depth of modulation was increased until
a threshold criterion was reached (12).
At the best rate of AM, threshold was
reached at the smallest depth of modula-
tion; at lower or higher rates, the depth
of modulation had to be increased in
order to maintain a threshold level of
response (13). In some cases, units
sharply tuned to a partictilar rate of AM
were entirely unresponsive to pure
tones. (Rise and fall times were varied
from 10 to 50 msec.)

Since the r.m.s. sound pressure level
and spectral content of amplitude-modu-
lated white noise remained constant as
the rate of modulation was varied, the
differential selectivity of auditory units
in the torus is a function only of the
temporal information in the stimulus (the
rate at which the amplitude is modulated
over time). This selectivity was not relat-
ed in any diréct way to a unit’s best
excitatory frequency to tones. Our find-
ing that some AM tuned units failed to
respond to pure tones supports the no-
tion that the response of higher order
auditory neurons to complex stimuli of-
ten cannot be predicted on the basis of
their responses to pure tones alone (14).

Our results indicate that a transforma-
tion occurs in the manner in which the
rate of AM is coded in the anuran’s
peripheral and central nervous systems.
Unlike auditory nerve fibers; many cen-
tral auditory neurons respond selectively
to particular rates of AM. Further stud-
ies should reveal at what level of the
auditory system this selectivity first de-
velops. Similar transformations may un-
derlie the encoding of other forms of
temporal information in acoustic signals
and in other sensory systems.

GARY ROSE
~ ROBERT R. CAPRANICA
Section of Neurobiology and Behavior,
Division of Biological Sciences,
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Ithaca, New York 14853
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Free-Running Activity Rhytlnns in the Rat:

Entrainment by Melatonin

- Abstract. The pineal gland hormone melatonin miay play a role in synchronization
of rat circadian rhythms. Free-running activity rhythms of the rat were entrained by
a daily melatonin injection, with entrainment occurring when the onset of activity
coincided with the time of daily injections. When injections were stopped, activity
rhythms became free-running again. Thus in pharmacological experiments, the time
of day of melatonin administration is crucial.

For more than a decade, it has been
suggested that the rodent’s pineal gland
is involved ih entrainment of daily activi-
ty rhythms to abrupt shifts in the light-
dark cyéle. Pinealectomized young rats,
hamsters, and feral mice entrain faster to
reversals in the lighting schedule than
rats subjected to a sham operation,
whereas pinealectomized old rats are
slower to entrain than controls (I). A
complete inversion of lighting (180° shift)
is not necessarily the optimum strategy
for testing the rate of entrainment. When
an 8-hour advance of the dark petiod is
applied, the entrainment rate of adult
rats, pinealectomized when young, is
greatly enhanced (2). Because of meth-
odological problems in many studies,
alternative interpretations of findings
have been suggested (3). We found that
entrainment is much faster for pinealec-
tomized adult rats than for controls after
a 5-hour advance of the dark period (4).
The mechanism by which the pineal fa-
cilitates entrainment is not known.

In our laboratory the effect on free-

running ac‘tivi‘ty rhythms of substances
that are produced by or act upon the
pineal have been investigated. Daily in:
jections of arginine vasotocin, mielano-
cyte-stimulating horthone, and the B-ad-
rénergic blocker, pindolol, did not en-
train free-running activity rhythms.
Some interference with the expression of
the free-running rhythm was evident in
the rats treated with arginine vasotocin.
However, of particular interest was the
finding that in three out of four rats the
free-running activity rhythm was én-
trained by daily melatonin injections (5).
We now report that daily administration
of melatonin can entrain free-running
circadian activity rhythms in the rat.
This demonstration of entrainment of
mammalian circadian rhythms by chemi-
cal means may provide a methodology
for examining the process by which neu-
ral signals triggered by light are trans-
duced into chemical messages that syn-
chronize internal biological rhythms.
Twenty Long-Evans male rats (280 to
340 g) were housed individually in a five-
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Fig. 1. The 24-hour activity
plots of three rats receiving

Time (days)

daily melatonin injections (A,
B, and C) and one rat receiv-
ing daily injections of a control
solution (D). Solid horizontal
lines divide the records into
preinjection (stage 1), injec-
tion (stage 2) and postinjection
(stage 3) periods. Arrows indi-
cate the time of injections in
stage 2. M, missing data.

