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Twelve male, fasted, anesthetized rhesus monkeys were 
studied with positron emission tomography (PET) and 
[

 

11

 

C]

 

a

 

-methyl-

 

L

 

-tryptophan (

 

a

 

MTP) to determine 
serotonin synthesis rates as described by Diksic et al. 
(1991). It was expected that the serotonin synthesis rates 
determined for the whole brain would be correlated with 
CSF 5-hydroxyindole-3-acetic acid concentrations, a 
measure of central serotonin turnover, because both 
measures were obtained at steady state. However, no 
significant correlation was found. During data analysis, it 
was noticed that the calculated serotonin synthesis rates 
were significantly correlated to free plasma tryptophan (TP) 
concentrations (r 

 

5

 

 0.88, p 

 

,

 

 .001). From repeat scans 
conducted in six monkeys, it was determined that day-to-
day variability in free plasma TP and the percentage of 

protein binding (average percent difference was 48 and 
37%, respectively) produced most of the variability in the 
calculated serotonin synthesis rates (50%); repeat K images, 
obtained from the PET data alone, differed by only 11%. 
Calculated serotonin synthesis rates reported for 
[

 

11

 

C]

 

a

 

MTP PET studies of humans (Nishizawa et al. 1997) 
and dogs (Diksic et al. 1991) were also highly correlated to 
reported differences in plasma free TP concentrations. It 
seems that the [

 

11

 

C]

 

a

 

MTP model for the computation of 
serotonin synthesis rates is very dependent on plasma free 
TP concentration and that it may not accurately determine 
actual serotonin synthesis rates.

 

[Neuropsychopharmacology 19:345–353, 1998]
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Early attempts to determine serotonin synthesis rates in
small mammals usually involved pharmacological ma-
nipulation of the serotonin system followed by the sam-
pling of brain tissue for the determination of tryp-
tophan, tryptophan metabolites, serotonin, and/or
serotonin metabolites. These studies were limited by
the ability of the investigator to isolate specific brain re-
gions, and the sensitivity of the assays usually required
the pooling of tissues from multiple animals (Col-
menares et al. 1975; Curzon and Marsden 1975; Fern-
strom and Wurtman 1971; Fernstrom and Wurtman
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1972; Hamon and Glowinski 1974; Leathwood 1987;
Leathwood and Fernstrom 1990; Moir and Eccleston
1968; Ternaux et al. 1976). Recently, a method for
measuring serotonin synthesis rates in the brain using

 

a

 

-methyl-L-tryptophan (

 

a

 

MTP) was developed in rats
(Diksic et al. 1990; Nagahiro et al. 1990) and then tested
in dogs using [

 

11

 

C]

 

a

 

MTP and positron emission tomog-
raphy (PET) (Diksic et al. 1991). 

 

a

 

MTP is a tracer of
tryptophan uptake into the brain and its conversion
into serotonin. 

 

a

 

MTP crosses the blood–brain barrier
via the same transport mechanism as tryptophan and is
converted to 

 

a

 

-methylserotonin (

 

a

 

M5HT) in serotonin
neurons. Because 

 

a

 

M5HT is not a substrate for
monoamine oxidase and does not cross the blood–brain
barrier, it accumulates in the brain. It is also assumed
that there is no loss of radioactivity from the brain dur-
ing the period of the study; that is, that the uptake of

 

a

 

MTP is irreversible (Diksic et al. 1990). This method
employs the same mathematical model as that devel-
oped by Sokoloff et al. (1977) for the use of deoxyglu-
cose to determine glucose metabolism. The use of PET
makes it theoretically feasible to investigate serotonin
synthesis rates in vivo in such mammals as rhesus mon-
keys and humans.

For many years, CSF concentrations of 5-hydroxyin-
dole-3-acetic acid (5-HIAA) have been used as a mea-
sure of central serotonin turnover rate. Lowered CSF
5-HIAA has been linked to impaired impulse control
and aggressive behavior in humans (Brown et al. 1979;
Linnoila et al. 1989; Linnoila et al. 1983) and in rhesus
monkeys (Higley et al. 1996b, c, d, e,). If serotonin pools
in the brain are in steady state, we hypothesized that
there should be a close correspondence between seroto-
nin synthesis rate and CSF 5-HIAA concentrations. The
brains of 12 male rhesus monkeys that have had CSF
(obtained from the cisterna magna) 5-HIAA concentra-
tions determined repeatedly throughout their life span
were studied with PET and [

 

11

 

C]

 

a

 

MTP to determine
their serotonin synthesis rates.

 

METHODS

Animals

 

Twelve male rhesus monkeys were housed in mixed-
sex groups according to the NIH Animal Care and Use
Guidelines. All procedures were approved by the
NIAAA Animal Care and Use Committee (protocol
LCS-73). Animals weighed between 5 to 9.6 kg and
were 4 to 5.5 years old. The day before the PET scan,
two animals were removed from the colony and trans-
ported to a holding room where they were housed to-
gether. The animals were fasted with only water avail-
able from 7 

 

P

 

.

