References and Notes

1. E. Aguilar-Parada, A, M. Eisentraut, R. H.
Unger, Am. J. Med. Sci. 257, 417 (1969);
R. H. Unger, E. Aguilar-Parada, W, A.
Miiller, A. M. Eisentraut, J. Clin. Invest.
49, 837 (1970); B. J. Frankel, J. E. Gerich,
R. Hagura, R. E. Fanska, G. C. Gerritsen,
G. M. Grodsky, ibid, 53, 1637 (1974).

2. W. A. Miiller, G. R. Faloona, R. H. Unger,
J. Clin. Invest. 50, 1992 (1971); N. Katsil-
ambros, Y. A. Rahman, M. Hinz, R. Fuss-
ganger, K. E. Schroder, K. Straub, E. F.
Pfeiffer, Horm. Metab. Res. 2, 268 (1970);
J. M. Meier, J. D, McGarry, G. R. Faloona,
R. H. Unger, D. W. Foster, J. Lipid Res. 13,
228 (1972).

3. M. Vranic, S. Pek, R. Kawamori, Diabetes,
in press; T. Matsuyama and P. P. Foa, ibid.
23 (Suppl. 1), 334 (1974); K. Mashiter, P. E.
Harding, D. Diamond, M. Chou, J. Field, in
preparation; W, A. Miiller, M. F. Brennan,
M. H. Tan, T. T. Aoki, Diabetes 23, 512 (1974).

4. P. Brazeau, W. Vale, R, Burgus, N. Ling,
M. Butcher, J. Rivier, R. Guillemin, Science
179, 77 (1973).

5. K. G. Alberti, N. J. Christensen, S. E.
Christensen, A. P. Hanse, J. Iversen, K.
Lunkbaek, K. Seyer-Hansen, H. Orskov,

Lancet 1973-11, 1299 (1973); C. H. Mortimer,
W. M. G. Turnbridge, D. Carr, L, Yeomans,
T. Lind, D. H. Coy, S. R. Bloom, A. Kastin,
C. M. Mallinson, G. M. Besser, A, V.
Schally, R. Hall, ibid. 19741, 697 (1974);
D. J. Koerker, W. Ruch, E. Chideckel, J.
Palmer, C. J. Goodner, J. Ensinck, C. C.

Gale, Science 184, 482 (1974); S. S. C. Yen,
T. M. Siler, G. W, DeVane, N. Engl. J.
Med. 290, 935 (1974); H. Sakurai and R. H.
Unger, Diabetes 23 (Suppl. 1), 356 (1974);
C. J. Goodner, J. W. Ensinck, E. Chideckel,
J. Palmer, D. J. Koerker, W. Ruch, C. Gale,
J. Clin. Invest. 53, 28a (abstr.) (1974).

6. G. R. Faloona and R. H. Unger, in Methods
of Hormone Radioimmunoassay, B. M. Jaffe
and H. R. Behrman, Eds. (Academic Press,
New York, 1974), p. 317.

7. R. S. Yalow and S. A. Berson,
Invest. 39, 1157 (1960).

8. I. Valverde, M. L. Villanueva, I, Lozano,
J. Marco, in preparation.

9. L. Orci, R. Pictet, W. G. Forssmann, A. E.
Renold, C. Rouiller, Diabetologia 4, 56
(1968); G. Vassallo, E. Solcia, C. Capella,
Z. Zellforsch. 98, 333 (1968); G. Bussolati,
C. Capella, E. Solcia, G. Vassallo, P, Vezza-
dini, Histochemie 26, 218 (1971); J. M.
Polak, S. Bloom, I. Coulling, A. G. E.
Pearse, Gut 12, 311 (1971).

10. K. Kobayashi, T, Fujita, T. Sasagawa, Arch.
Histol. Jap. 31, 433 (1970).

11. J. Gerich, M. V. Lorenzi, V. Schneider, J.
Karam, J. Rivier, R. Guillemin, P. Forsham,
N. Engl. J. Med. 291, 541 (1974).

12. We thank Dr. Roger Guillemin of Salk In-
stitute, La Jolla, for the gift of somatostatin
and Dr. Viktor Mutt, Karolinska ' Institutet,
Stockholm, for the duodenal extract. Sup-
ported by PHS grant AM 02700 and Swiss
National Fund 3.0310.73, Bern, Switzerland.

