
MOLECULAR PHARMACOLOGY , 12, 1070-1081

Copyright © 1976 by Academic Press, Inc.
All rights of reproduction in any form reserved.

Dopaminergic Neurons: Effects of Electrical Stimulation on Tyrosine

Hyd roxylase

L. CHARLES MURRIN,’ VICTOR H. MORGENROTH, flJ,2 AND ROBERT H. ROTH

Departments ofPharmacology and Psychiatry, Yale University School ofMedicine, New Haven, Connecticut

06510

(Received February 3, 1976)

(Accepted July 27, 1976)

SUMMARY

MURRIN, L. CHARLES, MORGENROTH, VICTOR H. , III & ROTH, ROBERT H. (1976)
Dopaminengic neurons: effects of electrical stimulation on tyrosine hydroxylase.
Mol. Pharmacol., 12, 1070-1081.

Electrical stimulation of the nigro-neostriatal and mesolimbic dopaminergic pathways
was employed in order to examine the effects of increased impulse flow on the properties

of tyrosine hydroxylase prepared from the neostriatum and olfactory tubercies. Stimula-
tion at a frequency of 15 Hz for 10 mm resulted in an increase in the activity of tyrosine
hydroxylase prepared from the neostriatum on the stimulated side and assayed in the
presence of subsaturating concentrations of substrate and pterin cofactor. Stimulation
periods of 15 and 20 mm did not produce a further significant increase in tyrosine
hydroxylase activity. This activation ofthe enzyme persisted unchanged for 10 mm after
cessation of stimulation and was partially present 15 mm after stimulation. Further
analysis of this activation showed that it was characterized by decreases in Km of
tyrosine hydroxybase for substrate, tyrosine, and cofactor, tetrahydrobiopterin, and an
increase in K, for the feedback inhibitor, dopamine. Similar kinetic changes due to
electrical stimulation ofthe mesolimbic pathway were found in the tyrosine hydroxylase
isolated from the olfactory tubencles. Addition of adenosine cyclic 3’,S’-monophosphate
to high-speed supemnatants prepared from the neostriatum produced kinetic changes in
neostriatal tyrosine hydroxylase similar to those produced by increased impulse flow
due to electrical stimulation. However, addition of cyclic AMP produced no further
change in the properties of the enzyme already activated by electrical stimulation.
These results are discussed in terms of possible mechanisms by which impulse flow may
control dopamine synthesis.

INTRODUCTION

Increased impulse flow produced by elec-
tnical stimulation of both peripheral and
central catecholamine-containing neurons

1 This work is derived in part from a dissertation

presented to the Yale University Graduate School in

partial fulfillment of the requirements for the de-

gree of Doctor of Philosophy. Present address, De-
partment of Pharmacology and Experimental Ther-

apeutics, The Johns Hopkins University School of

Medicine, Baltimore, Maryland 21205.

has been shown to increase the synthesis

of the transmitter associated with these
neurons (1-7). There is a great deal of

evidence that in the peripheral sympa-
thetic nervous system the acceleration of
norepinephnine synthesis occurs at the ty-
rosine hydroxylase step (2, 4, 5, 8). More-
over, it has recently been reported that the

2 Present address, Department of Pharmacology,

School of Medicine-Dentistry, Georgetown Univer-

sity, Washington, D. C.
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mechanism responsible for the increase in
tyrosine hydroxylase activity is an altera-

tion in the kinetic properties of this en-
zyme (9). Thus there is an increased affin-

ity of tyrosine hydroxylase for cofactom,
DMPH4,3 and substrate, tyrosine, and a
decreased affinity for the endogenous feed-

back inhibitor, norepinephrine.
Electrical stimulation of the nigro-neo-

striatal and mesolimbic dopaminergic
neurons leads to an increase in dopamine
synthesis (6, 7). Moreover, if the apparent
activity of neostriatal tyrosine hydroxyb-
ase is determined in vivo by measuring the
accumulation of endogenous dopa after in-
hibition of central dopa decarboxylase,

electrical stimulation results in a dramatic
increase in tyrosine hydmoxylase activity.
Further studies showed that this increase
in apparent tyrosine hydroxylase activity
persisted for some time following cessation
of stimulation, suggesting that it would be
feasible to investigate further the mecha-
nism responsible for this stimulus-induced
activation of tyrosine hydmoxylase.

This paper presents a study ofthe effects
of electrical stimulation of dopaminergic
neurons on the kinetic properties of tyro-
sine hydnoxylase isolated from brain me-
gions containing the terminals of the stim-
ulated neurons. Part ofthis work has been
presented previously in abstract form (10).

METHODS

Electrical stimulation experiments.

