A3
ELSEVIER

The Acute Effects of Reserpine and
NSD-1015 on the Brain Serotonin
Synthesis Rate Measured by an
Autoradiographic Method

Dorotea Miick-Seler, Ph.D., and Mirko Diksic, Ph.D.

The rate of serotonin (5-HT) synthesis was measured in
the discrete regions of the rat brain utilizing an
autoradiographic method and a[**C] methyl-L-tryptophan
as a tracer after an acute treatment with reserpine (10
mg/kg IP) or NSD-1015 (m-hydroxybenzylhydrazine)
(100 mg/kg IP). Controls were injected with the same
volume of solvent in place of reserpine or NSD-1015.

Our results showed that reserpine induced a statistically
significant (except for medial geniculate body) decrease in
the rate of 5-HT synthesis in a large number of discrete
brain structures. Reserpine had no influence on the
plasma concentration of amino acids sharing the same
carrier with tryptophan nor on the fraction of plasma-free
tryptophan. NSD-1015 induced a statistically significant
increase (p < .05) in the rate of 5-HT synthesis in 20 out
of 28 brain regions but produced a pronounced decrease
in the rate of 5-HT synthesis in the pineal body. This
decrease in the pineal body serotonin synthesis rate is
most likely the result of the loss of the label in the form
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of 5-hydroxy-a[**C]methyl-L-tryptophan [5-OHMTrp]
that is not metabolized further because aromatic amino
acid decarboxylase was inhibited. The data showing that
there was no loss of the 5-OHMTrp from other brain
structures as result of reserpine are also given.
NSD-1015 treatment also induced a time-dependent
increase in the plasma concentration of free tryptophan
that becomes significant 30 minutes after NSD-1015
injection. Our results suggest that reserpine induces a
decrease in 5-HT synthesis probably via direct or indirect
inhibition of tryptophan hydroxylase activity. Since
NSD-1015 alone increased the rate of 5-HT synthesis,
the measurement of 5-HT synthesis in previous
experiments using NSD-1015 and measuring the rate of
5-hydroxytryptophan accumulation after NSD-1015
induced inhibition of decarboxylase activity should be
interpreted with reservation.
[Neuropsychopharmacology 12:251-262, 1995]

In the 1970s and the 1980s abundant investigations of
the central serotoninergic system has led to the conclu-
sion that serotonin (5-HT) plays a role in the regulation
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of many physiological functions (sleep, food intake,
mood) (Byerly and Risch 1985) as well as in the etiol-
ogy of mental disorders (depression, schizophrenia)
(Hrdina et al. 1993; Joyce 1993).

The synthesis of 5-HT in vivo occurs in a two-step
enzymatic process. The first rate-limited step is 5-hydrox-
ylation of the essential amino acid L-tryptophan cata-
lyzed by tryptophan hydroxylase (TPH; EC 1.14.16.4),
an enzyme located only in serotoninergic neurons
(Kuhar et al. 1971). The product of this reaction, 5-hy-
droxytryptophan (5-HTP), is decarboxylated by a
nonspecific enzyme, aromatic amino acid decarboxy-
lase (EC 4.1.1.28) to 5-HT. A variety of methods have
been used to measure the in vivo rate of 5-HT synthe-
sis. In general, previous methods have required some
form of pharmacological manipulation. This means that
any potential feedback in the synthesis pathway can
be, at least in part, influenced by the drug used and
may thereby distort the results. On the other hand, the
use of radiolabeled tryptophan has not proven very suc-
cessful because of the extensive incorporation of this
essential amino acid into proteins and of the very rapid
loss of its metabolite from the brain.

In the present work we used a recently developed
autoradiographic method (Diksic et al. 1990; Nagahiro
et al. 1990) that permits the in vivo measurement of the
rate of 5-HT synthesis with good anatomical resolution
and without any pharmacological treatment except the
one investigated. The method is based on the tracer
principle, in which an analog of L-tryptophan [namely,
a-methyl-tryptophan (a-MTrp) labeled with 1C or 3H]
is used. This compound follows the metabolic pathway
of tryptophan, being converted into radioactively la-
beled a-methyl-serotonin (a-M5-HT). Unlike 5-HT,
a-M5-HT is not a substrate for monoamine oxidase.

