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Effect of Chronic Serotonin-, Receptor Agonist
or Antagonist Administration on Serotonin-; 4

Receptor Sensitivity

].G. Hensler, Ph.D., and K.A. Truett, M.S.

We have investigated the effect of 5-HT, receptor agonist or
antagonist administration on postsynaptic 5-HT, 4 receptor
sensitivity assessed by two behavioral measures, reciprocal
forepaw treading or hypothermia induced by acute injection
of the 5-HT , receptor agonist 8-OH-DPAT. The effectiveness
of these drug treatments to downregulate 5-HT,, receptors
was confirmed by measuring the binding of [*H]-ketanserin
in cortical homogenates, because all of these drug treatments
have been shown to result in the downregulation of 5-HT,,
receptor sites. Acute or chronic treatment of rats with the
5-HT, receptor antagonist mianserin, or chronic
administration of the 5-HT, , receptor antagonist ketanserin,
did not alter 8-OH-DPAT-induced hypothermia or forepaw
treading. These data indicate that downregulation of
5-HT,, receptors is not sufficient to alter these postsynaptic

5-HT, 5 receptor-mediated responses. Chronic treatment of
rats with the 5-HT, receptor agonist DOI, however,
resulted in the attenuation of both 5-HT, 4 receptor-
mediated responses measured in separate experimental
groups. The apparent desensitization of 5-HT; 4 receptors
following chronic DOI treatment was not accompanied by a
change in either the number or affinity of 5-HT 4 receptor
sites as measured by the binding of [*H]-8-OH-DPAT in
hippocampal homogenates. Chronic activation of 5-HT),
receptors may be one mechanism by which the sensitivity
postsynaptic 5-HT, receptors can be regulated.
[Neuropsychopharmacology 19:354-364, 1998]
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Of some 14 subtypes of receptor for the neurotransmit-
ter serotonin (5-hydroxytryptamine; 5-HT) (see Hoyer
et al. 1994), a tremendous amount of attention has been
focused on the serotonin,, (5-HT,,) receptor subtype.
Drugs that act as agonists at this receptor have proved
useful clinically as antidepressants (see Murphy et al.
1995) and anxiolytics (Coplan et al. 1995). The unique
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distribution of this serotonin receptor subtype in brain
is consistent with its potential involvement in cognitive
or integrative functions, as well as in emotional states.
In terminal field areas of serotonergic innervation, the
5-HT,;, receptor is located postsynaptically and is
present in high density in cortical and limbic structures
(i.e., hippocampus, entorhinal cortex, septum, amygdala,
frontal cortex) (Vergé et al. 1986; Hensler et al. 1991;
Khawaja 1995). The 5-HT,, receptor is also found in
high density in serotonin cell body areas, such as the
dorsal and median raphé, where it is believed to func-
tion as the somatodendritic autoreceptor modulating
the activity of serotonergic neurons (see Aghajanian et
al. 1990).

The sensitivity of behavioral (Goodwin et al. 1987;
Hensler et al. 1991; Wieland et al. 1993; Maj et al. 1996)
and electrophysiological (Blier and deMontigny 1983,
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1985, 1987) responses mediated by the 5-HT, 4 receptor
is decreased after chronic administration of 5-HT;, re-
ceptor agonists or antidepressants drugs. The desensiti-
zation of 5-HT,, receptor-mediated responses has also
been reported to occur after acute or short-term agonist
administration (Kennett et al. 1987; Larsson et al. 1990).
Although some investigators have reported changes in
5-HT;4 receptor number following agonist or antide-
pressant treatments (Welner et al. 1989; Fanelli and Mc-
Monagle-Strucko 1992), in many cases desensitization
of 5-HT;, receptor-mediated responses has not been
found to be accompanied by a decrease 5-HT 4 receptor
number (Larsson et al. 1990; Schecter et al. 1990; Hens-
ler et al. 1991; Wieland et al. 1993). Changes in 5-HT; 4
receptor second messenger function have not been con-
sistently reported to follow administration of antide-
pressants or 5-HT;, receptor agonists (Sleight et al.
1988; Varrault et al. 1991; Newman et al. 1992).
Interactions between serotonin receptor subtypes
have been observed in behavioral studies. For example,
5-HT,, receptor-mediated head shake behavior in rats
(Schreiber et al. 1995) elicited by the 5-HT), receptor ago-
nist DOI is attenuated by co-administration of 5-HT;4
receptor agonists (Arnt and Hyttel 1989; Yocca et al.
1990). Forepaw treading induced by acute injection of
the 5-HT; 5 receptor agonist 8-OH-DPAT is potentiated
by co-administration of DOI (Amt and Hyttel; Ber-
endsen and Broekkamp 1990) and attenuated by co-
administration of the 5-HT),¢ receptor agonists MK 212
and mCPP (Berendsen and Broekkamp). 5-HT, receptor
antagonists have also been reported to increase 8-OH-
DPAT-induced forepaw treading (Backus et al. 1990).
8-OH-DPAT-induced spontaneous tail flick behavior is
potentiated by agents with agonist properties at 5-HT,c
receptors (Bervoets et al. 1990; Millan et al. 1997).
Historically, studies of receptor regulation have fo-
cused on effects of chronic under- or overexposure of
receptor to its neurotransmitter. In view of evidence
supporting acute interactions between serotonin recep-
tor subtypes, the present study investigates the effect of
5-HT, receptor agonist or antagonist administration on
postsynaptic 5-HT, 4 receptor sensitivity. The effective-
ness of these drug treatment paradigms was confirmed
by measuring the binding of [*H]-ketanserin to 5-HT,,
receptor sites in cortical homogenates, because all of
these drug treatments have been shown to result in
downregulation of 5-HT,, receptor sites. The sensitivity
of postsynaptic 5-HT,, receptors was assessed in vivo
by two behavioral measures, forepaw treading (Trickle-
bank et al. 1984; Scott et al. 1994; Thielen et al. 1996) or
hypothermia (Bill et al. 1991; O’Connell et al. 1992; Millan
et al. 1997) induced by acute injection of the 5-HT), re-
ceptor agonist 8-OH-DPAT. Because changes in 5-HT 5
receptor second messenger function have not been con-
sistently reported to follow administration of antide-
pressants or 5-HT;, receptor agonists (Sleight et al.
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1988; Varrault et al. 1991, Newman et al. 1992), we
chose not to measure second messenger responses asso-
ciated with 5-HT;, receptor activation following 5-HT,
receptor agonist or antagonist treatment.