Electrical stimulations were carried out as
previously described (7). In brief, male
Sprague-Dawley rats (Charles Riven, Inc.,
Wilmington, Mass.) were placed in a stem-
eotaxic holder (David Kopf Instruments)
under chbomal hydrate anesthesia (400 mg/
kg, intrapemitoneally). The nigmo-neostria-
tab and mesobimbic dopaminergic path-
ways were stimulated using a coaxial elec-
trode (NE-100, David Kopf Instruments)
placed near the medial forebrain bundle
[approximately A 2800 �m, L 1.4 mm, V
3.0 mm in the Konig and Klippel mat atlas
(11)]. Square-wave pulses were delivered
from a BBS-i electrical stimulator (Ebec-

:� The abbreviations used are: DMPH4, 6,7-di-

methyl-2-amino-4-hydroxy-5,6,7,8-tetrahydropter-

idine; BH4, tetrahydrobiopterin.

tronic Instruments, Inc. , Northfomd, Ct.).
Pulses were 200 j�amp, 1.5-msec-duration

monophasic, or 400 j�amp, 3.0-mse#{231}-dura-
tion biphasic, delivered at a frequency of

15 Hz. Stimulations were carried out for 20
mm unless indicated otherwise. At the end
ofthe stimulation period the brain sections

needed for assay were dissected and frozen
on Dry Ice. Tissues were homogenized in
10 volumes of ice-cold 0.05 M Tnis-acetate

buffer, pH 6.0, and centrifuged at 104,000
x g (average) for 90 mm at 2-3#{176}.In some
experiments neostniata or olfactory tuber-
des were pooled for assay. Stimulated tis-
sues were always compared with the con-
tralaterab unstimulated tissues. Brain
stems were examined histologically to yen-
ify placement of the stimulating electrode.

Tyrosine hydroxylase assay and kinetic

calculations . Tyrosine hydmoxybase was
assayed by a modification of the methods
of Shiman et al. (12) and of Coybe (13), as
described in detail by Mongenroth et al.

(9). The high-speed supennatant (104,000
x g) served as the enzyme source in all

experiments.
In experiments involving cyclic AMP,

this nucleotide (50 �M) was added to the
enzyme assay mixture 10 mm prior to the
addition of labeled tyrosine, so that a 10-
mm instead of a 5-mm preliminary incu-
bation was used. The reaction was stopped
after 45 mm by the addition of 50 p.l of
glacial acetic acid. The formation of 1H20

was followed as a measure of dopa fonma-
tion. The rate ofdopa formation was linear
with time for at least 1 hr, and with pro-

tein concentration from 25 to 600 j.�g/ml.
K,,, was determined by the method of

Lineweavem and Burk (14), and K,, by the

method of Dixon (15). Protein concentra-
tions were measured by the method of

Lowryetal. (16).
Liquid scintillation counting. Liquid

scintillation counting was carried out in a
scintillation fluid made up of 1 biter of
dioxane (Malbinckmodt Scintibbar grade), 1
liter of toluene (Packard scintillation

grade), and 1 liter of absolute ethanol
(Gold Shield) to which were added 240 g of
naphthabene, 15 g of 2,5-diphenyboxazobe,

and 0.3 g of i,4-bis[2-(4-methyb-5-phenyl-
oxazolyl)]benzene (all Packard scintilla-
tion grade reagents). Counting was carried
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out in a Packard Tni-Camb liquid scintilla-
tion counter. Corrections for counting effi-
ciency were made using both internal and
external standards. Significance was de-
termined by use of paired t-test on a Hew-
lett-Packard programmable calculator,
model 9810A.

Materials. Catabase, NADPH, and ul-
trapure Tnis were purchased from
Schwarz/Mann. L-[3,5-3H}Tyrosine (30 Ci/
mmole) was obtained from New England
Nuclear Corporation. BH4 was a gift from
Dr. K. J. M. Andrews, Roche Products,
Ltd. Chloral hydrate, DMPH4, cyclic
AMP, and dopamine were obtained from
Aldrich, Calbiochem, Regis, and Sigma,
respectively.

RESULTS

Effect of electrical stimulation on neo-

striatal tyrosine hydroxylase activity.

Electrical stimulation of the nigro-neostri-
atal pathway at 15 Hz for 20 mm was found
to increase the activity of neostniatal tyro-
sine hydmoxylase significantly (10, 17) (Ta-
ble 1). Chborab hydrate, which has been
shown to increase the fining mate of the
nigro-neostriatab neurons (18), causes a
partial activation of neostniatal tyrosine
hydroxylase. About 30 pmobes of dopa are
formed per milligram of protein per mm-
ute by the enzyme isolated from neostriata

of chloral hydrate-treated animals, com-
pared to about 23 pmoles of dopa per milli-
gram of protein per minute for enzyme
from control animals. Stimulation boosts

the level of enzyme activity to 47 pmoles of
dopa formed pen milligram of protein per
minute. Similar results were obtained us-
ing either monophasic or biophasic pulses
during stimulation. These results confirm

the data in vivo suggesting that electrical
stimulation of nigro-neostriatal dopami-

nergic neurons causes an increase in neo-
striatal tyrosine hydroxylase activity (7).
In view of these results, we investigated
the time course of the activation of tyro-
sine hydroxylase by electrical stimulation.

As shown in Table 1 , stimulation for 5
mm results in no appreciable change in
neostniatal tyrosine hydroxylase activity
compared to the enzyme activity in the
contnalaterab neostriata. However, contin-
uous stimulation for 10 mm produces an
increased enzyme activity that is signifi-
cantly different from the level of activity
in control neostriata and contralateral
neostniata (chboral hydrate treatment).
The level of enzyme activity following 15-

and 20-mm periods of stimulation is not
significantly different from the levels of

enzyme activity obtained after 10 mm of
continuous stimulation.

