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Antidepressant drugs can slow or dissociate circadian rhythms!
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Summary. The circadian rest-activity cycle of female hamsters was lengthened by chronic administration of the
monoamineoxidase inhibitor antidepressant drug clorgyline. Chronic treatment with clorgyline or the tricyclic
antidepressant drug imipramine also induced dissociation of circadian activity rhythm components. Thus these
drugs may be added to the very small group of substances (including the prophylactic antidepressant and
antimanic drug lithium) that modify circadian frequency and/or coupling between circadian rhythms.

Introduction

The temporal stability of circadian oscillations is
extremely important for their time-keeping and time-
measuring functions*>. Homeostasis of circadian
oscillations is reflected in their resistance to chemical
fluctuations in the internal milieu. However some
endocrinological manipulations have been found to
change the free-running circadian period (z=the
duration of 1 complete cycle in an environment free
of time cues): ovariectomy, and replacement oestro-
gen and progesterone in hamsters®’; castration and
replacement testosterone in mice®; pinealectomy and
replacement melatonin in birds®; and perhaps also
thyroidectomy and replacement thyroid in hamsters!®
and man!l,

Although the number of drugs known to modify
circadian rhythms in mammals is small, it is expand-
ing'2 The first substance to be extensively investigat-
ed was deuterium oxide!®. Carbachol, a cholinergic
agonist, and a-bungarotoxin, a nicotinic cholinergic
receptor blocker, have been shown to exhibit phase-
shifting properties mimicking and blocking, respec-
tively, the effects of light'%!5. Lithium, used as a
prophylactic antidepressant and antimanic drug,
slows circadian rhythms and delays phase-position in
many species from hamsters to man (reviewed in
Wirz-Justice9).

There are reasons to suspect that not only lithium, but
that antidepressants as a class may alter circadian

time-keeping. The timing of many circadian rhythms
in physiological, behavioral, and endocrinological
parameters appears to be abnormal in depression and
mania (for reviews, see Wehr and Goodwin!” and
Wehr and Wirz-Justice!3). It is therefore of interest for
circadian hypotheses of the pathophysiology of affec-
tive disorders to investigate whether drugs used in the
treatment of this illness act on the circadian system.
The free-running period and the phase-response
curve for some standard perturbation, are the only
parameters of an overt rhythm that can be measured
and said to reflect the corresponding parameter of the
underlying oscillator(s)!°. Studies in both rodents and
man on the properties of circadian pacemakers have
measured the period (r) of the rest-activity (sleep-
wake) cycle under constant conditions of isolation
from external time cues. We report here that drugs
selected from the 2 major classes of antidepressants, a
monoamine-oxidase inhibitor (MAOI) - clorgyline -
and a tricyclic - imipramine - can slow or dissociate
circadian rest-activity rhythms; we propose that these
effects may be an important mechanism in their
antidepressant and mania-inducing actions.

Methods

Daia collection and reduction. Hamsters were housed
in steel cages attached to running wheels (g 36 cm),
with free access to food and water, in an aircondi-
tioned room maintained at 22°C. The room was
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Table 1. Effect of chronic antidepressant drugs on the period (7) of the circadian rest-activity cycle

Treatment _ N Period (7; h; mean + SEM)? t-ValueP At
Pretreatment During treatment

Clorgyline 12d 24.20+0.08 24.53+0.08 6.03 p<0.0001 0.33+£0.05¢
Empty implant 13 24.28+0.07 24.31£0.09 043 n.s. 0.03+0.06
Imipramine 10 mg/kg/day 9 24.31+0.10 24.25+0.07 0.69 n.s. —-0.06+0.08
Empty implant 6 24.33+0.12 2425+0.17 1.58 ns. —0.08+0.05
Imipramine 20 mg/kg/day 13 24.25+0.06 24.21£0.06 0.78 n.s. —0.04+£0.05
Empty implant 5 24.35+0.10 24.32+0.21 0.27 n.s. —0.03+£0.11

