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Chronic Citalopram and Fluoxetine 
Treatments Upregulate 5-HT 2c Receptors 
in the Rat Choroid Plexus 
Aki Laakso, M.D., Esa-Pekka Piilvimiiki, M.D., Mikko Kuoppamiiki, M.D., Ph.D., 
Erkka Syviilahti, M.D., Ph.D., and Jarmo Hietala, M.D., Ph.D. 

The effects of chronic (for 14 days) citalopram and fluoxetine 
treatments with three doses (2.5, 10, and 20 mg/kg) and 
withdrawal times (24 hours, 68 hours, and 14 days) on 
5-HT2c (formerly 5-HT1c) receptors in the rat brain 
choroid plexus were studied with quantitative receptor 
autoradiography in two separate experiments. Chronic 
citalopram treatment caused a consistent and dose-related 
increase in the density of 5-HT2c receptors (up to 90'¼,). 
This effect was slightly more pronounced when measured 
with an antagonist ligand ([1H]mesulergine) than -with an 
agonist ligand [( ~)-1-(2,5-dimethoxy-4-[125I]iodophenyl)-2-
aminopropane ([125I]DOl)J. T!ze upregulation was 111ost 
evident 24 hours after the last dose and disappeared 
thereafter rather rapidly. Chronic Jluoxetine treatment also 
increased tlze density of 5-HT2c receptors 24 hours from the 
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Selective serotonin reuptake inhibitors (SSRis) are a 
class of clinically effective antidepressants that inhibit 
the uptake of serotonin (5-hydroxytryptamine, 5-HT) 
with a much higher specificity than the older tricyclic 
antidepressants and whose usage for depression and 
other psychiatric disorders is growing because of a fa
vorable side effect profile. Their mechanism of action 
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last dose, but the increase was accompanied by a reduced 
affinity and was less marked than that observed with 
citalopram. The changes in receptor characteristics were not 
observed consistently after the 68-hour withdrawal from 
Jluoxetine. Furthermore, the upregulation of Jluoxetine 
appeared not to be dose related or reflected by an increase in 
agonist binding. In conclusion, the results show that 
chronic citalopram and Jluoxetine treatments induce an 
increase of choroid plexus 5-HT2c receptor density, but the 
effect is more marked with citalopram. These differences in 
the regulation of the 5-HT2c receptors may lead to 
pharmacodynamic differences between chronic citalopram 
and Jluoxetine treatments. [Neuropsychopharmacology 
15:143-151, 1996] 

probably lies in their ability to block the uptake of 5-HT 
to neuronal synaptosomes and glial cells and thus to in
crease the amount of extracellular 5-HT in the synaptic 
cleft. Because the time needed for the clinical state of a 
depressive patient to improve is generally several weeks 
from the beginning of the uptake blockade, general 
opinion assumes that the therapeutic action of these 
drugs is the result of adaptive changes in the central 
nervous system, which take place only after a long-term 
treatment. Indeed, chronic treatment with SSRis has 
been reported to modulate several functional parame
ters in the brain, including changes in the brain content 
of 5-HT and its main metabolite 5-hydroxyindole acetic 
acid (5-HIAA), 5-HT synthesis, density and function of 
several neurotransmitter receptors, electrical neuronal 
activity (for reviews, see Johnson 1991; Beasley et al. 
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1992) and the extracellular concentration of 5-HT as de
tected by in vivo rnicrodialysis (for review, see Fuller 1994). 

The 5-HT2c receptor belongs to the 5-HT2 receptor 
family, which consists of three known G-protein-cou
pled receptors that regulate the phospholipase C-cou
pled phosphoinositide hydrolysis (Humphrey et al. 
1993; Hoyer et al. 1994). 5-HT2c receptors have been 
suggested to play a role in many emotional, behavioral, 
and neuroendocrine responses (Hoyer et al. 1994). The 
effects of several antidepressive treatments, including 
SSRis, on the density and function of 5-HT2c receptors 
have been studied to some extent with various radioli
gand binding, molecular biological, and physiological 
response studies. Chronic fluoxetine, citalopram, parox
etine, and sertraline treatments are suggested to attenu
ate certain putative 5-HT2c receptor-mediated behav
ioral responses (Maj and Moryl 1992, 1993; Kennett et 
al. 1994). Chronic fluoxetine treatment has also been re
ported to potentiate neuroendocrine responses propos
edly mediated by 5-HT2c receptors (Li et al. 1993). 
Chronic treatments with citalopram and fluvoxamine, 
in turn, had no effect on the levels of 5-HT 2c receptor 
mRNA in the rat brain in the study by Spurlock et al. 
(1994). However, there are no published studies on radio
ligand binding concerning the effects of either chronic 
or even acute treatment with SSRis on 5-HT2c receptor 
binding sites that would have used binding conditions 
selective for the 5-HT2c receptor subtype. In this study, 
we investigated the effects of chronic treatment with 
two widely used SSRis, citalopram and fluoxetine, on 
the density and affinity of the 5-HT2c receptor subtype 
using the rat brain choroid plexus as a model. 

MATERIALS AND METHODS 

Animals 

Male Sprague-Dawley rats weighing between 200 and 
270 g at the beginning of the study were used. Rats 
were housed in groups of three under standard labora
tory conditions (temperature 21 °C, humidity 55 ::t: 5%, 
lights on from 6:00 A.M. to 6:00 P.M.). Standard pelleted 
food and tap water were available ad libitum. 

Drug and Treatments 

Citalopram hydrobromide was a gift from Dr. J. Arnt, 
Lundbeck, Copenhagen, Denmark; fluoxetine hydro
chloride was a gift from Orion, Helsinki, Finland. All 
drugs were dissolved in 0.9% saline containing a few 
drops of Tween 20. Tween 20 was also added in the sa
line received by the control group. All doses refer to the 
free base of a drug. 

Experiment 1. Seven groups of rats (n = 6 per treat
ment group) received subcutaneous injections of vari
ous doses of citalopram (2.5, 10, or 20 mg/kg) or fluox-
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etine (2.5, 10, or 20 mg/kg) or an equal volume of saline 
(1 ml/kg) once a day for 14 days. 68 hours after the last 
injection, rats were decapitated and brains were dis
sected. 

