those leaning into +/+ pigment epithe-
lium were relatively normal suggests that
the site of aberrant interaction between
the defective pigment epithelial cell and
the photoreceptor is at or by way of the
tip of the rod outer segment, the site of
contact between the two cell types.

Survival of some photoreceptor cells
under mutant pigment epithelium may be
mediated by adjacent, normal pigment
epithelial cells. This is consistent with
the finding that outer segments under-
lying patches of mutant pigment epithe-
lium are more normal at the periphery of
the patch than those under the center of
the patch. If amelioration of the disease
proves to be mediated by a diffusible sub-
stance, it may be possible in future work
to isolate the substance from normal pig-
ment epithelial cells and provide it ex-
ogenously to the mutant retina or pig-
ment epithelium or both, and thereby re-
tard or alleviate the degenerative
disorder.

This study and others (I4, 16) demon-
strate the usefulness of experimental chi-
meras in determining whether particular
neurological mutations are acting in-
trinsically, within the most obviously af-
fected cell type, or extrinsically, within
either an adjacent or distant interacting
cell (for example, by a circulating fac-
tor). The rat chimeras are particularly in-
formative, for we can conclude not only
that the rdy gene is acting extrinsically to
the photoreceptor cell, but also that the
pigment epithelial cell is the actual site of
the gene action (/7). As far as we are
aware, this is the first neurological muta-
tion in mammals in which a primary site
of mutant gene action can be assigned to
a particular cell type.

RICHARD J. MULLEN
MATTHEW M. LAVAIL
Department of Neuropathology,
Harvard Medical School, and
Department of Neuroscience,
Children’s Hospital Medical Center,
Boston, Massachusetts 02115
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Lysergic Acid Diethylamide- and Mescaline-Induced
Attenuation of the Effect of Punishment in the Rat

Abstract. At a dose as low as I microgram per kilogram of body weight, lysergic
acid diethylamide (LSD) significantly decreased the suppressive effect of electric
shock on licking behavior of the rat. Attenuation of punishment was also obtained
with mescaline, but neither dimethyltryptamine nor A%tetrahydrocannabinol was ac-
tive in this test. Cyproheptadine and a-propyldopacetamide, drugs that interfere with
the function of neurons that contain serotonin, have a behavioral effect similar to
that of LSD and mescaline, which suggests that the attenuation of punishment pro-
duced by these hallucinogens may result from decreased activity of such neurons.

Pharmacological interference with the
function of neurons that contain seroto-
nin (5-hydroxytryptamine) restores be-
havior suppressed by electric shock.
Such attenuation of the effect of punish-
ment occurs after the administration of
antagonists of serotonin receptors (/, 2).
A similar effect is obtained after deple-
tion of serotonin by p-chlorophenylala-
nine, an inhibitor of tryptophan hydrox-
ylase (3). Benzodiazepines and barbitu-
rates also diminish the effect of
punishment on responding (¢). Among
their many neuropharmacological ef-
fects, these ‘‘antianxiety” drugs de-
crease serotonin turnover (5). This effect
on serotonin metabolism is also pro-
duced by several drugs with hallucino-
genic properties, including lysergic
acid diethylamide (LSD) (6), mes-
caline (7), dimethyltryptamine (DMT)
@), and A®-tetrahydrocannabinol (THC)
(9). Therefore, I tested these hallucino-
gens in a procedure sensitive to ben-
zodiazepines (10). I found that LSD and
mescaline significantly reduce the effect
of punishment.

The procedure was identical to that
used by Vogel et al. (10). The apparatus
was a clear Plexiglas box (38 by 38 cm)
with a black Plexiglas compartment (10
by 10.5 cm) attached to one wall and an

opening 5 by 7.5 cm between the two.
The entire apparatus had a stainless steel
grid floor. A metal water tube extended
1.5 cm into the small box 4 cm above the
grid. A drinkometer circuit (Grason-
Stadler, model E4690A) was connected
between the drinking tube and the grid
floor. An unscrambled shock (0.75 ma)
was administered by switching the con-
nection to the tube and grid from the
drinkometer to a shock generator (Aim
BioSciences, model 507).

