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Objective: Although dopaminergic hy-
peractivity has been implicated in mania,
the precise location in the brain of the ab-
normality is unclear. This study assessed
presynaptic dopamine function in neuro-
leptic- and mood-stabilizer-naive nonpsy-
chotic first-episode manic patients before
and after treatment with divalproex so-
dium by measuring [18F]6-fluoro-L-dopa
([18F]DOPA) uptake in the striatum with
positron emission tomography (PET).

Method: Thirteen patients with DSM-IV
bipolar I disorder, manic episode, and 13
healthy comparison subjects underwent
[18F]DOPA PET scans. Ten of the 13 pa-
tients had repeat PET scans 2–6 weeks af-
ter beginning treatment with divalproex
sodium monotherapy. [18F]DOPA uptake
rate constants (Ki values) in the striatum

were calculated by using graphical analy-
sis with activity from the occipital cortex
as the input function.

Results: No significant differences in
[18F]DOPA uptake rate constants in the
striatum were found between the manic
patients and the comparison subjects. Af-
ter treatment with divalproex sodium,
[18F]DOPA rate constants were signifi-
cantly reduced in the patients and were
lower in the patients than in the compar-
ison subjects.

Conclusions: Although presynaptic dopa-
mine function as reflected by [18F]DOPA
uptake is not altered in mania, presynaptic
dopamine function in manic patients was
lower after treatment with divalproex
sodium.

(Am J Psychiatry 2002; 159:768–774)

The dopamine hypothesis of bipolar disorder impli-
cates dopamine hyperactivity in mania. The most robust
evidence for this hypothesis is derived mainly from obser-
vations of the behavioral effects of dopamine agonists and
antagonists. For example, amphetamine, a psychostimu-
lant, produces euphoria and other behavioral effects that
are very similar to mania (1–3); these responses can be
blocked by dopamine antagonists (4–7). There is evidence
that dextroamphetamine-induced arousal and euphoria
in humans is mediated by a dopaminergic mechanism, as
it is blocked by the selective dopamine blocker pimozide
(8). Administration of drugs that increase dopamine trans-
mission, such as L-dopa, d-amphetamine, piribedil, and
bromocriptine, has been reported to precipitate mania in
patients with bipolar depression (9–14).

Alpha-methyl-para-tyrosine, which blocks tyrosine hy-
droxylase and decreases dopamine synthesis, is effective
in reducing manic symptoms (15), whereas fusaric acid,
which inhibits dopamine β-hydroxylase and raises dopa-
mine levels, worsens manic symptoms (16). Conventional
neuroleptics such as chlorpromazine, haloperidol, and
trifluoperazine are all very effective in treating mania (17),
and all conventional neuroleptics share the property of
blocking dopamine receptors and thereby decreasing
dopamine transmission. That the efficacy of neuroleptics
is related to dopamine receptor blockade is suggested by

the similar efficacy of pimozide, a more specific dopamine
receptor antagonist, in reducing manic symptoms (18, 19).
Further support for the dopamine hyperactivity theory of
mania is provided by the observation that the cis isomer of
clopenthixol, which possesses D2 receptor blocking prop-
erties, is effective in treating mania while the trans isomer,
which does not block D2 receptors, has no antimanic
properties (20).

Studies that have attempted to provide direct evidence
for dopamine hyperactivity in mania have yielded incon-
sistent results. For example, the levels of homovanillic acid
(HVA), a dopamine metabolite, have been reported to be
higher (21–28) or no different (29, 30) in the CSF of manic
patients than in the CSF of comparison subjects. Similarly,
probenecid-induced accumulations of HVA have been re-
ported to be no different (27–29, 31) or higher (32) in
manic subjects than in comparison subjects. Studies of
growth hormone responses to apomorphine challenge
have also yielded inconsistent results, with some research-
ers reporting no difference (33) and others reporting
higher (34) or lower levels (35) in manic patients, relative
to comparison subjects.