 

M

 

. until the scan was complete and they
were fully recovered from anesthesia. On the day of the
scan, animals were transported to a surgical suite, anes-

thetized with ketamine (IM, 10 mg/kg) and given IM
injections of penicillin G procaine/benzathine (0.15 ml/
kg) and glycopyrrolate (0.055 mg/kg). An intravenous
catheter was inserted in the saphenous vein and a drip
of sterile physiological saline was started. Sodium pen-
tobarbital (9–13 mg/kg, IV) was administered before
each animal was intubated. The animals were then
placed under inhalation anesthesia (isoflurane) for the
insertion of a femoral artery catheter, which was su-
tured and taped in place after being flushed with 1 ml
of 10 U/ml heparin. For transport to the PET suite, the
animals were given another IM dose of ketamine. Once
in the PET suite, inhalation anesthesia with isoflurane
was resumed. Heating pads were used to maintain
body temperature. Electrocardiogram, blood pressure,
respiratory rate, and end-tidal pCO

 

2

 

 monitoring were
used to regulate the depth of anesthesia. 

 

a

 

MTP was ad-
ministered at least 2.5 h after the initial induction of an-
esthesia with ketamine so that any effects of ketamine
or pentobarbital should be minimal and any medication
effects would be primarily attributable to isoflurane.

 

Imaging

 

A Scanditronix PC2048-15B scanner (Upsala, Sweden)
was used to acquire 15 coronal brain slices. During the
PET procedure, the animals were positioned prone in a
stereotaxic frame designed for use in the scanner. A
transmission scan was obtained before injection of the
tracer for attenuation correction. Two injections of 15
mCi of [

 

15

 

O]water were performed and 60 s scans were
acquired, averaged, and used for image registration
and ROI placement. A 3 ml sample of arterial blood was
taken for the determination of free and total plasma
tryptophan (TP). The radiopharmaceutical [

 

11

 

C]

 

a

 

MTP
was prepared according to the method of Schmall et al.
(1995). The dose was injected intravenously through the
saphenous catheter over a 1 min period using an infu-
sion pump. Injected doses ranged from 1.42 to 16.4 mCi.
Twenty-six arterial blood samples were drawn for the
determination of 

 

a

 

MTP whole blood and plasma con-
centration curves; each blood sample had a volume of
0.5 ml. Because no metabolites of 

 

a

 

MTP are present in
blood/plasma samples, samples were directly counted
on a Packard Cobra Auto-gamma counter. Six of the
monkeys were scanned twice, once with low activity of

 

a

 

MTP (3.0 

 

6

 

 1.7 mCi, mean 

 

6

 

 SD, range 1.42–6.1 mCi,
specific activity, Ci/mmol, 128 

 

6

 

 90) and once with
high activity (11.4 

 

6

 

 4.1 mCi, range 4.2–16.4 mCi, spe-
cific activity, Ci/mmol, 163 

 

6

 

 55).

 

Data Analysis

 

Based on the model of Diksic et al. (1990, 1991), the se-
rotonin synthesis rate is calculated as follows: 

 

R

 

 

 

5

 

 

 

K

 

 ·

 

C

 

/

 

LC

 

 where 

 

K

 

 is the net influx constant of 

 

a

 

MTP (
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min/ml), 

 

C

 

 is the free plasma TP concentration (nmol/
ml), and 

 

LC

 

 is the lumped constant with a value of 0.18
for rhesus monkeys (Shoaf and Schmall 1996). 

 

K

 

 was
calculated using a variant of the Patlak analysis (see
Figure 1) (Patlak et al. 1983). No portion of the Patlak
plots was truly linear, so we chose 30 to 60 min postin-
jection of 

 

a

 

MTP for our analysis to correspond with
analyses that had been performed for humans (Muzik
et al. 1997; Nishizawa et al. 1997). The tissue concentra-
tion data from each pixel over that time range (

 

C

 

i

 

, nCi/
ml tissue) are fit to the following linear equation: 

 

C

 

i

 

 

 

5

 

K

 

e

 

C

 

p

 

d

 

t 

 

1

 

 

 

V

 

e

 

 

 

· 

 

C

 

b

 

 where 

 

C

 

p

 

(

 

t

 

) is the measured plasma
concentration of 

 

a

 

MTP, 

 

C

 

b

 

 is the whole blood concen-
tration, and 

 

V

 

e

 

 is the exchangeable tissue volume (ml
blood/ml tissue). The fit was performed pixel-by-pixel,
and images of 

 

K

 

 were obtained.
Brains were outlined on the water scans and coregis-

tered to the brain of one monkey by the gray scale
matching technique (Thévanaz et al. 1995); cubic spline
interpolation was used to determine pixel values on the
registered scans. Average 

 

K

 

 and water images were
produced for the 12 animals (Figure 2). Regions of inter-
est (4 

 

3

 

 4 pixels; 2 mm/pixel) were placed on the aver-
age waterscan, and the 

 

K

 

 values for each ROI were de-
termined using the registered scans.