Because drug treatments that result in the desensiti-
zation of 5-HT,, receptor-mediated responses (i.e.,
chronic administration of antidepressant or 5-HT;, re-
ceptor agonists) also result in desensitization or down-
regulation of 5-HT,, receptors (Eison and Yocca 1985;
see Frazer et al. 1988; Sanders-Bush et al. 1989; Schecter
et al. 1990; Wieland et al. 1993; Maj et al. 1996), we hy-
pothesized that downregulation of 5-HT,, receptors
may be a mechanism by which the sensitivity of
postsynaptic 5-HT; 4 receptors is altered. In the present
study, we report that acute or chronic treatment of rats
with the 5-HT, receptor antagonist mianserin, or chronic
administration of the 5-HT,, receptor antagonist ket-
anserin, did not alter 8-OH-DPAT-induced hypother-
mia or forepaw treading. Chronic treatment of rats with
the 5-HT, receptor agonist DOI, however, resulted in
the attenuation of both postsynaptic 5-HT;, receptor-
mediated responses. The attenuation of 8-OH-DPAT-
induced forepaw treading or hypothermia following
chronic DOI administration was not accompanied by a
change in 5-HT, , receptor sites as measured by [°H]-8-
OH-DPAT binding in hippocampal homogenates. Our
results suggest that downregulation of 5-HT),, receptors
is not sufficient to alter postsynaptic 5-HT;, receptor-
mediated responses and that chronic activation of 5-HT,
receptors may be one mechanism by which the sensitiv-
ity of postsynaptic 5-HT) , receptors is regulated.

METHODS
Animals

All experiments used male Sprague-Dawley rats weigh-
ing between 250 to 350 g. Animals were group housed,
with lighting on a 14:10 hour day:night cycle and had ad
libitum access to food and water. These studies were
carried out in accordance with the Guide for the Care and
Use of Laboratory Animals as adopted and promulgated
by the National Institutes of Health.

Drug Treatments

The following dose schedules were chosen from pub-
lished reports showing 5-HT,, receptor downregula-
tion following drug administration. Animals were in-
jected with either saline or the following drugs:
ketanserin (10 mg/kg, IP, b.i.d., for 21 days) (Gandolfi
et al. 1985), mianserin (once at 2 mg/kg, SC) (Black-
shear and Sanders-Bush 1982) or (once daily at 5 mg/
kg, SC, for 14 days) (Gandolfi et al.), DOI (1 mg/kg, SC,
once daily for 8 days) (McKenna et al. 1989). Separate
control groups were used for each drug group.
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5-HT; 4 receptor function (i.e., 8-OH-DPAT-induced
hypothermia) was assessed 24 hours after the last injec-
tion of ketanserin. Animals were sacrificed 48 hours af-
ter the last injection of ketanserin to allow for further
clearance of any residual antagonist. For animals re-
ceiving acute mianserin treatment, 5-HT;, receptor
function (i.e., 8-OH-DPAT-induced forepaw treading)
was determined 24 hours after a single injection of mi-
anserin; animals were sacrificed following behavioral
testing. For chronic mianserin-treated animals, 8-OH-
DPAT-induced forepaw treading was measured 48
hours after the last injection of mianserin to allow clear-
ance of residual antagonist. 8-OH-DPAT-induced fore-
paw treading has been shown to be potentiated by the
co-administration 5-HT), receptor antagonists (Backus et
al. 1990). Animals in this group were sacrificed after be-
havioral testing. For DOIl-treated animals, 5-HT;, re-
ceptor function was determined 24 hours after the last
injection of DOI; animals were sacrificed after behav-
ioral testing.

8-OH-DPAT-Induced Hypothermia

Measurement of core body temperature was per-
formed, as previously described (Hensler et al. 1991).
Core body temperature was measured with a digital
thermometer (Fisher Scientific, Pittsburgh, PA) and rec-
tal probe (YSI, Yellow Springs, OH). With the animal
unrestrained, the probe was lubricated with petroleum
jelly and inserted to a depth of 5 cm. Animals were ac-
climated to the procedure during the 2 days preceding
the experiment. The procedure for acclimating the ani-
mal included handling the animal, allowing it to ex-
plore the test area and inserting the rectal probe for 1
min. Animals were habituated to the testing environ-
ment for at least 1 hour prior to temperature recording.
Core body temperature was taken for 2 min at 10 or 15
min intervals. The temperature at the end of the 2-min
period was recorded. Three temperature measurements
were taken prior to SC injection of 8-OH-DPAT. Core
body temperature immediately prior to 8-OH-DPAT in-
jection was used as baseline. All experiments were per-
formed between the hours of 2:30 p.Mm. and 5:00 p.M., at
ambient temperature.