Positron emission tomography (PET) can be used to ex-
amine various aspects of dopamine function in humans.
This technique has been used widely to assess dopamine
function in acute schizophrenia (36, 37). To our knowl-
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edge, just one study has used PET to measure dopamine
function in acute mania (38), although two recent studies
used single photon emission computed tomography
(SPECT) (39) and PET (40) to assess aspects of presynaptic
dopaminergic function in euthymic bipolar disorder pa-
tients. Pearlson and colleagues (38) examined dopamine
D2 receptors using PET and [11C]N-methylspiperone in
patients with bipolar disorder, compared with normal
subjects and neuroleptic-naive schizophrenic patients. D2

receptor density was higher in seven patients with bipolar
disorder who were psychotic and in 10 schizophrenic pa-
tients than in seven nonpsychotic patients with bipolar
disorder and the normal comparison subjects. The au-
thors concluded that the higher number of D2 receptors is
a marker of psychosis and is not specific to schizophrenia
or other disorders. However, it is noteworthy that this
study included only five nonpsychotic manic patients (the
other two were depressed), and, of these five, two had
Young Mania Rating Scale scores of 9 and 5, suggesting
minimal symptoms. Therefore, the question of whether or
not higher dopamine D2 receptor density is associated
with acute mania is unresolved.

In this study, we assessed presynaptic dopamine func-
tion in neuroleptic- and mood-stabilizer-naive nonpsy-
chotic manic patients before and after treatment with di-
valproex sodium by measuring [18F]6-fluoro-L-dopa
([18F]DOPA) uptake in the striatum.

Method

Subjects

Patients who fulfilled DSM-IV criteria for bipolar I disorder,
manic episode, without psychotic features (defined as absence of
delusions or hallucinations) (N=13) were recruited from the Uni-
versity of British Columbia hospital in- and outpatient depart-
ments. The diagnosis of bipolar I disorder, manic episode, was
reached on the basis of all the available medical information,
which included a clinical interview by a board-certified psychia-
trist (L.N.Y. or R.W.L.) and results of a Structured Clinical Inter-
view for DSM-IV. Patients with comorbid substance/alcohol
abuse or dependence or other axis I or II diagnoses were ex-
cluded. All patients who were recruited had never taken neuro-
leptics or mood stabilizers, and 11 of the 13 patients were in their
first manic episode. The severity of manic symptoms was quanti-
fied with the Young Mania Rating Scale (41).

Thirteen healthy subjects similar in age to the manic patients
were recruited through advertisements and screened by means of
the nonpatient edition of the Structured Clinical Interview for
DSM-IV. They had no lifetime history of psychiatric illness and no
family history of mood disorders or schizophrenia in first-degree
relatives. Both the patients and the comparison subjects were
physically healthy and had not taken any psychotropic medica-
tion within at least 2 weeks before the baseline PET scan (manic
patients were allowed to receive lorazepam as needed for agita-
tion and sedation). Each study subject had a magnetic resonance
imaging scan to exclude overt cerebral pathology and for co-reg-
istration with functional images to facilitate localization of brain
regions on PET images. All subjects gave written informed con-
sent for participation in the study, which was approved by the
ethics committee of the University of British Columbia.

PET Procedure

[18F]DOPA was synthesized as previously described (42). Sub-
jects fasted overnight and had a low-protein breakfast on the
morning of the scans. PET scans were performed with an ECAT
953B/31 tomograph (CTI/Siemens, Knoxville, Tenn.). Data were
acquired in three-dimensional mode and presented in 31 image
planes with 3.375-mm plane separation. The transaxial image
resolution was 8 mm, and the axial image resolution was 5 mm.
Subjects were positioned supine in the gantry with the head cen-
tered in the field of view. A thermoplastic mask was molded to fit
the subject’s head to minimize head movement, and the same
mask was used for the repeat scan after treatment with divalproex
sodium for patients. Each subject received 200 mg of carbidopa
orally 1 hour before the injection of 185 MBq of [18F]DOPA. A
transmission scan was obtained for attenuation correction before
[18F]DOPA was injected. After injection of [18F]DOPA, 12 sequen-
tial emission scans (12 frames), each lasting 10 minutes, were ob-
tained, for a total duration of 120 minutes.