Experiment 2. Three groups of rats (n = 17 to 18 per 
treatment group) received subcutaneous injections of 
citalopram (10 mg/kg), fluoxetine (10 mg/kg), or an 
equal volume of saline (1 ml/kg) once a day for 14 
days. All treatment groups were further divided into 
three subgroups (n = 5 to 6 per subgroup) to study the 
effects of various withdrawal times. Rats in different 
subgroups were then decapitated 24 hours, 68 hours, or 
14 days after the last injection and brains were dis
sected. 

Autoradiographic Procedures 

12-µm-thick coronal sections containing choroid plexi 
from the lateral ventricles [between levels A 6860-6570 µ, 
according to Konig and Klippel (1963)] were cut on a 
cryostat microtome and thaw-mounted on to gelatin
coated slides for radioligand binding studies. Thor
oughly dried slides were stored at -80°C until used for 
receptor autoradiography. 

5-HT2c Receptor Autoradiography with [3H]Mesuler
gine. 5-HT2c receptor autoradiography with [3H]mes
ulergine was performed as previously described (Kuop
pamaki et al. 1994). Slide-mounted tissue sections were 
preincubated for 15 minute at room temperature in 170 
mM Tris-HCl buffer (pH 7.4) and allowed to dry for 1 
hour. Thereafter, the sections were drop-incubated for 2 
hours at room temperature with 100 µ1 of Tris-HCl 
buffer containing 5 nM [3H]mesulergine (78 Ci/mmol, 
Amersham, Little Chalfont, UK). 100 nM spiperone was 
used to prevent binding to 5-HT2A sites. Nonspecific 
binding was determined by incubating the adjacent sec
tions in the presence of 5 µM methysergide. The sec
tions were then washed twice for 10 minutes in ice-cold 
buffer, dipped in ice-cold deionized water to remove 
salts, and dried thoroughly before being apposed to 
film. To measure possible variations in Kd values of 
5-HT2c receptor populations between different treat
ment groups, a Scatchard analysis was performed on 
tissue sections obtained from Experiment 2. Conditions 
identical to those described were used, except that five 
different [3H]mesulergine concentrations (0.5, 1, 2, 3, 
and 5 nM) were used and tissue sections were incu
bated in a large volume of buffer. One example of a typ
ical Scatchard plot obtained from a rat in the control 
group is presented in Figure 1. 

5-HT2c Receptor Autoradiography with [125I]DOI. The 
agonist radio ligand ( ::t: )-1-(2,5-dimethoxy-4-[125I]iodophe
nyl)-2-aminopropane ([1251)001) was used to measure 
the agonist binding of choroid plexus tissue sections ob-
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Figure 1. Scatchard analysis of [3H]mesuler
gine binding to choroid plexus S-HT2c recep
tors in one rat in control treatment group, 
decapitated 24 hours after withdrawal. Con
centrations of [3H]mesulergine used varied 
from 0.5 to 5 nM. Bmax, and Kct values were 388 
pmol/ g tissue and 310 pM, respectively, for 
this specimen. Nonspecific binding was below 
detection level with all [3H]mesulergine con
centrations. 
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tained from Experiment 2. 5-HT2c receptor autoradiog
raphy with [125I]DOI was done as previously described 
(Kuoppamaki et al. 1994), with some modifications. 
Slide-mounted tissue sections were preincubated for 10 
minutes at room temperature in 50 mM Tris-HCI buffer 
(pH 7.4) containing 10 mM MgSO4 and allowed to dry 
for 30 minutes. Thereafter, the sections were drop-in
cubuated for 1 hour at room temperature with 100 µl of 
Tris-HCI buffer containing a saturating concentration (5 
nM) of [125I]DOI [original activity 2200 Ci/mmol, (New 
England Nuclear, Boston, MA), diluted to the specific 
activity of 240 Ci/mmol with nonradioactive DOI (Re
search Biochemicals International, Natick, MA)]. 100 
nM spiperone was used to prevent binding to S-HT2A 
sites. Nonspecific binding was determined by incubat
ing adjacent sections in the presence of 5 µM methyser
gide. The sections were then washed three times for 20 
minutes in ice-cold buffer, dipped in ice-cold deionized 
water to remove salts, and dried overnight at room tem
perature before being apposed to film. 

Autoradiography. All slides were dried throughly 
and apposed to Kodak XAR-5 X-ray films in Sigma 
X-ray film cassettes together with plastic 3H or 14C stan
dards (American Radiolabelled Chemicals, St. Louis, 
MO). Films were exposed for 32 or 4 days for [3H]me
sulergine and [125I]DOI autoradiograms, respectively, at 
+4°C. Films were developed with an automated Fuji 
RG II X-ray film processor. For each autoradiogram, all 
sections from all treatment groups with similar with
drawal times were apposed to the same sheet of film. 

Image Analysis. Images were initially digitized using 
a CCD camera (Hamamatsu C3077, Hamamatsu Photo
nics K.K., Hamamatsu City, Japan) into an array of 640 X 

480 pixels, each with a gray value in the range of O to 
255. Shading correction was applied to compensate for 
variations in illuminations and light transmission through 
the optical system. Images were analyzed with a com-
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puterized image analysis system (MCID, M4 1.12, Im
aging Research Inc., St. Catharines, Ontario, Canada). A 
standard curve was generated by measuring and plot
ting the optical densities of the standards versus their 
radioactivity. Areas of interest were traced with a 
mouse-controlled cursor and the radioactivity interpo
lated. All measurements were done on both hemi
spheres and on two consecutive sections of each brain. 
The results, given as nCi/mg by the measuring device, 
were further converted into pmol ligand bound per gram. 

The 3H autoabsorption (quenching) of the choroid 
plexus tissue is minimal (Geary and Wooten 1985). To 
avoid overestimation of the number of 5-HTzc sites la
beled by [3H]mesulergine, a conversion method de
scribed by Kuoppamaki et al. (1994) was used. 

Statistical Analysis. Statistical analysis of the data 
was carried out by one-way analysis of variance 
(ANOVA) followed by Tukey's or Newman-Keul's test 
for post hoc analyses. Commercially available statistical 
software (Systat, Evanston, IL) was used for this pur
pose. A p value lower than .05 was considered statisti
cally significant. Scatchard analysis was performed by 
plotting specific binding values for different radioli
gand concentrations ("bound") against specific binding 
values divided by free radioligand concentrations 
("bound/free"). Curve fitting and linear regression 
analysis were done using commercial software (Graph
Pad, San Diego, CA). 

