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In vivo Conversion of *H-L-Tryptophan into

SH-Serotonin in Brain Areas of Adrenalectomized Rats

Abstract. Rats were adrenalectomized 10 days before we estimated in vivo the
conversion index of *H-tryptophan into radioactive serotonin in brainstem and
telediencephalon. We found that the conversion index in the brainstem of adre-
nalectomized rats is smaller than in the same area of sham-operated rats. Con-
versely, the conversion index in the telediencephalon was similar in the two groups
of rats. The serotonin concentrations were unchanged by adrenalectomy, which
suggests that in brainstem the decrease of tryptophan hydroxylase is reflected by
the conversion index estimation and not by measurement of serotonin steady-state

concentrations.

Studies on the localization of seroton-
in (I) in brainstem have revealed that
most of the serotonin and perhaps the
tryptophan hydroxylase activity is asso-
ciated with cell bodies, where the en-
zyme is probably synthesized. Corti-
costerone, the main component of the
secretion of rat adrenal glands (2),
stimulated de novo synthesis of trypto-
phan hydroxylase in the midbrain when
injected into bilaterally adrenalecto-
mized rats (3). In these animals the ac-
tivity of the midbrain tryptophan hy-
droxylase was reduced by 75 percent
when compared with that of sham-oper-
ated rats (3). Since tryptophan hydroxy-
lase is the rate-limiting enzyme for sero-
tonin biosynthesis (4), one might expect
that adrenalectomy or injections of adre-
nal corticosteroids should change the
concentrations of brain serotonin in op-
posite directions. This prediction is not
supported by reports which show that
adrenalectomy can decrease (5), increase
(6), or leave unchanged (7) whole brain
serotonin content, while cortisone injec-
tions can either increase (8) or fail to
change (9) the brain concentrations of
serotonin.
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A discrepancy between turnover rate
of serotonin and the steady-state con-
centrations of brain serotonin was re-
ported following inhalation of 100 per-
cent oxygen (I0) during ether anesthesia
(10) and after LSD injections (/1).
Therefore, we decided to test whether
the reported reduction of tryptophan
hydroxylase in the rat midbrain after
bilateral adrenalectomy (3) changed the
in vivo conversion rate of tryptophan
(TP) into midbrain serotonin and de-
creased the serotonin concentrations in
midbrain. We have compared the con-
version indexes of TP into serotonin
in brainstem and in telediencephalon
of sham-operated and adrenalectomized
rats receiving a pulse injection of 3H-TP,
This conversion index (CI) was calcu-
lated as proposed by Sedvall et al. (12)
from the relationship

___nc serotonin/g
Cl= nc TP/nmole TP ™

where the conversion index has the di-
mension of nanomoles of serotonin.
This formula neither corrects for the
continuous efflux rate of the 3H-sero-
tonin from brain nor for the rapid

changes of the TP specific activity at
the initial times after labeling (/3). Al-
though the conversion index is not a
measure of serotonin biosynthesis, a
comparison of the conversion index in
different experimental situations may be
used to approximate whether or not the
turnover rate of serotonin has changed.

Male, Sprague-Dawley rats (180 to
220 g) were bilaterally adrenalectomized
or sham-operated by Zivic Miller, Pitts-
burgh, Pennsylvania. The animals were
housed in large group cages upon de-
livery and maintained with free access
to a NaCl solution (0.9 percent) and
standard lab chow. A pulse intravenous
injection of 500 uc of SH-L-tryptophan
per kilogram (5 c¢/mmole, New Eng-
land Nuclear Co.) in 10 ml of phosphate
buffer per kilogram (7.4 pH, 0.2M) was
made in the afternoon of the tenth post-
operative day and the rats were decapi-
tated either 20 or 40 minutes later.
Sham-operated and adrenalectomized
rats used as controls received only phos-
phate buffer. The brain was quickly re-
moved and dissected into brainstem
(pons, medulla, and midbrain) and tele-
diencephalon. The latter included all
structures anterior to a cut from the
anterior part of the superior colliculus
to the posterior edge of the mammillary
bodies (14). These two brain areas were
immediately frozen and they were kept
frozen until assay of the specific activity
of TP and serotonin (75). Blood was
collected in.hsparinized tubes and im-
mediately centrifuged to separate the
plasma where we assayed TP (15) and
corticosterone concentrations (I/6). Ra-
dioactive TP and serotonin were esti-
mated by liquid scintillation spectrom-
etry in 2.0-ml aliquots from the aqueous
phases used to estimate fluorimetrically
the amine and the amino acid concen-
trations.