Decrease in tyrosine hydroxylase activ-

TABLE 1

Time course of neostriatal tyrosine hydroxylase activity after electrical stimulation

The nigro-neostriatal pathway was stimulated as described in METHODS for various time periods at 15 Hz

with 400-�amp biphasic electrical pulses of 3.0-msec duration. The animals were immediately decapitated,

and the stimulated and contralateral, unstimulated neostriata were assayed for tyrosine hydroxylase

activity . The assay was carried out as described in METHODS in the presence of subsaturating concentrations

of tyrosine ( 10 �M) and DMPH4 ( 100 jsM). Values are the means ± standard errors of four experiments.

Duration of Treatment Tyrosine hydroxylase activity
stimulation

Unstimulated Stimulated

contralateral

mm pmoles dopa/mg protein/mm

0 None 23.1 ± 2.1

0 Chloral hydrat&’ 30.5 ± 1.6”

5 Chloral hydrate 28.7 ± 1#{149}5b 32.3 ± 2.8

10 Chloral hydrate 32.6 ± 1.5” 43.4 ± 3.5’

15 Chloral hydrate 31.9 ± 2.1” 45.8 ± 2.8r

20 Chloral hydrate 30.3 ± 1.8” 49.5 ± 3.1c

(S Chloral hydrate was administered at a dose of 400 mg/kg intraperitoneally.

b Significantly different from non-chloral hydrate-treated preparations (p < 0.01).

(. Significantly different from the contralateral, unstimulated side (p < 0.01).
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ity after stimulation . In a similar series of
experiments, animals were stimulated for
20 mm and decapitated at various times
thereafter. At each time point the stimu-

bated neostriata were compared with their
contralateral neostriata in order to control
for varying effects of chboral hydrate,
which was injected 10-15 mm before the
beginning of stimulation and which had
begun to lose effect at the longer time
points.

As can be seen in Fig. 1, the increased
tyrosine hydroxylase activity is virtually
unchanged for 10 mm after the end of stim-
ulation. Beyond 10 mm the enzyme activ-
ity begins to decrease. At 15 mm after

stimulation the enzyme is still 50% acti-
vated compared to control preparations
(23. 1 ± 2. 1 pmoles ofdopa pen milligram of

2-
I-

>�a
I-E
U.
4 C 45

(no

-J

FIG. 1. Time course for decay of poststimulation

activation of neostriata! tyrosine hydroxy!ase

The nigro-neostriatal pathway was stimulated as

described in METHODS for 20 mm with 15-Hz, 400-

j.tamp, biphasic, 3.0-msec electrical pulses. The ani-
mals were killed at various time intervals after

termination of stimulation, and the neostriata were

dissected for assay of tyrosine hydroxylase. Enzyme

activity was measured in the presence of subsatur-

ating concentrations oftyrosine (10 .LM) and DMPH4

(100 /.LM). Hatched areas ofthe graph represent tyro-

sine hydroxylase activity of enzyme isolated from

neostriata contralateral to the stimulation. Un-

shaded areas represent tyrosine hydroxylase activ-

ity of enzyme isolated from neostriata ipsilateral to

the stimulation. Values are the means determined

from four separate experiments. Vertical bars repre-
sent standard errors of the mean.

* Significantly different from contralateral, non-

stimulated neostriata (p < 0.01).

protein per minute) and is still signifi-
cantby more active than the enzyme pre-
pared from the contralatemal, nonstimu-
lated sides. By 20 mm after the end of
stimulation the activity of tyrosine hy-
droxylase in the stimulated neostriata is
not significantly different from the activ-

ity in the contrabatemab neostmiata. These
results suggested that it would be feasible

to study the properties of this activated
enzyme further, since the activation per-
sisted under conditions of freezing, thaw-

ing, and homogenization. With this in
mind, the following experiments were car-

ned out.
Effect of electrical stimulation on neo-

striatal tyrosine hydroxylase kinetics. A
kinetic analysis of tyrosine hydroxylase
was carried out in order to gain some in-
sight into the mechanism responsible for
the observed increase in tyrosine hydrox-
ylase activity. In determination of the K,,,
for the substrate, tyrosine, DMPH4 was
used as cofactor at a concentration of 1.0
mM and tyrosine was used at seven con-

centrations ranging from 0. 1 to 100 p.M.

The K,,, for tyrosine in control preparations
was 54.7 p.M, while the K,,, for enzyme
from chloral hydrate-treated animals was
41.5 jiM. Electrical stimulation caused a
marked decrease in K,,, for tymosine, to 17.1

p.M (Fig. 2 and Table 2). No significant
change in Vmax was observed (Fig. 2).