Within the neuron 5-HT is stored in at least two
compartments: a large vesicular pool and a much
smaller cytoplasmic pool (Kleven et al. 1983; Kuhn et
al. 1985). The vesicular transport system consists of a
vesicular ATP-driven H* pump that acidifies the or-
ganelle interior and a vesicular amine transporter that
exchanges these internal H* ions with cytoplasmic
5-HT (Rudnick and Clark 1993). The transport of 5-HT
into vesicles can be almost completely prevented by ir-
reversible binding of reserpine (Schuldiner et al. 1993).
This inhibitory effect of reserpine results in a significant
5-HT release and a decrease in its levels in the brain
tissue with a simultaneous increase in 5-HIAA levels
(Halaris and Freedman 1975). There are contradictory
reports about reserpine effects on 5-HT synthesis. Both
an increase (Hjorth 1992) and an unchanged (Long et
al. 1983) accumulation of 5-HTP were observed after
inhibition of decarboxylase activity with NSD-1015 and
RO4/4501/1, respectively. On the other hand, to our
knowledge, there are no data on the effects of NSD-
1015 alone on the rate of 5-HT synthesis in the rat brain.
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Since these drugs can affect the steady state of plasma
tryptophan as well as brain 5-HT synthesis (present
data), their influence on 5-HT synthesis must be known
before we can evaluate any other drug. Consequently,
the aim of the present work was to determine, using
the autoradiographic method, whether an acute ad-
ministration of reserpine alone or of NSD-1015 alone
can have an influence on the rate of brain 5-HT syn-
thesis.

MATERIAL AND METHODS
Animals

Sprague-Dawley male rats (Charles River, NC) weigh-
ing between 220 and 250 g were used in this study. Rats
were housed in our animal facility (room temperature
22°C; 12-hour day-night cycle) for at least 3 days be-
fore being used in experiments. Before experiments the
animals were fasted overnight with water supply ad
libitum. All rats were sacrificed between 2:00 .M. and
4:00 r.M. The mean physiological parameters (pH,
pCO2, pO;, haematocrit, body weight) for all ex-
perimental groups were within the range of previously
published values in saline-treated rats (Nagahiro et al.
1990).

Experimental Procedure

Under light halothane (0.5-1%) anesthesia, plastic
catheters were inserted into femoral arteries (for blood
sampling) and veins (for tracer injection). Immediately
after surgical treatment, animals were injected in-
traperitoneally (IP) with 10 mg/kg of reserpine. The con-
trol groups were injected with the same volume of sol-
vent instead of reserpine (water with a few drops of
glacial acetic acid). Rats were placed in loose-fitting plas-
ter casts and then allowed to wake up. NSD-1015 (100
mg/kg, dissolved in saline) or saline (control) were ad-
ministered by IP injection one hour and a half after sur-
gical treatment. Two hours after reserpine or 30 minutes
after NSD-1015 application, 50 uCi of [*C]-a-MTrp
was injected IV in 1 ml of saline over 2 minutes, using
constant infusion with an injection pump. With the be-
ginning of the tracer injection, arterial blood samples
were taken at progressively increased time intervals un-
til killing time. The blood samples were centrifuged for
3 minutes at 12,500 g. Twenty microliters of plasma
were deproteinized with 10 pl of 20% trichloroacetic
acid (TCA). After mixing and spinning (2 minutes at
12,500 g), 20 pl of supernatant was measured for plasma
[**C] radioactivity (input function) by liquid scintilla-
tion counting. Animals were killed by guillotine one
or two and half hours after tracer injection. The brains
were removed, frozen in freon, and cut into 30-pm slices
in a cryostat at about —20°C. Brain sections were
mounted on glass slides and exposed to X-ray film along
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with 1¥C-polymer standards for 3 weeks in order to ob-
tain autoradiograms. The films were developed and ra-
dioactivity concentrations in different structures deter-
mined using a microcomputer-based image analyzing
system (Image Calculator; Soquelec Ltd., Montreal)
consisting of a video camera, a frame grabber, and an
IBM AT compatible computer and appropriate software.