RESULTS 

Effects of Chronic Treatment with Citalopram and 
Fluoxetine on 5-HT2c Receptor Binding Sites 
Labeled with an Antagonist Radioligand 
[3H]Mesulergine in the Rat Choroid Plexus 

In experiment 1, we studied the effects of chronic (14 
days) citalopram and fluoxetine treatments with several 
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Table 1. Effects of Chronic Citalopram and Fluoxetine 
Treatments with Various Doses on the Binding of 5 nM 
[ 3H]Mesulergine to S-HT2c Receptors in the Rat Choroid 
Plexus, as Studied 68 Hours after the Last Injection 

Treatment 

Control 
Citalopram 

2.5 mg/kg/day 
10 mg/kg/ day 
20 mg/kg/day 

Fluoxetine 
2.5 mg/kg/day 
10 mg/kg/day 
20 mg/kg/ day 

Specific Binding 
(pmol/g) 

258 :+: 20 

291 :+: 15 
338 :+: 24" 
504 :+: 95' 

275 :+: 14 
313 :+: 22" 
278 :+: 17 

Values represent mean :+: SD of 6 rats. Significantly different from con
trol groups: '1 p < .05; 1'p < .005; 'p < .001. 

' 

drug doses (2.5, 10, and 20 mg/kg) on 5-HT 2c receptor 
binding sites labeled by [3H]mesulergine. Results of this 
experiment are summarized in Table 1. Chronic citalo
pram treatment increased antagonist binding to 5-HT2c 
receptors in the rat choroid plexus in a dose-related 
manner. [3H]Mesulergine binding was increased signifi
cantly by 31 % and 95% after chronic citalopram treat
ment with doses of 10 and 20 mg/kg, respectively, as 
studied after a 68-hour withdrawal. 2.5 mg/kg of citalo
pram did not cause a significant upregulation. Chronic 
fluoxetine treatment with the dose of 10 mg/kg caused 
a significant upregulation of 5-HT2c receptor antagonist 
binding sites by 21 °/4,, but fluoxetine at the doses of 2.5 
and 20 mg/kg was without an effect. 

In Experiment 2, rats were treated chronically (for 14 
days) with 10 mg/kg of drug, and the state of 5-HT2c 
receptor regulation at the different withdrawal time 
points was studied. Animals were killed 24 hours, 68 
hours, or 14 days after the last injection. In addition, the 
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antagonist binding properties of the rat choroid plexus 
5-HT2c receptors were studied using several [3H]me
sulergine concentrations to allow a Scatchard analysis 
to be performed. Thus, in addition to 5-HT2c receptor 
density (Bmax value of the Scatchard analysis), possible 
changes in the affinity (Kd value of the Scatchard analy
sis) of 5-HT2c receptors for the antagonist radioligand 
[3H]mesulergine could be estimated. Results of this ex
periment are summarized in Table 2. Chronic treatment 
with 10 mg/kg of citalopram caused a significant in
crease of 66% and 19% in Bmax values of 5-HT2c recep
tors as studied 24 and 68 hours after the last injection, 
respectively. After 14 days of withdrawal, the upregula
tion was no longer significant. These changes were not 
accompanied with any significant alterations in respec
tive Kd values. Chronic fluoxetine treatment with the 
dose of 10 mg/kg caused an increase of 35% in 5-HT2c 
Bmax values as studied 24 hours after the last injection, 
but was without an effect after longer withdrawal 
times. In addition, a significant increase in the Kd value 
of 5-HT2c receptors in the fluoxetine treatment group 
decapitated 24 hours after the last injection was found. 
Other treatment groups had no significant alterations in 
the Kd values of 5-HT2c receptors. 

Effects of Chronic Treatment with Citalopram and 
Fluoxetine on S-HT2c Receptor Binding Sites 
Labeled with an Agonist Radioligand [1251]D01 in 
the Rat Choroid Plexus 

To find out whether chronic citalopram and fluoxetine 
treatments would modulate agonist and antagonist 
binding properties of the rat choroid plexus 5-HT2c 
receptors differentially, we performed quantitative re
ceptor autoradiography using an agonist radioligand 
[125I]DOI. Results of this experiment are summarized in 
Table 3. Chronic treatment (for 14 days) with 10 mg/kg 

Table 2. Effects of Chronic Citalopram and Fluoxetine Treatments with Various 
Withdrawal Times on the Binding of PH]Mesulergine to 5-HT2c Receptors in the Rat 
Choroid Plexus 

Scatchard Analysis 

Withdrawal Treatment Bmax (pmol/g) Kd (pM) 

24 Hours Control 394 :+: 37 321 :+: 49 
Citalopram (10 mg/kg/day) 653 :+: 74' 376 :+: 75 
Fluoxetine (10 mg/kg/day) s1s :+: ssh 602 :+: 122c 

68 Hours Control 459 :+: 16 355 :+: 86 
Citalopram (10 mg/kg/day) 544 :+: 75" 356 :+: 53 
Fluoxetine (10 mg/kg/day) 474 :+: 57 324 :+: 53 

14 Days Control 421 :+: 36 222 :+: 45 
Citalopram (10 mg/kg/day) 474 :+: 45 310 :+: 48 
Fluoxetine (10 mg/kg/ day) 429 :+: 35 327 :+: 102 

Values represent mean :+: SD of 5 to 6 rats. Significantly different from control groups: "p < .05; 1'p < .01; 
'p < .001. 
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Table 3. Effects of Chronic Citalopram and Fluoxetine 
Treatments with Various Withdrawal Times on the Binding 
of 5 nM [125I]DOI to 5-HT2c Receptors in the Rat Choroid 
Plexus 

Specific Binding 
Withdrawal Treatment (pmol/g) 

24 Hours Control 11.3 :!:: 0.73 
Citalopram (10 mg/kg/day) 16.5 :!:: 1.70" 
Fluoxetine (10 mg/kg/day) 11.2 :!:: 1.60 

68 Hours Control 11.5 :!:: 1.32 
Citalopram (10 mg/kg/day) 13.3 :!:: 1.03 
Fluoxetine (10 mg/kg/day) 12.2 :!:: 1.63 

14 Days Control 10.4 :!:: 1.20 
Citalopram (10 mg/kg/day) 11.1 :!:: 1.45 
Fluoxetine (10 mg/kg/day) 11.7 :!:: 0.80 

Values represent means = SD of 'i t(1 t, rats. Significantly different 
from control groups:'' I'< .0Ol. 

of citalopram caused a significant upregulation of 46% 
of 5-HT2c receptor agonist binding sites as studied 24 
hours after the last injection. No significant change was 
found after longer withdrawal times. Chronic fluoxe
tine treatment with the dose of 10 mg/kg did not cause 
any significant changes in the agonist binding proper
ties of 5-HT 2c receptors in the rat choroid plexus. 