In a similar group of experiments the
effect of stimulation on the K,,, for BH4,
believed to be the natural cofactom for tyro-

sine hydnoxylase in the neostniatum (19,
20), was studied. In these studies tyrosine

was used at a concentration of 0. 1 m�i and
the BH4 concentrations ranged from 0.05
to 2.0 mM. The K,,, for BH4 of the tyrosine
hydroxybase prepared from the neostnia-
tum obtained from control mats was 0.42
mM, while the K,,, for BH4 of the enzyme

prepared from the neostniata obtained
from chbomal hydrate-treated rats was 0.36
mM (Fig. 3 and Table 2). Electrical stimu-
lation caused a decrease in K,,, for BH4 to

0.08 mM. Again, no significant change in
Vmax was observed in these experiments

(Fig. 3).
When DMPH4 was used as cofactom, me-

sults similar to those found with BH4 were
obtained (Table 2). The K,,, of tyrosine hy-
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FIG. 2. Effect ofelectrical stimulation on K,, for tyrosine of neostriatal tyrosine hydroxylase

Control enzyme was isolated from neostriata ofuntreated rats. Chioral hydrate enzyme was isolated from

neostriata contralateral to the stimulation. The nigro-neostriatal pathway was stimulated as described in

METHODS for 20 mm with 15-Hz, 400-�amp, biphasic, 3.0-msec electrical pulses. The animals were killed

immediately, and the K,,, for tyrosine was determined at a DMPH4 concentration of 1 mM and at eight

tyrosine concentrations ranging from 5 to 100 /LM. Each value forK,, is the mean ofthe intercepts generated

from six separate lines.

TABLE 2

Effect ofelectrical stimulation on activity and kinetic parameters of neostriatal tyrosine hydroxy!ase

Control data are for tyrosine hydroxylase prepared from neostriata of untreated rats; chloral hydrate data

represent enzyme from neostriata contralateral to stimulation . The nigro-neostriatal pathway was stimu-

lated as described in METHODS for 20 mm with 15-Hz electrical pulses of 400 jsamp and 3.0-msec duration

(biphasic) or 200 j.�amp and 1.5-msec duration (monophasic). The animals were killed immediately after

stimulation, and tyrosine hydroxylase was isolated and assayed as described in METHODS. The K,, for

tyrosine was determined at a DMPH4 concentration of 1 m�i and eight tyrosine concentrations ranging from
5 to 100 /.LM. The K,, for BH4 was determined at 100 �M tyrosine and seven BH4 concentrations ranging from

50 j.�M to 2 mM. K,,, values are the means ± standard errors ofvalues generated from six separate lines. The

K, for dopamine was determined at 100 jsM tyrosine, at 1, 10, and 100 MM DMPH4, and at seven dopamine

concentrations (1 jsM-1 mM). K, values are the means ± standard errors of six determinations.

Treatment Tyrosine K,, for tyro- K,, for BH4 K,,, for K for dopa-
hydroxylase sine DMPH4 mine

activity

pmo!es �sM mM mM mM

dopa/mg
protein/mm

Control 22.5 ± 1.6 54.7 ± 5.1 0.42 ± 0.08 0.87 ± 0.04 0.05 ± 0.02

Chloral hydrate (400 mg/kg) 31.5 ± 2.6 41.5 ± 3.6 0.36 ± 0.09 0.54 ± 0.07 0.06 ± 0.03

Electrical stimulation (biphasic) 47.2 ± 5.1 17.1 ± 1.6 0.08 ± 0.01 0.23 ± 0.02 0.29 ± 0.04

Chloral hydrate (400 mg/kg) 30.6 ± 1.9 42.8 ± 2.7 0.59 ± 0.09 0.08 ± 0.01

Electrical stimulation (mono-

phasic) 48.3 ± 3.6 16.7 ± 1.8 0.19 ± 0.01 0.21 ± 0.02

droxylase for DMPH4 was 0.87 m�i in con-
trol preparations, 0.54 m� in chboral hy-
drate-treated preparations, and 0.23 m�
in stimulated preparations.

A further study was carried out to see
whether stimulation would cause the tyro-
sine hydmoxylase isolated from the neostri-
atum to have an altered affinity for dopa-

mine. In these experiments the K, of tyro-
sine hydmoxylase for dopamine was deter-
mined at three concentrations of DMPH4

and at six concentrations ofdopamine. The
tyrosine concentration in these expeni-
ments was 0.1 mM.

As shown in Fig. 4 and Table 2, the K
for dopamine of the enzyme prepared from
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FIG. 3. Effect ofelectrica! stimulation on K,,, for tetrahydrobiopterin ofneostriata! tyrosine hydroxy!ase

Control enzyme was isolated from neostriata ofuntreated rats. Chioral hydrate enzyme was isolated from

neostriata contralateral to the stimulation. The nigro-neostriatal pathway was stimulated as described in

METHODS for 20 mm with 15-Hz, 400-�amp, biphasic, 3.0-msec electrical pulses. The animals were killed

immediately, and the K,,, for BH4 was determined at a tyrosine concentration of 100 jsM and seven BH4

concentrations ranging from 50 MM to 2 mi’s. Each value forK,,, is the mean ofthe intercepts generated from

SIX separate lines.
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chioral hydrate-anesthetized rats (0.06
mM) was not significantly different from

the K, for dopamine of the enzyme pre-
pared from untreated control animals (0.05
mM). However, biphasic electrical stimu-
lation of the nigro-neostniatal pathway
produced a barge increase in the K of neo-

stniatal tyrosine hydnoxylase for dopa-
mine, to 0.29 mM. Similar changes in ki-

netic parameters were found in tymosine
hydroxylase isolated from neostriata stim-
ulated with monophasic pulses (Table 2).

