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ABSTRACT Recent studies indicate that an increase in serotonergic (5-HT) activity 
in the nucleus accumbens (NAc) produces an increase in dopamine (DA) release, providing 
a possible mechanism for the involvement of DA in the therapeutic action of selective 
serotonin reuptake inhibitor (SSRI) antidepressants. However, acutely administered 
fluoxetine (2.5, 5.0, or 10.0 mgkg, i.p.1 failed to elevate extracellular levels of DA, or its 
metabolites in the NAc or caudate-putamen (CP). In fact, the highest dose produced a 
small (20%) decrease in DA levels in the NAc. Extracellular levels of the 5-HT metabolite 
5HIAA were consistently decreased at  all doses of fluoxetine in both structures. Since 
SSRIs generally require several weeks of treatment to be effective clinically, a second 
experiment examined the effect of chronic administration of fluoxetine. Chronic (21 day) 
daily treatment with 5 mgkg had no effect on NAc basal levels of DA, DA metabolites, 
or 5HIAA, relative to a saline-treated control group. Finally, pretreatment with fluoxetine 
appeared to slightly enhance the elevation of NAc DA induced by an injection of cocaine 
(10 mgkg, i.p.), an effect that was not quite significant (P  < .06). In conclusion, the 5- 
HT-induced facilitation of NAc DA neurotransmission described in the literature may 
not be relevant to the therapeutic action of fluoxetine. o 1996 Wiley-Liss, Inc. 

INTRODUCTION 
Fluoxetine (Prozac), a prototypical selective serotonin 

reuptake inhibitor (SSRI), has been widely used in the 
treatment of depression and, more recently, for both 
obsessive compulsive disorder and bulimia (Wong et al., 
1995). Compounds of this class are selective and potent 
in the inhibition of neuronal uptake of 5-HT, and have 
very weak effects on norepinephrine (NE) or dopamine 
(DA) uptake (Wong et al., 1995). Nonetheless, the pre- 
cise central nervous system (CNS) action responsible 
for the therapeutic effect of fluoxetine is uncertain and 
could involve an indirect interaction of 5-HT with other 
neurotransmitters, such as DA. For example, several 
recent studies indicate that 5-HT and 5-HT agonists 
facilitate the release of DA in the nucleus accumbens 
(reviewed in Parson and Justice, 1993). 

In contrast to the effect in the nucleus accumbens, 
the facilitation of 5-HT neurotransmission in the stria- 
0 1996 WILEY-LISS, INC. 

tum has been shown to  have an inhibitory effect on DA 
release and turnover (reviewed in Baldessarini et al., 
1992). Further, Perry and Fuller (1992) found that a 
dose of 10 mgkg fluoxetine produced a fourfold increase 
in striatal extracellular 5-HT levels and no change in 
striatal DA levels. In fact, it has been suggested that 
the extrapyramidal side effects, including parkinson- 
ism, that have been associated with SSRI treatment 
could be due to a reduction of DA activity in the striatum 
(Baldessarini et al., 1992; Lipinski et al., 1989; Meltzer 
et al., 1979). Thus, while DA neurotransmission in the 
striatum is associated with extrapyramidal motor func- 
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tion and parkinsonism, DA in the nucleus accumbens 
(NAc) and frontal cortex has been proposed to be in- 
volved in the central mediation of reinforcementlre- 
ward, and possibly depression and the mechanism of 
action of antidepressants (Kapur and Mann, 1992). 

The present study tested the possibility that fluoxe- 
tine could have different effects on DA release in the 
striatum and nucleus accumbens. In addition, since 
fluoxetine is reported to require 10 to 14 days of treat- 
ment to relieve symptoms in depressed patients, the 
present study also examined the effect of chronic fluoxe- 
tine treatment (21 day) on extracellular DA levels in 
the NAc. 

MATERLALS AND METHODS 
Male Sprague-Dawley rats (Taconic Farms, German- 

town, NY) weighing 250-350 g were maintained on a 
12-hour light-dark cycle (lights on at 7:OO a.m.) and 
were housed in groups of two with food and water avail- 
able ad libitum. All procedures in this experiment 
strictly adhered to Federal, State, and University guide- 
lines concerning the use of animals in research. 