DISCUSSION 

There is increasing evidence that 5-HT 2c receptors may 
play a role in the actions of many psychoactive agents, 
including hallucinogenic drugs (Sanders-Bush and 
Breeding 1991), some antipsychotics (Hietala et al. 1992; 
Roth et al. 1992; Canton et al. 1990), and some antide
pressants (Jenck et al. 1993). Therefore, we wanted to in
vestigate how a chronic treatment with the most widely 
used SSRI, fluoxetine, and the most selective SSRI mar
keted, citalopram, would modulate the density and af
finity of these receptors in the brain (Hyttel et al. 1984). 
The choroid plexus tissue was used as a model because 
of its high expression of 5-HT2c receptors. In two sepa
rate studies, chronic citalopram treatment caused a sig
nificant upregulation of 5-HT2c receptor antagonist 
binding sites. This effect was also shown to be dose
dependent, and the density of these binding sites in
creased nearly twofold with the citalopram dose of 20 
mg/kg. This increase also disappeared quite rapidly. 
According to the Scatchard analysis, this upregulation 
was not accompanied with change in receptor affinity. 
Since 5-HT2c receptors exist in two agonist affinity 
states that cannot be distinguished using the antagonist 
[ 3H]mesulergine (Havlik and Peroutka 1992; Leonhardt 
et al. 1992), we performed autoradiography using the 
agonist radioligand [125I]DOI, which selectively labels 
the guanyl nucleotide-sensitive high agonist affinity 
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state of this receptor (Appel et al. 1990; Leonhardt et al. 
1992). Receptors in the high agonist affinity state were 
regulated much in the same manner as the antagonist 
binding sites after chronic citalopram treatment. The ef
fects of chronic fluoxetine treatments on the 5-HT2c re
ceptors were less marked than those of citalopram. 
Fluoxetine treatment with the dose of 10 mg/kg was 
shown to cause an upregulation of the 5-HT2c antago
nist binding sites, and this effect also disappeared rap
idly. This increase was also accompanied with a signifi
cant reduction in the affinity of these receptors for the 
antagonist [3H]mesulergine, the Kd value being signifi
cantly higher in the fluoxetine treatment group than in 
the control group. However, in contrast to citalopram, 
treatment with the fluoxetine dose of 20 mg/kg seemed 
to have no effect, and the number of high agonist affin
ity sites of the 5-HT2c receptor was not increased either. 

No other published reports on the modulation of 
5-HT2c receptor density by SSRI treatment exist. Spur
lock et al. (1994) did not find any changes in 5-HT2c 
receptor mRNA levels in the rat brain after chronic cit
alopram and fluvoxamine treatments (although region
specific changes may not have been detected because of 
the use of whole-brain homogenates). However, Lesch 
et al. (1992) found an increase in 5-HT2c receptor 
mRNA levels in the rat neostriatum after chronic treat
ment with clomipramine, a tricyclic serotonin reuptake 
inhibitor. They also found a trend toward increase after 
chronic treatment with a low dose (2.5 mg/kg/ day) of 
fluoxetine. In addition, transcriptional changes are not 
the only mechanism for receptor upregulation, as many 
translational and posttranslational factors may also be 
able to affect 5-HT2c receptor levels (for review, see 
Roth et al. 1990). Results from behavioral tests with pu
tative 5-HT2c12s agonist m-CPP (Curzon and Kennett 
1990) suggest that chronic SSRI treatment may attenu
ate the function of these receptors (Maj and Moryl 1992, 
1993; Kennett et al. 1994). In contrast, Li et al. (1993) re
ported that chronic fluoxetine treatment enhanced neu
roendocrine responses to DOI, a 5-HT2c12A agonist. Flu
oxetine given acutely seems to have characteristics of an 
indirect 5-HT2c agonist in some behavioral test para
digms, and tolerance to this action may develop during 
chronic treatment (Cesana et al. 1993; Berendsen and 
Broekkamp 1994), suggesting desensitization of these 
receptors. However, the 5-HT 2c receptor specificity of 
the agents used in these tests is questionable and makes 
definite conclusions difficult. 

Contrary to the general presumption that receptors 
are downregulated after agonist and upregulated after 
antagonist treatments, 5-HT2c receptors have been 
shown to be downregulated after both antagonist and 
agonist treatments (Sanders-Bush and Breeding 1988, 
1990; Barker and Sanders-Bush 1993; Pranzatelli et al. 
1993). However, serotonergic denervation has been 
shown to upregulate both the function (Conn et al. 
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1987) and density (Rocha et al. 1993) of 5-HT2c recep
tors in rat brain. The mechanism by which these two 
SSRis cause an upregulation of 5-HT 2c receptors in the 
rat choroid plexus is not clear. Because the density of 
these receptors is known to increase after serotonergic 
denervation, it could be suggested that continued ad
ministration of SSRis would decrease the amount of se
rotonin available to stimulate these receptors. 