Effect of electrical stimulation on olfac-
tory tubercle tyrosine hydroxylase . Analy-
Sis of tyrosine hydmoxylase isolated from
olfactory tubercles indicated that electni-
cal stimulation of the mesolimbic neurons
causes changes in tyrosine hydroxybase in
olfactory tubercles similar to changes
found in neostniatal tynosine hydroxylase
following stimulation of the nigro-neostri-
atal pathway (Table 3). Stimulation
caused a 57% increase in enzyme activity.
In view of this observation, we also inves-
tigated the kinetic properties of tymosine
hydnoxylase prepared from the olfactory
tubercles following stimulation of the me-

solimbic pathway. A 53% decrease in the
K,,, for DMPH4 was found, along with a

44% increase in the K for dopamine, when
compared with enzyme from contralateral
olfactory tubercles.

Effect ofcyclic AMP on neostriatal tyro-
sine hydroxylase. Recent reports that neo-

stniatal tyrosine hydmoxylase can be acti-
vated by cyclic AMP (21-28) led us to ex-

amine the effect of this nucleotide on the
enzyme prepared from neostniata obtained
from nonstimulated and stimulated prepa-
rations. It was found that addition of cyclic
AMP (50 p.M) to the assay mixture 10 mm

before addition of labeled tyrosine caused
an activation of the enzyme prepared from
control and chborab hydrate-treated ani-
mals similar to the activation produced by
electrical stimulation (Table 4). Thus, ad-
dition of cyclic AMP produced an increase
in total activity of the enzyme, a decrease
in the K,,, of tynosine hydroxybase for tymo-
sine and BH4, and an increase in the K of
the enzyme for dopamine.

Addition ofcyclic AMP to the assay sobu-
tion containing the enzyme isolated from
stimulated neostniata, however, had no
significant effect on the total activity of

tyrosine hydnoxylase on on the kinetic pa-
mametems of the enzyme beyond the effects
of stimulation alone.

DISCUSSION

It has been shown that stimulation of
central dopaminergic neurons, whether by
addition of high potassium concentrations
to the incubation medium (29) or by elec-
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crease in tyrosine hydroxylase activity
persisted for some time after the cessation
of stimulation and that it would be feasible
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FIG. 4. Effect of electrical stimulation on K for

dopamine of neostriata! tyrosine hydroxylase

Control enzyme was isolated from neostriata of

untreated rats. Chloral hydrate enzyme was iso-

lated from neostriata contralateral to the stimula-

tion. The nigro-neostriatal pathway was stimulated

as described in METHODS for 20 mm with 400-�amp

biphasic electrical pulses of 15 Hz and 3.0-msec du-

ration. The animals were killed immediately and
. . .

the neostriata were dissected. The K, for dopamme

was determined at a tyrosine concentration of 100

�sM at 1, 10, and 100 �sM DMPH4 and at seven
dopamine concentrations (six shown) from 1 �M to 1

mM. The values for K, are the means of six determi-

nations. Dopamine values are plotted as millimolar

concentrations.

tnical stimulation (7), causes an increase
in the synthesis of dopamine in the termi-
nal regions of these neurons. Harris and
Roth (29) found no increase in synthesis
when labeled dopa was used as precursor,
indicating that the increase in dopamine
synthesis occurred at the tymosine hydrox-
ybase step. In recent experiments we fob-
bowed dopa accumulation after inhibition

ofcentnal dopa decarboxylase as an indica-

tion of tynosine hydroxylase activity in
vivo , and confirmed that stimulation of the
nigro-neostniatab pathway produces an in-

crease in neostniatal tyrosine hydroxylase
activity in vivo (7). Studies on the post-
stimulation accumulation of dopa and
poststimulation increases in the conver-

from stimulated neostniata was about 50%
more active than enzyme from contralat-
emab neostriata when compared with con-
trob enzyme. Subsaturating levels of tyro-

sine and DMPH4 were used in these exper-
iments so that a change in enzyme activity

.

could readily be demonstrated. In the pres-
ence of saturating concentrations of sub-
strate and cofactom no change in enzyme

activity was observed, since the activated
enzyme showed no significant change in
Vmax when compared with the enzyme pre-

pared from unstimulated tissue.
Tyrosine hydroxylase was found to be

almost fully activated by 10 mm of contin-
. .

uous electrical stimulation at a frequency
.

of 15 Hz (Table 1). The observation that

there was no significant increase in activ-
ity after 5 mm of stimulation and no fur-

ther significant increase in activity follow-
ing 15 and 20 mm of stimulation suggests
that the increase in tyrosine hydroxylase
activity produced by stimulation may be
dependent both on the frequency and on
the number of impulses delivered. This
idea is also suggested by data on dopa
accumulation following decarboxylase in-
hibition as measure of tyrosine hydroxyl-
ase activity in vivo (7).