9 August 1974; revised 16 September 1974 ™

J. Clin.

Increased Lever Pressing for Amphetamine after Pimozide

in Rats: Implications for a Dopamine Theory of Reward

Abstract. Low and high doses of a dopamine blocking agent had effects on
lever pressing for intravenous amphetamine reward which resembled the effects of
reward reduction and reward termination, respectively. Noradrenaline blockade
had no such effects. A role in central mediation of reward perception is suggested

for dopamine but not for noradrenaline.

Research on the nature of central
reward mechanisms generally utilizes
the intracranial self-stimulation para-
digm (1, 2) and currently focuses on
the question of which of several cate-
cholamine pathways are primarily in-
volved in reward mediation (3-5).
Noradrenaline and dopamine blocking
agents have both been shown to reduce
the rate of lever pressing for stimula-
tion (4, 5). Similar response decrements
occur when the reward value (current
intensity) of stimulation is reduced,
and consequently both noradrenaline
(2, 6) and dopamine (5) have been
proposed as neurotransmitters in a
central reward mechanism. There is
controversy, however, over this inter-
pretation since response decrements
might alternatively be due to arousal
deficits associated with noradrenergic
blockade (5, 7). Increased distractabil-
ity, sedation, or other nonspecific drug
consequences might also be argued to
account for response decrements with
noradrenaline blockade, and a motor
deficit might account for response dec-
rements with dopamine blockade. The
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usual self-stimulation data do not re-
solve this question, since they do not
dissociate reward deficits from these
other, nonspecific, types of deficit.
Rats will also lever press for intra-
venous injections of amphetamine (8),
and amphetamine, like rewarding brain
stimulation, seems to activate catechola-
mine mechanisms (9). Many response
characteristics of intracranial self-stim-
ulation are also typical of amphetamine
self-administration (8); these common
characteristics suggest that a common
reward mechanism mediates the two
behaviors. Human subjective report
supports this suggestion: A patient with
a history of amphetamine abuse who
was subsequently given septal brain
stimulation likened his responses to
stimulation with the “pleasurable states
he had sought and experienced through
the use of amphetamines” (10, p. 26).
The most obvious differences between
lever pressing for amphetamine and
lever pressing for intracranial stimula-
tion is a difference in rate; this differ-
ence and its underlying causes allow
amphetamine self-administration to be

used to dissociate true reward deficits
from secondary deficits. The lever-press
rate for intravenous amphetamine de-
pends primarily on the duration of ef-
fectiveness of each injection and there-
fore varies inversely with the injection
dose (11). Thus, in the case of amphet-
amine self-administration, when the
amount of reward (dose) per injection
is reduced, the lever-press rate in-
creases. Since any nonspecific interfer-
ence with the animal would decrease
lever pressing, the self-administration
paradigm permits clear dissociation of
true reward deficits from nonspecific
response disruption. The fact that the
catecholamine synthesis—blocking agent
a-methyl-p-tyrosine causes increased
lever pressing for intravenous amphet-
amine (/2) indicates that one of
the catecholamines does, in fact, play
a primary role in the reward function.
We now report that it is dopamine, not
noradrenaline, that plays this role. In-
creased rates of amphetamine self-ad-
ministration (followed by extinction
when high doses are used) are seen
after treatment with the dopamine
blocking agent pimozide, whereas de-
creased rates are seen with the «- and
B-noradrenaline blocking agents phen-
tolamine and I-propranolol.

Each of 22 adult male Sprague-
Dawley rats was prepared with a per-
manent jugular catheter that passed
subcutaneously to an exit anchored to
the skull (Z3). The infusion tubing was
interrupted by a feed-through swivel,
so that the animal could move freely
in a test box containing two levers:
one lever activated a syringe pump that
delivered 0.25 mg of d-amphetamine
sulfate per kilogram of body weight
with each lever press; the other caused
the same relay noise but led to no in-
jection.

The animals were trained to lever
press in one or two overnight sessions
in the test box. Lever pressing on the
control lever was seen at first but was
not sustained. Once self-administration
was initiated, animals continued press-
ing at their characteristic rates unless
they were treated with a drug, or unless
amphetamine injections were ceased.