Microdialysis procedures 
Under general anesthesia (equithesin, 4.4 ml/kg) and 

using aseptic techniques, stainless steel guide cannulae 
were stereotaxically implanted above the NAc, or cau- 
date-putamen (CP), approximately 18 h prior to the 
microdialysis experiment. The guide cannulae (22- 
gauge thin wall tubing 10 mm in length) were affixed 
to the skull with the aid of steel screws and dental 
acrylic cement. While the animals were still anesthe- 
tized, microdialysis probes were inserted through the 
cannulae into the target brain structures. The microdia- 
lysis probes were of a concentric design and were con- 
structed in our laboratory according to the procedure 
of previous investigators (Robinson and Camp, 1991). 
Briefly, hollow nitrocellulose dialysis fibers (nominal 
MW cut-off of 6000 Daltons; Spectrf lor ,  Spectrum 
Medical, Los Angeles, CA) were used to produce probes 
with a dialyzing region 3 mm in length and 250-pm- 
wide, and less than 500-t~m-wide immediately dorsal 
to the dialysis membrane. In vitro probe recoveries for 
DA were about 5% when perfusing a t  a flow rate of 2 
pymin. 

Relative to bregma (AP and ML) and skull surface 
a t  bregma (DV), and with the incisor bar set a t  -3.3 
mm, the coordinates for the ventral tip of the dialyzing 
region were as follows: for the nucleus accumbens, 
AP = + L O ,  ML = -1.5, DV = -8.5; and for the dorso- 
lateral caudate-putamen, AF' = +1.0, ML = -3.5, 
DV = -6.0. The dorsal part of the dialyzing region (ap- 
prox. 0.5 mm) of the NAc probe was in the ventromedial 
caudate-putamen, a region that receives its DA innerva- 
tion from ventral tegmental area (A101 dopamine neu- 
rons, as does the NAc (Bjorklund and Lindvall, 1986). 
The probes were cemented in place, the rats connected 

to a steel spring tether and the inlet perfusion tubing 
(PE20). Animals were then placed in the test cage (49.2 
cm x 25.4 cm x 29.5 cm = L x W x H) and allowed to 
recover from anesthesia. 

During the experiment artificial cerebrospinal fluid 
(CSF; 147 mM NaCl, 3 mM KCl, 1.2 mM CaC12,1.0 mM 
MgC1.J was continuously perfused through the probes at 
2 yl/min by means of a syringe pump (Harvard Appara- 
tus, South Natick, MA). Dialysis samples were collected 
at 20-min intervals, followed by the addition of 10 pl 
0.1 M perchloric acid to each sample to prevent air 
oxidation of the neurotransmitters. The outlet tubing 
(fused glass silica) was placed in a microvial which was 
secured to the spring tether just above the rat's head. 
Samples were withdrawn from the microvial with 100 
~1 Hamilton syringes and were refrigerated for up to 
12 h prior to assay, or frozen a t  -70°C for later assay. 
At the conclusion of the experiment, rats were sacrificed 
by overdose with equithesin. The brains were removed 
and stored in 10% formalin until histological sectioning, 
which confirmed the accuracy of all probe placements 
reported in the results below. 

Drugs 
Fluoxetine HC1 was synthesized using a published 

procedure (Srebnik et al., 1988) and the chemical struc- 
ture was verified by 1H and 13C NMR spectroscopy. In 
the acute fluoxetine study, following the collection of 
baseline microdialysis samples, rats were given a con- 
trol saline injection (0.1 m a g ,  i.p.) followed 1 h later 
by the injection of fluoxetine (either 2.5, 5.0, or 10.0 
mgkg, i.p.). Three hours later rats received an  injection 
of cocaine HC1 (10 mgkg, i.p.; Sigma, St. Louis, MO) 
and samples were collected for two more hours. In addi- 
tion to examining the possibility that fluoxetine pre- 
treatment would alter DA release evoked by a stimulant 
drug, the cocaine injection also provided further confir- 
mation of the identity of the DA peak in the chromato- 
gram. In the chronic fluoxetine study, rats were divided 
into two groups that received 21 daily injections of ei- 
ther fluoxetine (5 mgkg, i.p.), or saline. On the day 
of the microdialysis experiment, basal DA levels were 
compared between the two chronic treatment groups, 
as were the responses to a final injection of fluoxetine 
(5 mgkg, i.p.1, followed by the cocaine challenge. 