8-OH-DPAT-Induced Reciprocal Forepaw Treading

All animals were treated with reserpine (1 mg/kg, SC)
18 hours before behavioral testing, as previously de-
scribed (Scott et al. 1994) to eliminate indirectly medi-
ated catecholaminergic influences. Reciprocal forepaw
treading in rats pretreated with reserpine has been
shown to be closely associated with the activation of
postsynaptic 5-HT; 5 receptors (Tricklebank et al. 1984).
Animals received SC injection of 8-OH-DPAT, and
were placed into a Plexiglas cage on top of an Animex
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activity meter (Columbus Instruments, Columbus, OH;
model WLI 1182). Activity counts were recorded every 2
min during the 30-min session with the aid of an 8-chan-
nel MiniCounter and PC-based MiniCounter software
(Columbus Instruments, Columbus, OH). In rats pre-
treated with reserpine, the activity measured following
saline injection was low, 50 counts/2 min or less. Such
activity represents activity counts not attributable to
forepaw treading, or base-line activity of the animal in
the apparatus. In the presence of 8-OH-DPAT, the activ-
ity recorded was primarily attributable to forepaw
treading, the repetitive dorsal-ventral treading of the
forepaws as described by Lucki et al. 1984. Behavioral
observations were made by a trained observer every 2
min during the experimental session. Animals were ha-
bituated to the testing environment for at least 1 hour
prior to the experiment. All experiments were per-
formed between the hours of 10:00 A.M to 1:30 P.M.

[*H]-Ketanserin Binding

Whole cerebral cortices were removed on ice, flash-fro-
zen on dry ice, and stored at —80°C until binding assays
were performed. Cortical hemispheres were homoge-
nized in lysis buffer (50 mM HEPES, 2 mM EDTA, 5 mM
magnesium acetate, pH 7.4) and centrifuged for 15 min
at 20,000 X g. The pellet was resuspended in 10 ml 50
mm Tris (pH 7.4 at 37°C). The suspension was incu-
bated at 37°C for 10 min and centrifuged. The resultant
pellet was washed twice and resuspended in 50 mM
Tris (pH 7.4 at 3/°C). Saturation-binding experiments
were performed using nine concentrations (0.1-10 nM)
of [*H]-ketanserin (80.1 Ci/mmol; NEN) in glass test
tubes containing 100 nM prazosin and 100 nM pyril-
amine to prevent the binding of [*H]-ketanserin to alpha-
adrenergic and histamine H; receptors, respectively.
Nonspecific binding was defined by 10 pM methyser-
gide. Binding was initiated by the addition of cortical
homogenate (100-150 g protein per tube). Assay tubes
were covered and incubated for 1 hour at 37°C. Reac-
tions were terminated by the addition of 5 ml of ice-cold
buffer (50 mM Tris pH 7.4 at 4°C). Membranes were col-
lected on glass fiber filters (Schleicher and Schuell, #25)
that had been previously soaked in 0.3% polyethylen-
imine. Filters were washed three times with ice-cold
buffer and incorporated radioactivity determined by
liquid scintillation counting. Protein concentrations were
determined by the method of Bradford (1976).

[*HI]-8-OH-DPAT Binding

Whole hippocampi were removed on ice, flash-frozen
on dry ice, and stored at —80°C until binding assays
were performed. For each animal, both hippocampi
were pooled and homogenized in 50 mM Tris (pH 7.4 at
4°C) and centrifuged for 20 min at 20,000 X g. Hippo-
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campal homogenate preparation was done as previ-
ously described (Chamberlain et al. 1993). Nine concen-
trations of [*H]-8-OH-DPAT (0.1-8 nM) were used for
saturation-binding experiments. Nonspecific binding
was defined by 10 uM 5-HT. Saturation binding was
performed in the presence of 2.5 mM MgCl, to promote
ternary complex formation and high affinity agonist
binding (Chamberlain et al.). Binding was initiated by
the addition of hippocampal homogenate (40-60 pg
protein per tube). Assay tubes were incubated for 15
min at 37°C. Reactions were terminated by addition of
cold 20 mM Tris and filtration through glass fiber fil-
ters. Filters were washed three times with the same
buffer, and radioactivity was determined by liquid scin-
tillation counting. Protein concentrations were deter-
mined by the method of Bradford (1976).

Data Analysis and Statistical Comparisons

Saturation binding data were analyzed using Kaleida-
Graph. Data were fit by nonlinear regression to the
model:

B = Bound = B,/ (1+(Ky/[D]™))+m2[D],

where D = radioligand concentration, m1 = slope of to-
tal binding, and m2 = slope of nonspecific binding. B,
and Ky values obtained from radioligand binding ex-
periments were analyzed by one-way analysis of vari-
ance (ANOVA). Time courses of hypothermia and fore-
paw treading were analyzed by repeated measured
ANOVA. Individual points of the time courses were
compared by Scheffe’s post-hoc test. Data on the maxi-
mal effects of 8-OH-DPAT on hypothermia were ana-
lyzed by one-way ANOVA.