Tyrosine hydroxylase was found to re-
main fully activated for at beast 10 mm
and partially activated for 15 mm follow-
ing the termination ofstimulation (Fig. 1).

These data provide an explanation for the
poststimulation increases in dopamine
specific activity following administration

of labeled tyrosine and for the increase in
the accumulation of dopa in neostriata
which we reported earlier (7). They also
indicate that the period of time necessary

1076 MURRIN ET AL.



STIMULATION AND DOPAMINERGIC TYROSINE HYDROXYLASE KINETICS 1077

TABLE 3

Effect of electrical stimulation on activity and kinetic parameters of olfactory tubercle tyrosine hydroxy!ase

Chloral hydrate data were obtained for enzyme from olfactory tubercles contralateral to stimulation. The

median forebrain bundle was stimulated as described in METHODS for 20 mm with 15-Hz biphasic electrical

pulses of 400 �amp and 3.0-msec duration. The animals were killed immediately after stimulation, and
tyrosine hydroxylase was isolated and assayed as described in METHODS. Km values were determined by the

method of Lineweaver and Burk (13), and K, values, by the method of Dixon (14). Total activity was

determined in the presence of subsaturating concentrations of tyrosine (10 �M) and DMPH4 (100 /.LM). The

Km for tyrosine was determined at 1 mr.c DMPH4 and with six tyrosine concentrations ranging from 1 to 100

�LM. The Km for DMPH4 was determined at 100 �tM tyrosine and at seven DMPH4 concentrations ranging
from 100 /.LM to 5 mM for control enzyme and from 50 j�M to 1 mM for chloral hydrate-treated and stimulated
enzyme. The K, for dopamine was determined at 100 �M tyrosine, at 1, 10, and 100 �M DMPH4, and at six
dopamine concentrations (25-750 �.tM). Results are means ± standard errors of three determinations.

Treatment Tyrosine hydrox- K,, for tyrosine Km for DMPH4 K. for dopamine
ylase activity

pmoles dopa/mg pM mM m�
protein/mm

None 8.4 ± 0.8 55.7 ± 5.1 0.96 ± 0.13 0.19 ± 0.02

Chloral hydrate (400 mg/kg) 10.1 ± 0.9 0.58 ± 0.02 0.25 ± 0.01

Chloral hydrate + electrical

stimulation 15.9 ± 5.8 0.27 ± 0.09 0.36 ± 0.07

TABLE 4

Effect of cyclic AMP on neostriata! tyrosine hydroxylase

Cyclic AMP data represent values for enzyme incubated with cyclic AMP as described in METHODS.

Chloral hydrate data are for enzyme from neostriata contralateral to stimulation. The nigro-neostriatal

pathway was stimulated as described in METHODS for 20 mm with 15-Hz, 400-�amp, 3.0-msec, biphasic

electrical pulses. The animals were killed immediately after stimulation, and tyrosine hydroxylase was

isolated and assayed as described in METHODS. Cyclic AMP (50 j.�M) was added 10 mm prior to tyrosine

addition. Total activity was determined in the presence of subsaturating concentrations of tyrosine ( 10 �M)

and DMPH4 (100 j.tM). The K�, for tyrosine was determined at 1 mM DMPH4 and seven tyrosine concentra-

tions ranging from 0.5 to 100 �M. The Km for BR, was determined at 100 �tM tyrosine and seven BR,

concentrations ranging from 50 �M to 2 m�.s. The K. for dopamine was determined at 100 j�M tyrosine, at 1,

10, and 100 MM BR,, and at seven dopamine concentrations (10 SM-i ma5m). Results are the means ±

standard errors of six determinations.

Additions to assay Treatment Tyrosine K,,, for tyro- K,,, for BR, K, for dopa-
hydroxylase sine mine

activity

pmo!es /AM mM m�

dopa/mg
protein/mm

None None 22.6 ± 2.8 54.7 ± 5.1 0.42 ± 0.08 0.05 ± 0.02

Chloral hydrate (400 mg/kg) None 31.5 ± 2.6 41.5 ± 3.6 0.36 ± 0.09 0.06 ± 0.03

None Cyclic AMP 40.1 ± 3.2 24.9 ± 1.7 0.05 ± 0.01 0.38 ± 0.06

(50 /.LM)

Chloral hydrate Cyclic AMP 36.7 ± 2.8 26.1 ± 1.3 0.07 ± 0.02 0.34 ± 0.08

(50 LM)

Chloral hydrate + electrical None 47.2 ± 5.1 17.1 ± 1.6 0.08 ± 0.01 0.29 ± 0.04

stimulation

Chloral hydrate + electrical Cyclic AMP 48.1 ± 1.7 20.2 ± 1.1 0.06 ± 0.03 0.39 ± 0.05

stimulation (50 �M)

for dissection and freezing of the neo-
stniata after the death ofthe animal (about
3 mm) is insufficient for any significant
decay in the activation of the enzyme.

The fact that it was possible to demon-

strate this poststimulation increase in ty-
mosine hydroxylase activity in tissue that
had been subjected to freezing, thawing,
and homogenization made it feasible to
study the properties of this activated en-
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vations.

zyme in more detail by examining the ki-
netic properties of the isolated enzyme.