Neurochemical analysis 
Microdialysis samples were analyzed by high perfor- 

mance liquid chromatography (HPLC) using a dual po- 
tentiostat electrochemical detector (Bioanalytical Sys- 
tems, W. Lafayette, IN). Samples were injected directly 
onto the HPLC via a refrigerated autoinjector (CMN 
Microdialysis, Stockholm); no internal standard was 
used. The glassy carbon electrodes were set in parallel 
a t  applied potentials of 600 mV and 450 mV relative to 
an AgIAgC1 reference electrode. The two electrodes set 
a t  different potentials allowed for identification and 
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exclusion of unknown ghost peaks when they occasion- 
ally occurred. The mobile phase composition was 50 
mM NaHz PO4 monobasic, 0.1 mM EDTA, 1 mM SOS, 
9.0% MeOH, pH 4.0. Mobile phase was delivered at a 
rate of 1.0 mumin on to a 10 cm X 3.2 mm chromatogra- 
phy column with ODS 3-pm packing (BAS). All mea- 
sured peaks were well-resolved and had retention times 
of approximately 2.2, 3.0, 5.5, and 7.5 min, for 3,4- 
dihydroxyphenylacetic acid (DOPAC), 5-hydroxyindole- 
acetic acid (5HIAA), and homovanillic acid (HVA), and 
DA, respectively. Extracellular levels of these com- 
pounds per each microdialysis sample were identified 
in this assay, and converted to picogram amounts by 
comparing the peak heights of these compounds to that  
of known amounts of external standards. Serotonin was 
not measured; in this assay serotonin had a retention 
time of about 20 min, and was below the level of detec- 
tion in the samples. 

Data analysis 
Data presented as the percentage of baseline were 

calculated by comparison to the average of three base- 
lines collected prior to the first injection (defined as  
100%). Data were statistically analyzed first by re- 
peated measures (rm)ANOVA to determine if a signifi- 
cant group X time interaction existed. Following a sig- 
nificant rmANOVA, factorial ANOVAs were run at  
selected time points and coupled to post hoc means tests 
(Fisher PLSD) to reveal differences between treat- 
ment groups. 

RESULTS 
Figure 1 shows the effect of single acute injections of 

fluoxetine (2.5, 5.0, or 10.0 mgkg) on extracellular DA 
and metabolite levels in the NAc (left column) and CP 
(right column). Relative to the saline-treated control 
group, fluoxetine produced a significant reduction in 
extracellular levels of the serotonin metabolite 5HIAA 
(bottom two graphs in Fig. 1) in both the NAc 
(F(3,33) = 6.2, P < .0001), and in the CP (F(3,33) = 3.6, 
P < .0001). This effect on 5HIAA is consistent with a n  
increase in extracellular serotonin (not measured in 
this study), as  has previously been shown in serotonin 
microdialysis studies (Perry and Fuller, 1992; Rutter 
and Auerbach, 1993; Tanda et  al., 1994). In  the present 
study, factorial ANOVA analysis revealed that the fluox- 
etine-induced suppression of 5HIAA to approximately 
70% of baseline was more reliably produced in the NAc 
than in the CP. Thus, as soon as 20 min after injection 
ofthe 10 m&g dose of fluoxetine, a significant decrease 
in NAc 5HIAA was observed relative to control (P  < 
.05), and by 2 h postinjection all three doses offluoxetine 
had produced a significant reduction in 5HIAA levels 
in the NAc (P < .001). The reduction of 5HIAA in the 
CP reached a similar magnitude as in the NAc at the 
later time points, but the response of individual subjects 
was more variable leading to noticeably higher P values 

when compared to the control group in the post hoc 
analysis (typically > .05). A strong dose response rela- 
tionship is not seen in either structure for the fluoxe- 
tine-induced 5HIAA reduction, suggesting that a maxi- 
mal reduction of 5HIAA occurs in the lower end of the 
dose range of fluoxetine used (cf., Rutter and Auer- 
bach, 1993). 