Materials

2,5-dimethoxy-4-iodophenylisopropylamine hydrochlo-
ride (DQOI), 8-hydroxy-2-(di-n-propylamino)tetralin hy-
drobromide (8-OH-DPAT), ketanserin tartrate, methyser-
gide maleate, prazosin hydrochloride, and pyrilamine
maleate were purchased from Research Biochemicals
Inc. (Natick, MA). Mianserin hydrochloride, serotonin
creatinine sulfate, and reserpine were purchased from
Sigma Chemical Co. (St. Louis, MO).

RESULTS

In confirmation of an earlier study (Frazer and Hensler
1990), acute injection of rats with the 5-HT;, receptor
agonist 8-OH-DPAT caused a dose-related decrease in
core body temperature. The time course of this re-
sponse for three doses of 8-OH-DPAT is shown in Fig-
ure 1. For all three doses, the maximal response oc-
curred 30 min postinjection. The decrease in body
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Figure 1. Time course of hypothermia elicited by acute

injection of 8-OH-DPAT. Baseline core body temperature
measurements were taken immediately prior to injection of
8-OH-DPAT (0.01, 0.05, or 0.1 mg/kg, SC) at t = 0. Body
temperature, in degrees centigrade, was measured as
described in METHODS at 10-min intervals for 60 min and
then at t = 75 min after the SC injection of 8-OH-DPAT. Val-
ues shown are the means = SEM (1 = 5 in each experimental

group).

temperature produced by 0.05 mg/kg 8-OH-DPAT at
30 min was reproducible and statistically significant
(p < .001, t-test) compared to that obtained for 0.01 mg/
kg. We have used this dose of 8-OH-DPAT previously
to assess the effect of chronic antidepressant treatment
on 5-HT , receptor function (Hensler et al. 1991). In the
current study, this dose of 8-OH-DPAT (0.05 mg/kg)
was used in subsequent experiments to determine the
effect of 5-HT, receptor agonist or antagonist treatment
on postsynaptic 5-HT; 5 receptor sensitivity.

Reciprocal forepaw treading, induced by acute injec-
tion of 8-OH-DPAT, was also assessed. 8-OH-DPAT
elicited this behavioral response in a dose-dependent
manner. The time course of this response for three
doses of 8-OH-DPAT is shown in Figure 2. In rats pre-
treated with reserpine, the activity measured following
saline injection was not attributable to forepaw tread-
ing, but represented base-line activity of the animal in
the apparatus (Figure 2). In the presence of 8-OH-
DPAT, the activity recorded was primarily attributable
to forepaw treading. For all doses of 8-OH-DPAT
tested, the maximal response occurred between 4 to 16
min postinjection. The lowest dose of 8-OH-DPAT that
consistently produced observable forepaw treading be-
havior was 1.0 mg/kg. This dose of 8-OH-DPAT was
used in subsequent experiments to assess postsynaptic
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Figure 2. Time course of forepaw treading elicited by 8-OH-
DPAT. Activity counts representing forepaw treading were
measured as described in METHODS at 2-min intervals for
30 min immediately following injection of 8-OH-DPAT (0.05,
1.0, or 4.0 mg/kg, SC) or saline. Values shown are the means +
SEM (n = 4 in each experimental group).

5-HT, 4 receptor sensitivity following 5-HT, receptor ag-
onist or antagonist treatment.

To determine the effect of chronic 5-HT, receptor an-
tagonist administration on postsynaptic 5-HT, 5 receptor
sensitivity, rats were treated for 21 days with the 5-HT,,
receptor antagonist ketanserin. The sensitivity of postsyn-
aptic 5-HT , receptors was assessed by measuring 8-OH-
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DPAT-induced hypothermia 24 hours after the last in-
jection of ketanserin. Chronic treatment with ketanserin
did not alter 8-OH-DPAT-induced hypothermia (F[1,8] =
0.2603, p = .6237). Chronic ketanserin administration
resulted in a significant decrease in the density (B,,.,) of
5-HT),, receptors, as measured by the binding of [*H]-
ketanserin in cortical homogenates and a significant de-
crease in the affinity of the radioligand for this binding
site as indicated by an increase in K value (Table 1).
These data suggest that the sensitivity of this 5-HT;4 re-
ceptor-mediated response was not altered following
chronic 5-HT,4 receptor antagonist administration.

To confirm that treatment with a 5-HT), receptor an-
tagonist does not alter postsynaptic 5-HT,, receptor
sensitivity, animals were treated with the 5-HT, receptor
antagonist mianserin and a second measure of postsyn-
aptic 5-HT,, receptor function, reciprocal forepaw
treading, was assessed. 8-OH-DPAT-induced forepaw
treading was assessed after a single injection of mianserin,
which has been shown to downregulate 5-HT,, recep-
tors in brain (Blackshear and Sanders-Bush 1982). Acute
mianserin administration did not alter 8-OH-DPAT-
induced forepaw treading measured 24 hours after mi-
anserin injection (F[1,18] = 0.047, p = .8302). To rule out
the possibility that acute injection of mianserin was in-
sufficient to alter the function of postsynaptic 5-HT,,
receptors, rats were treated for 14 days with mianserin.
Because 8-OH-DPAT-induced forepaw treading has been
shown to be potentiated by coadministration of 5-HT,
receptor antagonists (Backus et al. 1990), this behavioral
response was assessed 48 hours after the last mianserin
injection to allow for clearance of antagonist from the
animal. Chronic treatment of rats with mianserin did not
result in a significant attenuation of 8-OH-DPAT-induced
forepaw treading (F[1,10] = 1.513, p = .2469). Both acute

