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PASTEL, R. H., E. ECHEVARRIA, B. COX, T. P. BLACKBURN AND F. C. TORTELLA. Effects of chronic
treatment with two selective 5-HT), antagonists on sleep in the rat. PHARMACOL BIOCHEM BEHAV 44(4) 797-804,
1993.—The effect of chronic administration of 2(2-dimethylaminoethylthio)-3-phenylquinoline (ICI-169,369) and 2(2-
dimethylamino-2-methylpropylthio)-3-phenylquinoline (ICI-170,809), two selective 5-HT, antagonists, on sleep was studied
in rats. As previously shown, the acute effect of ICI-170,809 was to increase latency to rapid eye movement sleep (REMS),
decrease the number of REM periods (REMPs), suppress the cumulative amount of REMS over 12 h, and increase the
duration of REMPs in the first 6 h, while having no effect on non-REM sleep (NREMS). Administration of ICI-169,369 had
similar effects except no change was seen in the duration of REMPs and cumulative REMS was suppressed for 24 h, When
given 2x daily for 5 days, tolerance to the REMS suppressant effects developed in both drugs. After discontinuation of
treatment, a REMS rebound occurred after ICI-170,809, but not ICI-169,369. No significant effect on NREMS was seen
after administration of ICI-170,809, whereas ICI-169,369 lowered 24-h cumulative NREMS on the fifth day of administration.
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ALTHOUGH serotonin [5-hydroxytryptamine (5-HT)} has
long been postulated to be involved in the regulation of the
sleep-wakefulness cycle, its role has been subject to much
debate (10,16). In the past, there were few specific drugs avail-
able to study the role of 5-HT in the control of sleep. In recent
years, multiple 5-HT receptors and receptor subtypes have
been discovered (26). Along with this discovery has been the
development of more specific and selective 5-HT agents.
Recently, two chemically novel 5-HT, antagonists, 2(2-
dimethylaminoethylthio)-3-phenylquinoline (ICI-169,369) and
2(2-dimethylamino -2 -methylpropylthio )- 3 - phenylquinoline
(ICI-170,809), have been described (3,15). Both have high af-
finity for the 5-HT, binding site in the rat cortex (K, 1.79 X
107* M for ICI-169,369 and 6.6 x 10~'° M for ICI-170,809)
while possessing relatively low affinity for other neurotrans-
mitter receptors (3,8,15). In two in vivo tests of 5-HT,
function, ICI-169,369 blocked 5-hydroxytryptophan (5-HTP)-
induced head twitches and fenfluramine-induced hyperther-
mia (2). Both ICI-169,369 and ICI-170,809 have also been
shown to block both 5-HTP and DOI (a 5-HT,,,. agonist)-
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induced head twitches and block 5-HT-evoked excitation of
dorsal raphe neurons (8). Both compounds have good oral
bioavailability [(2), Blackburn, personal communication].
Previously, we (38) described the acute effects of ICI-169,369
and ICI-170,809 on the 24-h sleep-wake cycle of rats. Both
compounds induced a dose-related increase in the latency to
rapid eye movement sleep (REMS) and suppressed cumulative
REMS time. Non-REMS (NREMS) was not affected.

The purpose of the present experiments was to determine
the effects of chronic administration of ICI-170,809 and ICI-
169,369 on 24-h sleep patterns using a dose that produced
effects in our acute study. We were especially interested in
determining whether tolerance would develop to the REMS
effects we observed after acute administration.

METHOD
Preparation of Animals

Male Sprague-Dawley rats (275-325 g) were implanted with
cortical EEG and temporalis muscle EMG electrodes under

Research was conducted in compliance with the Animal Welfare Act and other federal statutes and regulations relating to animals and
experiments involving animals and adheres to principles stated in the Guide for the Care and Use of Laboratory Animals, NIH Publication
85-23. The views of the authors do not purport to reflect the position of the Department of the Army or the Department of Defense (para 4-3),
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ketamine anesthesia (100-150 mg/kg, IP) (37). After surgery
and throughout the experiment, rats were housed individually
in full-view Plexiglas cages (27 X 30 x 50 cm) located in a
shielded, sound-attenuated, temperature-controlled (25°C)
chamber. Rats were maintained on a 12 L : 12 D cycle (light
onset at 0600 h). Food and water were available ad lib
throughout the study. Animals were allowed a minimum of
5 days to recover from surgery and acclimate to their new
environment.