2 The period was estimated by the periodogram method (p < 0.01 for a significant peak) using days — 10-0for the pretreatment baseline, and days
4-14 for the treatment period. ° Paired t-test. ©p<0.05, Student’s t-test clorgyline vs empty implant. Comparison of baseline 7 of controls and
drug-treated animals was in no instance significantly different. 4 Excluding 1 hamster with an extreme lengthening of 7 by 3.5 h.

entered at irregular intervals to replenish food and
water, clean cages, and service equipment. Revolu-
tions of each activity wheel activated an IR photocell
detector wired to one channel of a specially-designed
recording system??; total revolutions/15 min interval,
date and time, were displayed on a CRT terminal and
recorded on magnetic cartridge tape. The data were
transferred weekly to continuous files on a cartridge
disk in a PDP-11/40 computer, and visualized as
double plots of 48-h running wheel activity with a
Versatec plotter. As there was no manual back-up
recording system, occasional recording failures
resulted in loss of data.

Animals and experimental conditions. Adult female
hamsters (7-8 weeks old, 100 g at the beginning of
each experiment) were obtained from Charles River,
Lakeview, N.J., and kept initially under the same
14:10 light:dark (LD) schedule used by the breeder
and supplier for 2 weeks. Constant conditions were
established using a continuously lit photographic red
bulb (designated RR, to distinguish from complete
darkness, DD).

Three separate experiments were carried out between
June 1979 and February 1980. Clorgyline (2 mg/kg/
day) or imipramine (10 or 20 mg/kg/day) in distilled
deionized water were placed in Alzet® osmotic mini-
pumps?! designed to deliver drug at a constant rate of
0.5 pl/h for a minimum of 2 weeks. Baseline activity
records in RR were inspected after 2-3 weeks to
estimate expected time of activity onset (=circadian
time CT 12) for each hamster. Short-lasting halothane
anesthesia was used to implant the pumps s.c.
(in dim red light) at CT 7-9, where it was hoped that
least perturbation of the circadian system would
occur (the ‘dead zone’ of the phase-response curve
towards light)!°. The pumps were not removed.

Biochemical pharmacology. Prior to the wheel-running
experiments, preliminary biochemical studies were
carried out to ascertain that chronic drug application
was adequate. Hamsters implanted with minipumps
containing clorgyline were killed at various times
thereafter to determine the time course of MAO
inhibition throughout and after the drug regime.

Table 2. Effect of chronic antidepressant drugs on the incidence of
dissociation of circadian activity components

Treatment Number of hamsters  Stable free- 2 p
showing dissociation* running period

Clorgyline 13 6

2 mg/kg/day

Empty implant 3 11 7.13 <0.01

Imipramine 2 7

10 mg/kg/day

Empty implant 2 4 023 ns.

Imipramine 9 8

20 mg/kg/day

Empty implant 0 5 428 <0.05

*Dissociation defined as more than one significant period in the
circadian range in the periodograms of days 4-28 after drug implant.
There was some overlap between animals showing a stable free-
running period during days 4- 14, with dissociation during days 15-28
(included here) and those whose data were used to calculate the
results in table 1 (where only days 4-14 were used).
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Figure 1. The change in free-running period of hamsters in RR
after 2 weeks clorgyline, imipramine, or empty implants, is shown
as At (post-implantation t minus pre-implantation r in hours: a
negative sign indicates shortening of t, a positive sign lengthening
of 7). Only those hamsters with a single peak in the circadian range
in the periodograms during this time were used for the calculation
of 7. A statistically significant lengthening of z with clorgyline was
found: paired t-test=6.03, *** p<0.001 (the outlying value of
A7r=3.5 h was not included in the calculation of either significance
or mean At).
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MAO activity was measured in brain homogenates
using phenylethylamine and serotonin as substrates,
by methods described previously®2.