After 48 hours of water deprivation,
each rat (200 g, male, albino, Sprague-
Dawley) was placed in the apparatus 30
minutes after the drug or saline was in-
jected. It was allowed to find the drink-
ing tube and to lick 20 times, after which
shocks were administered for each tube
contact during a 2-second period. The
cycle of 20 licks without shock followed
by 2 seconds of vulnerability to shock was
repeated until 3 minutes after the first
shock was delivered. During this 3-min-
ute session, the total number of shocks
was recorded automatically. Each daily
experiment included one group treated
with saline and four groups treated with
a drug (there were eight rats in each
group). Drugs were either dissolved in sa-
line or suspended in distilled water with
one drop of Tween 80, and they were ad-
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Table 1. Neuropharmacological effects of hallucinogenic drugs on serotonin with respect to their

effect on punished behavior.

Serotonin .

Drug Net synaptic

Turnover Uptake Release action
Restores punished behavior
LSD Lowers Weak blocker Decreases Antagonistic
Mescaline Lowers Weak blocker Antagonistic
Does not restore punished behavior

DMT Lowers Potent blocker Increases Agonistic
THC Lowers Potent blocker Agonistic

ministered intraperitoneally in a volume
equivalent to 1 ml per kilogram.of body
weight.

In control animals, licking behavior
punished with electric shock is sup-
pressed; administration of LSD de-
creased such suppression. A significant
increase in the number of shocks accept-
ed was observed at doses of 1 and 3 g/
kg (Fig. 1). The highest dose tested, 10
ug/kg, was less effective in diminishing
the effect of punishment.

Three other drugs with hallucinogenic
properties were also tested for their influ-
ence on the effect of punishment on be-
havior. Mescaline, at doses of 10 and 30
mg/kg, was found to produce a signifi-
cant increase in the number of shocks ac-
cepted (Fig. 1). Over a wide dose range,
neither DMT nor THC had any effect. At
the highest doses of these two drugs, lick-
ing actually decreased; this effect was ac-
companied by gross disturbances of be-
havior.

All four of these drugs influence neu-
rons that contain serotonin. Their neuro-
pharmacological effects, however, are
exceedingly complex. In order to relate
the neuropharmacological effects of
these hallucinogens to their behavioral
effects, several nonhallucinogenic com-
pounds that share some of their actions
on serotonin were also studied (Fig. 2).

Shocks

| 1 1 1

Il 1
1002 107! 10° 10" 107

Dose (mg/kg)

Fig. 1. Dose-response curves for the effect of
LSD (®), mescaline (x), THC (A), and DMT
(@) on the mean number of shocks during
the 3-minute test session. Each point repre-
sents data from at least eight rats. Those sig-
nificantly beyond the range of saline-treated
rats (parallel dashed lines) are indicated with
an asterisk (Mann-Whitney U test).

1074 1073
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Cyproheptadine, an antagonist of se-
rotonin receptors, and «-propyldopa-
cetamide (a-PDAC), an inhibitor of
tryptophan hydroxylase, were capable of
attenuating the effect of punishment at
doses of 3.0 and 500 mg/kg, respectively.
Chlorimipramine, a relatively selective
blocker of serotonin uptake, was ineffec-
tive at the doses tested.

In pigeons and rats, two antagonists of
serotonin receptors, methysergide and
bromo-LSD, increase the rate of re-
sponses that are punished (/). Both drugs
are derivatives of lysergic acid. Cinanse-
rin and cyproheptadine, antagonists of
serotonin that are not lysergic acid de-
rivatives, also attenuate the effect of pun-
ishment (Fig. 2) (2). These results sug-
gest that the effect of LSD may be re-
lated to a decrease in the activation of
serotonin receptors, a consequence of its
ability to decrease firing of neurons of
the raphe nuclei (/1) and to decrease se-
rotonin turnover (6), rather than to any
special feature of the lysergic acid mole-
cule itself.