EEG and Behavior Analysis

EEG and EMG activity were monitored continuously on a
10-channel Grass polygraph (Grass Instruments, Quincy,
MA). EEG was recorded at a speed of 30 mm/min and the
records were manually scored in consecutive 10-min bins for
total NREMS and REMS. Latency to NREMS was defined as
the length of time from drug administration to the appearance
of 3 consecutive min of high-amplitude, slow-wave EEG,
whereas REMS latency was measured from the onset of
NREMS to the first 15-s epoch of theta EEG with low EMG
(REMS). Cumulative NREMS and REMS times were calcu-
lated for each 24-h period. Behavior was observed at 5-min
intervals for 30 min following drug or vehicle administration.
An initial discomfort/reaction characterized by several head
shakes followed by face grooming after p.o. administration
was observed, which lasted less than 10 min. After the initial
reaction to drug administration, no abnormal behaviors were
seen.

Drugs and Treatment Protocol

After normal diurnal sleep-wake activity was established
(typically, 3-5 days), twice-daily oral administrations (p.o.)
of control vehicle (distilled water) were given for 3 consecutive
days. Treatments were given at 1000 and 1600 h. Eighteen
hours following the last control treatment, 5 days of twice-
daily ICI-170,809 (10 mg/kg, n = 5 animals) or ICI-169,369
(40 mg/kg, n = 8 animals) treatments ensued, followed by a
3-day recovery period during which sham treatments were
given twice daily. The doses of the ICI compounds were se-
lected based upon the results of our previously reported acute
study (38). Sham treatments consisted of inserting the gavage

PASTEL ET AL.

needle into the mouth but not injecting any fluid. ICI-169,369
or ICI-170,809 were dissolved in distilled water and adminis-
tered p.o. in a volume of 1 ml/kg. Using this protocol, each
animal served as its own control. Animals were drug naive
prior to study and were used for one study only.

Statistics

The days used for analysis were the third day of distilled
water (VEH), the first (ICI-1) and fifth (IC1-5) days of drug
administration, and the first (REC-1) and third (REC-3) days
of recovery (i.e., sham treatment). Cumulative REMS and
NREMS totals were analyzed using a two-factor analysis of
variance (ANOVA) with two repeated measures (treatment
X h). A priori planned comparisons were VEH vs. ICI-1,
VEH vs. ICI-5, VEH vs. REC-1, ICI-1 vs. ICI-5, and ICI-5
vs. REC-1. In our previous study, ICI-169,369 had a longer
time course of effect (38). Therefore, a priori, we decided to
look at 24-h cumulative REMS and NREMS for ICI-169,369
and 12-h cumulative REMS and NREMS for ICI-170,809.
Latencies to NREMS and REMS, and number and duration
of REMPs were each analyzed with either a paired #-test or a
Wilcoxon matched-pair nonparametric analysis (if the data
was not normally distributed) with the same a priori planned
comparisons as for the ANOVAs. NREMS latency was mea-
sured with a two-tailed test because no change was expected.
REMS measures were measured with one-tailed tests because
REMS latency was expected to increase and other REMS mea-
sures were expected to decrease.