 

Chromatographic Assays

 

Free and total plasma TP concentrations were deter-
mined by high-performance liquid chromatography
(HPLC) according to Shoaf and Schmall (1996), except

that flourometric detection was used. Fluorometric de-
tection (Waters 460 Flourimeter) used excitation and
emission wavelengths of 290 and 340 nm, respectively.
Free plasma TP was determined from 250 

 

m

 

l aliquots of
plasma, incubated for 3 min at 37

 

8

 

 C, which were centri-
fuged through 30,000 mw cutoff filters (Amicon, Bev-
erly, MA) placed in a microfuge rotor that had been
brought to 37

 

8

 

 C by incubation in a water bath. Samples
were spun at 6,000 rpm (approximately, 3,000 

 

3

 

 

 

g

 

) for 5
min to produce 35 to 40 

 

m

 

l of eluant.
CSF 5-HIAA concentrations were determined in

samples taken via the cisterna magna under ketamine
anesthesia and frozen at 

 

2

 

80

 

8

 

C until assayed. The assay
used gas chromatography with mass spectrophotomet-
ric detection following derivitazation according to the
method of Polinsky et al. (1988). Samples obtained from
each individual within 4 days to 1 month of the scan
data were used for the correlation with calculated sero-
tonin synthesis rates.

 

RESULTS

 

Figure 2A shows a typical 

 

K

 

 image, from a single male
rhesus monkey, from a coronal slice through the brain-
stem. The noise of the individual image is great because
of low brain uptake (peak % of injected dose/cc cortex
was 0.0096 

 

6

 

 0.0018%), and no anatomical detail is dis-
cernible. The averaged 

 

K

 

 image (Figure 2B) is less noisy
but, again, it seems that no regional variations in 

 

a

 

MTP
uptake are present. Brain structure can be more clearly
visualized on the average water image (Figure 2C).

Figure 1. (A) A plot of the tissue distribution volume (tissue concentration/plasma concentration; ml/ml brain) as a func-
tion of the exposure time (min, see Patlak et al. 1983) for a cortical region of a rhesus monkey brain. (B) A plot of the average
(6 SD) tissue distribution volume as a function of the exposure time for a cortical region of 12 rhesus monkey brains. Time
activity curves and plasma input functions were transformed to produce Patlak plots, and values were interpolated to a stan-
dard set of times for purpose of calculation of mean and SD, as shown in the figure. Note that there is no time period where
a clearly discernible irreversible uptake (linear portion) is evident. K values were obtained between 30 and 60 min of actual
time, corresponding to 61 6 7 to 128 6 15 min of transformed time.
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Whole Brain Analysis

For the whole brain, the average (6SD) K value aMTP
uptake) for the 12 monkeys was 3.33 6 0.56 (ml/min/
ml), the average free plasma TP (C) was 3.36 6 1.13
(nmol/ml), and the average serotonin synthesis rate (R)
was 62.7 6 22.3 (pmol/min/ml). The K and R values
are similar to those reported for human brain (Muzik et
al. 1997; Nishizawa et al. 1997). We determined whole
brain K and R to compare with CSF 5-HIAA concentra-
tions, because CSF 5-HIAA is considered an indicator of
whole brain serotonin turnover rate. When we corre-
lated R with CSF 5-HIAA, pmol/ml (Figure 3), we

found that the correlation coefficient r 5 0.31 was not
significant, and the variability in the R values was high;
animals with similar CSF concentrations had R values
that were 2 to 4-fold different.

R is calculated from the equation R 5 C · K/LC; to ex-
amine the contributions of C and K to the variance of R,
we performed a log transformation of the data where
var(ln R) 5 var(ln C) 1 var(ln K) 1 2 cov(ln C, ln K).
Approximately 70% of the variance was attributable to
C, 10% was attributable to K, and 20% was attributable
to a mixture of the two. Therefore, free TP is the major
source of variance in the R values. When we compared
free TP (Figure 4) with CSF 5-HIAA (Figure 4A) and K
values (Figure 4B), we found no significant correlations.
However, the correlation coefficient for free TP with
CSF 5-HIAA was 0.45 and would help support the cor-
relation of R with CSF 5-HIAA.

Because of the large amount of variability in R, we
examined the reproducibility of our measurements of
free TP and K. In the six animals that were scanned
twice, we compared the K, R, free plasma TP, and %
free TP values obtained from the first scan to those ob-
tained in the second scan (Figure 5). Of all the measure-
ments, K (Figure 5A) varies the least with an average
percent difference of 11%, percent calculated as equal to
uK1 2 K2u/(K1 1 K2)/2 * 100. The average percent dif-
ference for free TP determinations (Figure 5C) was 48%
and this variation produces most of the variation seen
in R, 50% (Figure 5B). Not only does the free TP concen-
tration vary between days, but the percent of free TP
also varies (Figure 5D), the average percent difference
was 37%.