In a separate set of experiments the effect of acutely
administered reserpine was evaluated for a possible loss
of the label from the tissue in reserpinized rats. Thirty
micro curies inches of a-[“C]MTrp were injected IV
2 hours after arterial and venous catheters were im-
planted. One hundred minutes after the tracer injec-
tion rats were injected with reserpine (10 mg/kg; four
rats), and another group of four rats were injected with
the solvent for reserpine (considered as controls). The
rats were killed 100 minutes and 200 minutes after reser-
pine and tracer injections, respectively. The arterial
blood samples were collected soon after tracer injection,
as described.

Determination of Plasma LNAA Concentrations

At the beginning, midpoint, and end of each experi-
ment, a further 50 ul of plasma was deproteinized with
25 ul of 20% TCA. After centrifugation, 50 pl of super-
natant was stored at —70°C until analyzed for the large
neutral amino acids (LNAA; valine, isoleucine, leucine,
phenylalanine, tyrosine, total tryptophan). The fraction
of non-albumin-bound (free) tryptophan in the plasma
was measured by filtering 50 pl of plasma through a
Gelman Sciences NanoSpin™ 10,000 MWCO filter, spin-
ning at 14,000 rpm for 10 minutes. Total and free tryp-
tophan and other LNAA concentrations were measured
by the HPLC method (Takada et al. 1993) using a post-
column o-phtalaldehyde derivatization.

In a separate set of experiments, the influence of
NSD-1015 on the plasma tryptophan concentration was
evaluated. Rats were implanted with a plastic catheter
in the femoral artery and placed in loose-fitted plaster
casts. Two hours after surgical treatment, the first blood
sample was taken for the determination of total and free
plasma tryptophan concentration. Following this, a
group of nine animals received NSD-1015 (100 mg/kg
IP), while eight animals (control group) were treated
with an IP injection of saline. Arterial blood samples
were collected at 15, 30, 45, 60, 75, 90, 120, and 150
minutes after injection of NSD-1015 or saline. The con-
centration of plasma total and free tryptophan was de-
termined as described.

Calculation of 5-HT Synthesis Rate

The estimation of the rate of 5-HT synthesis in the brain
using a-¥C-MTrp is based on a three-compartment bi-
ological model: plasma, precursor, and metabolic
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(which are not necessarily distinct anatomical or tissue
compartments) (Diksic et al. 1991; Nagahiro et al. 1990).
Since the tracer (actually its metabolite) is irreversibly
trapped in the brain, a simplified approach in the cal-
culation of the synthesis rate can be used (Nagahiro et
al. 1990). After an apparent steady state is reached, the
distribution volume (DV) of tracer between plasma and
tissue is a linear function of the exposure time ©. The
slope of this linear function is equal to the constant for
the unidirectional trapping of the tracer, or K* (ml/g/
minute). This can be mathematically represented as:

DV = ®-K* + Vapp )
® = |\Cit)-dtiC* (D), @

where Cy(t) [nCi/g] is the plasma tracer concentration
as a function of time and C,* (T) [nCi/g] is tracer con-
centration in plasma at time T and Vapp [ml/g] is the ap-
parent volume of distribution of the tracer. The rate of
5-HT synthesis (R) was calculated as:

R = CpK*/LC. @)

Cp [nmol/g] is the concentration of the plasma non-
protein-bound tryptophan. The “lumped constant” (LC)
was found to be uniform throughout the brain having
an average value of 0.42 + 0.07 (Vanier et al. 1995).

Statistics

The statistical significance of the results was evaluated
by the two-tailed #-test or by analysis of variance
(ANOVA), followed by the Newman-Keuls’s multiple
comparison test.

Drugs

Reserpine (Sigma Chemical Co., St. Louis, MO) was
dissolved in a few drops of glacial acetic acid and diluted
with water (pH about 3.5). NSD-1015 (m-hydroxy-
benzyl-hydrazine dihydrochloride, Sigma Chemical
Co., St. Louis, MO) was dissolved in saline. Reserpine
and NSD-1015 were prepared freshly before injections.
a-[1¥C]Methyl-L-tryptophan (specific activity of about
55 mCi/mmol) was synthesized by us using the proce-
dure described by Mzengeza et al. (1993).