RESULTS

As shown previously (38), acute oral administration of ICI-
170,809 resulted in a significant increase (300% of control,
p < 0.05, Wilcoxon matched-pair test, one tailed) in the la-
tency to the first REMS episode (Fig. 1a, ICI-1) and a signifi-
cant suppression of cumulative REMS time for the first 12 h
(Fig. 2a), F(1, 28) = 15.67, p < 0.001. Tests of simple main
effects showed significant decreases at 4 (p < 0.005) and 6 h
(p < 0.03). The number of REMPs was significantly de-
creased (p < 0.05, Wilcoxon matched-pair test) and the dura-
tion was significantly increased (p < 0.01, paired #-test) in the
first 6 h (Table 1). During the 5§ days of 2 X daily treatments,
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FIG. 1. Latency from initial administration to the onset of REMS (A) and to the onset of NREMS (B) after vehicle control
administration, days 1 and day 5 of chronic ICI-170,809 administration (10 mg/kg, p.o., 7 = 5), and days 1 and day 3 of
recovery (i.e., sham administrations). *p < 0.05, Wilcoxon matched-pair test (one tailed for REMS and two tailed for

NREMS).
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FIG. 2. Effects of chronic p.o. administration of ICI-170,809 on cumulative 24-h REMS. Administrations
were at time 0 and at 6 h (not marked on figure). (¢), vehicle control; (O), day 1 of ICI-170,809; (@), day 5
of ICI-170,809; (M), day 1 of recovery; ((J), day 3 of recovery. *p < 0.05, **p < 0.01, simple main effects

after ANOVA,

tolerance developed to these effects of ICI-170,809 on REMS.
The increase in REMS latency declined from 300 to 150% of
control (Fig. 1a, ICI-5). Cumulative REMS time and number
and duration of REMPs were not significantly different from
predrug levels (Fig. 2a and Table 1). During the first day
of the recovery period (i.e., REC-1), a rebound effect was
observed, characterized by significant increases in number of
REMPs in the first 6 h (Table 1, p < 0.05, Wilcoxon
matched-pair test, compared to control) and in cumulative
REMS for the first 12 h [Fig. 2b, F(1, 28) = 15.94, p <
0.001, compared to ICI-5] and a nonsignificant decrease in
REMS latency (59% of control, Fig. 1a).

Chronic ICI-170,809 had no significant effect on NREMS
behavior (Fig. 3a). Although the latency to NREMS decreased

and cumulative NREMS increased during the recovery period
compared to the last day of ICI-170,809 treatment, these ef-
fects were not significant (Figs. 1b and 3b).

Chronic ICI-169,369 had similar effects to those seen with
chronic ICI-170,809. On the first day of ICI-169,369 adminis-
tration, REMS latency was significantly increased (420% of
control, p < 0.01, paired #-test, one tailed, Fig. 4a). Cumula-
tive REMS for 24 h was significantly decreased (Fig. 5a), F(1,
63) = 31.73, p < 0.0001. Tests of simple main effects
showed significant decreases at h 6 (p < 0.02), 12 (p <
0.001), and 24 (p < 0.001). The number of REMPs was sig-
nificantly lower at 6 h (p < 0.001, paired #-test) but not at 24
h (Table 2). Unlike ICI-170,809, average REMP duration was
not significantly increased.

TABLE 1
EFFECT OF ICI 170,809 ON 6-h AND 24-h REM MEASURES
Total REM Time (min) Number of REMPs REMP Duration (min)
Treatment and Day 6h 24h 24h 6h 24h
Saline 265 107 £ 6 17 + 4 61 + 6 1.6 + 0.2 1.8 £ 0.1
ICI-1 19+ 3 117 £ 5 9 + 2% 6l +2 2.2 + 0.2t 1.9 + 0.1
ICI-5 23+ 5 100 £ 6 14 £ 3 62 + 3 1.8 + 0.1 1.6 £ 0.1
Rec-1 33+7 102 £ 6 24 + 6* 70 £ 6 1.4 £ 0.1 1.5 + 0.1
Rec-3 28+ 6 98 + 5 19 + 4 61 £ 6 1.5 £ 0.1 1.6 + 0.1

Data are reported as the means + SEM. REMP duration refers to the average length of an REM period during the

test period.