Since the aMTP method for the calculation of seroto-
nin synthesis rate seems to be extremely sensitive to the
determination of free TP and some investigators (Par-

Figure 2. a-Methyl-L-tryptophan uptake images (K values, see Methods) and an [15O]water image from a coronal slice
through the brainstem. (A) shows the K image from a single male rhesus monkey. (B) is the averaged K image for 12 mon-
keys. (C) is the averaged water image for that slice, upon which the ROIs were placed. The gray scale bar indicates the range
of K values ml/min/ml brain).

Figure 3. Correlation of calculated whole brain serotonin
synthesis rates (R, see Methods) with cerebrospinal fluid
5-hydroxyindole-3-acetic acid concentrations (CSF 5-HIAA)
for 12 male rhesus monkeys.
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dridge and Fierer 1990; Yuwiler et al. 1977) have sug-
gested that the uptake of TP is not limited by the per-
cent of free TP but by total TP concentration, we
investigated the correlation of R with CSF 5-HIAA
when total TP concentrations were used to calculate R;
there was no correlation, r 5 0.09. Also, total TP concen-
trations were not correlated with CSF 5-HIAA, r 5 0.03.
Total TP concentrations ranged from 19–39 nmol/ml,

average (6 SD) 29.2 6 6.9 nmol/ml. In the six animals
scanned twice, the average percent difference of total
TP concentrations across days was 20%.

Region of Interest Analysis

K and R values (Table 1) were determined for nineteen
regions of interest (ROI). Due to the small size of the

Figure 4. Correlations of cerebrospinal fluid 5-hydroxyindole-3-acetic acid concentrations (CSF 5-HIAA) with (A) free
plasma tryptophan (TP) concentrations and (B) whole brain aMTP uptake rate (K) for 12 male rhesus monkeys.

Figure 5. Correlations between (A)
whole brain aMTP uptake rates (K, see
Methods); (B) whole brain serotonin
synthesis rates (R); (C) free plasma tryp-
tophan (TP) concentrations; and (D) the
percentage of free plasma TP concentra-
tions that were determined on 2 sepa-
rate days for six male rhesus monkeys.
The solid lines indicate lines of identity.
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monkey brain, the ROI’s on any given slice were limited
to 4 3 4 pixels (2 mm/pixel). Analysis of the mean K
and R values by 1-way repeated measures ANOVA in-
dicated that the means were different but follow-up
pairwise comparisons of the means found only a few
significant differences, p , .0005, when Bonferroni cor-
rections were applied. Differences in partial volume ef-
fects between regions may be the main contributing fac-
tor to any inter-region variability. The range of the
average K values for the different ROI’s is only 2.87–
4.47 (ml/min/ml brain), indicating that aMTP uptake is
fairly uniform across the brain. The right insular cortex
and the orbital lobe were found to be significantly dif-
ferent than some other regions (Table 1). A similar find-
ing was made in PET scans of human brains (Muzik et
al. 1997; Nishizawa et al. 1997).

DISCUSSION

In steady state, the synthesis rate of serotonin, the con-
version rate of serotonin to 5-HIAA, and the elimina-
tion rate of 5-HIAA should be equal. The primary route
of elimination of 5-HIAA from the brain is via its re-
lease into the CSF followed by transfer into blood by
acid transporters across the blood–brain barrier. The
concentration of 5-HIAA in CSF should therefore, be re-
flective of the elimination rate of 5-HIAA. (Post and
Goodwin 1975). We found no significant correlation be-

tween whole brain serotonin synthesis rates R as calcu-
lated by the [11C]aMTP technique and CSF 5-HIAA con-
centrations.

We believe that our CSF 5-HIAA concentrations and
serotonin synthesis rates were obtained at steady state.
The CSF concentrations determined in these animals
were obtained 5 to 7 h following the morning feeding.
Ashley et al. (1984) have stated that in free feeding rats,
the carbohydrate or protein meals eaten after a 3-h fast
had no effect on brain TP or serotonin metabolism. In
human diet studies, it was reported that diet or recent
meal type (high carbohydrate vs. high protein) had lit-
tle effect on total plasma TP/LNAA rations (Fernstrom
1987) or human CSF TP and 5-HIAA concentrations
(Teff et al. 1989). 5-HIAA concentrations have been
shown to be relatively consistent across repeated sam-
ples in adult female rhesus macaques over a 24-week
period (Higley et al. 1996a). In the present study, the R
values were determined following at least a 12-h fast.
Tryptophan is transported across the blood–brain bar-
rier by an amino acid transporter that also carries phe-
nylalanine, valine, isoleucine, leucine, and tyrosine.
Fasting makes the concentrations and proportions of
these large neutral amino acids (LNAA) relatively con-
stant in plasma. In cynomolgous monkeys, the TP/
LNAA ratio was 0.18 to 0.22 for four different groups of
6 monkeys on 4 different days, and the total concentra-
tions of all six LNAA had a coefficient of variation of
approximately 10% (Leathwood and Fernstrom 1990).
Thus, it is unlikely that variation in TP/LNAA ratio
was a meaningful source of the marked variability ob-
served in the repeat scans in the present study.