Treatment With Divalproex Sodium

After the baseline [18F]DOPA scan, manic patients began treat-
ment with divalproex monotherapy. Each subject was started on
500 mg of divalproex sodium b.i.d., and the dose was titrated to
bring serum valproic acid levels to the therapeutic range (350–700
µmol/liter). Further dose adjustments were made as clinically in-
dicated. Patients were not allowed to receive neuroleptics or any
other psychotropic medication with the exception of lorazepam
for agitation and oxazepam or temazepam for nighttime seda-
tion. Three of the 13 patients had worsening of symptoms and re-
quired treatment with neuroleptics. The remaining 10 patients
had a repeat [18F]DOPA PET scan between 2 and 6 weeks after be-
ginning treatment with divalproex sodium. Repeat PET scans
were performed within 5 days of remission of manic symptoms
(remission was defined as a Young Mania Rating Scale score of 8
or less) or 6 weeks after commencement of divalproex sodium,
whichever was earlier.

Image Analysis

Analysis was performed by using procedures for [18F]DOPA
previously well established in our laboratory, as described in de-
tail by our group elsewhere (43). Briefly, frames 7–12 were re-
aligned to produce an integral image that consisted of radio-
activity accumulated from 60 to 120 minutes after [18F]DOPA
administration. Regions of interest were placed on the integral
image on five contiguous planes where the striatum was best
seen. One circular region of interest of 61.2 mm2 (diameter=8.8
mm) was placed on the caudate nucleus on each side and ad-
justed to maximize the average activity in the region of interest.
Three circular regions of interest of the same size (61.2 mm2) were
placed without overlap on the putamen on each side and ad-
justed to maximize activity in the region of interest. Three back-
ground regions of interest of 297 mm2 (diameter=19.4 mm) were
positioned on each side of the temporo-occipital cortex. All of the
regions of interest were replicated over 12 time frames. For each
frame, regions of interest were averaged to get separate measure-
ments for activity in the left and right caudate, the left and right
putamen, and the background. A research assistant who was
blind to the subject’s diagnosis and treatment status carried out
these procedures.

The data were analyzed with a graphical method described
elsewhere (44, 45), by using radioactivity time course of the tem-
poro-occipital cortex as input function (46). This method gener-
ates values for the uptake rate constant (Kocc) for both caudate and
putamen. Kocc (hereafter referred to as Ki) represents k2×k3/k2+k3,
where k2 is the rate constant for backflow of fluorodopa from brain
to plasma and k3 is the rate constant for describing the trapping of
brain fluorodopa. The Ki values reflect the sum of blood-brain bar-
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rier transport and the decarboxylation of [18F]DOPA in dopamin-
ergic terminals as well as the subsequent storage of [18F]dopamine
into vesicles.

Statistical Analysis

The main aims of this study were to compare presynaptic
dopamine function in the striatum in manic patients with that in
comparison subjects and to determine if treatment with dival-
proex sodium altered presynaptic dopamine function. To achieve
the first aim, we compared Ki values in the striatum between
manic patients and healthy comparison subjects using an inde-
pendent t test. To achieve the second aim, we compared Ki values
in patients in the striatum before and after treatment using a
paired t test. Further exploratory subanalyses included compari-
son of differences in the caudate, putamen, and right and left stri-
atum between patients and comparison subjects and within pa-
tients before and after treatment by using independent and
paired t tests. Pearson product-moment correlation was used to
determine the relationship between Young Mania Rating Scale
scores and Ki values before and after treatment.

Results

A total of 13 patients (seven women and six men) and 13
healthy comparison subjects (seven women and six men)
participated in the study. Demographic and clinical char-
acteristics of the patients are presented in Table 1. The
mean age of the patients was 32.9 years (SD=12.0, range=
18–52), and the mean age of the comparison subjects was
31.6 years (SD=11.5, range=20–51). There was no signifi-
cant difference in age between the patient group and the
comparison group (t=0.28, df=24, p=0.77). The patients’
mean Young Mania Rating Scale score was 26.5 (SD=7.2)
before treatment and decreased to 5.0 (SD=6.23) after 2–6
weeks of divalproex sodium treatment.