*p < 0.05, tp < 0.01 (Wilcoxon matched-pair test for number of REMPs, paired t-test for other comparisons;

compared to distilled water control).
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FIG. 3. Effects of chronic p.o. administration of ICI-170,809 on cumulative 24-h NREMS. Administrations
were at time 0 and at 6 h (not marked on figure). Same symbols as in Fig. 2.

By day 5, REMS latency was still greater than on the vehi-
cle control day (204% of control), but the difference was not
significant (p > 0.05, Fig. 4a). However, day 5 REMS la-
tency was significantly lower than day 1 of ICI-169,369 ad-
ministration (p < 0.05, paired #-test, one tailed). Similarly,
the number of REMPs was lower on day 5 compared to vehi-
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cle, but the difference was not significant (Table 2). Cumula-
tive REMS on day 5 was intermediate between vehicle and
day 1 of ICI-169,369 administration (Fig. 5a). Day § cumula-
tive REMS was significantly lower than vehicle (Fig. 5a), F(1,
63) = 10.31, p < 0.003, and significantly higher than day 1
of administration, F(1, 63) = 4.16, p < 0.05. Tests of simple
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FIG. 4. Latency from initial administration to the onset of REMS (A) and latency to the onset of NREMS (B) after vehicle
control, days 1 and 5 of chronic ICI-169,369 administration (40 mg/kg, p.o., n = 8), and days 1 and 3 of recovery. *p <
0.05, paired #-test (one tailed for REMS and two tailed for NREMS).
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FIG. S. Effects of chronic p.o. administration of ICI-169,369 on cumulative 24-h REMS. Administrations were
at time 0 and at 6 h (not marked on figure). Same symbols as in Fig. 2.

main effects (veh vs. day 5) showed a significant decrease at
12 h after administration (p < 0.001).

When ICI-169,369 was discontinued, REMS measures (la-
tency, cumulative amount, and duration) returned to normal
(Figs. 4a and 5b and Table 2). No rebound increases were
observed.

NREMS latency was nonsignificantly increased on days 1
and 5 of ICI-169,369 administration vs. vehicle (Fig. 4b). La-
tency was significantly lower on the first day of recovery (no
injection) compared to ICI-5 (p < 0.01, paired f-test, two
tailed). Cumulative NREMS was significantly lower on day 5
of ICI-169,369 administration vs. control, F(1, 63) = 14.71,
2 < 0.001, and vs. day 1 of drug administration (Fig. 6a),
F(1, 63) = 4.51, p < 0.05 (fig 6a). The first recovery day was
also significantly lower than vehicle, F(1, 63) = 17.55, »p <

0.001, but by the third day of recovery no significant differ-
ence was observed (Fig. 6b). The decreases seen in cumulative
NREMS were small but consistent.

DISCUSSION

1CI-170,809 strongly suppressed REMS after acute admin-
istration. The suppression was characterized by an increase in
REMS latency and a decrease in the number of REMPs in the
first 6 h. The decrease in REMS was partially compensated
for by an increased duration of REMPs. Tolerance to the
REMS effects developed so that by the fifth day of adminis-
tration REMS measures were not significantly different from
vehicle control values. When ICI-170,809 was discontinued, a
rebound increase in REMS occurred during the first 12 h. A

TABLE 2
EFFECT OF ICI 169,369 ON 6-h AND 24-h REM MEASURES
Total REM Time (min) Number of REMPs REMP Duration (min)
Treatment and Day 6h 24h 6h 24h 6h 24h
Saline 30+3 111 £ 4 21 + 2 72+ 3 1.5 + 0.1 1.6 + 0.1
ICI-1 16 + 3 92 + 13 8 + 1t 60 + 8 1.7 + 0.1 1.5 + 0.1
ICI-5 23 + 3 107 £ 10 15 + 3 735 1.7 + 0.2 15+ 0.1
Rec-1 29 + 6 112 + 13 193 69 + 6 1.5 + 0.1 1.6 + 0.1
Rec-3 27 £ 3 100 + 7 16 = 2 62+ 5 1.7 £ 0.1 1.6 = 0.1