We found that whole brain serotonin synthesis rates
(R, range 10–85 pmol/ml/min) were highly correlated
to the free plasma TP concentrations (r 5 0.88, p , .001).
This finding is unexpected based on the literature. Al-
though in vitro enzyme and brain slice studies have
shown that small changes in TP concentration can rap-
idly change serotonin synthesis rates (Hamon and
Glowinski 1974), in vivo studies in rats and monkeys do
not show marked changes in R over small ranges of
plasma TP (Fernstrom and Wurtman 1972; Leathwood
1987; Leathwood and Fernstrom 1990); these ranges
were similar to the range of plasma TP found in this
study, 3.36 6 1.13 (nmol/ml). In these in vivo studies,
the increase of serotonin synthesis rate (as determined
by the combined concentrations of 5HT and 5-HIAA)
was better correlated to large increases in the TP/
LNAA ratio; 2 to 10-fold changes in the ratio were well
correlated (r . 0.8) with increasing 5HT15-HIAA con-
centrations. Leathwood (1987) states that a 4-fold in-
crease in the TP/LNAA ratio produces about an 80%
increase in brain TP, which produces a 20% increase in
5HT15-HIAA concentrations. However, within small
ranges of the TP/LNAA ratio, there is no correlation of
TP/LNAA to 5HT15-HIAA concentrations (Fernstrom

Table 1. Uptake Slopes (K, ul/min/ml brain) and 
Calculated Serotonin Synthesis Rates (R, pmol/min/ml 
brain) for 12 Anesthetized, Male Rhesus Monkeys

Brain Area K 6 SD R 6 SD

Occipital cortex 3.10 6 0.71a 57 6 20a

Cerebellum 2.98 6 0.86a 56 6 24a

L. parietal 4.01 6 0.79 76 6 28b

R. parietal 3.69 6 1.08 70 6 29
L. hippocampus 3.39 6 0.81 62 6 23
R. hippocampus 3.53 6 1.26 66 6 32
L. white matter 3.67 6 0.94 68 6 27
R. white matter 3.10 6 0.91a 58 6 25a

Thalamus 3.56 6 0.80 67 6 28
Cingulate gyrus 3.15 6 1.00a 61 6 29a

Brainstem 2.99 6 0.84a 56 6 23a

Basal ganglia 3.26 6 0.68a 61 6 23a

L. temporal lobe 4.03 6 1.05 75 6 28
R. temporal lobe 3.82 6 1.02 73 6 32
L. insular cortex 4.08 6 0.98 77 6 31b

R. insular cortex 4.47 6 1.23 84 6 33b

L. prefronal cortex 4.05 6 0.91 78 6 30b

R. prefrontal cortex 3.87 6 1.08 75 6 31
Orbital lobe 2.87 6 0.78 52 6 20a

Whole brain 3.33 6 0.56 63 6 22

a Significantly different from the R. insular cortex, p , .0005.
b Significantly different from the orbital lobe, p , .0005.
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and Wurtman 1972; Leathwood 1987). We should have
expected a 2-fold range of serotonin synthesis rates to
parallel our 2-fold variation in cisternal steady state
CSF 5-HIAA concentrations (200–360 pmol/ml).

In a recent PET study using [11C]aMTP to determine
serotonin synthesis rates in men and women (Nish-
izawa et al. 1997), the authors state that “ . . . there was
no significant correlation between plasma free or total
tryptophan levels and rates of serotonin synthesis in ei-
ther group [men vs. women] of subjects.” But in a re-
view of the data from this study and a dog [11C]aMTP
PET study (Diksic et al. 1991), we find that reported dif-
ferences in serotonin synthesis rates can be mostly at-
tributed to differences in plasma TP concentrations. In
the human study, men were reported to have higher se-
rotonin synthesis rates than women, both at baseline
and following plasma TP depletion. When we calcu-
lated the average K values at baseline from the reported
R values (K 5 R * 0.42/Cp) for each region and the aver-
age Cp value, we found that the ratio of the R values
(men/women, range 1.5–1.7) was most similar to the ra-
tio of the average plasma TP concentrations (1.97) and
that the ratios of the K values ranged from 0.75 to 0.86.
A similar result was found for the data obtained follow-
ing TP depletion. Therefore, the sex difference in R is
mostly attributable to the difference in plasma free TP
between the sexes. Before TP depletion, the plasma TP
concentrations reported for women were approxi-
mately half that of the men, and following TP depletion
they were 5-fold lower. Differences of these magnitudes
between the sexes have never before been reported by
other investigators (Caballero et al. 1991; Delgado et al.
1989; Lucini et al. 1996; Maes et al. 1995; Møller et al.
1996; Neumeister et al. 1997) or in previous studies con-
ducted by the authors themselves (Benkelfat et al. 1994;
Ellenbogen et al. 1996).