RESULTS
Effect of Reserpine on the Rate of 5-HT Synthesis

A set of representative autoradiograms exemplifying
brain distribution of tracer in control and reserpine-
treated rats is shown in Figure 1. A visual inspection
of these images confirms that the greatest uptake of the
tracer was in the structures with a high concentration
of serotoninergic cell bodies (dorsal and median raphe
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Figure 1. A representative set of autoradiograms obtained in control (left panels) and reserpine-treated (right panels) rats.
Fifty nCi of 1C-a-MTrp was injected and rats were killed 60 (A-C) and 150 (D-F) minutes after tracer injection. Some struc-
tures clearly visualized are (1) caudate nucleus lateral, (2) caudate nucleus medial, (3) hippocampus, (4) substantia nigra
(pars reticulata), (5) substantia nigra (pars compacta), (6) dorsal raphe nucleus, (7) median raphe nucleus, (8) pineal body.

nuclei). There was also a nonuniform uptake of tracer
in some brain structures. For example, a higher uptake
of the tracer was seen in the medial part of the caudate,
the substantia nigra, and a deep layer of the cortex. The
tissue radioactivity was determined separately in the
structures of the left and right hemispheres. Since there
were no statistically significant differences found be-
tween the two sides, the values were averaged.

The relationship between distribution volume (DV)
and exposure time (®) in several brain regions in con-
trol and reserpine-treated rats is shown in Figure 2. The
slope of this linear relation is K*, the parameter required
for the calculation of the 5-HT synthesis rate (for de-
tails see Material and Methods). There was no sig-
nificant difference in the plasma concentration of the
LNAA between control and reserpine-treated animals
(data not shown).

In Table 1 the rates of 5-HT synthesis for control
and reserpine-treated rats in selected brain regions and
in the pineal body are given. A decrease in the rate of
synthesis is also expressed as “Difference (%) calcu-
lated as a percentage of the rates of synthesis in the con-
trol group. A decrease in the synthesis varied between
21% (medial geniculate body) and 55% (pineal body).
A graphic comparison of the synthesis rates for the re-

maining 15 brain structures is shown in Figure 3. A
statistically significant decrease in the rate of 5-HT syn-
thesis was observed in all brain structures of reserpine-
treated rats except in the medial geniculate body, where
a decrease was present but not significant.
Administration of reserpine 100 minutes after the
beginning of tracer injection and sacrificing animals 100
minutes after reserpine did not produce a statistically
significant (p > .05; two tail t-test) difference in the dis-
tribution volume of the radioactively labeled tracer in
16 brain structures examined in the reserpine-treated
rats as compared to the controls. The percent difference
(calculated as % distribution volume in the control
group) varied from —19% (medial raphe nucleus) to 5%
(dorsal thalamus) in the structures examined. However,
when one of the rats from the reserpine-treated group
was removed because, for reasons unknown, its vol-
ume of distribution was substantially lower than the
volumes of distribution in other rats (on statistical
grounds it could be removed from the group as an out-
lier), the difference between the two groups became
even smaller (—11% median dorsal raphe to 5% cau-
date nucleus lateral part). A relative comparison of the
DV in the two groups of rats (both with inclusion and
exclusion of this outlier) is given in Figure 4.
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Figure 2. Representative plots of the tissue distribution volume of tracer for control () and reserpine-treated rats (A) (killed
at 60 and 150 minutes after tracer injection) as a function of theta in some brain regions.

Table 1. The Rate of 5-HT Synthesis (R; pmol g~! minute~!) in Representative
Brain Structures and Pineal Body in Control and Reserpine-Treated Rats

R? (pmol g~ minute~7)

Control Reserpine Difference

Structure (n = 12) (n = 13) (%)?
Dorsal raphe nucleus 193 + 16 119 + 13 38°
Medan raphe nucleus 140 + 14 87 + 11 38
Hypothalamus 49 + 16 26 + 7 47°
Visual cortex 48 + 14 33+8 314
Caudate nucleus lateral 52 + 18 28 +7 46¢
Caudate nucleus medial 66 + 18 35 + 10 47¢
Substantia nigra pars reticulata 31 + 11 21+ 5 324
Substantia nigra pars compacta 58 + 16 33 +7 43¢
Hippocampus ventral 69 + 17 48 + 9 30°
Medial geniculate body 56 + 18 44 + 10 21
Thalamus dorsal 58 + 17 41 + 15 29¢
Pineal body 342 + 102 153 + 43 55°

* The rates are given as estimates + SD; n is the number of animals.

b Differences are given as a percentage reduction from the rate in control group. The difference
is significant when reserpine group is compared to the control group.