Data analysis. The free-running period, 7, was mea-
sured by eye-fitting lines to activity onset by 2 inde-
pendent observers, and later, by periodogram analy-
sis?%23. Only the latter ‘objective’ data are presented
here, even though comparisons of both methods
yielded similar values for 7. Baseline 7 in RR was
estimated using the last 10 days free run before
implantation: post-implantation 7 from days 4-14 for
both controls and drug-treated animals. Statistical
analysis was by means of paired t-tests for pre- vs
post-implantation 7 for each hamster. Only those
hamsters whose periodograms showed a single peak
in the circadian range in the pre- and 2-week-post-
implantation phase were used for t calculations.
Those hamsters whose periodograms showed 2 or
more significant peaks in either the 2-week-post-
implantation and/or the following 2 weeks, were
considered for estimation of the incidence of dissocia-
tion of circadian activity components.

The data analysis programmes?® also computed total
wheel revolutions/24 h as well as estimating activity
onset and offset times. These were used to measure
the effect of drugs on motor activity per se (A), and on
total activity time (a).

Results

1. The circadian rest-activity cycle

Effects of antidepressants on the circadian period.
Chronic administration of clorgyline lengthened the
circadian period: imipramine had no significant effect
on 7 (table 1, fig. 1). Examples of lengthening of t by
clorgyline, together with the corresponding periodo-
grams (portions b. cf. a.) are shown in figures 2A and
2B. Lengthening often persisted after drug cessation
(portion c.). Controls showed slight changes in both
directions (figs 2C and 3C).

Effects of antidepressants on circadian activity com-
ponents. During the baseline free-run in constant
conditions the active phase of the rest-activity cycle
frequently showed 2 distinct components, a long
‘evening’ activity bout and a shorter ‘morning’ bout?*,
In many imipramine-treated (20 mg/kg/day) ani-
mals, 7 of the ‘morning’ activity component appeared
to be preferentially lengthened such that it eventually
broke away from the ‘evening’ activity component
and traversed the rest phase. This was accompanied
by a phase-advance of the ‘evening’ activity com-
ponent. A similar phenomenon was observed in clor-
gyline-treated animals with or without an initial
lengthening of 7 of the undissociated rhythm. Exam-
ples of dissociation of circadian activity components
after imipramine (fig.3) and clorgyline (fig.2) are
shown with their corresponding periodograms.
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Effects of antidepressants on total motor activity and
activity time. Total wheel revolutions/24 h (A) were
calculated for each day and each animal. The range of
values between animals and between experiments
over the last 10 days in RR before implantation was
very small, indicating a very stable mode of running
in hamsters (calculated to be about 1.6 km an hour).
Halothane anesthesia and implants of empty capsules
had no effect on A (see controls, arrow in fig.4).
However a gradual decline in total running activity of
about 100 wheel revolutions/24 h occurred in RR
during the course of each experiment.

Clorgyline treatment immediately decreased the
amount of motor activity, even though behaviorally
the animals did not appear sedated. During the Ist
week of clorgyline treatment a significant decrease to
40%, during the 2nd week to 73% of control values
occurred (fig.4). Imipramine had no effect on A
(fig.4).

Neither clorgyline nor imipramine modified activity
time (a). If we use only the time spent running
(excluding resting bouts scattered throughout the
active phase), as a modified measure of a to allow for
the complex patterns seen with drugs, there was no
significant effect on running time with drugs: imipra-
mine, 7.840.3 h/day compared with baseline RR
92403 h; controls, 7.7£0.8 h compared with
9.1+0.7 h; clorgyline, 10.6+0.5 h compared with
baseline RR 10.54+0.3 h; controls, 8.7+0.5 h compared
with 9.74+0.5 h.