These studies revealed that the affinity

of tyrosine hydroxylase for substrate tyro-
sine was increased during periods of in-
creased impulse flow in the nigro-neostria-
tab neurons (Table 2 and Fig. 2). Chbomab
hydrate, which has also been shown to
cause an increase in firing mate of nigro-
neostniatal dopaminergic neurons (18),

caused a small decrease in K,,,, from 54.7 to
41.5 p.M, in controls. Electrical stimulation
caused a dramatic further decrease in K,,,,
to 17.1 p.M. This represents a 3-fold change
from control neostniata and a 2.5-fold

change from the contralateral, nonstimu-
bated neostniata. No significant change in
Vn,ax due to electrical stimulation was ob-

served (Fig. 2). The control value for K,,, is
similar to that reported by Kuczenski and
Mandell (30) and by Zivkovic et al. (31) for

tyrosine hydroxylase from mat neostnia-

tum. Alterations in K,,, for tymosine were
not seen by others following treatment
with neuroleptic drugs (26, 31) which are
known to increase firing in dopaminergic
neurons (18). The reason for this discrep-
ancy is probably related to small differ-
ences in assay conditions. In our own labo-
ratony, when tyrosine hydroxylase assays
were carried out in a volume of 0.3 ml and
on low-speed rather than high-speed stnia-
tab supennatants, we have not observed
any significant change in Vmax orK,,, of the
enzyme for tyrosine after treatment of rats
with habopenidob (1 mg/kg), although the

decrease in K,,, for ptemin cofactom was still
demonstrable .�

The physiological importance of this
change in affinity for tyrosine observed in
the experiments reported above is un-
known, but from data presently available
it seems unlikely that this change is re-

sponsibbe for the increase in tyrosine hy-
droxylase activity observed in vivo . Tyro-
sine bevels in the mat brain are about 100
p.m (32), and the concentration of tyrosine

found in the mat neostniatum is also in the
mange of 100 p.M (7). This level of tyrosine
is roughly twice the K,,, value when K,,, is
measured with DMPH4 as cofactom, and

4 J. R. Simon, and R. H. Roth, unpublished obser-

about 7 times the K,,, measured using BH4

as cofactom (19). Since BH4 or a close deny-
ative appears to be the natural cofactor,
the enzyme is probably saturated with ty-
rosine in vivo. Moreover, Kaufman (19)
has reported that maximal tyrosine hy-
droxybase activity in brain is attained with

tyrosine at 100 p.M. Higher concentrations
of tyrosine began to inhibit the enzyme.
Thus the change in K,,, of tyrosine hydrox-

ylase for tyrosine is probably not of great
physiological importance.

Changes in the affinity of neostniatal
tyrosine hydmoxylase for the cofactor, BH4,
were similar to the changes seen in the
affinity for tyrosine (Table 2 and Fig. 3).
Chbomab hydrate treatment caused a small,
statistically insignificant increase in the
enzyme affinity for BH4. Electrical stimu-
lation produced a large increase in affinity

for BH4, with the K,,, decreasing to 0.08
mM from 0.42 mM in control preparations.
This represents a 5-fold and 4-fold decrease
from control and chboral hydrate-treated
preparations, respectively.

The physiological importance of this
change is uncertain. BH4 is thought to be

the natural cofactom for tyrosine hydnoxyl-
ase, and theme is evidence which suggests
that the concentrations of BH4 in the neu-
non may be mate-limiting with respect to
tyrosine hydmoxylase activity (20, 33, 34).
Thus, the increased affinity of neostniatal
tyrosine hydmoxylase for BH4 seen with

electrical stimulation would bring the con-

centration of BH4 in vivo closer to levels
necessary for saturation of the enzyme and
thus effectively increase the mate of tyro-
sine hydmoxybation. Stimulation of the ni-

gro-neostniatal pathway also increased the
affinity for the artificial cofactor, DMPH4

(Table 2). The control value for K,,, for
DMPH4 is similar to that reported by oth-
ens (30, 31). Similar alterations in the tyro-
sine hydroxylase K,,, for cofacton due to
treatment with neuroleptic drugs have
been reported (10, 17, 26, 31).

No significant changes in Vmax were

seen with tyrosine or BH4 (Figs. 3 and 4).
This indicates that, over the time periods

studied, no new enzyme was being synthe-
sized, nor was enzyme being mobilized
from an inactive to an active form.

Electrical stimulation at a frequency of
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15 Hz also caused a dramatic increase inK1
of neostriatal tymosine hydroxylase for do-
pamine, reflecting a barge decrease in the
ability of dopamine to inhibit the enzyme.
The K for control enzyme was 0.05 m�i
dopamine; the K for the enzyme prepared
from neostniata of chbomal hydrate-treated
animals was 0.06 m�i dopamine, and the
K. for enzyme prepared from the neos-
tniata on the stimulated side was 0.29 mM
dopamine. This represents a 6-fold in-
crease oven control preparations and a 5-
fold increase oven contralatemal chbomab hy-
drate-treated neostniata. The K for control
tyrosine hydnoxylase is similar to that me-

ported by Kuczenski and Mandelb (30) for
soluble tyrosine hydmoxylase treated with
hepanin.