¢ p < .001 (two-tail t-test).

4'p <01 (two-tail -test).

¢ p < .05 (two-tail #-test).
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Figure 3. A comparison of the 5-HT synthesis rates (R; pmol g~! min~') in some brain structures (not given in Table 1)
in control (filled bars) and reserpine-treated (crossed bars) rats. Each column represents mean +SD (shown as error bars) of
12 (control) or 13 (reserpine-treated) animals. The difference in R between control and reserpine-treated rats is statistically
significant (p < .05 at least) in all regions. Structure numbers are: (1) raphe magnus, (2) ventral tegmental area, (3) medial
forebrain bundle, (4) superior olive, (5) inferior colliculus, (6) superior colliculus, (7) lateral geniculate body, (8) ventral thala-
mus, (9) dorsal hippocampus, (10} nucleus accumbens, (11) auditory cortex, (12) parietal cortex, (13) sensory-motor cortex,

(14) frontal cortex, (15) medial anterior olfactory nucleus.

Effect of NSD-1015 on the Rate of
5-HT Synthesis

The relationship between DV and exposure time (®)
in the pineal body in control and NSD-1015-treated rats
is shown in Figure 5. This structure was selected be-
cause of its profound decrease in the rate of 5-HT syn-
thesis in contrast to increases in almost all other struc-
tures. NSD-1015 induced a nonuniform effect on the
rate of 5-HT synthesis in rat brain regions (Table 2 and
Figure 6). The increase varied between 13% (median
raphe) to 94% (substantia nigra pars reticulata). A
significant increase in the rate of 5-HT synthesis was
observed in a large number of brain regions, while the
rate of 5-HT synthesis was decreased in the inferior col-
liculus and was largely decreased in the pineal body
(Table 2). There were also a few structures in which
NSD-1015 did not have influence on the rate of 5-HT
synthesis (Figure 6).

Effect of NSD-1015 on Plasma
Tryptophan Concentration

NSD-1015 treatment induced time-dependent altera-
tions in the plasma concentration of free tryptophan
(Figure 7). Detailed statistical study (ANOVA, F = 2.5,
df = 8,62, p < .05) showed that the increase in plasma-
free tryptophan concentration was significant (ANOVA
followed by Newman-Keuls, p < .05) only at 30 minutes
after NSD-1015 injection when compared with the
values before NSD-1015 injection. There were no
changes in the concentration of plasma-free tryptophan
in the control group of rats during the observed period
(ANOVA, F = 1.55, df = 8,61, p > .05) (Figure 7). The
concentration of plasma total tryptophan during the ex-
periment was stable in the control group (ANOVA, F =
0.89, df = 2,23, p > .05) as well as in the NSD-
1015-treated (F = 0.08, df = 2,21, p > .05) group of
animals.
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Figure 4. The effect of reserpine administration (10 mg/kg; 100 minutes after the beginning of the tracer injection; killing
rats 100 minutes after reserpine and 200 minutes after tracer injection) on the distribution volume of labeled a-M5-HT in
different brain regions is shown. The results are given as a percentage of difference of controls, calculated as the difference
between the control and treated groups divided by the volume of distribution of the control group, and expressed as a per-
cent. The left diagram shows the percent difference for all rats (four in each group), and the right graph shows the difference
when a statistically significant outlier was removed. The structures corresponding to the numbers on the x axis are (1) me-
dian raphe, (2) dorsal raphe, (3) ventral tegmental area, (4) pineal body, (5) hypothalamus, (6) ventral thalamus, (7) dorsal
thalamus, (8) ventral hippocampus, (9) dorsal hippocampus, (10) caudate nucleus (lateral part), (11) caudate nucleus (medial
part), (12) nucleus accumbens, (13) visual cortex, (14) auditory cortex, (15) parietal cortex, (16) sensory motor cortex.