The average concentration of corti-
costerone in plasma of sham-operated
rats was 34.2 ug/100 ml and that of
adrenalectomized rats was 2.7 ug/100
ml. Adrenalectomized rats with concen-
trations of plasma corticosterone greater
than 10 pg/100 ml were discarded.

Table 1 lists the concentrations and
specific activity of TP in plasma, brain-
stem, and telediencephalon of adrenal-
ectomized and sham-operated rats 20
and 40 minutes after the injection of
SH-TP. The concentration of TP of
adrenalectomized rats was significantly
greater than that of sham-operated rats
only in the plasma of experiment 2
(Table 1).

Following adrenalectomy the decrease
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Table 1. Concentrations and specific activity of tryptophan in plasma, brainstem, and telediencephalon of sham-operated and adrenalectomized

rats injected with *H-L-tryptophan,

. . Plasmat Brainstem? Telediencephalont
Experiment* Condition
.~ nmole/g nc/nmole nmole/g nc/nmole nmole/g nc/nmole
1 20 ADXi 116 = 7.2 2.6 =012 23.60 = 1.63 2.0 %+ 0.046 259 =196 2.0 = 0.099
) 4) ®s ©) ®) 4)
1 (20) Sham operated 101 %= 4 24 #+0.21 18.15 +'0.89 2.3+022 21.6 *=0.98 2.0+0.18
- (10) (5) (10) - ©)) (10) )
2 (40) ADX% 130 = 10 .98 = 0.04 18.90 = 0.68 1.7 =026 16.19 = 0.78 1.3 =0.12
_ (10)9 (5] (10) 3) (10)
2 (40) Sham operated 89 4 0.80 == 0.038 21.00 = 1.18 1.8 + 0.28 173 +=0.92 1.1 +0.12
(10) %) (10) 4) C))
*Minutes from the intravenous injection of SH-L-tryptophan in parentheses. ftValues are means = S.E. Numbers of rats in parentheses. IADX =
adrenalectomized 10 days before the experiment and kept with 0.15 mole of NaCl. §P < .01 when compared with sham-operated rats. 1[P<.001

when compared with sham-operated rats.

||P < .02 when compared with sham-operated rats.

Table 2. Conversion of *H-tryptophan into serotonin in brainstem and telediencephalon of sham-operated and adrenalectomized rats.

Brainstem serotonint

Telediencephalon serotonint

Experiment* Condition Conversion Conversion
nmole/g nc/nmole indext nmole/g nc/nmole indext
1 (20 ADXS$§ 3.59 = 0.16 1.1 =010 1.62 = 0.28 1.96 = 0.16 0.70 = 0.17 144 =022
(10) 3)1 [ (10) (4) (4)
1 Q0 Sham-operated - 3.23 +£0.089 4.1 =0.79 4.68 +=0.34 1.96 = 0.33 1.0 =022 1.92 £ 0.61
: (10) 3) 3) (&) 4) 4)
2 (40) ADX$§ 3.01 =0.13 1.4 +=0.13 1.90 = 0.18 1.31 = 0.06 1.5 *=0.18 1.01 =0.14
(10) 4) 3)9 (15) (10) )
2 (40) Sham-operated 3.38 = 0.15 2.2+ 0.55 3.65 = 0.62 1.38 = 0.14 2.0 *=029 1.44 = 0.56
‘ (10) (6) (6) (12) (6) (6)
*Minutes from the intravenous injection of $H-L-tryptophan in parentheses. +Values are means = S.E. Numbers of rats in parentheses. }Expressed
in nanomoles of newly formed serotonin remaining in the tissue sample, per gram, calculated for each animal according to Eq. 1. §ADX = adrenalec-
tomized 10 days before the experiment and kept with 0.15 mole of NaCl. P < .01 when compared with sham-operated rats.  ||P <.001 when

compared with sham-operated rats.