tiered rack in constant, dim red light.
Powdered food and water were freely
available (6). Rats were maintained un-
der these conditions for 6 weeks until
free-running activity rhythms were well
established. Running-wheel activity was
then monitored every 15 minutes by a
minicomputer situated in an adjacent
room, and a 60-day baseline period was
established for each rat (stage 1). From
day 61 ten rats were given daily subcuta-
neous injections of melatonin (1 mg per
kilogram of body weight) (7), and control
rats also received injections without mel-
atonin (stage 2). Rats were injected in
random order starting at 1530 hours, and
the total time spent by the experimenter
in the laboratory was approximately 20
minutes. Daily injections were continued
for at least 52 days. Injections were
discontinued once the entraining effect
of melatonin was well established and it
was evident that results were not due to
the phenomenon of masking—that is, it
was necessary to establish that the pace-
maker itself has been entrained and not
just the overt behavior (8). Therefore, in
a number of cases the phase of the free-
running rhythm before entrainment was
extrapolated and care taken that melato-
nin injections were not terminated at a
point at which the free-running rhythm
would naturally reemerge. Injections of a
similar number of control rats was dis-
continued at the same time. After daily
injections were stopped, activity was
monitored for at least 30 days (stage 3).

Activity rhythms of all ten rats treated
with melatonin became entrained by the
daily melatonin injections. In all cases
entrainment did not occur until the onset
of the active period of the free-running
rhythm (established in stage 1) coincided
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with the time of injection (Fig. 1, A
through C). Three rats entrained as soon
as the injection was introduced, three
rats took 7, 11, and 18 days, respective-
ly, and four rats took much longer (29,
38, 39, and 44 days). Melatonin did not
influence the activity rhythm until the
timing of the injection closely ap-
proached onset of motor activity. This
effect was established by periodogram
analysis (9) in 14-day blocks of data from
the four rats that took the longest time to
entrain. For example, in the 14 days
before melatonin was administered, data
for the rat illustrated in Fig. 1C showed a
statistically significant free-running peri-
od of 24.25 hours. This period continued
for the first 28 days of stage 2. For the 14
days during which activity onset and
injection time coincided, periodogram
analysis revealed no single significant
period. After this portion of the data
until the end of stage 3, the period was
24.0 hours. When injections ceased the
activity rhythms of eight rats became
free-running almost immediately. The
free-running period of the two other mel-
atonin-treated rats took much longer to
become established (Fig. 1C). In four
rats it appeared that the duration of
activity (a) increased once rats were
entrained (Fig. 1B). However, close
scrutiny of nonreduced plots reveals that
this was not the case. Anticipatory activ-
ity, or activity induced by the experi-
menter entering the laboratory at the
same time every day, gives an apparent
extended duration of «. This induced
activity could be seen to persist in stage
3 (Fig. 1, A and B).

Activity patterns of eight control rats
were not affected by the injection treat-
ment. Their activity rhythms were free-

running throughout all three stages of the
experiment (Fig. 1D). One control rat
became entrained by the daily injection
schedule, and a second showed signs of
synchronization for a number of days
before the activity rhythm became free-
running again. It is not clear whether the
one control rat that was entrained to the
daily injection schedule became en-
trained to daily handling, the stress of
daily injections, or the chemical content
of the solution. This effect, however,
emphasizes the need for a judicious use
of controls.

Our results show that melatonin injec-
tions can influence the daily activity cy-
cle of rats and that daily injections are
followed by onset of activity. In con-
trast, injections of melatonin to starlings
entrain them to the end of activity (/0).
Endogenous concentrations of pineal
melatonin peak in the dark in both diur-
nally active birds and nocturnally active
rodents (/7). Thus it seems that melato-
nin injections mimic the effect of the
onset of darkness in both species and
that melatonin exerts its action on a
timing mechanism controlling the switch
from behavioral quiescence to activity or
vice versa. It is feasible that the circadi-
an variation in endogenous melatonin
concentrations serves a similar function.

It appears that exogenous melatonin’s
entraining action is limited to a critical
phase in the circadian cycle, an observa-
tion consistent with other research find-
ings. These, taken together, strongly
suggest that target organs are receptive
to melatonin only at certain times of the
day. Injected melatonin is effective in
regressing hamster gonads only when
administered late in the light period (/2).
In rats with constant estrous anovulatory
syndrome induced by continuous light,
late afternoon melatonin injections rees-
tablish normal cyclicity. Melatonin in-
jected daily from the commencement of
the continuous light schedule prevents
the development of this syndrome. In-
jected melatonin may act as a lights-off
signal in maintaining ovarian cyclicity
(13). Growth of tumors is stimulated by
morning injections of melatonin but in-
hibited by late afternoon injections (/4).
Although the function of nocturnal re-
lease of melatonin in humans is not
known (15), our results suggest strongly
that effects of any pharmacological ad-
ministration of melatonin in clinical trials
will be dependent on the time of day.