In the dog PET scans (Diksic et al. 1991), the authors
reported that the whole brain serotonin synthesis rate
(R) was 620 6 112 pmol/g/min for a free plasma TP
value of 381 nmol/ml and 320 6 95 for a free plasma TP
value of 191.5 nmol/ml. Calculation of the K values in-
dicates that there is no difference (0.75 vs. 0.77) and that
the increase in R is attributable totally to the doubling
of the free plasma TP concentration. However, rat stud-
ies have shown that serotonin synthesis rates seem to
peak when the brain and free plasma TP concentrations
are in the 90 nmol/ml range (Leathwood 1987) with
further increases in plasma TP prolonging the increased
rate of serotonin synthesis but not increasing the abso-
lute rate (Eccleston et al. 1965; Moir and Eccleston 1968).
Therefore, we would have expected that the K value
would be reduced in the highest TP-loaded dog, be-
cause the serotonin synthesis rate would be the same,
although plasma TP concentrations were higher. In
vitro enzyme studies have shown that TP hydroxylase
activity is not solely limited by TP availability but also

by brain oxygen tension and the availability of tetrahy-
drobiopterin (Hamon and Glowinski 1974). It seems
that aMTP uptake is not as tightly coupled to serotonin
synthesis as, for example, fluorodeoxyglucose uptake is
to glucose metabolism (the model upon which the
aMTP method is based).

The consistency of K across all brain regions becomes
an expected result when we consider that TP uptake
into the brain is a fast phenomenon that occurs brain-
wide (Colmenares et al. 1975; Curzon and Marsden
1975; Eccleston et al. 1968) so aMTP should be taken up
into all brain regions. The conversion of aMTP to
aM5HT is slow, even within serotonin neurons. Diksic
et al. (1990) found that 31% of the radioactivity in the
dorsal raphe nucleus was present as aM5HT at 60 min
following injection of [14C] aMTP, and this brain region
had a calculated serotonin synthesis rate 3 to 5-fold
higher than all other brain regions studied, except the
pineal gland, which is outside the blood–brain barrier
(Nagahiro et al. 1990). So for the short duration of the
PET scan, the amount of aMTP actually “trapped” as
aM5HT in most brain regions is small. In their analysis
of human PET scans, Muzik et al. (1997) noted that the
K value is dominated by the k2 term and that 2-fold
changes in k3 (the formation rate of aM5HT) produce
only a 47% increase in K “causing a transport depen-
dent blunting of differences in the K complex among
different brain regions.”

We were able to collect images for 90 min post-aMTP
injection, because our highest doses in monkeys (0.6–2.5
mCi/kg) were 3 to 5 times larger than the doses, ap-
proximately 0.12 to 0.8 mCi/kg, used in dogs (Diksic et
al. 1991) and humans (Muzik et al. 1997; Nishizawa et
al. 1997). Based on the model of Diksic et al. (1990) we
expected to be able to verify that uptake of the tracer
was irreversible, as evidenced by a straight line in the
Patlak plot. As seen in Figure 1, this was not the case,
and there was no time at which true irreversible uptake
was seen. One interpretation is that equilibrium of the
aMTP precursor pool has not yet occurred by the 30 to
60 min period used for calculation of K (Diksic et al.
1991; Diksic et al. 1990; Muzik et al. 1997). If so, we have
underestimated the true K values, and our estimates are
overly influenced by the rate of transport of aMTP in-
stead of the steady-state rate of a-methyl-serotonin syn-
thesis. If this is the case, then studies with larger doses
of aMTP, longer data acquisitions, and the use of 3-dimen-
sional PET may permit the accurate determination of an
eventual irreversible slope. Note, however, that if the ir-
reversible uptake phase begins much later than 30 to 60
min, the Patlak plots (Figure 1) would have a large
y-intercept (a measure of unmetabolized AMTP) and a
small slope (a measure of a-methyl-serotonin synthe-
sis). This suggests that the aMTP method has a low sen-
sitivity to the serotonin synthesis rate because of the
high background of unmetabolized aMTP.
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We conclude that the [11C]aMTP method of deter-
mining serotonin synthesis rate has several method-
ological and theoretical shortcomings. This method is
too dependent on the determination of free plasma TP
concentrations, a parameter that is not well correlated
to the regulation of serotonin synthesis rate under
steady state. The rapid uptake of aMTP into all brain re-
gions creates a large background effect and the rapid
loss of signal, caused by the short half-life of 11C, pre-
vents the observation of any regional a-methyl-seroto-
nin accumulation that may be occurring.

ACKNOWLEDGMENTS

We thank the staff of the NIH PET Department, the surgical
group of the NCRR Veterinary Resources Program, and the
staff of NIH Animal Transportation.