of the plasma concentrations of cortical
steroids may lower the activity of TP
pyrrolase to a basal level and therefore
lead to a higher plasma or brain con-
centration of TP. In plasma, a great
proportion (70 to 80 percent) of TP
(17) is highly bound-to proteins, and
this binding may also control the plasma
concentrations of the free amino acid
which presumably is the fraction avail-
able to the uptake of brain neurons.
The serotonin concentrations in brain-
stem - and telediencephalon of sham-
operated and adrenalectomized rats are
comparable, which suggests that 10 days
after adrenalectomy the adrenal steroids
are not essential for the maintenance
of steady-state concentrations of brain
serotonin.: However, in experiment 1 of
Table 2 the serotonin specific activity
of the brainstem was lower in adrenal-
ectomized than in sham-operated rats
by about 75 percent, However, a com-
parison of the actual turnover rate- of
serotonin after pulse injections of 3H-TP
could not be based on the serotonin
specific activity measured only at one
time. This view is supported by the
curve describing the changes of seroton-
in specific activity after pulse injections
of the 3H-TP (I3). When the turnover
rate of ‘brain serotonin is either in-
creased or decreased all the character-
istics of the curve change (I3). On a
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semilogarithmic plot the slopes of the
upward and downward phase are steep-
er than normal when the turnover rate
is increased; the reverse is true when the
turnover rate is decreased. Both changes

- determine a shift of the plateau: to the

left when turnover is increased or to
the right when turnover is decreased.
Hence, if we compare points taken dur-
ing the downward slope an increased
turnover rate is characterized by a brain
serotonin specific activity lower than
that of controls, while the reverse is
true when the serotonin turnover rate
is decreased. The specific activity of
serotonin in brainstem and teledien-

cephalon reported in Table 2 is in

agreement with the foregoing. It has

also been reported (13) that in control

rats the turnover rate of serotonin in
brainstem is faster than in teledienceph-
alon; accordingly the data reported in
Table 2 show that the specific activity
of serotonin in brainstem of sham-op-
erated rats declines from 20 to 40 min-
utes after labeling; in contrast, that of
telediencephalon is still increasing from
20 to 40 minutes. In addition, the data
listed in Table 2 show that the specific
activity of serotonin in brainstem of
adrenalectomized rats but not that of
sham-operated rats is similar at the two
times studied; in contrast, the specific
activity of serotonin in telediencephalon

appears to increase both in sham-op-
erated and adrenalectomized rats. This
consideration would suggest that in ad-
renalectomized rats the serotonin turn-
over rate is decreased in the brainstem
and is unaffected in telediencephalon.
These indexes are listed in Table 2 and
show that in the brainstem of adrenal-
ectomized rats the conversion index is
significantly lower than that of sham-
operated rats. However, in teledien-
cephalon, adrenalectomized and sham-
operated rats have similar conversion
indexes. A preliminary in vitro com-
parison of the tryptophan hydroxylase
activity of telediencephalon of sham-

“operated and adrenalectomized rats (10

days before the experiment) revealed
that the enzyme activity of the latter
area is slightly reduced (8).

The data reported in Tables 1 and 2
suggest that the decrease of the con-
version index in brainstem of adrenal-
ectomized rats is neither related to a
change in substrate concentration nor
to a change in the serotonin concentra-
tion due to a defect of serotonin binding
and consequent acceleration of metab-
olism. As an alternative, we suggest that
adrenocortical secretion controls in vivo
activity of tryptophan hydroxylase in
brain, thus confirming and extending
previous reports (3). These results indi-
cate that in brainstem, where most of
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the serotonin and tryptophan hydroxyl-
ase is located in cell bodies, the activity
of this enzyme does not control the
amine concentrations. However, the
data of Table 2 show that the enzyme
controls the conversion index for sero-
tonin.

This report suggests that tryptophan
hydroxylase of brainstem can be de-
creased without changing the serotonin
concentrations in this tissue. Perhaps in

brainstem the enzyme is not directly

related to serotonin content because of
its cellular location. This area is rich in
serotonergic cell bodies where trypto-
phan hydroxylase is synthesized. One
could propose that at its sites of syn-
thesis the concentrations of the en-
zyme exceed the amount required to
control the steady state of serotonin. In
conclusion, these experiments substanti-
ate the working hypothesis that adrenal
steroids regulate the biosynthesis of tryp-
tophan hydroxylase and through this
mechanism they also control the turn-
over rate of brain serotonin.
E. C. AzMITIA, JR.