Figure 1 shows scatterplots of Ki values for the striatum
in the patients and the comparison subjects. The mean Ki

value was 8.04 × 10–3 (SD=0.62 × 10–3) for the patients and
8.34 × 10–3 (SD=0.70 × 10–3) for the comparison subjects.
The difference in Ki values between the two groups was
not significant (t=1.13, df=24, p=0.27). Further exploratory
analysis comparing Ki values in the caudate, putamen,
and right and left striatum also showed no significant dif-
ferences between patients and comparison subjects (data
not shown). There was no significant correlation between
patients’ Young Mania Rating Scale scores and pre- or
posttreatment Ki values for the striatum.

The Ki values for the striatum before and after treatment
with divalproex sodium for the 10 patients with complete
data are shown in Figure 2. The mean Ki values decreased
by 11.3% after treatment (pretreatment: Ki=8.03 × 10–3 [SD=
0.62 × 10–3]; posttreatment: Ki=7.12 × 10–3 [SD=0.72 × 10–3]), a
significant difference (t=4.38, df=9, p=0.002). Further ex-
ploratory analysis showed significant decreases with treat-
ment in Ki values for the left striatum (t=4.44, df=9, p=
0.002), right striatum (t=2.83, df=9, p=0.02), putamen (t=
4.90, df=9, p=0.001), and caudate (t=2.32, df=9, p<0.05). The
putamen had the largest decrease in Ki values (i.e., 13%).
Figure 3 shows PET images displaying activity in the stria-
tum before and after treatment with divalproex sodium.

Patients had significantly lower posttreatment Ki values
(about 15% lower) than the healthy comparison subjects
(t=–4.03, df=21, p=0.001), suggesting that the presynaptic
dopamine function in patients after divalproex sodium
treatment was lower than in the comparison subjects.
There was no correlation between Young Mania Rating
Scale change scores and changes in Ki values from base-
line to posttreatment. There was also no correlation be-

TABLE 1. Demographic and Clinical Characteristics of
Patients With Acute Mania in a PET Study of Effects of
Treatment With Divalproex Sodium

Young Mania
Rating Scale Score

Subject Sex
Age 

(years)

Duration
of Current 
Episode 
(weeks)

Before
Treatment 

With
Divalproex

Sodium

After
Treatment 

With
Divalproex

Sodium
1 Female 52 3.0 34 0
2 Male 52 4.0 30 —a

3 Male 32 6.0 32 —a

4 Female 26 1.0 35 0
5 Female 18 2.0 28 8
6 Male 19 2.0 24 1
7 Female 45 3.0 31 2
8 Female 39 1.0 21 5
9 Male 37 16.0 35 21
10 Male 27 4.0 16 6
11 Male 19 1.0 20 —a

12 Female 24 6.5 14 5
13 Female 38 3.0 25 2
Total

Mean 32.9 4.0 26.5 5.0
SD 12.0 4.0 7.2 6.2

a Owing to worsening symptoms that required treatment with neu-
roleptics, the patient did not receive a posttreatment scan.

FIGURE 1. [18F]6-Fluoro-L-Dopa Uptake Rate Constants in
Healthy Comparison Subjects (N=13) and in Patients With
Acute Mania (N=13)
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tween the changes in [18F]DOPA uptake and divalproex
sodium dose or duration of treatment.

Discussion

To our knowledge, this is the first study to examine
[18F]DOPA uptake in neuroleptic- and mood-stabilizer-
naive acutely ill manic patients. The lack of studies involv-
ing this group of patients is undoubtedly related to diffi-
culty in recruiting medication-free manic patients for re-
search. Recruitment of 13 medication-free patients for this
study took nearly 5 years. The most important findings of
this study are that the manic patients showed a significant
decrease in [18F]DOPA uptake after treatment with dival-
proex sodium and that [18F]DOPA uptake in the patients
after treatment with divalproex sodium was lower than in
the healthy comparison subjects. However, there were no
differences in baseline [18F]DOPA uptake between the
manic patients and the healthy comparison subjects.
There was also no correlation between [18F]DOPA uptake
and severity of manic symptoms as measured by Young
Mania Rating Scale scores.