REFERENCES

Ashley DV, Leathwood PD, Moennoz D (1984): Carbohy-
drate meal increased brain 5-hydroxytryptamine syn-
thesis in the adult rat only after prolonged fasting. In
Schlossberger HG, Kochen W, Linzen B, Steinhart H
(eds), Progress in Tryptophan and Serotonin Research.
Berlin, de Gruyter, pp 591–594

Benkelfat C, Ellenbogen M, Dean P, Palmour R, Young S
(1994): Mood-lowering effect of tryptophan depletion—
Enhanced susceptibility in young men at genetic risk for
major affective disorders. Arch Gen Psychiat 51:687–697

Brown GL, Goodwin FK, Ballenger JC, Goyer PF, Major LF
(1979): Aggression in humans correlates with cere-
brospinal fluid amine metabolites. Psychiat Res 1:131–
139

Caballero B, Gleason R, Wurtman R (1991): Plasma amino
acid concentrations in healthy elderly men and women.
Amer J Clin Nutr 53:1249–1252

Colmenares JL, Wurtman RJ, Fernstrom JD (1975): Effect of
ingestion of a carbohydrate–fat meal on the levels and
synthesis of 5-hydroxyindoles in various regions of the
rat central nervous system. J Neurochem 25:825–829

Curzon G, Marsden CA (1975): Metabolism of a tryptophan
load in the hypothalamus and other brain regions. J
Neurochem 25:251–256

Delgado PL, Charney DS, Price LH, Landis H, Heninger GR
(1989): Neuroendocrine and behavioral effects of
dietary tryptophan restriction in healthy subjects. Life
Sci 45:2323–2332

Diksic M, Nagahiro S, Chaly T, Sourkes TL, Yamamoto YL,
Feindel W (1991): Serotonin synthesis rate measured in
living dog brain by positron emission tomography. J
Neurochem 56:153–162

Diksic M, Nagahiro S, Sourkes TL, Yamamoto L (1990): A
new method to measure brain serotonin synthesis in
vivo. I. Theory and basic data for a biological model. J
Cereb Blood Flow Metab 10:1–12

Eccleston D, Ashcroft GW, Crawford TBB (1965): 5-Hydrox-

yindole metabolism in rat brain. A study of intermedi-
ate metabolism using the technique of tryptophan
loading—II. J Neurochem 12:493–503

Eccleston D, Ashcroft GW, Moir ATB, Parker-Rhodes A, Lutz
W, O’Mahoney DP (1968): A comparison of 5-hydroxy-
indoles in various regions of dog brain and cerebrospi-
nal fluid. J Neurochem 15:947–957

Ellenbogen MA, Young SN, Dean P, Palmour RM, Benkelfat
C (1996): Mood responses to acute tryptophan depletion
in healthy volunteers: Sex difference and temporal sta-
bility. Neuropsychopharmacology 15:465–474

Fernstrom JD (1987): Food-induced changes in brain seroto-
nin synthesis: Is there a relationship to appetite for spe-
cific macronutrients? Appetite 8:163–182

Fernstrom JD, Wurtman RJ (1971): Brain serotonin content:
Physiological dependence on plasma tryptophan levels.
Science 178:149–152

Fernstrom JD, Wurtman RJ (1972): Brain serotonin content:
Physiological regulation by plasma neutral amino acids.
Science 178:414–416

Hamon M, Glowinski J (1974): Regulation of serotonin syn-
thesis. Life Sci 15:1533–1548

Higley JD, King S, Jr., Hasert MF, Champoux M, Suomi SJ,
Linnoila M (1996a): Stability of interindividual differ-
ences in serotonin function and its relationship to severe
aggression and competent social behavior in rhesus
macaque females. Neuropsychopharmacology 14:67–76

Higley JD, Mehlman PT, Higley SB, Fernald B, Vickers J, Lin-
dell SG, Taub DM, Suomi SJ, Linnoila M (1996b): Exces-
sive mortality in young free-ranging male nonhuman
primates with low cerebrospinal fluid 5-hydroxy-
doleacetic acid concentrations. Arch Gen Psychiat
53:537–543

Higley JD, Mehlman PT, Poland RE, Taub DM, Vickers J,
Suomi SJ, Linnoila M (1996c): CSF testosterone and 5-HIAA
correlate with different types of aggressive behaviors.
Biol Psychiat 40:1067–1082

Higley JD, Suomi SJ, Linnoila M (1996d): A nonhuman pri-
mate model of type II alcoholism? Part 2. Diminished
social competence and excessive aggression correlates
with low cerebrospinal fluid 5-hydroxyindoleacetic acid
concentrations. Alcohol Clin Exp Res 20:643–650

Higley JD, Suomi SJ, Linnoila M (1996e): A nonhuman pri-
mate model of type II excessive alcohol consumption?
Part 1. Low cerebrospinal fluid 5-hydroxyindoleacetic
acid concentrations and diminished social competence
correlate with excessive alcohol consumption. Alcohol
Clin Exp Res 20:629–642

Leathwood PD (1987): Tryptophan availability and seroto-
nin synthesis. Proc Nutr Soc 46:143–156

Leathwood PD, Fernstrom JD (1990): Effect of an oral tryp-
tophan/carbohydrate load on tryptophan, large neutral
amino acid, and serotonin and 5-hydroxyindolacetic
acid levels in monkey brain. J Neural Transm 79:25–34

Linnoila M, DeJong J, Virkkunen M (1989): Monoamines,
glucose metabolism, and impulse control. Psychophar-
macol Bull 25:404–406

Linnoila M, Vikkunen M, Scheinin M, Muutila A, Rimon R,
Goodwin FK (1983): Low cerebrospinal fluid 5-hydroxyin-
dolacetic acid concentration differentiates impulsive from
nonimpulsive violent behavior. Life Sci 33:2609–2614



