.
L. R. SkIrBOLL
A. A. GRACE
B. S. BUNNEY
Departments of Psychiatry and
Pharmacology, Yale University
School of Medicine,
New Haven, Connecticut 06510

References and Notes

1. A. Carlsson, in Pre- and Postsynaptic Recep-
tors, E. Usdin and W. E. Bunney Jr., Eds. (Dek-
ker, New York, 1975), pp. 49-65; L. Iversen, M.
Rogawski, R. Miller, Mol. Pharmacol. 12, 251
(1976); J. Walters and R. Roth, Naunyn-
Schmiedebergs Arch. Exp. Pathol. Pharmakol.
296, 5 (1976); T. Westfall, M. J. Besson, M.
Giorguieff, J. Glowinski, ibid. 292, 279 (1976);
W. Kehr, A. Carlsson, M. Lindqvist, T. Mag-
nusson, C. Atack,J. Pharm. Pharmacol. 24,744
(1972).

2. G. Aghajanian and B. S. Bunney, in Frontiers in
Catecholamine Research, S. H. Snyder and E.
Usdin, Eds. (Pergamon, Oxford, 1973), pp.
643-648; Excerpta Med. Int. Congr. 359, 448
(1979).

3. F. Hajdu, R. Hassler, 1. Bak, Z. Zellforsch.
Mikrosk. Anat. 146, 207 (1973); C. Wilson, P. M.
Groves, E. Fifkova, Exp. Brain Res. 30, 161
(1977).

4. U. StrombSm, Acta Physiol. Scand. Suppl. 431,
1(1975).

5., Naunyn-Schmiedeberg’s Arch. Pharma-
col. 292, 167 (1976); A. Carlsson, in Non-Stria-
tal Dopaminergic Neurons, E. Costa and G. Ges-
sa, Eds. (Raven, New York, 1977), pp. 439-441.

6. B. S. Bunney, J. Walters, R. Roth, G. Aghaja-
nian, J. Pharmacol. Exp. Ther. 185, 560 (1973).

7. J. Koénig and R. Klippel, The Rat Brain: A
Stereotaxic Atlas (Krieger, Huntington, N.Y.,

970

8. L. Skirboll and B. S. Bunney, in Cate-
cholamines: Basic and Clinical Frontiers (Per-
gamon, New York, 1979), p. 634.

9. F. E. Bloom, Life Sci. 14, 1819 (1975).

10. P. Guyenet and G. Aghajanian, Brain Res. 150,
69 (1978).

11. It could be argued that our observation that the
DA postsynaptic receptors on these cells were
less sensitive to DA agonists than the autorecep-
tors was due to the fact that the caudate cells
we studied do not receive dopaminergic in-
nervation; that is, it is the population of silent
caudate neurons which are most sensitive to
DA. Although this possibility cannot be ruled
out, we have reported that this population is part
of the same group that developed super-
sensitivity to the inhibitory effects of DA after
long-term treatment with neuroleptic medication
[see 8)].

12. B. S. Bunney and G. K. Aghajanian, Naunyn-
Schmiedeberg’s Arch. Pharmacol. 304, 255
(1978); Science 192, 391 (1976).

13. O. Hornykiewicz, in The Basal Ganglia, M. D.
Yahr, Ed. (Raven, New York, 1976), pp. 269-
280; A. Cuello and I. Kanazawa, J. Comp. Neu-
rol. 178, 129 (1978); J. Kemp and T. Powell,
Philos. Trans. R. Soc. London, Ser. B 262, 383
(1971); A. Adinolfi and G. Pappas, J. Comp.
Neurol. 153, 167 (1968).

14. D. Tarsy and R. Baldessarini, Neuropharmacol-
ogy 13, 927 (1974); H. Klawans and H. Rubo-
vitz, J. Neural Transm. 33, 235 (1974).

15. D. Burt, I. Creese, S. Snyder, Science 196, 326
(1977); G. Yarbrough, Eur. J. Pharmacol. 31,
367 (1975); D. Gallager, A. Pert, W. Bunney,
Jr., Nature (London) 273, 309 (1978).

16. B. Carroll, G. Curtis, E. Kokmin, Am. J. Psy-
chiatry 134, 785 (1977); E. Tolosa, Arch. Neu-
rol. (Chicago) 35, 459 (1978).

17. We thank A. Crepeau, S. Howard, and L. Wil-
liams for their excellent assistance. This work
was supported by NIMH grants MH-28849,
MH-25642, and MH-14276 and by the state of
Connecticut.

12 February 1979; revised 21 June 1979
SCIENCE, VOL. 206