This suggestion is supported by the be-
havioral effect of a-PDAC, which de-
creases serotonin turnover by inhibiting
tryptophan hydroxylase. Chlorimipra-
mine also shares some of the neuro-
pharmacological actions of LSD, but it
differs in certain respects, which may ac-
count for its lack of influence on pun-
ished behavior. Like LSD (and a-
PDAC), chlorimipramine decreases se-
rotonin turnover (12). Also, like LSD, it
decreases the activity of neurons of the
raphe nuclei (13). However, unlike LSD
which is relatively weak (/4), it blocks
the uptake of serotonin and, at some
doses, actually increases the release of
serotonin, an effect opposite that of LSD
(15). In terms of synaptic activity, there-
fore, chlorimipramine would potentiate
serotonin (that is, exhibit an agonistic ac-
tion) rather than decrease its activity as
would LSD (exhibit an antagonistic ac-
tion) (Table 1). )

Similar reasoning can explain the be-
havioral effects obtained with the other
hallucinogenic drugs tested. Mescaline,
which had a similar effect on punished
behavior, shares with LSD the ability to

decrease the firing rate of raphe neurons
(16) and the turnover of serotonin (7); it
too only weakly blocks serotonin uptake
(14). On the other hand, DMT and THC
failed to restore punished behavior.
These two drugs share some of the neuro-
pharmacological effects of LSD but have
certain actions in common with chlorimi-
pramine. Turnover of serotonin is de-
creased by DMT (8); however, it is a
potent inhibitor of serotonin uptake (17).
There is also evidence that DMT may
cause serotonin to be released from pre-
synaptic terminals (/8). In a dose of 20
mg/Kg (intraperitoneal injection), THC
(like LSD) decreased serotonin turnover
9). Lower doses (for example, S mg/kg),
although still behaviorally active, had no
effect on serotonin (/9). Furthermore,
THC is also a potent inhibitor [IC;, (in-
hibitory concentration) = 1 x 107"M1] of
serotonin uptake (20). Consequently, it
is not surprising that DMT and THC do
not attenuate the effects of punishment.
Although both decrease serotonin turn-
over, each has an agonistic action at se-
rotonin receptors that would be expected
to counter any decrease in the function
of serotonin-centaining neurons that it
might produce (Table 1).

In the main, the behavioral effects of
LSD consist of decreases in ongoing be-
havior. This occurs only at doses that are
two or more log units higher than those
effective in my study. A few reports in-
dicate that in low deses (10 to 50 ug/kg)
LSD can facilitate responding (27). In
those studies, as in this one, when the
dose of LSD was increased, behavior no
longer increased. Such a dose-dependent
effect of LSD is reflected in its elec-
trophysiological action. Low intra-
venous doses (10 to 20 ug) decrease the
firing rate of raphe neurons (//) (presum-
ably as a consequence of a direct effect

20 %
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Fig. 2. Dose-response curves for the effect of
cyproheptadine  (x), oa-propyldopacetamide
(A), and chlorimipramine (®) on the mean
number of shocks during the 3-minute test
session. The analysis is described in the legend
to Fig. 1.
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on these neurons) and increase the neu-
ronal activity in brain areas innervated
by raphe neurons (22). Higher doses of
LSD decrease activity in these areas
(23). These findings and the results of my
study suggest that the decrease in raphe
neuronal activity and the consequent re-
lease of inhibition in areas innervated by
raphe neurons is responsible for the in-
crease in punished behavior produced by
LSD. This interpretation supports the
evidence (/-3) for the role of neurons
that contain serotonin in mediating the
suppression of behavior by aversive stim-
uli.

The punishment-attenuating effect of
LSD occurred at extremely low doses.
Since this behavioral effect is a common
feature of most clinically effective anti-
anxiety drugs (), in low (possibly non-
hallucinogenic) doses, LSD and mes-
caline may also prove effective in treat-
ing anxiety.