Trouvin et al. (1993) studied ex vivo 5-HT levels of rat 
brain homogenates after chronic fluoxetine treatment 
and found marked decreases in 5-HT levels in all brain 
regions studied. However, several studies investigating 
the effects of SSRI treatment on serotonergic neu
rotransmission suggest that serotonergic activity is in
creased during SSRI treatment. In vivo microdialysis 
studies have shown that acute SSRI administration in
creases extracellular 5-HT levels in several brain areas 
(reviewed by Fuller 1994). The increase in serotonergic 
neurotransmission has been suggested to enhance even 
more during chronic treatment with SSRis because of 
the desensitization of somatodendritic 5-HT1A and ter
minal 5-HT rn autoreceptors. Most studies concerning 
the chronic effects of these drugs are, however, electro
physiological (Chaput et al. 1986; Blier et al. 1988; de 
Montigny et al. 1990; Chaput et al. 1991). In vivo mi
crodialysis studies have shown that chronic SSRI treat
ment may regulate extracellular 5-HT levels differently 
in various brain areas. Available data are not conclusive 
about how basal 5-HT levels are regulated after chronic 
exposure to SSRis or how electrophysiologically ob
served autoreceptor desensitization affects actual trans
mitter release. Invernizzi et al. (1994) and Rutter et al. 
(1994) reported that chronic citalopram and fluoxetine 
treatments, respectively, reduced the response to 8-OH
DPAT, a 5-HT1A autoreceptor agonist, and thus resulted 
in facilitation of serotonergic neurotransmission. In con
trast, Hjorth and Auerbach (1994) did not detect signifi
cant desensitization after chronic citalopram treatment. 
Invernizzi et al. (1994) and Hjorth and Auerbach (1994) 
did not find any differences in basal 5-HT levels in fron
tal cortex, dorsal hippocampus, or dorsal raphe be
tween citalopram and saline groups, and Rutter et al. 
(1994) reported sixfold differences in basal 5-HT levels 
in diencephalon between fluoxetine and saline treat
ment groups. Bel and Artigas (1993) reported that 
chronic fluvoxamine treatment increased basal 5-HT in 
frontal cortex sixfold, but was without effect in raphe 
nuclei. Even though a decrease in 5-HT levels stimulat
ing 5-HT2c receptors in choroid plexus seems not likely, 
it is a possibility that cannot be excluded. In any case, 
the upregulation of the 5-HT 2c receptors caused by 
these SSRis resembles very much of that observed after 
the serotonergic denervation, and more extensive stud
ies are needed to find out the precise mechanism. 

It is not clear whether choroid plexus 5-HT2c recep
tors are "postsynaptic" in a classical sense and thus un-
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der the influence of 5-HT released by neuronal activity. 
It is not known for sure whether choroid plexus re
ceives serotonergic innervation (Napoleone et al. 1982; 
Moskowitz et al. 1979; Aghajanian and Gallagher 1975; 
Lidov et al. 1980; Steinbusch 1981). The 5-HT2c recep
tors in the choroid plexus may be stimulated just by the 
5-HT released into cerebrospinal fluid (CSF) by seroton
ergic supraependymal fibers (Aghajanian and Gal
lagher 1975; Chan-Palay 1976; Moore et al. 1978; Ter
naux et al. 1976, 1977; Nilsson et al. 1992). Thus, one 
possible explanation for our results would be that the 
5-HT content of CSF would be regulated differently 
from the neuronal 5-HT release in other brain areas af
ter the chronic SSRI treatment, and the observed upreg
ulation of the 5-HT 2c receptors would be due to de
creased levels of 5-HT in the CSF. However, Salter et al. 
(1995) have reported that acute fluoxetine treatment (10 
mg/kg) increases 5-HT levels in CSF fivefold. The ef
fects of chronic SSRI treatment are not known. If cho
roid plexus receives serotonergic innervation, one can
not exclude the possibility that this innervation would 
be regulated differently from the innervation to brain 
regions studied so far. Possible receptor density changes 
in these areas are currently being explored in our labo
ratory. 

The effects of citalopram and fluoxetine appeared 
different. This difference may be explained by 5-HT2c 
receptor occupancy, as suggested by reduced affinity of 
the 5-HT2c receptors for [3H]mesulergine in the fluoxe
tine treatment group 24 hours after the last injection. 
One explanation is that in rats treated with fluoxetine, 
but not with citalopram (because of the shorter elimina
tion half-life of citalopram, see later), the concentration 
of extracellular 5-HT is still increased 24 hours after the 
last injection, and the decreased affinity of 5-HT2c re
ceptors would be due to endogenous 5-HT bound to 
these receptors. This possibility is supported by obser
vations (Rutter and Auerbach 1993) according to which 
the extracellular levels of 5-HT are increased 24 hours 
after single fluoxetine or sertraline (10 mg/kg) injec
tion. Another possibility is a direct interaction between 
fluoxetine and the 5-HT2c receptors. According to Wong 
et al. (1991, 1993), especially R-enantiomers of fluoxe
tine and its active primary metabolite, norfluoxetine, 
have nanomolar affinities for the bovine 5-HT2c recep
tor, inhibiting the binding of [3H]mesulergine to the bo
vine choroid plexi, with Ki values of 155 and 180 nM for 
R-fluoxetine and R-norfluoxetine, respectively. In con
trast, citalopram has markedly lower affinity for this re
ceptor in bovine and pig choroid plexi, inhibiting the 
[3H]mesulergine binding to the bovine choroid plexi, 
with a Ki value of 3.3 µM (Wong et al. 1991) and to pig 
choroid plexi, with a Ki value of 3.9 µM (Jenck et al. 
1993). Another factor supporting this explanation con
cerns the pharmacokinetic differences between the two 
drugs. According to Hyttel et al. (1984), brain concen-
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trations of citalopram and its demethylated metabolite 
are negligible 24 hours after chronic treatment with 40 
mg/kg (p.o.) of citalopram. Thus, it does not accumu
late significantly even during chronic administration. In 
contrast, considerable amounts of R-norfluoxetine (about 
5 µ,mol/kg) are found in the rat brain 24 hours after a 
single 10 mg/kg injection of fluoxetine (Torok-Both et 
al. 1992). Therefore, it is not unreasonable to assume 
that fluoxetine treatment indeed does cause a similar 
upregulation to that caused by citalopram, but this ef
fect is masked by the occupancy of the 5-HT2c receptors 
by residual drug, namely, R-norfluoxetine, in choroid 
plexus tissue. This would be the first time when a direct 
in vivo interaction between a SSRI and a receptor other 
than the 5-HT transporter is reported. Because of the ki
netic properties of fluoxetine, this interaction may be
come evident only during chronic administration. Stud
ies investigating the affinities of citalopram, fluoxetine, 
and norfluoxetine for the 5-HT2c receptor have used 
bovine and pig choroid plexi. To further evaluate the 
relevance of direct receptor interactions, the affinities of 
these drugs for rat and human 5-HT2c receptors must 
be measured. 