JENNY REDMAN
STUART ARMSTRONG
Kmm T. NG
Department of Psychology,
La Trobe University,
Bundoora, Victoria, Australia 3083
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Coping and the Stress-Induced Potentiation of

Stimulant Stereotypy in the Rat

Abstract. It has been shown that stressed rats display increased stereotypy in
response to a subsequent amphetamine challenge. Evidence is presented showing
that stress potentiates cocaine stereotypy as well. These effects of stress were found
to be particular to stress that could not be controlled in that rats receiving an
identical amount of stress from footshock, but allowed to control its duration,
displayed no more stereotypy than did nonstressed rats. These findings have
implications for the role of stress and coping in amphetamine and cocaine psycho-
ses, endogenous psychoses, and some forms of schizophrenia.

A psychosis brought on in humans by
chronic consumption of large doses of
amphetamine resembles paranoid
schizophrenia (), and both are blocked
by neuroleptic treatment (2). Ampheta-
- mine and other stimulants elicit stereo-
typed behaviors in animals that increase
gradually with chronic administration
(3), are blocked by neuroleptic treatment
(4), and may be analogous to behavior
seen in amphetamine psychosis (3) and
schizophrenia (3, 5). These findings indi-
cated that these effects of amphetamine
and other stimulants might serve as use-
ful models of endogenous psychoses (3,
5), stimulant-induced psychoses (3, 5, 6),
and some forms of schizophrenia (5, 6).

Stress can precipitate schizophrenic
episodes (7) and reinstate amphetamine
psychosis in abstinent individuals in re-
mission (8), and it is capable of making
rats more sensitive to the stereotype-
inducing effects of amphetamine (9).
Such sensitization to amphetamine
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seems to be general (footshock, food
deprivation, and repeated sessions of
mild tail pressure are all effective) (9, 10,
11) and may operate through the meso-
limbic and mesocortical dopamine sys-
tems—systems implicated in schizophre-
nia (/2) and amphetamine psychosis
(13)—and not the nigrostriatal dopamine
system (10, 14). Footshock has also been
shown to alter dopamine turnover in the
same two systems but not the nigrostria-
tal (/5). Because of the similarity in the
neurochemical effects of stress and stim-
ulants, it was suggested that the psychot-
ogenic effects of stimulants may be
caused by their stress-mimicking effects
(16). It has also been reported that re-
peated stress and a series of ampheta-
mine injections cause the same degree of
sensitization to amphetamine (9).
Although the sensitization to ampheta-
mine caused by stress may be a useful
animal model for the role of stress in
stimulant-induced psychoses, endoge-

nous psychoses, and some schizophre-
nias, not all high-risk patients develop
schizophrenia when stressed (/7). The
ability to cope with stress may be a
major factor mediating the interaction of
stress and schizophrenia (17-20), a pro-
posal supported by findings that schizo-
phrenia patients in remission who use
coping responses, such as social with-
drawal, in stressful situations relapse
less than those who do not (21, 22). We
found that rats exposed to footshock
become sensitized to both amphetamine
and cocaine only if they cannot cope
with or control the shock.

We studied the effects of stress on the
class of amphetamine-induced stereo-
typy characterized by sniffing, rearing,
and repetitive head movements for sev-
eral reasons: (i) this class of stereotypy,
unlike the biting, licking, and gnawing
class, increases with repeated ampheta-
mine administration (23, 24) and is
thought to operate through the mesolim-
bic dopamine system (25); (ii) others
studying the potentiation of ampheta-
mine stereotypy induced by stress have
measured this behavior (9, 10, 11); and
(iii) scores assigned in a preliminary test
by observers using a simple rating scale
were correlated (r = .736, P < .0001)
with the dose of amphetamine adminis-
tered (26).

Pairs of rats received shocks on three
consecutive days. Each session consist-
ed of 180 2.5-mA scrambled grid shocks
with 8 seconds between shocks. The rats
of a pair received shock separately in
identical shuttle boxes (34.5 by 20.5 by
19.5 cm). One rat received controllable
shock (CS) and could terminate each
shock, which was received by itself and
its pairmate, by running through an arch-
way cut in the barrier that divided the
shuttle box in two. The rat receiving
uncontrollable shock (UCS) had to de-
pend on its CS partner to terminate the
shocks. Shocks began at the same time
for both rats and terminated for both
either when the CS subject ran through
the archway or automatically after 5 sec-
onds of shock (< 1 percent of the trials).
A third group of rats did not receive
shocks.

Twenty-eight hours after the last treat-
ment session the rats received injections
intraperitoneally of 4.0 mg of d-ampheta-
mine sulfate per kilogram of body
weight, and stereotypic behavior was
rated by an observer unaware of treat-
mernt group (26) (Fig. 1). Groups showed
essentially no differences in weight at
this time. Other rats, treated identically
but injected with physiological saline,
displayed no stereotypic behavior, as
defined by either the amphetamine or the
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