In contrast to the effect on 5HIAA, no large effects 
of acute fluoxetine treatment were observed on extracel- 
lular DA, or DA metabolites in either the NAc or the 
CP (Fig. 1). Extracellular DA and metabolites in the 
CP (Fig. 1, top three right panels) were not altered by 
treatment with acute fluoxetine. However, the small 
decrease in extracellular DA in the NAc seen following 
the highest dose of fluoxetine (10 mgkg, see upper left 
panel) was highly significant (rmANOVA, F(3,33) = 

1.89, P < .005). Subsequent analysis revealed that this 
effect was due exclusively to the high dose group which 
was significantly lower than the saline control group 
by 1 h postinjection (factorial ANOVA/Fisher PLSD, 
P < .02) and remained significantly reduced (P < .05) 
a t  the 2 h and 3 h time points. In  the NAc the highest 
dose of fluoxetine also somewhat reduced the extracel- 
lular levels of DOPAC and HVA (Fig. 1, middle left 
panels), but this reduction was only significant for HVA 
in the repeated measures ANOVA (F(3,33) = 1.63, 
P < .05), and the post hoc contrasts in subsequent facto- 
rial ANOVAs were not significant at P < .05 for HVA 
compared to the saline group. 

Chronic (21 day) treatment with 5.0 mgkg fluoxetine 
had no effect on basal extracellular levels of DA, DA 
metabolites, or 5HIAA in the NAc compared to controls 
chronically injected with saline (Fig. 2; rmANOVA for 
DA, main effect, F(1,12) = 1.2, P = 0.3), The chronic 
treatment with fluoxetine also did not alter the response 
of these neurochemicals to the final injection of 5.0 mgl 
kg fluoxetine. In  Figure 2 the data are plotted as  pgl 
sample, rather than as percent baseline, in order to 
illustrate that the chronic treatment produced no quan- 
titative change in basal levels for any of the neurochemi- 
cals measured. An inspection of the chronic data plotted 
as percent baseline (not shown) revealed no discrepanc- 
ies compared to the pg data shown (Fig. 2). As expected, 
based on the results of the acute study, extracellular 
5HIAA decreased significantly in response to the final 
injection of 5.0 mgikg fluoxetine for the group treated 
chronically with saline (F(1,15) = 4.80, P < .0001). The 
group treated chronically with fluoxetine showed a very 
similar decrease in 5HIAA in response to this final 
injection of fluoxetine, indicating the neither tolerance 
nor sensitization was produced by the chronic fluoxetine 
treatment (no G X T interaction in the rmANOVA, 
P = 0.4). A saline injection given to all rats (e.g., first 
arrow in Fig. 2) did not alter extracellular levels of the 
neurochemicals measured. 

Although pretreatment with fluoxetine slightly en- 
hanced the cocaine-induced increase in extracellular 
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Fig. 1. The graphs depict the effect of acute fluoxetine administra- 
tion on extracellular DA, DOPAC, HVA, and 5HIAA levels in the NAc 
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were significantly reduced by fluoxetine, relative to the saline-treated 
control group (bottom two graphs, P < .0001). The acute doses of 
fluoxetine had no effect on extracellular DA, or DA metabolite levels 
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in the CP or NAc, with the exception of the high dose causing a small 
but significant decrease in DA level in the NAc (upper left panel, 
P < ,005). Group sizes were as follows: saline (NAc, 7; CP, 5); 2.5 mg/ 
kg (NAc, 5; CP, 3); 5.0 mgkg (NAc, 6; CP, 5); 10.0 mgkg (NAc, 7; CP, 
4). Asterisks indicating significance were omitted for clarity. The arrow 
indicates the time point of the fluoxetine or saline injection. 
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a quantitative comparison ofbasal levels between the two groups is im- 
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Fig. 3. The cocaine-induced (coc; 10 mgkg, i.p.1 increase in NAc 
extracellular DA was slightly enhanced by pretreatment with fluoxe- 
tine, as shown above. This drug interaction was not quite significant 
(P < ,061, and, as illustrated, there was no apparent dose response re- 
lationship. 