Table 1. [*H]-Ketanserin Binding in Cortical Homogenates Following Treatment of Rats with

5-HT, Receptor Agonists or Antagonists

Treatment n K4 (nM) B...x (fmol/mg protein) % Downregulation
Chronic ketanserin
Saline ‘ 6 0.95 = 0.08 168 =79 27 + 43%
Ketanserin 5 1.26 = 0.10* 122 + 7.1*
Acute mianserin
Sa}me . 10 1.03 = 0.09 191 + 13 47+ 25%
Mianserin 10 1.18 = 0.06 100 = 4.7*
Chronic mianserin
Sa}me . 6 1.00 = 0.10 219 + 23 57 + 549
Mianserin 6 2.20 = 0.25* 94.0 = 12*
Chronic DOI (hypothermia)
Saline 5 1.34 = 0.13 195 + 13 o
DOI 5 159 + 0.13 147 = 9.8* 24 = 4.5%
Chronic DOI (forepaw treading)
Saline 6 1.10 = 0.07 156 + 6.9
DOL 6 0.99 + 0.18 87.3 + 5.6* 4 36%

Radioligand binding experiments were performed in triplicate as described in METHODS. Shown are X + SEM.

*p < .05, one-way ANOVA.
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Figure 3. Hypothermic response to injection of 8-OH-
DPAT in rats treated for 8 days with DOI. Hypothermia was
measured 24 hours after the last injection of DOI or saline.
Baseline core body temperature measurements were taken
immediately prior to the subcutaneous injection of 8-OH-
DPAT (0.05 mg/kg) at t = 0. Body temperature, in degrees
centigrade, was measured at 10-min intervals for 60 min,
and then at t = 75 and ¢ = 90 min after 8-OH-DPAT injec-
tion. Values shown are the means + SEM (n = 5 for saline-
treated group; n = 6 for DOI-treated group). *p < .05.

and chronic mianserin treatments resulted in a decrease
in the density of cortical 5-HT,, receptors (Table 1).
Chronic mianserin treatment resulted in a significant de-
crease in the density of cortical 5-HT,, receptors (Table
1). Chronic mianserin treatment resulted in a significant
decrease in the affinity of the radioligand for 5-HT),, re-
ceptor sites, as indicated by an increase in K4 value (Ta-
ble 1). Thus, consistent with the lack of effect of chronic
ketanserin treatment on 5-HT, 4 receptor-mediated hypo-
thermia, mianserin administration did not alter the sen-
sitivity of 5-HT,, receptor-mediated forepaw treading.
These data suggest that the sensitivity of postsynaptic
5-HT) 5 receptors was not altered following 5-HT, receptor
antagonist administration.

To determine if chronic 5-HT, receptor activation al-
ters the sensitivity of postsynaptic 5-HT,, receptor-
mediated responses, animals were treated for 8 days
with the 5-HT), receptor agonist DOL The sensitivity of
postsynaptic 5-HT 5 receptors was assessed by measur-
ing in separate experimental groups either 8-OH-
DPAT-induced hypothermia or 8-OH-DPAT-induced
forepaw treading. A repeated measures ANOVA per-
formed on the time course of 8-OH-DPAT-induced hy-
pothermia showed a significant effect of drug treatment
following chronic DOI administration (F[1,8] = 10.978,
p = .0106). Post-hoc analysis revealed that the treatment
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Figure 4. Forepaw treading induced by 8-OH-DPAT in rats
treated for 8 days with DOI. Forepaw treading was mea-
sured 24 hours after the last injection of DOI or saline. Activ-
ity counts representing forepaw treading were measured at
2-min intervals for 30 min immediately following SC injec-
tion of 8-OH-DPAT (1 mg/kg). Values shown are the means
+ SEM (n = 6 for saline-treated group; n = 5 for DOI-treated
group). *p < .05.

groups were significantly different at t,, t,,, and t,y, but
not at t35, when the maximal drop in temperature oc-
curred for both groups (Scheffe’s, p < .05) (Figure 3).
Because of the significant difference in baseline temper-
atures (t;) between the two groups, the percentage
change from baseline at f3, was calculated. The average
percentage drop in temperature at 30 min for saline-
treated versus DOl-treated animals was significantly
different (saline-treated: 5.1 * 0.2%; DOI-treated: 3.6 *
0.7%, p = .003, one-way ANOVA). Chronic treatment of
rats with DOI also resulted in the attenuation of 8-OH-
DPAT-induced forepaw treading (Figure 4). Repeated
measures ANOVA showed a significant effect of drug
treatment (F[1,10] = 9.105, p = .0145). The mean maxi-
mal number of activity counts calculated using the av-
erage for each animal for the time points, fg, o, t;5, and
t;4 was 405 * 14 for control animals and 355 * 15 for
DOl-treated rats, respectively (p = .03, one-way ANOVA).
These time points were chosen, because this is when the
greatest amount of activity attributable to forepaw
treading occurred in the control group (Figure 4).
Chronic treatment of rats with DOI resulted in a signifi-
cant decrease in the density of cortical 5-HT),, receptors
(Bmax), without a change in affinity of the receptor site
for radioligand (K;) (Table 1). These data suggest that
chronic administration of the 5-HT, receptor agonist
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DOI alters the sensitivity of postsynaptic 5-HT;4 recep-
tor-mediated responses.