RoNALD I. SCHOENFELD
Department of Pharmacology,
Squibb Institute for Medical Research,
Princeton, New Jersey 08540
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Cholera Toxin Induces Pineal Enzymes in Culture

Abstract. Addition of choleragen to rat pineal organ cultures caused a long-last-
ing stimulation of adenylate cyclase activity, and this was followed by increases in
serotonin N-acetyltransferase and cyclic adenosine monophosphate phosphodies-
terase activities. These effects of choleragen were not blocked by the B-adrenoceptor
antagonist propranolol, but the increases in cyclic adenosine monophosphate
phosphodiesterase and serotonin N-acetyltransferase activities could be prevented
by the protein synthesis inhibitor cycloheximide. The results indicate that cholera tox-
in can mimic the induction of pineal enzymes that normally follows B-adrenoceptor
activation and suggest that increased cyclic adenosine monophosphate is a neces-
sary and sufficient signal for such changes in enzyme activity.

The pineal hormone melatonin (5-
methoxy-N-acetyltryptamine) (/) is syn-
thesized from 5-hydroxytryptamine by
the enzymes serotonin N-acetyltrans-
ferase (SNAT) (2) and hydroxyindole
O-methyltransferase (3). The activities of
these enzymes are regulated by the sym-
pathetic innervation to the pineal, and
they can be induced by addition of nor-
epinephrine or other pB-adrenoceptor
agonists to pineals maintained in culture
4). The norepinephrine-stimulated in-
crease in the activity of SNAT appears to
be the key regulatory step in the forma-
tion of melatonin (¢), and this response
seems to involve a norepinephrine-stimu-
lated adenylate cyclase and increased
intracellular cyclic adenosine mono-
phosphate (cyclic AMP) (5). In agree-
ment with this hypothesis, high concen-
trations of the cyclic AMP analog
dibutyryl cyclic AMP, or the phospho-
diesterase inhibitor theophylline ), can
induce SNAT in cultured pineals. How-
ever, it has otherwise not been possible
to separate. the effects of adenylate cy-
clase activatior from the effects of B-re-
ceptor stimulation. In the present experi-
ments, we describe the use of cholera
toxin (choleragen) as an alternative and
novel tool for investigating the regulation
of enzyme activities in the rat pineal or-
gan. The only known mechanism of action
of choleragen is an irreversible activa-
tion of adenylate cyclase in intact cells
6) following its binding to a cell-surface
receptor, the ganglioside GM, (7). We
find that choleragen activates adenylate
cyclase and increases SNAT activity in
pineal cultures. We also show that chol-
eragen causes an increase in cyclic AMP
phosphodiesterase (E.C. 3.1.4.17) in the

pineal and that this results in a decrease
in cellular cyclic AMP levels toward nor-
mal values, although adenylate cyclase
remains maximally activated.

Pineal bodies were rapidly removed af-
ter decapitation of male Sprague-Dawley
rats (150 to 200 g) and placed in a defined
culture medium (see legend to Fig. 1).
The pineals were maintained in culture
for 12 hours to allow degeneration of ad-
renergic nerve endings and to stabilize
enzyme levels and B-adrenoceptor sensi-
tivity. They were then transferred to
Krebs-Ringer solution (16 pineals in 2
ml) either with or without 50 ug of choler-
agen per milliliter and incubated at 37°C
for 15 minutes, after which they were re-
turned to culture for further periods of
up to 24 hours. Choleragen had no effect
if added directly to the culture medium,
presumably because the high ganglioside
content of the culture medium effec-
tively neutralized the toxin. The pineals
were removed from culture at various
times, and enzyme activities or cyclic
AMP content were determined (see leg-
end to Fig. 1).

Adenylate cyclase activity was in-
creased by more than threefold 1 hour af-
ter exposure to choleragen and showed
no significant decline in activity for up to
24 hours after such exposure (Fig. 1A).
The magnitude of this response and the
irreversible activation are typical of the
response to choleragen of adenylate cy-
clases in whole cells of many other types
(7). The SNAT activity also increased af-
ter exposure to choleragen. This effect
was significant after 4 hours and maximal
after 6 hours; SNAT activity remained
significantly elevated at 24 hours (Fig.
1B). Serotonin N-acetyltransferase in-
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