DA in the NAc (Fig. 3), this effect was not quite sig- 
nificant (rmANOVA for the first 80 min postcocaine: 
F(4,25) main effect = 2.64, P < .06). Pretreatment with 
fluoxetine caused no obvious change in the response 
of the measured metabolites to cocaine (data not 
shown). 

DISCUSSION 
As has been shown in previous microdialysis studies 

in the striatum (Perry and Fuller, 1992; Rutter and 
Auerbach, 1993), and diencephalon (Rutter and Auer- 
bach, 1993), all doses of fluoxetine consistently pro- 
duced a 20% to  30% decrease in striatal and accumbens 
5HIAA. This effect on extracellular 5HIAA, the major 
metabolite of serotonin, provided indirect confirmation 
that fluoxetine was effective in inhibiting serotonin re- 
uptake in the present study. Rutter and Auerbach 
(1993) found that three doses of fluoxetine (2,5,10 mgl 
kg, i.p.) produced a clear dose-related increase in 5- 
HT levels in the diencephalon and striatum (maximal 
increase of threefold), whereas the suppressive effect of 
these doses on 5HIAA was less clearly dose-dependent, 
reaching a maximum of about 25% reduction for all 
doses, except the lowest dose in the striatum which 
produced a 10% reduction. In the present study, the 
accumbens 5HIAA response to fluoxetine (Fig. 1) closely 
resembles the diencephalic SHIM response, whereas 
the striatal 5HIAA response is very similar in both 
papers (cf., Rutter and Auerbach, 1993). Chronic (21 
day) treatment with 5.0 mgkg fluoxetine did not alter 
the response of NAc 5HIAA to a final injection of fluoxe- 
tine (Fig. 3), suggesting that the chronic treatment did 
not produce either tolerance nor sensitization to the 
fluoxetine effect on 5HIAA. 
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The present results on the effect of fluoxetine on ex- 
tracellular DA and DA metabolites is generally consis- 
tent with the existing microdialysis literature (Perry 
and Fuller, 1992; Tanda et al., 1994), whereas studies 
measuring tissue or CSF levels of DA and metabolites 
have themselves been inconsistent (for review see 
Baldessarini et al., 1992). In the present study, acute 
or chronic injections of fluoxetine had no effect on extra- 
cellular DA and DA metabolite levels in the NAc and 
CP, with the exception that the 10 mgkg dose produced 
a significant 20% reduction of extracellular DA in the 
NAc (Figs. 1 and 2). Combined with the observation 
that fluoxetine produced a greater reduction in 5HIA4 
in the NAc compared to the CP, the high dose-induced 
decrease of NAc DA suggests that fluoxetine may act 
more potently in the NAc than in the CP. Measurement 
of fluoxetine’s effect on 5-HT release in these different 
structures would address this possibility. 

Serotonergic neurons of the dorsal raphe nucleus 
project to both the NAc and the CP, as well as to the 
DA cells in the ventral tegmental area and substantia 
nigra where the DA innervation of these forebrain 
structures originates (Herve et al., 1987; Van der Kooy 
and Hattori, 1980). However, the effect of 5-HT on extra- 
cellular DA could vary between structures due to the 
different distributions of 5-HT receptor subtypes. For 
example, the 5-HT3 receptor is most dense in the NAc, 
amygdala, hippocampus and frontal cortex (Kilpatrick 
et al., 1987)) whereas the 5-HT2 receptor is most abun- 
dant in the caudate and cerebral cortex (Schott et al., 
1984). Although the present study did not use 5-HT 
receptor subtype-selective drugs, the increase in extra- 
cellular 5-HT produced by fluoxetine can be expected 
to have different effects in regions that differ in 5-HT 
receptor subtype distributions. For example, Tanda et 
al. (1995) recently found that acute fluoxetine treat- 
ment produced an increase in extracellular DA in the 
prefrontal cortex that was mediated by the 5-HT3 recep- 
tor subtype. 