At the beginning of each test the
animals were given 2 to 4 hours to
settle into regular response patterns (8).
The effects of catecholamine blocking
agents were assessed over 10 hours
after this stabilization period. The ani-
mals were taken from the test box,
given a preassigned drug injection, and
replaced in the box. Each animal was
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tested under as many drug conditions
as possible, but due to deaths and
catheter damage not all animals were
tested in every condition. The drugs
and injection doses tested were pimo-
zide (0.0625, 0.125, 0.25, and 0.5 mg/
kg; N = 6,7, 9, and 10), phentolamine
HCI (2.5, 5, and 10 mg/kg; N = 6, 8,
and 6), and [l-propranolol HCI (2.5, 5,
and 10 mg/kg; N=6, 5, and 4). A
minimum of 24 hours of rest was given
between test sessions.

Each dose of pimozide caused an in-
creased rate of lever pressing (Figs. 1
and 2). With the higher doses the la-
tency of rate acceleration was shorter,
and with the highest dose complete
cessation of responding followed the
period of increased rate in each of the
ten animals tested. The extinction seen
with the high dose was complete, in
that the animals did not respond again

during the session. Subsequent tests re-
vealed that responding could be reini-
tiated by priming, but not until at least
12 hours after injection of pimozide.
Responding reinitiated at such time was
at the high rates typical of treatment
with low doses of pimozide. Character-
istic stereotypic behavior was seen dur-
ing all phases of the testing, except
during the periods of nonresponding
after high doses of pimozide.

Both phentolamine and I-propranolol
tended to depress lever pressing. The
amount of depression was dose-depen-
dent in the case of the a-noradrenergic
blocking agent phentolamine, but not
in the case of the B-noradrenergic
blocking agent I-propranolol (Fig. 2).
Priming injections inhibited self-admin-
istration of amphetamine in the phen-
tolamine and propranolol conditions,
indicating that the rats were drug-sati-
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Fig. 1. Lever-pressing data from a representative animal after various manipulations.
Each vertical line indicates a lever press; arrows mark the time of experimental manipu-
lation. The manipulations were injections of (A) saline (intraperitoneal), and (per
kilogram of body weight) (B) 0.0625 mg of pimozide, (C) 0.125 mg of pimozide, (D)
0.25 mg of pimozide, (E) 0.5 mg of pimozide, and (F) substitution of nonrewarding
intravenous saline injections in place of rewarding intravenous amphetamine.
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Fig. 2. Median lever pressing for intravenous amphetamine after intraperitoneal injec-
tions of pimozide, phentolamine, and /-propranolol, expressed in milligrams per kilo-
gram of body weight.
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ated during the period of inhibited re-
sponding.

The increased responding seen after
pimozide was unique and unexpected.
It was unexpected in that pimozide in-
hibits other forms of behavior (14)
and might be expected to cause motor
deficits that would interfere with stable
response patterns. It was unique in the
sense that most drugs, including stimu-
lants, depressants, antidepressants, and
hypnotics, depress stimulant self-admin-
istration (15). Other pharmacological-
ly induced increases in stimulant self-
administration have been reported only
after the administration of other drugs
that have antagonizing actions on cate-
cholamine transmission (15, 16). The
only nonpharmacological manipulations
that cause increased responding in this
paradigm are reward reduction or re-
ward termination, and response records
of our animals after high doses of pimo-
zide were similar to those seen (I3)
when injections of saline were substi-
tuted for injections of amphetamine
(Fig. 1). It would appear that dopa-
mine blockade reduces or eliminates the
rewarding properties of amphetamine
and thus makes it necessary for the ani-
mal to take more drug than usual in
order to reach the same level of drug
satiety (/7). This suggestion is con-
sistent with human ratings of the eu-
phoric effects of amphetamine; the eu-
phoric effect is decreased by pimozide
(18). Therefore, we offer the hypothe-
sis that normal functioning of a dopa-
minergic mechanism is essential for the
perception of the rewarding conse-
quences of amphetamine and intracra-
nial electrical stimulation. The same
mechanism may also be involved in the
perception of the reward properties of
naturally occurring reinforcers.

The fact that noradrenaline blockade
produced a very different pattern of
altered responding than does reward
reduction or reward termination raises
serious problems for the hypothesis
that noradrenaline is the primary neuro-
transmitter in a reward system (2, 6).
The present data do not clarify the role
of noradrenaline, but they do indicate
that noradrenaline and dopamine play
quite different roles. The effects of nor-
adrenaline blockade could be explained
by a noradrenergic involvement in any
of a number of behavioral support
mechanisms.