2. Biochemical pharmacology

Figure 5 shows that the dose of clorgyline used in
these studies, 2 mg/kg/day, caused rapid and sub-
stantial inhibition of hamster brain MAO-A activity
(the MAO-A form of the enzyme is preferentially
inhibited by clorgyline?’, and hamster brain contains
predominantly MAO-A?% - our studies have found a
ratio of MAO-A:B of 90:1). Since the minipumps
were not removed after 2 weeks, the exact time of
cessation of drug administration in each animal was
not known. However it can be seen that only little
recovery of MAO activity had occurred even many
weeks later.

Imipramine plasma levels were not measured. This
lack of information as to adequate imipramine levels
was compounded by a problem related to the local
anesthetic properties of the tricyclic drug itself: after
both modes of application, necrosis of tissue around
the implants was observed, that may have impaired
delivery of drug, and have been a source of variance
in the individual plasma levels attained. This
variability and possible low drug concentration may
have been one reason for the negative effects of
imipramine on 7. Indeed, a recent study?’ where
plasma levels of imipramine were measured, showed
negligible steady state concentrations and no effect on
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7. The problem of drug application in circadian
rhythm experiments is discussed in detail elsewhere!6.

Discussion

These studies extend previous findings that lithium
can lengthen 7 to another class of antidepressant
drugs. Although our first analysis of the data using
visual estimation of 7, indicated that imipramine, as
well as clorgyline, could lengthen %8 this was not
substantiated for imipramine using the more rigorous
criteria of a) periodogram analysis and b) excluding
all animals showing dissociation of activity com-
ponents. The magnitude of the change in ¢ after
clorgyline is not trivial: a difference of 0.2-0.3 h has
been documented for lithium and for steroid hor-
mones (the latter changes being associated with im-
portant behavioural events)®.

Slowing the circadian pacemaker driving the rest-
activity cycle would be predicted to delay the phase-
position () of entrained rhythms?®. This occurs with
lithium?'$, clorgyline, and pargyline (another MAOI)
in rats’® and hamsters3l. A recent investigation of
imipramine in rats (administered by stomach intuba-
tion to ensure adequate dosage) has also noted a
phase-delay of activity onset in an LD cycle®?. Thus
even though only clorgyline was found to lengthen 1,
both clorgyline and imipramine have been found to
delay y, even in neurochemical rhythms!®33-3% Tt is
important that lengthening of 7 is reflected in a delay
of w, since these drugs are used to treat depressive
patients who are living under entrained conditions.
The abnormal circadian rhythms often observed in
depressive patients have been interpreted as a phase-

A)
Hours 0
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advance with respect to the sleep-wake or the day-
night cycle!” 1836 if this advance in y is correlated
with pathophysiology, then a delay in y induced by
antidepressants may, correspondingly, be correlated
with their clinical efficacy.

Clorgyline and imipramine also promote dissociation
and relative coordination of activity components.
Although this sometimes occurred spontaneously in
dim red light, the changes in controls occurred signifi-
cantly less often than was found with drug-treated
animals (see table 2)*’. Thus dissociation between
evening and morning activity bouts did not arise de
novo as a response to drugs, but, under our particular
conditions was a normal, though infrequent re-
sponse’’ that was facilitated by drug treatment.
Dissociation could be considered as a drug effect
modifying coupling between oscillators driving these
activity components. To our knowledge, this is the
first description of such an effect promoted by phar-
macological agents. Deuterium oxide and lithium,
which also lengthen 7z, do not induce dissociation or
‘splitting’!>16, The only ‘splitting’ (defined as the
persistence of 2 separated activity components in a
stable phase relationship and with the same periodici-
ty)?* consistently observed in hamsters occurs after
lengthening of 7 in bright white light?*. However there
are important differences between splitting in LL and
the dissociation found with antidepressants: in split-
ting in LL the 2 activity components rapidly find a
new stable phase-relationship; in the case of antidep-
ressant drug-induced dissociation in RR, the 2 com-
ponents rarely maintain a stable phase-relationship.
Examples in figure 3B (hamsters 18, 23) do show