Data are reported as the means + SEM. REMP duration refers to the average length of an REMP during the test

period.

tp < 0.01 (paired #-test, compared to distilled water control).
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FIG. 6. Effects of chronic p.o. administration of ICI-169,369 on cumulative 24-h NREMS. Administra-
tions were at time 0 and at 6 h (not marked on figure). Same symbols as Fig. 2.

nonsignificant decrease in REMS latency and a significant
increase in number of REMPs characterized the rebound.
During and after ICI-170,809 administration, no effect was
seen on NREMS.

The acute effects of ICI-169,369 were similar to those seen
with ICI-170,809, with the exception that average REMP
duration was not increased. With chronic administration,
tolerance did develop to most of these effects, but cum-
ulative REMS on day 5 of administration remained signifi-
cantly lower than vehicle control. No rebound increase in
REMS was observed when 1CI-169,369 was discontinued. Cu-
mulative NREMS was lower than control on day 5 of ICI-
169,369 and on the first recovery day, but the differences were
small.

In comparing the chronic effects of the two drugs, two
differences were observed. First, less tolerance developed to
the REMS suppressive effects of ICI-169,369. Second, in con-
trast to ICI-170,809, no REMS rebound occurred when treat-
ment with ICI-169,369 was discontinued. These effects could
be related to the apparent longer time course of ICI-169,369
(38). Alternatively, ICI-170,809 has been reported to be a
more potent 5-HT, antagonist (11,15) and the differences in
receptor potency may account for some of the observed differ-
ence in tolerance and the lack of a rebound effect after 1CI-
169,369. A third possibility that may explain these differences
is the recent observation that ICI-169,369 acts as an allosteric
activator of the 5-HT, receptor system, whereas ICI-170,809
acts as a partial deactivator (11,18).

ICI-169,369 has been reported to be a selective antagonist
of 5-HT, receptors (2,3,8,18). In in vitro studies, ICI-169,369
has a selectivity ratio of 100 or more for 5-HT, vs. 5-HT,,, o,
oy, B, B,, dopamine,, muscarinic, and histaminergic binding
sites in cortex and isolated tissue studies (3). A similar selectiv-
ity has been shown in in vivo studies (2). Dimethylation of

ICI-169,369 produces ICI-170,809, which has approximately
20-fold higher affinity for the 5S-HT, receptor, but retains sim-
ilar selectivity [Blackburn, unpublished observations; (8,11,
15)]. Recently, both ICI-169,369 and ICI-170,809 have been
shown to be antagonists at the 5-HT,, receptor [(32), Black-
burn, unpublished observations]. Although tolerance develops
to REMS effects of ICI-169,369 and ICI-170,809, no tolerance
develops to the ability to block fenfluramine-induced hypo-
thermia after chronic administration for 2 weeks (Blackburn,
unpublished observations).

Early research suggested that 5-HT played an important
role in the regulation of sleep. Depletion of brain 5-HT by
parachlorophenylalanine (PCPA) or electrolytic lesions of the
dorsal raphe nucleus, which contains serotonin cell bodies,
have been shown to induce a large insomnia (16). However,
sleep eventually returned despite continued low levels of brain
5-HT when PCPA was chronically administered (7). In recent
years, a number of compounds have been developed that are
more specific for 5-HT receptors and, critically, are more se-
lective for the different 5-HT receptor subtypes (26). In the
rat, experiments using systemic injections of 5-HT, antago-
nists have consistently shown REMS suppression, whereas
effects on NREMS have not been as consistent (5,9,38). Simi-
larly, studies with 5-HT reuptake inhibitors (fluoxetine, indal-
pine, zimelidine, and alaproclate) have also demonstrated a
consistent suppression of REMS and a variable effect on
NREMS in the rat (17,25,29,35).