ROBERT A. YOKEL, Roy A. WISE
Department of Psychology, Center
for Research on Drug Dependence,
Sir George Williams University,
Montreal, Quebec, Canada H3G 1M8
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Myogenic Defect in Acetylcholinesterase Regulation in

Muscular Dystrophy of the Chicken

Abstract. To determine whether inherited muscular dystrophy of the chicken
is neurogenic or myogenic in origin, limb buds from homozygous normal and
dystrophic chick embryos were exchanged prior to muscle differentiation and
innervation. Biceps muscles of hatched chicks, in which muscle of the donor was
innervated by nerves of the host, were analyzed for embryonic properties of
muscle acetylcholinesterase and for fiber diameter, two distinctive markers for
expression of the dystrophic gene. The results indicate that muscular dystrophy
of the chicken is caused by an initial biochemical lesion in the limb and its
muscle rather than in its innervating nerve.

Recently there has been much inter-
est in whether inherited muscle abnor-
malities, particularly the muscular dys-
trophies, are myogenic or neurogenic
in origin (/). Inherited muscular dys-
trophy of the chicken is one of the
models that has been studied to deter-
mine the nature of the primary bio-
chemical defect and its cellular site of
expression. This disorder is a progres-
sive abnormality involving a single co-
dominant gene, and affecting mainly
fast twitch, glycolytic muscle fibers (2,
3). Many of the properties that are
altered in dystrophic chick muscle are
known to be regulated by neural activi-
ity. A good example is the enzyme
acetylcholinesterase (AChE); embry-
onic properties of muscle AChE that
disappear after hatching in normal
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muscle are maintained in dystrophic
chick muscles and return with denerva-
tion but not tenotomy of normal chick
muscles (3). This report presents
evidence that nerves of genetically
dystrophic chickens are capable of reg-
ulating muscle AChE and that dys-
trophic muscle cells lack the ability to
respond normally to their nerves (4).

The experimental approach used was
limb bud transplantation in which
primordial limb regions were exchanged
at an early embryonic age between
genetically different embryos, produc-
ing muscles of one genotype inner-
vated by nerves of another genotype
(5). In the experiments reported here,
right wing limb buds were removed
from stage-19 to stage-20 embryos (32
days of incubation) and replaced by

limb buds of the same or different geno-
type. Normal limb buds were grafted
onto normal hosts and dystrophic
hosts; dystrophic limb buds were
grafted onto normal hosts. Only birds
with morphologically normal, healthy
wings were used for analysis. Trans-
plants were done before the motor
nerve axons had reached the primordial
limb tissue (6) so that muscles of the
transplanted wings became innervated
by neurons of the host and subject to the
host’s systemic regulation. Chicks were
killed 5 to 14 weeks after hatching,
and biceps muscles of the donor and
host limbs were examined for AChE
activity and muscle fiber diameter. In
the 15 birds analyzed, AChE-positive
motor end plates and spindle fibers
were seen in all transplant muscles,
no fiber degeneration was observed,
and chicks could voluntarily contract
muscles in their transplanted wings.

The strain of dystrophic chickens
used in this study exhibits pronounced
muscle fiber hypertrophy in afflicted
muscles, making this parameter a use-
ful marker for expression of the dys-
trophic gene (7). The AChE proper-
ties studied differ greatly between nor-
mal and dystrophic chick muscle.
Adult dystrophic muscle maintains
high levels, extrajunctional localization,
and small molecular weight isozymes
of AChE characteristic of embryonic
muscles; normal muscle has low levels,
no extrajunctional localization, and
only a single high molecular weight
isozyme of AChE (2).

The act of transplantation did not
affect AChE activity or fiber diameters
of either normal or dystrophic muscles.
Both parameters were unchanged when
normal muscles were transplanted to
normal hosts (Table 1). When trans-
plants were made between genetically
different embryos, the transplanted
muscles retained the properties of their
origins and did not take on the charac-
teristics of their hosts. Dystrophic
muscle in a normal host had high levels
of AChE activity and large muscle
fiber diameters, and normal muscle in
a dystrophic host had low AChE and
normal muscle fiber diameters.

The cytochemical distributions of
AChE and the number of AChE iso-
zymes in transplanted muscles con-
firmed that normal and dystrophic
muscle transplants retained the AChE
properties characteristic of their geno-
types (Fig. 1). In the birds studied,
dystrophic muscle, whether of host or
transplant origin, always had high ex-
trajunctional AChE activity, and em-
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