Nonetheless, the reduction in extracellular DA in the 
NAc following the high dose of fluoxetine did not fit our 
prediction which was based on recent findings that 5- 
HT (Guan and McBride, 1988; Parsons and Justice, 
1993) and 5-HT3 agonists (Blandina et al., 1989; Chen 
et al., 1991; Jiang et al., 1990) produce a facilitation of 
DA release in the NAc. For example, Parsons and Jus- 
tice (1993) recently found that the addition of 0.1, 0.2 
and 0.4 pM of serotonin to the microdialysate perfusate 
produced concentration-dependent increases in extra- 
cellular DA in the NAc. Concentrations lower than 0.1 
pM had no effect. Their further experiments with antag- 
onists to specific 5-HT receptor subtypes determined 
that the 5-HT2 and 5-HT3 receptors are involved in the 
serotonin-induced DA increase in the NAc, whereas the 
role of the 5-HT1 receptor subtype remained unclear 
(Parsons and Justice, 1993). In the present study, the 

fluoxetine-induced increase in extracellular 5-HT may 
not have exceeded the threshold extracellular level of 
5-HT required to produce an increase in DA (0.1 FM of 5- 
HT in the perfusate (Parsons and Justice, 1993). Thus, 
levels of basal extracellular 5-HT in the NAc are esti- 
mated to be approximately 2 nM (Parsons and Justice, 
1993). If fluoxetine produced a four-fold increase in ex- 
tracellular 5-HT (to 8 nM), this would still be far short 
of the 40 nM extracellular concentration of 5-HT that 
Parsons and Justice estimate was produced adjacent to 
the microdialysis probe by perfusion with 0.1 pM 5-HT. 
Nonetheless, as indicated by the literature, the dose of 
10 mgikg fluoxetine is quite high and sufficient to pro- 
duce significant effects in other paradigms. Hence, the 
5-HT-induced facilitation of DA neurotransmission in 
the NAc described by Parsons and Justice (1993) and 
others may not be relevant to the therapeutic effect of 
fluoxetine. On the other hand, the decrease in DA in 
the NAc produced by 10 mgkg fluoxetine offers some 
support for the idea that the extrapyramidal motor side 
effects of fluoxetine therapy may be due to an inhibition 
of DA release (Baldessarini et al., 1992). 

It is uncertain whether the present results with fluox- 
etine generalize to other SSRIs, or, further, to different 
classes of antidepressants. In a pilot microdialysis ex- 
periment, we found that the SSRI paroxetine (10 mg/ 
kg) also had no clear effect on DA levels in the CP or 
NAc (data not shown). On the other hand, using PET 
technology, we have found interesting differences be- 
tween SSRIs. For example, citalopram (5 mgkg) pro- 
duces an increase in striatal D2 binding (implying a 
decrease in extracellular DA), whereas fluoxetine 
caused no change in D2 binding as measured by PET 
radioligand binding (Dewey et al., 1995). Finally, in 
the present study, pretreatment of rats with fluoxetine 
enhanced the increase in extracellular NAc DA pro- 
duced by an injection of 10 mgkg of cocaine, an effect 
that was not quite significant (P  < 0.06). The magni- 
tude of this drug interaction was not great (see Fig. 3)) 
and by itself does not seem to warrant concern for the 
possible interaction of these two drugs in patients. 

ACKNOWLEDGMENTS 
The authors acknowledge Nancy Rini and Barbara 

Hair for their excellent technical assistance, and Chu- 
en Chen for his help in selected experiments. This work 
was supported in part by a DOE grant (DE-ACO2- 
76CH00016) to C.R.A. and NIDA grant (DA-07456) to 
R.E.S. 

NOTE ADDED IN PROOF 
After the acceptance of this article, the following pa- 

per was published that supports the present observa- 
tion that the 10 mgkg dose of fluoxetine produces a 
decrease in extracellular levels of DA in the accumbens: 
Ichikawa, J., and Meltzer, H.Y. (1995) Effect of antide- 
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pressants on striatal and accumbens extracellular do- 
pamine levels. Eur. J. Pharmacol., 281:255-261. 
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