In the present article drugs were administered systemically,
so no conclusions can be drawn about site(s) of actions. How-
ever, information has begun to accumulate on the cellular
pharmacology of serotonin in brain regions thought to play a
role in REMS. A recent in vitro study has shown that 5-HT,
agonists hyperpolarize and 5-HT, agonists depolarize separate
populations of neurons in the medial pontine reticular forma-
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tion, an area thought to play a role in REMS generation (36).
Cholinergic neurons in the laterodorsal tegmental nucleus, an
area implicated in REMS, have been shown to be hyperpolar-
ized by 5-HT, agonists (21).

In addition to its role in the regulation of sleep, S-HT
has also been implicated in depressive disorders. Among the
reported findings are decreased 5-HT in the postmortem
brains of depressed patients and decreased 5-hydroxyindole-
acetic acid (5-HIAA) in the cerebrospinal fluid of depressives
(22). More recently, the 5-HT, receptor has been implicated
in depression. For example, chronic administration of a wide
range of antidepressant drugs has been reported to decrease
the number of 5-HT, receptors in the rat brain (4,13,27,40).
Another study showed a significant increase in 5-HT, binding
in the brains of unmedicated depressives compared to matched
controls (41).

Not coincidentally, several investigators have proposed
that a pathophysiological link may exist between clinical de-
pression and sleep disturbances (30). Depressed patients typi-
cally have increased REMS in the first half of the night (char-
acterized by a decreased REM latency and an increased
number of rapid eye movements in the first REMP) and a
reduction of slow-wave (delta wave) sleep (20,30). Further,
most effective antidepressant drugs alter REMS, although
many other classes of drugs also alter REMS. Recently, Vogel
has done an extensive survey of the literature and reported
that many (but not all) antidepressant drugs have three com-
mon effects on REMS: a) an initial large suppression of
REMS, b) a persistent suppression of REMS, and c) a REMS
rebound upon discontinuation of the drug (39). Among the
studies supporting their hypothesis are chronic studies in the
rat and man showing that both amitriptyline, a classic antide-
pressant, and zimelidine, a new antidepressant that selectively
blocks 5-HT reuptake, share these three characteristic effects
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on REMS (23,29,34). Although neither ICI-169,369 nor ICI-
170,809 share all three of these properties, both drugs acutely
produce a large initial REMS suppression, with ICI-170,809
suppressing REMS for 12 h and ICI-169,369 suppressing
REMS for 24 h. Tolerance develops to the REMS suppression
after chronic administration, with much less tolerance devel-
oping to ICI-169,369. An REMS rebound does occur after
ICI-170,809 but not after ICI-169,369.

While premature to speculate on the potential clinical use-
fulness of I1CI-170,809 or ICI-169,369 in treating depression,
two other 5-HT,,. antagonists, trazodone and mianserin,
have proven effective as antidepressants (6,28). Albeit, the
antidepressant mechanism of both drugs is not clear because
trazodone’s primary metabolite, m-chlorophenylpiperazine, is
a 5-HT,;,,. agonist and mianserin also acts as an antagonist at
o, receptors (12). Interestingly, trazodone is one of the four
antidepressants that does not have the typical antidepressant
effect on REMS (39). In early clinical trials, ritanserin has
been reported to be effective for both disthymic disorders and
major depressive disorders (19,31), although acute and
chronic studies in man have shown no REMS suppression
after administration of ritanserin (1,14,24,33). Therefore, the
potential usefulness of selective 5-HT,,,. antagonists as antide-
pressants based upon the REMS mechanism of depression
would be highly speculative at this time.

The present results indicate that tolerance develops to the
REMS suppressant actions of both ICI-169,369 and ICI-
170,809. In a previous study, the acute REMS effects were
shown to be dose dependent (38). Together, these data suggest
that an influence of serotonin on REMS in rats may involve
the 5-HT,,,. receptor subtype. Whether the functional signifi-
cance of these particular serotonin receptor subtypes resides
solely in REMS, rather than in slow-wave sleep or the general
control of vigilance, remains to be determined.
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