DISCUSSION

In the present work we have found that reserpine and
NSD-1015 produced opposite effects on the rate of 5-HT
synthesis in the rat brain (Table 1 and Figures 3 and
6). Moreover, we have shown, for the first time and with
good anatomical resolution, that an acute reserpine
treatment induces a decrease in the rate of 5-HT syn-
thesis (statistically significant in 26 out of 27 brain
regions studied; Table 1 and Figure 3), while NSD-1015
induces an increase in the rate of 5-HT synthesis in most
structures (Figure 6). The pronounced decrease in 5-HT
synthesis observed in the pineal body after NSD-1015
was most likely the results of the loss of 5-hydroxy-a-
methyl-L-tryptophan (5-OHMTrp), since decarboxylase
inhibition prevents the conversion into a-M5-HT and
its subsequent storage into vesicles. In addition, the pin-
eal body does not have a blood-brain barrier (BBB), thus
allowing even easier loss of this labeled intermediary
from this structure. The values of the regional 5-HT syn-
thesis rate in both control groups of animals are similar
to the values obtained earlier in saline-treated rats using

the same autoradiographic method (Nagahiro et al.
1990).

Our findings on the influence of reserpine on the
rate of 5-HT synthesis are in contradiction with the re-
cently published data of Hjorth (1992) who found an
increase in the rate of 5-HT synthesis after an acute
reserpine application. Since there are some experimen-
tal differences between these two investigations, a di-
rect comparison of results is not possible. The most im-
portant difference between our and Hjorth’s (1992)
measurements is that he estimated the rate of 5-HT syn-
thesis by measuring 5-HTP accumulation after inhibi-
tion of aromatic amino acids decarboxylase with NSD-
1015 (the influence of NSD-1015 on 5-HT synthesis will
be discussed later). Further, the animals were sacrificed
11/2 hours after reserpine administration and the rate
of 5-HT synthesis was determined only in limbic, stria-
tal, and cortical brain areas using surgical tissue sam-
pling. In the present work we used a higher dose of
reserpine (10 mg/kg IP) as compared with 5 mg/kg used
by Hjorth (1992) in an attempt to avoid “partially reser-
pinized” animals (Halaris and Freedman 1975) during
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our experimental period. The rate of 5-HT synthesis
reported here represents an average rate between 3 and
4 1/2 hours after reserpine administration, but without
any additional pharmacological treatment.

Table 2. The Rate of 5-HT Synthesis (R; pmol g~! minute~!) in Representative
Brain Structures and Pineal Body in Control and NSD-1015-Treated Rats

R“ (pmol g~ minute™1)

Control NSD-1015 Difference

Structure (n = 10) (n = 11) (%)?
Dorsal raphe nucleus 220 + 32 277 + 39 26¢
Median raphe nucleus 163 + 31 184 + 19 13
Hypothalamus 58 + 10 85 + 15 47¢
Visual cortex 56 + 15 66 + 17 18
Caudate nucleus lateral 54 + 16 81 + 19 50¢
Caudate nucleus medial 84 + 19 111 + 24 32¢
Substantia nigra pars reticulata 34 + 8 66 + 9 944
Substantia nigra pars compacta 53 + 20 73 +13 38¢
Hippocampus ventral 79 + 21 102 + 16 29¢
Globus pallidus 54 + 10 70 + 10 30¢
Nucleus accumbens 90 + 14 137 + 27 524
Pineal body 879 + 101 139 + 27 844

“ The rates are given as estimates + SD; n is the number of animals.

! Differences are given as a percentage changes from the rate in the control group. The difference
is significant when NSD-1015 group is compared to the control group.

¢ p < .002 (two-tail t-test).

4 p < 001 (two-tail t-test).