Clorgyline

AT e W R R e R
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Figure 2. Representative actograms from duplicate experiments administering clorgyline (at an estimated concentration of 2 mg/kg/day
for 2 weeks) (A and B) or empty implants (C), together with their corresponding periodograms. The time scale runs from left to right, and
the activity record has been doubled to permit visulization of the continuity of free-running rhythms (x-axis=48 h). Successive days’
activity are shown beneath each other (y-axis= circa- 40 days). After 40 days a breakdown in the data-collecting system occurred, lasting
about 10 days: the last 4 weeks are not shown because of lack of visnal continuity, but were used to calculate total activity (A, fig.4).
Periodogram analysis of baseline (= portion labelled a) used the last 10 days in RR before implantation (shown by * in the actogram at CT
7-9), the following days 4-14 (=b) for analysis of the drug effect, and days 15-28 (=c) for post-drug effect. Where no dissociation into 2
or more significant activity components (the upper horizontal line in the periodogram indicates the p < 0.01 level) occurred, At averaged
0.33 h. Of interest in the clorgyline-treated hamsters is that the periodogram shows periodicities that cannot be estimated visually: e.g. in
A), portion (b), hamsters 8 and 14 show that clorgyline lengthens activity onset r by 0.5 h, but also lengthens activity offset 7 to a greater
extent (2nd peak circa 3.75 h and 4.5 h); in B), portion (c), hamsters 5, 7, 17, show a shorter activity component (47 of —2.25, +0.75,
— 0.5 h respectively) as well as a long activity component (47 of 3.0, 3.5, 3.25 h as compared with baseline 7). In B}, hamster 17 is shown as
an example of apparent arrhythmicity (b) and extreme sedation induced by clorgyline (no significant peak in periodogram), followed by

(c) which does however yield significant periods. This extreme drug effect was rare, but has been seen when clorgyline is administered
directly into the SCN.
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Figure 3. Representative actograms from hamsters administered imipramine (20 mg/kg/day for 2 weeks) (A and B} or empty implants (C).
The format is as described in figure 2, using circa 60 days data (mechanical breakdown at days 34-36). Periodogram analysis of baseline
(a), and post implantation (* at CT 7-9) days 4-14 (b), 15-28 (¢), and 29-50 (d) are shown. There were few effects on = (A), hamsters 26,
11 and B), hamstess 8, 18, show initial lengthening of t. Various patterns of dissociation of activity components after imipramine are seen;
the selective lengthening of  of the morning activity bout is particularly clear in A), hamster 10. As with clorgyline, there are some
examples of dissociation into an activity component with shorter period underlying the activity bouts with longer period (A), all actograms
at some stage; B), hamsters 31, 18, 23). In B), hamster 23 is shown as an example of dissociation and decreased rhythmicity immeditely
after implantation: in this hamster 2 Alzet minipumps were implanted at a total dose of 50 mg/kg/day, indicating some dose dependence
of effect (the other hamster given this dose died). In this animal too, ‘splitting’ is clearly seen at the end of the experiment. Control hamster
6 showed a phase jump; otherwise changes in controls were small and in both directions.

stable split activity components at the end of the
experiment. However a further occasional finding was
that the rest-activity cycle as a whole could be mar-
kedly lengthened and apparently break away from a
shorter, underlying rhythmic component (e.g. fig. 3A,
hamsters 26, 11; fig.3B, hamsters 18, 23; fig.2B,
hamsters 5, 7). The latter in particular resembles
actograms in humans under free-running conditions
when the rest-activity cycle breaks away from the
temperature rhythm3’. A somewhat similar pattern
also occurs in conditions of entrainment in certain
manic-depressive patients when they undergo spon-
taneous, or tricyclic- or MAOI-induced switches out
of depression into mania'®38, Imipramine- or clorgy-
line-induced switches into mania may be related to
the capacity of these drugs to dissociate circadian
rhythms.