NEUROPSYCHOPHARMACOLOGY 1998–VOL. 19, NO. 5 Brain 5HT Synthesis Rates in Rhesus Monkeys 353

Lucini V, Lucca A, Catalano M, Smeraldi E (1996): Predictive
value of tryptophan/large neutral amino acids ratio to
antidepressant response. J Affective Disord 36:129–133

Maes M, Scharpé S, Verkerk R, D’Hondt P, Peeters D,
Cosyns P, Thompson P, De Meyer F, Wauters A, Neels
H (1995): Seasonal variation in plasma L-tryptophan
availability in healthy volunteers. Arch Gen Psychiat
52:937–946

Moir ATB, Eccleston D (1968): The effects of precursor load-
ing in the cerebral metabolism of 5 hydroxyindoles. J
Neurochem 15:1093–1108

Møller SE, Mortensen EL, Breum L, Alling C, Larsen OG,
Bøge-Rasmussen T, Jensen C, Bennicke K (1996):
Aggression and personality: Association with amino
acids and monoamine metabolites. Psycholog Med 26:
323–331

Muzik O, Chugani DC, Chakraborty P, Mangner T, Chugani
HT (1997): Analysis of [C-11]alpha-methyl-tryptophan
kinetics for the estimation of serotonin synthesis rate in
vivo. J Cereb Blood Flow Metab 17:659–669

Nagahiro S, Takada A, Diksic M, Sourkes T, Missala K,
Yamamoto Y (1990): In vivo measurement of the rate of
synthesis of brain serotonin by autoradiography: II. A
practical method tested in normal and lithium-treated
rats. J Cereb Blood Flow Metab 10:13–21

Neumeister A, Praschak-Rieder N, Heßelmann B, Rao M,
Glück J, Kasper S (1997): Effects of tryptophan depletion
on drug-free patients with seasonal affective disorder
during a stable response to bright light therapy. Arch
Gen Psychiat 54:133–138

Nishizawa S, Benkelfat C, Young SN, Leyton M, Mzengeza
S, de Montigny C, Blier P, Diksic M (1997): Differences
between males and females in rates of serotonin synthe-
sis in human brain. Proc Natl Acad Sci USA 94:5308–5313

Pardridge WM, Fierer G (1990): Transport of tryptophan into
brain from the circulating, albumin-bound pool in rats
and in rabbits. J Neurochem 54:971–976

Patlak CS, Blasberg RG, Fenstermacher JD (1983): Graphical
evaluation of blood-to-brain transfer constants from multi-
ple-time uptake data. J Cereb Blood Flow Metab 3:1–7

Polinsky RJ, Brown R, Burns R, Harvey-White J, Kopin IJ
(1988): Low lumbar CSF levels of homovanillic acid and
5-hydroxyindoleacetic acid in multiple system atrophy
with autonomic failure. J Neurol Neurosurg Psychiat
51:914–919

Post RM, Goodwin FK (1975): Studies on CSF amine metabo-
lites in depressive patients: Conceptual problems and
theoretical implications. In Mendels J (ed), The Psycho-
biology of Depression. New York, Spectrum Publica-
tions, pp 47–67

Schmall B, Shoaf SE, Carson RE, Herscovitch P, Sha L, Eck-
elman WC (1995): Separation of racemic a-methyl-
tryptophan into its L- and D-isomers and synthesis of
a-(11C-methyl)-L-tryptophan. J Labelled Comp Radio-
pharmaceut 37:689–691

Shoaf SE, Schmall B (1996): Pharmacokinetics of a-methyl-L-
tryptophan in rhesus monkeys and calculation of the
lumped constant for estimating the rate of serotonin
synthesis. J Pharmacol Exp Therap 277:219–224

Sokoloff L, Reivich M, Kennedy C, Des Rosiers MH, Patlak
CS, Pettigrew KD, Sakurada O, Shinohara M (1977): The
[14C]deoxyglucose method for the measurement of
local cerebral glucose utilization: Theory, procedure,
and normal values in the conscious and anesthetized
albino rat. J Neurochem 28:897–916

Teff KL, Young SN, Marchand L, Botez MI (1989): Acute
effect of protein or carbohydrate breakfasts on human
cerebrospinal fluid monoamine precursor and metabo-
lite levels. J Neurochem 52:235–241

Ternaux JP, Boireau A, Bourgoin S, Manon M, Hery F, Glow-
inski J (1976): In vivo release of 5-HT in the lateral ven-
tricle of the rat: Effects of 5-hydroxytryptophan and
tryptophan. Brain Res 101:533–548

Thévanaz P, Ruttimann UE, Unser M (1995): Iterative multi-
scale registration without landmarks. In Proceedings
International Conference on Image Processing. Los
Alamitos, CA, IEEE Computer Society Press, pp 228–231

Yuwiler A, Oldendorf WH, Geller E, Braun L (1977): Effect of
albumin biding and amino acid competition on tryp-
tophan uptake into brain. J Neurochem 28:1015–1023