The uptake rate constant for [18F]DOPA in the brain re-
flects the sum of the blood-brain barrier transport, the de-
carboxylation by the aromatic L-amino acid decarboxylase
(AADC) to [18F]dopamine as well as vesicular storage of
[18F]dopamine (47–49). Although it is unclear whether
[18F]dopamine synthesis from exogenous [18F]DOPA re-
flects endogenous dopamine synthesis, the kinetic con-
stants for 6-fluoro-L-dopa suggest that this is as good a
substrate for AADC as L-dopa (50). Furthermore, [18F]dopa-
mine mimics central dopamine metabolism remarkably
well. Therefore, the [18F]DOPA rate constant should pro-
vide an index of AADC activity and transport and storage
of [18F]dopamine into storage vesicles.

The lack of a significant difference in the [18F]DOPA rate
constants between the manic patients and the comparison
subjects in this study suggests that this component of
presynaptic dopamine function was not increased in the
manic patients. Because of the small size of the study group,
the possibility of a type II error can not be excluded. None-
theless, this study had 80% power to detect a 9% difference
in [18F]DOPA rate constants between patients and compar-
ison subjects, and it is unlikely that differences smaller that
9% are clinically meaningful. The mean Ki value for the pa-
tients was numerically lower than that for the comparison
subjects (i.e., mean difference=–2.96 × 10–4), but the 95%
confidence interval for the mean difference was –8.38 ×
10–4 to 2.44 × 10–4. The [18F]DOPA rate constants reflect the
sum of activity of AADC as well as transport and storage of
[18F]dopamine into storage vesicles. Thus, our results sug-
gest that these processes are intact in manic patients.
However, our findings cannot exclude the possibility of
enhanced dopamine release from presynaptic neurons,
with consequent increase in dopaminergic transmission in
mania. To our knowledge, no study has directly assessed

the magnitude of dopamine release in acute mania. How-
ever, a recent SPECT study of change in D2 receptor avail-
ability after amphetamine challenge in euthymic bipolar
disorder patients failed to demonstrate enhanced dopa-
mine release (39). This study nevertheless revealed a
higher level of behavioral responses (i.e., manic/hypo-
manic-like symptoms) to amphetamine challenge in the
patients, compared to the healthy subjects. These results
suggest enhanced postsynaptic dopamine receptor sensi-
tivity and/or second messenger signaling pathway activity
in euthymic bipolar disorder patients that may have led to
induction of manic/hypomanic symptoms.

If enhancing dopamine transmission induces or wors-
ens manic symptoms, it is plausible that effective anti-
manic treatments dampen dopamine hyperactivity by de-
creasing dopamine synthesis, release, or blockade of
dopamine receptors or by dampening second messenger
signaling pathways. Although the manic patients in this
study did not have an abnormality in [18F]DOPA rate con-
stants at baseline, they showed a significant reduction in
[18F]DOPA rate constants after treatment with divalproex
sodium. We did not have a comparison group that had the
second scan after placebo or no treatment, and the nor-
mal volunteers in this study did not have a second scan.
Therefore, one could argue that the reduction in Ki values
in the patients could be due simply to scan-to-scan varia-
tion in these values and not to a treatment effect. However,
the decrease in Ki values observed in the patients was
greater than the scan-to-scan variation in Ki values found
in normal healthy subjects in a previous study (43). Fur-

FIGURE 2. [18F]6-Fluoro-L-Dopa Uptake Rate Constants in
Patients With Acute Mania (N=10) Before and After 2–6
Weeks of Treatment With Divalproex Sodium
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thermore, the decrease in Ki values occurred in nine of the
10 patients. In addition, the decrease occurred in all areas
of the striatum, but the largest decrease was noted in the
putamen. Also, [18F]DOPA rate constants were lower in pa-
tients after divalproex sodium treatment than in the
healthy comparison subjects. Taken together, these find-
ings suggest that the reduction in [18F]DOPA rate con-
stants was due to the effect of treatment with divalproex
sodium or was a correlate of symptomatic change in the
manic patients.

We did not find a correlation between changes in Young
Mania Rating Scale scores and changes in Ki values be-
tween baseline and posttreatment scans in the patients.
This result may suggest that the decrease in [18F]DOPA rate
constants in the patients after divalproex sodium treat-
ment may not be related to symptom change per se but in-
stead may represent a nonspecific effect of divalproex so-
dium. On the other hand, the negative finding could be due
to the fact that we did not separately measure [18F]DOPA
uptake in the ventral striatum (due to the limited resolu-
tion of the PET camera). The separate measurement may
have correlated better with symptom change (because me-
solimbic dopamine transmission is more likely related to
symptom change) than the sum of [18F]DOPA uptake in the
dorsal and in the ventral striatum.