Again, the physiological significance of
this stimulus-dependent alteration in the
properties of tyrosine hydnoxylase is not
known with certainty, since the concentra-

tion of dopamine in the vicinity of the en-
zyme in the nerve terminal is unknown.
As with the change in K,,, for BH4, there is
a strong possibility that change in the K, of
neostriatal tyrosine hydroxylase for dopa-
imne plays an important role in the in-
creased activity of tyrosine hydmoxybase
observed in vivo during periods of in-
creased impulse flow. Feedback inhibition
of tyrosine hydmoxylase by its end products
has been considered an important factor in
the regulation of this enzyme for some
time. Nagatsu and co-workers (35) first
introduced this idea when they reported
that tyrosine hydroxylase was inhibited by
norepinehrine. That end product feedback
inhibition might be a physiological factor
was suggested by Abousi and Weiner (1)
when they found that incubation of the
guinea pig hypogastnic nerve-vas deferens
preparation in the presence of nomepi-
nephrine reduced norepinephrine synthe-
sis and inhibited the increase in synthesis
due to stimulation. This concept was sup-
ported by work from a number of laboma-
tories (8, 36-38).

The mechanism generally proposed for
increased tyrosine hydmoxylase activity
due to stimulation was that release of non-
epinephrine from the nerve terminal de-
pleted a small, strategic pool of nomepi-
nephrine which regulated tyrosine hy-

droxylase activity by feedback inhibition.
Theme was evidence, however, that this
might not be the complete answer (39-41).
The data presented here and other data

from this laboratory (9) suggest that
equally or perhaps more important is a

dramatic decrease in the ability of end
product to inhibit tyrosine hydroxylase.
This decrease in the ability of dopamine to
inhibit tyrosine hydmoxybase in dopami-

nergic neurons, coupled with an increase
in enzyme affinity for BH4, offers an alter-
native explanation for the large increases
in tyrosine hydnoxylase activity which oc-
cur during periods of increased impulse
flow.

Kinetic changes similar to those me-

ported above were seen in tyrosine hydrox-

ylase isolated from olfactory tubercbes fob-
bowing stimulation of the median fore-

brain bundle (Table 3). Stimulation pro-
duced about a 53% decrease in K,,, for
DMPH4 and a 44% increase in the K, for

dopamine. Thus the mesolimbic dopami-
nergic system reacts to increased impulse
flow in a manner similar to that of the
nigro-neostniatab dopaminergic system.

Results similar to those described above
have also been reported in the central nor-
admenergic neurons with cell bodies in the
locus cemuleus and terminals in the hippo-
campus (42, 43).

Evidence that cyclic AMP and its deny-
atives are able to activate neostriatal tyro-

sine hydroxybase (21-28) and results of this
study demonstrating that cyclic AMP pro-
duces this activation by a kinetic altena-
tion of tymosine hydmoxylase which is quite
similar to that produced by electrical stim-
ulation (Table 4) suggest that these two
activations may occur by a similar mecha-
nism. In our studies we have found that
cyclic AMP addition alone is abbe to acti-
vate the tyrosine hydroxylase present in
the high-speed supemnatant obtained from
the stniatum or hippocampus, and this ac-
tivation is prevented if the enzyme prepa-

ration is purified on a Sephadex G-25 cob-
umn (24, 25, 43, 44). This differs from the
results reported by Lovenberg et al. (26)
and Goldstein et al. (27), who observed

activation only when cyclic AMP was
added together with ATP and Mg�t This
discrepancy is perhaps explained by use of
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Triton X-iOO or some other variable in the

assay procedure. In the absence of a deter-
gent, or perhaps because of more rapid
dissection of the tissue, the brain supenna-
tant may contain sufficient quantities of
ATP (also protein kinase and Mg�) to
produce some degree of enzyme activation
without further additions.

Since it is known that during neuronab
depolarization there is a significant in-

crease in the accumulation of endogenous
cyclic AMP (45, 46), it seems likely that
this event could mediate the observed acti-

vation of tyrosine hydmoxylase produced
during electrical stimulation of the nigro-
neostniatab pathway. However, numerous
other mechanisms are plausible, and more
direct studies are necessary before it can
be concluded that cyclic nucleotides play a
role in this activation of tyrosine hydroxyl-

ase in vivo.
In conclusion, these experiments pro-

vide evidence that the nigro-neostriatal

and mesobimbic dopaminergic neurons re-
spond to electrical stimulation in a man-
ner similar to the response of peripheral
and central nomadrenengic neurons to elec-
tmicab stimulation. Thus the dopaminergic
neurons increase synthesis ofdopamine by
an increase in activity of tyrosine hydrox-
ylase that is characterized by kinetic alter-

ations ofthe enzyme. This activation takes
a finite period of time to manifest itself
and decays within about 15 mm following
the termination of the stimulation period.
Experiments are in progress in an attempt
to define further the mechanisms involved
in this stimulus-induced activation of neo-
striatab tyrosine hydroxylase.
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