The 5-HT2c receptor, characterized in 1984 by Pazos 
et al., is found from various brain regions, such as cer
tain limbic and thalamic structures and basal ganglia 
(Molineaux et al. 1989; Hoffman and Mezey 1990; Men
god et al. 1990; Pompeiano et al. 1994), but the most 
abundantly it is expressed in choroid plexus epithelial 
cells (Yagaloff and Hartig 1985). 5-HT2c receptors have 
been suggested to be involved in the number of psychi
atric disorders, such as anxiety, obsessive-compulsive 
behavior, and eating disorders (Hoyer et al. 1994). Con
trol of eating behavior indeed seems to be an important 
function of these receptors, as demonstrated by recent 
studies with transgenic animals (Tecott et al. 1995). It is 
of interest that anxiety and weight loss are common 
side effects of SSRI treatment. Fluoxetine is also efficient 
in the treatment of bulimia nervosa (Fluoxetine Bulimia 
Nervosa Collaborative Study Group 1992) and obses
sive-compulsive disorders (Tollefson et al. 1994), and 
higher doses of fluoxetine are required for these disor
ders than those used for depression. In addition, the 
therapeutic response appears somewhat slower than 
that required for depression, corresponding to the de
velopment of steady state for fluoxetine and especially 
norfluoxetine in man. The efficacy of citalopram in 
these disorders is not known. Our results suggests that 
SSRI treatment-induced changes in the 5-HT2c receptor 
density may contribute to their clinical properties. Flu
oxetine also may have direct 5-HT 2c receptor-modulat
ing properties in addition to 5-HT reuptake blockade. 

In conclusion, our results show that chronic citalo
pram and fluoxetine treatments induce an upregulation 
of choroid plexus 5-HT2c receptors, but the effect is 
more marked with citalopram. These differences in the 
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regulation of the 5-HT2c receptor may lead to pharma
codynamic differences between chronic citalopram and 
fluoxetine treatments. 

ACKNOWLEDGMENTS 

This study was financially supported by the Finnish Medical 
Society Duodecim and the Turku University Society. 

REFERENCES 

Aghajanian GK, Gallager DW (1975): Raphe origin of sero
tonergic nerves terminating in the cerebral ventricles. 
Brain Res 88:221-231 

Appel NM, Mitchell WM, Garlick RK, Glennon RA, Teitler 
M, De Souza EB (1990): Autoradiographic characteriza
tion of ( :!:: )-1-(2,5-dimethoxy-4-[125I]iodophenyl)-2-ami
nopropane ([125I]DOI) binding to 5-HT2 and 5-HT1c 
receptors in rat brain. J Pharmacol Exp Ther 255:843-857 

Barker EL, Sanders-Bush E (1993): 5-hydroxytryptamineic 
receptor density and mRNA levels in choroid plexus 
epithelial cells after treatment with mianserin and (- )-1-
(4-bromo-2,5-dimethoxyphenyl)-2-aminopropane. Mol 
Pharmacol 44:725-730 

Beasley CM, Masica DN, Potvin JH (1992): Fluoxetine: A 
review of receptor and functional effects and their clini
cal implications. Psychopharmacology 107:1-10 

Bel N, Artigas F (1993): Chronic treatment with fluvoxamine 
increases extracellular serotonin in frontal cortex but not 
in raphe nuclei. Synapse 15:243-245 

Berendsen HHG, Broekkamp CLE (1994): Comparison of 
stimulus properties of fluoxetine and 5-HT receptor 
agonists in a conditioned taste aversion procedure. Eur J 
Pharmacol 253:83-89 

Blier P, Chaput Y, de Montigny C (1988): Long-term 5-HT 
reuptake blockade, but not monoamine oxidase inhibi
tion, decreases the function of terminal 5-HT autorecep
tors: An electrophysiological study in the rat brain. 
Naunyn-Schmiedeberg's Arch Pharmacol 337:246-254 

Canton H, Verriele L, Colpaert FC (1990): Binding of typical 
and atypical antipsychotics to 5-HT1c and 5-HT2 sites: 
Clozapine potently interacts with 5-HT1c sites. Eur J 
Pharmacol 191:93-96 

Cesana R, Ceci A, Ciprandi C, Borsini F (1993): Mesulergine 
antagonism towards the fluoxetine anti-immobility 
effect in the forced swimming test in mice. J Pharm 
Pharmacol 45:473-475 

Chan-Palay V (1976): Serotonin axons in the supra- and sub
ependymal plexuses and in the leptomeninges; their 
roles in local alterations of cerebrospinal fluid and vaso
motor activity. Brain Res 102:103-130 

Chaput Y, de Montigny C, Blier P (1986): Effects of selective 
5-HT reuptake blocker, citalopram, on the sensitivity of 
5-HT autoreceptors: Electrophysiological studies in 
the rat brain. Naunyn-Schmiedeberg's Arch Pharmacol 
333:342-348 

Chaput Y, de Montigny C, Blier B (1991): Presynaptic and 



150 A. Laakso et al. 

postsynaptic modifications of the serotonin system by 
long-term administration of antidepressant treatments: 
An in vivo electrophysiological study in the rat. Neu
ropsychopharmacology 5:219-229 

Conn PJ, Janowsky A, Sanders-Bush E (1987): Denervation 
supersensitivity of S-HT1c receptors in rat choroid 
plexus. Brain Res 400:396-398 

Curzon G, Kennett GA (1990): m-CPP: A tool for studying 
behavioural responses associated with 5-HT1c recep
tors. Trends Pharmacol Sci 11:181-182 

de Montigny C, Chaput Y, Blier P (1990): Modification of 
serotonergic neuron properties by long-term treat
ment with serotonin reuptake blockers. J Clin Psychiatr 
(suppl B) 51 :4-8 

Fluoxetine Bulimia Nervosa Collaborative Study Group 
(1992): Fluoxetine in the treatment of bulimia nervosa. A 
multicenter, placebo-controlled, double-blind trial. Arch 
Gen Psychiatr 49:139-147 

Fuller RW (1994): Uptake inhibitors increase extracellular 
serotonin concentration measured by brain microdialv-
sis. Life Sci 55:163-167 · 

0 

Geary WA, Wooten GF (1985): Regional tritium quenching in 
quantitative autoradiography of the central nervous 
system. Brain Res 336:334-336 