To determine if the attenuation of 8-OH-DPAT-induced
forepaw treading or 8-OH-DPAT-induced hypothermia
following chronic DOI administration was accompa-
nied by a change in 5-HT,, receptor sites, [*H]-8-OH-
DPAT binding was performed in hippocampal homo-
genates. Neither B, (fmol/mg protein) nor Ky (nM)
values were significantly different between saline- and
DOl-treated groups (saline: B,,,, = 547.3 £ 76.2, K; =
1.15 * 0.11; DOL: B, = 594.4 = 70.2, K4 = 1.01 = 0.16,
n = 6 per group). Thus, the apparent desensitization of
5-HT; 4 receptor-mediated responses following chronic
DOI administration was not accompanied by a change
in 5-HT 5 receptor sites.

DISCUSSION

In the present study, we investigated the effect of 5-HT,
receptor agonist or antagonist administration of post-
synaptic 5-HT,, receptor function. The effectiveness of
these drug treatment paradigms was confirmed by mea-
suring the binding of [*H]-ketanserin to 5-HT,, receptor
sites in cortical homogenates, because all of these drug
treatments have been shown to result in the downregu-
lation of 5-HT,, receptor sites. The sensitivity of post-
synaptic 5-HT; 4 receptors was assessed by two behavioral
measures, forepaw treading or hypothermia induced by
acute injection of the 5-HT,, receptor agonist 8-OH-
DPAT. Neither of these 5-HT; 5 receptor-mediated behav-
ioral responses were altered following acute or chronic
treatment of rats with the 5-HT, receptor antagonist mi-
anserin or following chronic administration of the 5-HT,,
receptor antagonist ketanserin. Chronic treatment of rats
with the 5-HT), receptor agonist DOI, however, resulted in
the attenuation of both 5-HT,, receptor-mediated re-
sponses measured in separate experimental groups. The
apparent desensitization of 5-HT, , receptor-mediated be-
havioral responses following chronic DOI treatment was
not accompanied by a change in either the number or
affinity of 5-HT, , receptor sites as measured by the bind-
ing of [’H]-8-OH-DPAT in hippocampal homogenates.
These data indicate that the sensitivity of postsynaptic
5-HT; 4 receptor-mediated responses can be regulated
by chronic administration of 5-HT, receptor agonists.
Acute injection of rats with the 5-HT;, receptor ago-
nist 8-OH-DPAT causes a dose-related decrease in body
temperature (Frazer and Hensler 1990; current study).
Acute administration of the 5-HT;, receptor agonists
gepirone, ipsapirone, or buspirone also produces this
response, although less potently (Koenig et al. 1988;
Scott et al. 1994). The pharmacology of this response
has been well characterized, demonstrating that 8-OH-
DPAT-induced hypothermia is mediated by activation
of 5-HT, 5 receptors (Millan et al. 1997; Scott et al. 1994;
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Thielen et al. 1996). Although it has been suggested that
8-OH-DPAT-induced hypothermia in rats is mediated
by presynaptic receptors (Goodwin et al. 1987b), the
majority of evidence supports the view that in rats, the
hypothermic response elicited by 5-HT,, receptor ago-
nists is mediated by postsynaptic receptors (Bill et al. 1991;
O’Connell et al. 1992; Millan et al. 1997 and discussion
therein). 5-HT,;, receptor-mediated hypothermia has
been used to assess the sensitivity of 5-HT;, receptors
following a variety of antidepressant treatments (Good-
win et al. 1987a; Hensler et al. 1991), and has been pro-
posed as a model to screen and identify novel 5-HT;4
receptor agonists and antagonists (Millan et al. 1997).

Reciprocal forepaw treading is one component of the
serotonin syndrome, a constellation of behaviors that
can be induced by drugs that increase brain 5-HT re-
lease or directly activate postsynaptic 5-HT receptors
(Tricklebank et al. 1984). These behaviors include fore-
paw treading, head weaving, hindlimb abduction, ri-
gidity, resting tremor, and Straub tail (see Tricklebank
1985). However, several of the behavioral components
can be blocked by dopamine or a;-adrenergic antago-
nists (Tricklebank et al. 1984), indicating that the syn-
drome as a whole is not specific enough to be used as
unambiguous evidence of serotonergic activation, as had
been originally suggested. Of the six symptoms of the
serotonin syndrome, only forepaw treading and flat body
posture are present following the depletion of monoam-
ines by administration of reserpine, consistent with the
involvement of catecholaminergic neurons in the other
components of the serotonin syndrome (see Tricklebank
1985). 8-OH-DPAT-induced forepaw treading in reser-
pine-treated animals is inhibited by antagonists at the
5-HT; o receptor (Tricklebank et al. 1984; Scott et al. 1994;
Thielen et al. 1996), demonstrating that this behavioral
response is mediated by 5-HT; 4 receptor activation.