Rockefeller University, New York

S. ALGERI, E. CosTA
Laboratory of Preclinical
Pharmacology, National Institute of
Mental Health, Saint Elizabeths
Hospital, Washington, D.C. 20032
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Amantadine-Dopamine Interaction: Possible Mode of

Action in Parkinsonism

Abstract. Intravenous doses of amantadine hydrochloride, an antiviral drug, as
small-as 0.08 milligram per kilogram may release dopamine and other catechola-
mines from neuronal storage sites in dogs primed with dopamine. This release may
account for the reported efficacy of amantadine hydrochloride in the treatment of

human parkinsonism.

Amantadine hydrochloride (1-ada-
mantanamine hydrochloride, Symme-
trel) is an antiviral agent effective
against A2 (Asian) influenza in animals
(1) and in man (2). Although it has
no anticholinergic activity in tests on
animals, amantadine is reported to be
effective in the treatment of human
parkinsonism (3), Schwab’s initial ob-
servation having been confirmed in a
controlled trial by Parkes.

We now describe experiments which
may relate observations in animals to
the mechanism of action of amantadine
in human parkinsonism. Because extra-
pyramidal function in the basal ganglia,
which is disordered in Parkinson’s dis-
ease, consists of both a cholinergic fa-
cilitatory component and an adrenergic
inhibitory component (dopaminergic),
we studied the interaction of amanta-
dine with these transmitters.

We could not demonstrate a selective
anticholinergic effect of amantadine in
any of several animal tests. Thus, (i)
amantadine was only 1/209,000 as po-
tent as atropine in antagonizing con-
tractions of the guinea pig ileum in-
duced by acetylcholine, and its block
of contraction was nonselective. The
pA2 values [the negative logarithm of
the concentration of antagonist that
doubles the EDgy of agonist (4)]
were 3.23 (6.0 X 10—4M) and
313 (74 X 10—4M) for amanta-
dine HCI against acetylcholine and his-
tamine, respectively; and 8.55 (2.8 X
10—9M) and 5.48 (3.3 X 10—¢M) for
atropine sulfate against acetylcholine
and histamine respectively. (ii) Aman-
tadine, at sublethal intravenous doses,
did not significantly block the vaso-

depressor response to acetylcholine in’

dogs (5, table 9). In this test, atropine
blocked the acetylcholine response by
50 percent at 0.005 mg/kg adminis-
tered intravenously. (iii) Unlike atro-
pine, but similar to levodopa, very high
oral or intravenous doses of amantadine
failed to antagonize tremors induced in
mice by oxotremorine (6). Thus, it is
unlikely that amantadine exerts its anti-
parkinson effect through an anticho-
linergic mechanism.

In contrast, our data do indicate
that, in dogs primed with dopamine,
amantadine may release dopamine and
other catecholamines from neuronal
storage sites at intravenous doses well
below those used orally in the treatment
of parkinson patients. Because a de-
ficiency of dopamine, a major neuro-
transmitter in basal ganglia, is strongly
implicated in the etiology of parkinson-
ism (7), we think that the interaction
of amantadine with dopamine may be
related to its reported clinical effective-
ness.

Three groups of six mongrel dogs
(5 to 12 kg) were anesthetized (sodium
barbital, 200 mg/kg, and sodium pento-
barbital, 15 mg/kg, administered intra-
venously), bilaterally vagotomized, and
tracheotomized. Arterial blood pressure
was measured with a Statham pressure
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Fig. 1. Amplitude of the pressor response
to dopamine and to amantadine in groups
of six vagotomized, anesthetized dogs.
(A) Each injection of dopamine HCI (0.1
mg/kg, base weight; intravenous) preceded
each dose of amantadine HCl by 6
minutes. Amantadine doses (in paren-
theses) are cumulative milligrams of base
weight per kilogram of body weight intra-
venous (B and C) The dogs were treated
similarly to those in (A) except that
saline (0.1 ml/kg intravenous replaced
dopamine in (B) and saline replaced
amantadine in (C). The mean pressor-
response values and their standard errors
are based on the peak increase in mean
arterial pressure recorded during the 60-
second period after each injection of dopa-
mine, amantadine, and saline in each dog.
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