Havlik S, Peroutka SL (1992): Differential radioligand prop
erties of [3H]5-hydroxytryptamine and [3H]mesulergine 
in a clonal 5-hydroxytryptamineic cell lines. Brain Res 
584:191-196 

Hietala J, Koulu M, Kuoppamaki M, Lappalainen J, 
Syvalahti E (1992): Chronic clozapine treatment down
regulates serotonin 5-HT-lc receptors in rat brain. Prog 
Neuropsychopharmacol Biol Psychiatr 16:727-732 

Hjorth S, Auerbach SB (1994): Lack of 5-HT1A autoreceptor 
desensitization following chronic citalopram treatment, 
as determined by in vivo microdialysis. Neuropharma
cology 33:331-334 

Hoffman BJ, Mezey E (1989): Distribution of serotonin 
5-HTic receptor mRNa in adult rat brain. FEBS Lett 
247:453-462 

Hoyer D, Clarke DE, Fozard JR, Hartig PR, Martin GR, Myle
charane EJ, Saxena PR, Humphrey PPA (1994): VIL 
International Union of Pharmacology Classification of 
Receptors for 5-Hydroxytryptamine (Serotonin). Phar
macol Rev 46:157-203 

Humphrey PPA, Hartig P, Hoyer D (1993): A proposed new 
nomenclature for 5-HT receptors. Trends Pharmacol Sci 
14:233-236 

Hyttel J, Overo KF, Arnt J (1984): Biochemical effects and 
drug levels in rats after long-term treatment with the 
specific 5-HT-uptake inhibitor, citalopram. Psychophar
rnacology 83:20-27 

lnvernizzi R, Bramante M, Samanin R (1994): Chronic treat
ment with citalopram facilitates the effect of a challenge 
dose on cortical serotonin output: Role of presynaptic 
5-HTiA receptors. Eur J Pharmacol 260:243-246 

Jenck F, Moreau J-L, Mute! V, Martin JR, Haefely WE (1993): 
Evidence for a role of 5-HT1c receptors in the antisero
tonergic properties of some antidepressant drugs. Eur J 
Pharmacol 231:223-229 

Johnson AM (1991): The comparative pharmacological prop-

NEUROPSYCHOPHARMACOLOCY 1996--VOL. 15, NO. 2 

erties of selective serotonin reuptake inhibitors in ani
mals. In Feighner JP, Boyer WF (eds), Selective Serotonin 
Re-uptake Inhibitors. Chichester, Wiley, pp. 37-70 

Kennett GA, Lightowler S, De Biasi V, Stevens NC, Wood 
MD, Tulloch IF, Blackburn TP (1994): Effect of chronic 
administration of selective 5-hydroxytryptamine and 
noradrenaline uptake inhibitors on a putative index 
of 5-HT2c;2B receptor function. Neuropharmacology 
33:1581-1588 

Konig JFR, Klippel RA (1963): The Rat Brain. A Stereotaxic 
Atlas of the Forebrain and Lower Parts of the Brain 
Stern. Huntington, Robert E. Krieger 

Kuoppamaki M, Palvirnaki E-P, Syvalahti E, Hietala J (1994): 
5-HT1c receptor-mediated phosphoinositide hydrolysis 
in the rat choroid plexus after chronic treatment with 
clozapine. Eur J Pharmacol 255:91-97 

Leonhardt S, Gorospe E, Hoffman BJ, Teitler M (1992): 
Molecular pharmacological differences in the interac
tion of serotonin with 5-hydroxytryptamineic and 
S-hydroxytryptamine2 receptors. Mol Pharmacol 42:328-
335 

Lesch K-P, Aulakh CS, Wolozin BL, Murphy DL (1992): Sero
tonin (5-HT) receptor, 5-HT transporter and G-protein
effector expression: Implications for depression. Phar
macol Toxicol 71 (Suppl 1):49-60 

Li Q, Brownfield MS, Battaglia G, Cabrera TM, Levy AD, Rit
tenhouse PA, Van De Kar LD (1993): Long-term treat
ment with the antidepressants fluoxetine and desipramine 
potentiates endocrine responses to the serotonin ago
nists 6-chloro-2-[1-piperazinyl]-pyrazine (MK-212) and 
( :!: )-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane 
HCl (DOI). J Pharmacol Exp Ther 266:836-844 

Lidov HGW, Grzanna R, Molliver ME (1980): The serotonin 
innervation of the cerebral cortex in the rat-An immu
nohistochemical analysis. Neuroscience 5:207-227 

Maj J, Moryl E (1992): Effects of sertraline and citalopram 
given repeatedly on the responsiveness of 5-HT receptor 
subpopulations. J Neural Transm 88:143-156 

Maj J, Moryl E (1993): Effects of fluoxetine given chronically 
on the responsiveness of 5-HT receptor subpopulations 
to their agonists. Eur Neuropsychopharmacol 3:85-94 

Mengod G, Nguyen H, Le H, Waeber C, Lubbert H, Palacios 
JM (1990): The distribution and cellular localization of 
the serotonin le receptor mRNA in the rodent brain 
examined by in situ hybridization histochemistry. Com
parison with receptor binding distribution. Neuro
science 35:577-591 

Molineaux SA, Jessel! TM, Axel R, Julius D (1989): 5-HT1c 
receptor is a prominent serotonin receptor subtype in 
the central nervous system. Proc Natl Acad Sci USA 
86:6793-6797 

Moore RY, Halaris AE, Jones BE (1978): Serotonin neurons of 
the midbrain raphe: Ascending projections. J Comp 
Neurol 180:417-438 

Moskovitz MA, Liebmann JE, Reinhard JF Jr, Schlosberg A 
(1979): Raphe origin of serotonin-containing neurons 
within choroid plexus of the rat. Brain Res 169:590-594 

Napoleone P, Sancesario G, Amenta F (1982): Indolaminergic 
innervation of rat choroid plexus: A fluorescence his
tochemical study. Neurosci Lett 34:143-147 

Nilsson C, Lindvall-Axelsson M, Owrnan C (1992): Neuroen-



NEUROPSYCHOPHARMACOLOCY 1996-VOL. 15, NO. 2 

docrine regulatory mechanisms in the choroid plexus
cerebrospinal fluid system. Brain Res Rev 17:109-138 