In the current study, none of the 5-HT), receptor an-
tagonist treatment paradigms (i.e., acute or chronic ad-
ministration of the 5-HT, receptor antagonist mianserin,
or chronic administration of the 5-HT,, receptor antag-
onist ketanserin) altered 8-OH-DPAT-induced hypoth-
ermia or 8-OH-DPAT-induced forepaw treading. All of
these 5-HT, receptor antagonist treatments, however,
resulted in the downregulation of 5-HT),, receptor sites.
Because of the lack of receptor reserve for 5-HT,, recep-
tors in cerebral cortex (Sanders-Bush 1990), 5-HT,, re-
ceptor downregulation is expected to result in attenuation
of 5-HT,, receptor function. Chronic administration of
antagonists or antidepressants that cause a decrease in
the density of the 5-HT,4 receptor binding sites in cere-
bral cortex have been shown to cause a decrease in 5-HT,,
receptor-mediated phosphoinositide hydrolysis (Conn
and Sanders-Bush 1986; Sanders-Bush et al. 1989). In the
current study, chronic administration of either antago-
nist, ketanserin or mianserin, also resulted in a decrease
in the affinity of the radioligand for 5-HT,, receptor
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binding sites, as indicated by an increase in K; value.
Although this may be caused by the presence of resid-
ual drug in the binding assay, perhaps a more likely ex-
planation in view of the ample wash-out period (i.e.,
cortical homogenates were prepared from animals sac-
rificed 48 hours after the last injection of antagonist), is
that chronic antagonist administration alters the affinity
of the receptor. Our data indicate that the sensitivity of
5-HT 5 receptor-mediated forepaw treading or hypoth-
ermia is not altered by 5-HT),, receptor antagonist treat-
ments, suggesting that the downregulation of 5-HT,,
receptors is insufficient to alter postsynaptic 5-HT, re-
ceptor-mediated responses.

Chronic treatment of rats with the 5-HT;, receptor
agonist 8-OH-DPAT (Larsson et al. 1990) or with a vari-
ety of antidepressants, including monoamine oxidase
inhibitors, tricyclic antidepressants, and selective sero-
tonin reuptake inhibitors (Goodwin et al. 1987a; Hen-
sler et al. 1991) results in the attenuation of 8-OH-
DPAT-induced hypothermia. The serotonin syndrome,
of which forepaw treading is a component, is also atten-
uated by chronic antidepressant treatment (Lucki and
Frazer 1982; Goodwin et al. 1987a; Maj et al. 1996) or
chronic 5-HT;, receptor agonist administration (Ken-
nett et al. 1987; Larsson et al.; Wieland et al. 1993).
These drug treatments, which result in the desensitiza-
tion of 5-HT, , receptor-mediated responses (i.e., chronic
administration of antidepressant or 5-HT , receptor ag-
onists), also result in the desensitization or downregu-
lation of 5-HT,, receptors (Eison and Yocca 1985; see
Frazer et al. 1988; Sanders-Bush et al. 1989; Schecter et
al. 1990; Wieland et al. 1993; Maj et al. 1996). However,
the lack of effect of 5-HT, receptor antagonist adminis-
tration on responses mediated by postsynaptic 5-HT; 4
receptors suggests that downregulation of 5-HT,, re-
ceptors does not seem to be a mechanism by which the
sensitivity of postsynaptic 5-HT, receptors is altered.

Chronic mianserin treatment has also been shown to
downregulate 5-HT,c receptors in spinal cord (Pranza-
telli et al. 1993) and several areas of brain (Rocha et al.
1994), as measured by the binding of [°’H]-mesulergine.
Mianserin, which has equal affinity for the 5-HT,, and
5-HT)c receptor, and ketanserin, which is 100-fold se-
lective for the 5-HT),, versus 5-HT,c receptor, also have
high nanomolar affinity for alpha-adrenergic receptors
(Leysen et al. 1981). Although drugs interacting acutely
with alpha-adrenergic receptors or dopaminergic re-
ceptors modulate 8-OH-DPAT-induced hypothermia in
mice (Bill et al. 1991; Durcan et al. 1991), this has been
shown not to be the case for 8-OH-DPAT-induced hypoth-
ermia in rats (Millan et al. 1997). However, if mianserin
or ketanserin treatment had modified 8-OH-DPAT-
induced hypothermia or forepaw treading in the cur-
rent study, it would have been necessary to address the
potential involvement of alpha-adrenergic receptors or
5-HT)c receptors by investigating the effect of chronic
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administration of the alpha-1 antagonist prazosin or the
selective 5-HT,c receptor antagonist SB 206553 (Kennett
et al. 1996) on these 5-HT,, receptor mediated behav-
iors. In the absence of an effect of either ketanserin or
mianserin on 8-OH-DPAT-induced hypothermia or
forepaw treading, we did not investigate this further.