The results of this study cannot tell us whether the re-
duction in [18F]DOPA rate constants after treatment in the
manic patients was due to a decrease in AADC activity or
interference with the vesicular monoamine transporter 2
(VMAT2) site that mediates transport of dopamine from
cytoplasm to storage vesicles. To our knowledge, no previ-
ous studies have directly assessed the effects of divalproex
sodium on AADC activity or VMAT2 concentrations either

in animals or in humans. However, previous evidence sug-
gests that VMAT2 concentrations are not modulated by
short- or long-term administration of drugs that affect
monoamine function or metabolism (51). Furthermore, a
recent SPECT study reported no alteration in VMAT2 con-
centrations, as measured by carbon 11-labeled dihy-
drotetrabenazine binding, in the caudate nuclei of euthy-
mic bipolar disorder patients (40). Hence, the reduction in
[18F]DOPA rate constants after treatment with divalproex
sodium in the current study was more likely to be due to a
decrease in AADC activity.

Decarboxylation of DOPA to dopamine by AADC is not
rate limiting under the physiological conditions of dopa-
mine synthesis. However, AADC is the catalyst for the first
irreversibly committed step in the dopamine synthesis
pathway and hence plays an important role in dopamine
homeostasis (52). Indeed, studies have shown that AADC
activity is enhanced by dopamine denervation or by dopa-
mine D2 and D1 antagonists and is reduced by D2 agonists
(53, 54). Similarly, AADC is regulated by endogenous
dopamine levels, as depletion of dopamine by reserpine
was shown to enhance AADC activity (53). Therefore,
reduction in AADC activity with divalproex sodium treat-
ment in this study would be expected to result in a reduc-
tion in dopamine synthesis, leading to a lower amount
available for release and consequent reduction in dopa-
mine hyperactivity.

The mechanism by which divalproex sodium reduces
AADC activity is unknown. The divalproex sodium may al-
ter the activity of AADC through pre- or posttranslational
regulation. Administration of valproate for up to 32 days
had no effect on mRNA levels of AADC in the rat (55).
AADC protein contains a number of recognition motifs for

FIGURE 3. PET Transverse Image Showing [18F]6-Fluoro-L-Dopa Uptake in the Striatum of a Manic Patient Before and After
Treatment With Divalproex Sodium

Before Treatment After Treatment
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phosphorylation by cAMP-dependent kinase, protein ki-
nase C, calcium calmodulin-dependent protein kinase II,
and proline-directed protein kinase (56), and it is possible
that divalproex sodium may decrease the activity of AADC
through inhibition of phosphorylation. However, this pos-
sibility needs to be tested directly in future studies.

Neuroleptics—such as the three standard mood stabiliz-
ers lithium, valproate, and carbamazepine—have proven
antimanic properties. It is widely recognized that dopa-
mine D2 receptor blockade contributes to the antimanic
properties of neuroleptics, whereas the mechanism (or
mechanisms) by which mood stabilizers exert an anti-
manic effect is currently unknown. Recent theories postu-
late that the effects of these drugs on second messenger
signaling pathways are critical to the mood stabilizing
properties, although to our knowledge, there is no direct
evidence linking the two. Waldmeier (57), surveying the ef-
fects of mood stabilizers on various neurotransmitter
pathways, concluded that the effects of these drugs are
most similar with respect to reducing dopaminergic trans-
mission, suggesting that this action may represent a com-
mon basis for the antimanic effect of these drugs. Reduc-
tion in AADC activity in manic patients after treatment
with divalproex sodium in this study is consistent with
such hypothesis.

In conclusion, the results of this study suggest no differ-
ence between acutely ill manic patients and healthy com-
parison subjects in the [18F]DOPA rate constant that pro-
vides an index of a component of presynaptic dopamine
function. Treatment with divalproex sodium, however,
led to a significant reduction in presynaptic dopamine
function in manic patients, suggesting that reduction in
AADC activity is associated with improvement in manic
symptoms.
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