¢ p < .02 (two-tail t-test).
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In order to investigate the possibility that the reduc-
tion in the synthesis rate might be related to a possible
loss of the label from the tissue, we performed experi-
ments to prove that reserpine by itself does not
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Figure 6. A comparison of the 5-HT synthesis rates (R; pmol g~! min~1) in some additional brain structures (not given
in Table 2) in control (filled bars) and NSD-1015-treated (crossed bars) rats. Each column represents mean +SD (shown as
error bars) of 10 (control) or 11 (NSD-1015-treated) animals. Structures number are: (1) raphe obscurus, (2) raphe pallidus,
(3) raphe magnus, (4) ventral tegmental area, (5) medial forebrain bundle, (6) superior olive, (7) inferior colliculus, (8) supe-
rior colliculus, (9) median geniculate body, (10) lateral geniculate body, (11) ventral thalamus, (12) dorsal thalamus, (13)
dorsal hippocampus, (14) auditory cortex, (15) parietal cortex, (16) sensory-motor cortex, (17) frontal cortex, (18) medial
anterior olfactory nucleus. ¥ p < .05; A p < .02; @ p < .001, as compared with the value in the control group.

influence the amount of the label in the tissue. These
data showed that the labeled tracer and/or metabolite
could not diffuse out of the brain after reserpine treat-
ment (release of the label into cytoplasm), at least not
during the time interval used in our present protocol
(see above and Figure 4). These experiments were de-
signed to determine whether there would be a loss of
the label from the tissue (e.g., structure of interest) af-
ter the labeled compound was released by the reser-
pine into the cytoplasm. To test this we administered
reserpine 100 minutes after the tracer injection, because
at that time the tracer (at least alarger fraction of it) was
trapped in the tissue-reversible compartment, from
which we assume there were no losses of the label. An
interval of 100 minutes between two injections and be-
tween injection of reserpine and sacrifice was selected
to allow comparison with our experimental protocol,
in which the serotonin synthesis rate was measured.
Since the synthesis rate in our protocol was calculated
from the slope of the DV as a function of exposure time
@, the greatest influence on the slope would come from
the reduction of DV in rats killed 150 minutes after tracer
injection (Equation 1). Statistical comparison of the DV

in control and reserpine-treated rats at 100 minutes af-
ter tracer and killed 100 minutes after the injection of
reserpine showed that there was no significant loss of
the label from any of the structures examined (Figure
4). This is contrary to the observation of Carlsson and
Waldeck (1968), who reported a loss of metaraminol
from the heart of mice after administration of reserpine.
However, both metaraminol and o-MTrp are not
substrates for the monoamine oxidase (MAQ), but
metaraminol is a greatly different compound and it was
studied in a very different organ (heart). These data
confirm that when this tracer was released into the
cytoplasm from the vesicular storage with reserpine,
there was no significant loss of the labeled tracer from
the brain structure under evaluation (Figure 4). In other
words, a loss of the label from the brain could not ex-
plain the decrease in the serotonin synthesis rate ob-
tained with reserpine in the experiments reported here.

Itis well-known that tryptophan shares a common
carrier system with other LNAA for active transport
across the BBB. Consequently, an increased plasma
level of those amino acids should directly influence tryp-
tophan uptake to the brain and also disturb the uptake
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Figure 7. Time-dependent effect of NSD-1015 (100 mg/kg IP; filled bars) and control (saline; open bars) on plasma-free trypto-
phan concentration. Zero denotes the values for free tryptophan just before injection of NSD-1015 or saline. Each column
represents mean +SD for seven to nine animals. A p < .05 (ANOVA followed by Newman-Keuls’s test).

of the other LNAA (Voog and Eriksson 1992). The rats
used in the present work were deprived of food during
the night before experiments, so that the concentration
of LNAA in the rat plasma during the experiment was
constant. Data showed that reserpine injection did not
influence the plasma levels of free and total tryptophan,
which is in agreement with the data of Long et al. (1983).
Reserpine treatment did not have any effect on the con-
centrations of other LNAA. These results indicated that
the decrease in 5-HT synthesis rate in reserpine-treated
rats found in the present work could not be a conse-
quence of a disturbance in the uptake of plasma tryp-
tophan into the brain.