Chronic administration of the 5-HT, receptor agonist
DOl resulted in attenuation of both 8-OH-DPAT-induced
hypothermia and 8-OH-DPAT-induced forepaw tread-
ing. Our data are in contrast with those of Nash et al.
(1989), who found that chronic DOI treatment (1 mg/kg
IP once daily for 7 days) did not alter 8-OH-DPAT-
induced hypothermia. The difference in observations
between our study and that of Nash et al. may be ex-
plained by differences in the procedures used to mea-
sure core body temperature (i.e., animals were re-
strained for body temperature measurement in the
study of Nash et al.), or may be due to differences in the
length of DOI treatment or mode of injection (SC vs. IP).
In the current study, the apparent desensitization of
these 5-HT) 4 receptor-mediated responses as a result of
chronic administration of DOI was not accompanied by
a change in the density of 5-HT; , receptor binding sites
or in the affinity of 5-HT) 5 receptor sites for the agonist
radioligand [*H]-8-OH-DPAT. These findings are in
agreement with those of Buckholtz et al. (1988), who re-
port no change in the binding of [*H]-8-OH-DPAT fol-
lowing chronic administration of DOL

The effect of chronic DOI administration on postsyn-
aptic 5-HT , receptor-mediated responses in the current
study may be mediated through either 5-HT,, or 5-HT,¢
receptors, because the agonist DOI has equal affinity for
both the 5-HT,, and the 5-HT,¢ receptor (see Hoyer et
al. 1994). Chronic DOI treatment results in the down-
regulation of cortical 5-HT,, receptors (Buckholtz et al.
1988; McKenna et al. 1989; current report), as well as
5-HT,¢ receptors in spinal cord (Pranzatelli et al. 1993),
and in brain (Aulakh et al. 1995). However, although
chronic DOI treatment results in downregulation of
5-HT,, and 5-HT,¢ receptors, as is observed following
5-HT, receptor antagonist administration, 5-HT;, re-
ceptor-mediated responses were attenuated following
chronic administration of 5-HT), receptor agonist. Thus,
chronic 5-HT, receptor activation may be one mecha-
nism by which the sensitivity of 5-HT) 5 receptors is reg-
ulated.

The attenuation of 8-OH-DPAT-induced hypother-
mia and reciprocal forepaw treading observed in the
current study as a result of chronic DOI treatment was
modest. One possible explanation may be the nonselec-
tive nature of DOI for 5-HT, receptor subtypes. DOI,
with equal affinity for members of the 5-HT, receptor
family, may activate 5-HT, receptors that have oppos-
ing effects on these 5-HT,, receptor-mediated behav-
iors. For example, forepaw treading in rats induced by
8-OH-DPAT is potentiated by co-administration of DOI
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(Arnt and Hyttel 1989; Berendsen and Broekkamp 1990)
and attenuated by co-administration of the 5-HT,¢ re-
ceptor agonists MK 212 and mCPP (Berendsen and
Broekkamp). An alternative explanation for the modest
effect of chronic DOI treatment on 8-OH-DPAT-induced
hypothermia and forepaw treading may be the partial
agonist activity of DOL DOI, and a closely related coge-
ner (1-(2,5-dimethoxy-4-phenylmethyl)-2-aminopropane
(DOM), are partial agonists at the 5-HT,, receptor in
cortical tissue (Pierce and Peroutka 1988; Sanders-Bush
et al. 1988; Edwards et al. 1992) and at the 5-HTc recep-
tor in choroid plexus (Hoyer et al. 1989; Sanders-Bush
and Breeding 1991).

It is possible that DOI may exert its effects on 8-OH-
DPAT-induced forepaw treading and hypothermia by
means of a non-5-HT, receptor mechanism. Buckholtz
et al. (1988) observed a significant increase in alpha-1
adrenergic binding sites and a significant decrease in
beta-adrenergic binding sites, following treatment of
rats with DOI (1 mg/kg) for 8 days. To the best of our
knowledge, the effects of these adrenergic receptor
changes on 8-OH-DPAT-induced forepaw treading or
hypothermia have not been described. Acute adminis-
tration of DOI, systemically or directly into the dorsal
raphé, inhibits the firing of raphé serotonergic neurons
and decreases extracellular 5-HT in the frontal cortex
measured by microdialysis (Wright et al. 1990; Garratt
et al. 1991). The action of DOI, however, was not
blocked by the 5-HT, receptor antagonists ketanserin or
ritanserin, or by the B-adrenergic/5-HT;, receptor an-
tagonist pindolol (Wright et al. 1990; Garratt et al. 1991).
Chronic administration of DOI has been reported to re-
duce the inhibition of serotonergic cell firing and corti-
cal serotonin release by 5-HT; , somatodendritic autore-
ceptor activation (Kidd et al. 1991). Attenuation of 5-
HT,, somatodendritic autoreceptor function may serve
to increase serotonergic neurotransmission, which, over
time, would be expected to result in desensitization of
postsynaptic 5-HT;, receptors. By contrast, chronic
treatment with mianserin does not significantly alter
the function of 5-HT) 4 autoreceptors, as assessed by ex-
amining the ability of 8-OH-DPAT to reduce 5-HT re-
lease in the hippocampus and striatum (Kreiss and
Lucki 1995).

In conclusion, downregulation of 5-HT,, receptors
does not seem to be a mechanisms by which the sensi-
tivity of postsynaptic 5-HT; 5 receptors is altered. The lack
of effect of 5-HT), receptor antagonist administration on
5-HT; 4 receptor-mediated responses suggests that the
downregulation of 5-HT, receptors is not sufficient to
regulate postsynaptic 5-HT) 4 receptor sensitivity. Chronic
activation of 5-HT), receptors may be one mechanism by
which the sensitivity of postsynaptic 5-HT,, receptors
is regulated. Further characterization of the effect of
chronic DOI administration on 5-HT;, receptor-medi-
ated forepaw treading or hypothermia awaits the avail-
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ability of selective agonists for either the 5-HT,, or 5-HT ¢
receptor.
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