One caveat needs to be added: in these hamsters (as a
group, both male and female) we have noted an

instability over many years, of baseline free-running
activity rhythms that is unusual for the species. No
reason has yet been found for why animals from the
same dealer should be more labile in our laboratory
than in others. This baseline susceptibility may be one
explanation for the variability of effects seen with
antidepressant drugs; it does not however undermine
the validity of the observations.

Until now, very few drugs have been found to modity
the frequency of the circadian pacemaker*>!2 Our
studies raise the question of whether other clinically
effective antidepressants can slow or dissociate circa-
dian rhythms, and whether these effects are specific
for antidepressants alone. Under entrained conditions
another MAOI, pargyline, has been observed to delay
w of activity onset’®*® and we have recently found
that methamphetamine, a psychoactive drug some-
times used as an antidepressant, can delay y of
activity, temperature, and corticosterone rhythms*!.
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That this occurs through lengthening of r has been
indicated in an early study of amphetamine in wood-
mice*2, ,

Another question concerns the primary site of action
of these drugs: do they act on the circadian pacemak-
er itself? In preliminary studies'?*3, administration of
clorgyline and imipramine directly to the suprachias-

matic nuclei of the anterior hypothalamus (the puta-
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Figure 4. Total wheel revolutions/24 h (A) were averaged for each
hamster over time and for all hamsters in a group. The arrow after
10 days baseline indicates halothane anesthesia and implantation.
The striped area indicates the estimated time of drug release. The
mean+SEM of (A) is shown for 10 days baseline in RR, week 1 of
drug/empty implant, week 2, weeks 3+4, weeks 5+ 6. Although
there was a decrease in motor activity over the course of the
experiment in RR in controls, only clorgyline administration was
found to cause a significant reduction during drug release. t-test
drug vs controls during the same time-span ***p < 0.001;
**p<0.01.
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Figure 5. Hamster brain MAO-A activity using *H-serotonin as
substrate, expressed as percentage of control animals. Clorgyline
was administered in minipumps, and hamsters (N=3-6/time
point) killed at various times after. MAO-A was inhibited 80% by
the 1st day, and had not increased substantially (64% inhibition)
even up to 30 days after presumed cessation of drug infusion. On
the basis of the dose used we would have predicted total inhibition
of MAO-A. However, the actual level of inhibition may indeed
have been greater than 80%, since the level of MAO activity
relative to blank values was extremely low.
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tive mammalian circadian pacemaker) disrupted or
slowed circadian rhythmicity, whereas drugs adminis-
tered in nearby brain structures had no effect.

Thus there is some evidence for a selective action of
antidepressants on circadian pacemaker frequency.
Nevertheless, other effects may be as important: for
example, clorgyline interferes with the effect of light
on the circadian rhythm of pineal melatonin3!-%0, and
may also affect visual imput to the SCN at the level of
the retina itself>°.

Finally, we need to relate the effects of antidepressant
drugs on circadian timekeeping to their known neuro-
pharmacology. In this respect, our findings that both
clorgyline and imipramine delay the phase-position of
many neurotransmitter receptor rhythms are of par-
ticular interest, since they form a link between
research fields that are usually separate. In a recent
review!2, we have considered which neurotransmitters
or neuropeptides have been unequivocally identified
in the SCN, which pharmacological manipulations of
the SCN or its afferents modify circadian phase or
period, and which of the multiplicity of effects of
antidepressants on neurotransmission are relevant to
the effects of these drugs on the circadian system. Our
present state of knowledge implicates the serotonergic
and cholinergic systems as the most likely substrates:
iontophoretic application of clorgyline and imipra-
mine in the SCN potentiate both the effect of ionto-
phoresized and endogenously released serotonin®’.
Antidepressant drugs thus provide powerful new tools
to investigate circadian physiology and its neuro-
chemical basis. Conversely, modulation of circadian
frequency may be an important mode of action of the
widely disparate group of antidepressant drugs.
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