It was reported earlier that the increase in plasma-
free tryptophan increases the brain 5-HT synthesis rate
(Bloxam and Curzon 1978; Diksic et al. 1991). In the
present work we found that NSD-1015 (a commonly
used inhibitor of decarboxylase activity) induces a time-
dependent increase in the plasma-free tryptophan that
could influence the transport of tryptophan from
plasma into the brain and consequently increase 5-HT
synthesis. Since NSD-1015 treatment increases plasma-
free tryptophan levels, the increase in the 5-HT syn-
thesis rate reported by Hjorth (1992) can be at least in

part explained by the increase of the plasma-free tryp-
tophan fraction rather than by the action of reserpine
itself. Unfortunately, Hjorth (1992) did not measure the
plasma concentration of amino acids that would per-
mit us to normalize his data.

The observed decrease in the 5-HT synthesis rate
after acute reserpine application could be explained by
the change in the activity of TPH. Since it is known that
this enzyme is not inhibited by 5-HT (reaction end prod-
uct) (Joh et al. 1986), there is a possibility that reserpine
has a direct or indirect influence on the TPH activity
or its synthesis. The literature data concerning the di-
rect effect of reserpine on TPH activity are confusing.
It seems that the influence of reserpine on TPH activity
(measured in vitro) is time-dependent since a decrease
(Park et al. 1993) and an increase (Park et al. 1993; Ziv-
kovi¢ et al. 1973) were observed 1 day or 4 days after
reserpine application, respectively. However, there are
no data about enzyme activity in the first few hours af-
ter reserpine treatment, although the data presented
in this work (in vivo assessment of enzyme activity) sug-
gest that reserpine probably inhibits the TPH activity
via monoamines and/or monoamine metabolites. Since
Park et al. (1993) reported a decrease in the TPH activ-
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ity 1 day after reserpine treatment, it is possible that
the decrease observed by us was part of the decrease
that occurs in acutely treated animals. Park et al. (1993)
also reported that the reserpine treatment does not
influence the steady-state concentration of the TPH
mRNA. This suggests that a de novo synthesis of TPH
is not influenced directly or indirectly by the reserpine
treatment. Regardless of the constant levels of TPH en-
zyme, the synthesis of 5-HT could be changed by an
enzyme deactivation mechanism through reserpine’s
effect on the brain dopaminergic neurons. In brief,
reserpine is a potent, but not selective, drug since it
produces the release of brain 5-HT (Halaris and Freed-
man 1975; Long et al. 1983; Oishi et al. 1993), dopamine
(DA; Oishi et al. 1993), and noradrenaline (Oishi et al.
1993; Ugedo et al. 1993) from synaptic vesicles, as well
as histamine from neurons and nonneuronal mast cells
elements (Russell et al. 1990). The released DA could
be taken up into serotoninergic nerve endings (Wald-
meier 1985) and could exert untoward effects on 5-HT
synthesis via inhibition of TPH activity (Johansen et al.
1991).

Other explanations for the decrease of 5-HT syn-
thesis after acute reserpine application could also be
related to the change in activity of 5-HT receptors. Using
microdialysis, it was shown that acute reserpine ad-
ministration increases the extracellular concentration
of 5-HT (Martin and Artigas 1992), which could stimu-
late 5-HT autoreceptors and decrease 5-HT synthesis
through a feedback mechanism (Briley and Moret 1993).
This is supported by the findings that acute (Tunnicliff
et al. 1992) or local (Invernizzi et al. 1991) administra-
tion of buspirone (a 5-HT1a agonist) reduces 5-HT syn-
thesis. However, both investigations determined that
5-HT synthesis using 5-HTP accumulation after NSD-
1015 induced inhibition of decarboxylase activity. Since
they report a decrease in the rate of 5-HT synthesis, but
NSD-1015 actually increases synthesis (see earlier), the
effect of buspirone is probably even greater.

In summary, we found a significant decrease in the
5-HT synthesis rate in 26 out of 27 rat brain regions af-
ter acute (3-4.5 hours) reserpine application. This effect
of reserpine could be explained through its direct or in-
direct influence on TPH activity. On the other hand,
NSD-1015 alone induced the alterations in the 5-HT syn-
thesis rate. On the basis of the present results, the mean-
ing of the data on the 5-HT synthesis collected until now
using NSD-1015 should be interpreted with caution.
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