Pazos A, Hoyer D, Palacios JM (1984): The binding of sero
tonergic ligands to the porcine choroid plexus: Charac
terization of a new type of serotonin recognition site. 
Eur J Pharmacol 106:539-546 

Pompeiano M, Palacios JM, Mengod G (1994): Distribution 
of the serotonin 5-HT2 receptor family mRNAs: Com
parison between 5-HT2A and 5-HT2c receptors. Mo! 
Brain Res 23:163-178 

Pranzatelli MR, Murthy JN, Tailor PT (1993): Novel regula
tion of 5-HTJC receptors: Downregulation induced by 
both S-HTic12 receptor agonists. Eur J Pharmacol Mo! 
Pharmacol Section 244:1-5 

Rocha B, DiScala G, Rigo M, Hoyer D, Sandner G (1993): 
Effect of 5,7-dihydroxytryptamine lesion on mianserin
induced conditioned place aversion and on 5-hydroxy
tryptamineic receptors in the rat brain. Neuroscience 
56:687-693 

Roth BL, Hamblin M, Ciaranello RD (1990): Regulation of 
5-HT2 and 5-HT1c serotonin receptor levels. Methodol
ogy and mechanisms. Neuropsychopharmacology 3:427-
433 

Roth BL, Ciaranello RD, Meltzer HY (1992): Binding of typi
cal and atypical antipsychotic agents to transiently 
expressed 5-HTJC receptors. J Pharmacol Exp Ther 260: 
1361-1365 

Rutter JJ, Auerbach SB (1993): Acute uptake inhibition 
increases extracellular serotonin in the rat forebrain. J 
Pharmacol Exp Ther 265:1319-1324 

Rutter JJ, Gundlah C, Auerbach SB (1994): Increase in extra
cellular serotonin produced by uptake inhibitors is en
hanced after chronic treatment with fluoxetine. Neurosci 
Lett 171:183-186 

Salter M, Hazelwood R, Pogson CI, Iyer R, Madge DJ, Jones 
HT, Cooper BR, Cox RF, Wang CM, Wiard RP (1995): 
The effects of an inhibitor of tryptophan 2,3-dioxygen
ase and a combined inhibitor of tryptophan 2,3-dioxyge
nase and 5-HT reuptake in the rat. Neuropharmacology 
34:217-227 

Sanders-Bush E, Breeding \1 (1988): Putative selective 5-HT~ 
antagonists block serotonin 5-HT1c receptors in the 
choroid plexus. J Pharmacol Exp Ther 247:169-173 

Sanders-Bush E, Breeding M (1990): Serotonin1c receptor 
reserve in choroid plexus masks receptor subsensitivity. 
J Pharmacol Exp Ther 242:984-988 

Sanders-Bush E, Breeding M (1991): Choroid plexus epithe-

Citalopram, Fluoxetine, and 5-HT2c Receptors 151 

lial cells in primary culture: A model of 5-HT1c receptor 
actiation by hallucinogenic drugs. Psychopharmacology 
105:340-346 

Spurlock G, Buckland P, O'Donovan M, McGuffin P (1994): 
Lack of effect of antidepressant drugs on the levels of 
mRNAs encoding serotonergic receptors, synthetic 
enzymes and 5-HT transporter. Neuropharmacology 33: 
433-440 

Steinbusch HWM (1981): Distribution of serotonin-immu
noreactivity in the central nervous system of the rat cell 
bodies and terminals. Neuroscience 6:557-618 

Tecott LH, Sun LM, Akana SF, Strack AM, Lowenstein DH, 
Dallman MF, Julius D (1995): Eating disorder and epi
lepsy in mice lacking 5-HT2c serotonin receptors. Nature 
374:542-546 

Ternaux JP, Boireau A, Bourgoin S, Hamon M, Hery F, Glow
inski J (1976): In vivo release of 5-HT in the lateral ventri
cle of the rat: The effects of 5-hydroxy-tryptophan and 
tryptophan. Brain Res 101:533-548 

Ternaux JP, Hery F, Hamon M, Bourgoin S, Glowinski J 
(1977): 5-HT release from ependymal surface of the cau
date nucleus in "encephale isole" cats. Brain Res 132:575-
579 

Tollefson GD, Rampey AH, Potvin JH, Jenike MA, Rush AJ, 
Dominguez RA, Koran ML, Shear MK, Goodman W, 
Gendusa LA (1994): A multicenter investigation of 
fixed-dose fluoxetine in foe treatment of obsessive-com
pulsive disorder. Arch Gen Psychiatr 51:559-567 

Torok-Both GA, Baker GB, Coutts RT, McKenna KF, Aspeslet 
LJ (1992): Simultaneous determination of fluoxetine and 
norfluoxetine enantiomers in biological samples by 
gas chromatography with electron-capture detection. J 
Chromatogr 579:99-106 

Trouvin JH, Gardier AM, Chanut E, Pages N, Jacquot C 
(1993): Time course of brain serotonin metabolism after 
cessation of long-term fluoxetine treatment in the rat. 
Life Sci 52: 187-192 

Wong DT, Threlkeld PG, Robertson DW (1991): Affinities of 
fluoxetine, its enantiomers, and other inhibitors of sero
tonin uptake for subtypes of serotonin receptors. Neu
ropsychopharmacology 5:43-47 

Wong DT, Bymaster FP, Reid LR, Mayle DA, Krushinski JH, 
Robertson DW (1993): Norfluoxetine enantiomers as 
inhibitors of serotonin uptake in rat brain. Neuropsy
chopharmacology 8:337-344 

Yagaloff KA, Hartig PR (1985): 1231-Lysergic acid diethyla
mide binds to a novel serotonergic site on rat choroid 
plexus epithelial cells. J Neurosci 5:3178-3183 


	Chronic Citalopram and Fluoxetine Treatments Upregulate 5-HT 2c Receptors in the Rat Choroid Plexus
	MATERIALS AND METHODS
	Animals
	Drug and Treatments
	Autoradiographic Procedures

	RESULTS
	Effects of Chronic Treatment with Citalopram and Fluoxetine on 5-HT2c Receptor Binding Sites Labeled with an Antagonist Radioligand [3H]Mesulergine in the Rat Choroid Plexus
	Effects of Chronic Treatment with Citalopram and Fluoxetine on S-HT2c Receptor Binding Sites Labeled with an Agonist Radioligand [1251]D01 in the Rat Choroid Plexus

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


