Haloperidol: Effect of Long-Term Treatment on Rat
Striatal Dopamine Synthesis and Turnover

Abstract. The short- and long-term effects of neuroleptic drugs differ both clinical-
ly and biochemically. Short-term treatment with such a drug causes a kinetic activa-
tion of striatal tyrosine hydroxylase. Long-term treatment causes a prompt activa-
tion of the enzyme which is followed by a delayed, compensatory deactivation below
control levels. Tolerance also develops to the stimulating effect of haloperidol on

striatal dopamine turnover.

The neuroleptic drugs are widely used
as antipsychotic agents, and their mech-
anism of action has been the subject of
many investigations (/). One character-
istic of these drugs is their therapeutic la-
tency. The drugs must be administered
to patients for at least 2 to 3 weeks be-
fore their specific antipsychotic effects
are seen (2). Many neurochemical
changes are evident with short-term
treatment with such drugs, particularly
in dopaminergic systems in the brain, but
the changes occurring with long-term
treatment are probably more relevant to
the therapeutic effects of these drugs.
The neurochemical effects of long-term
treatment with neuroleptic drugs have
not been studied extensively. Those
studies which have been made reveal
striking differences between the bio-
chemical effects of long-term and short-
term drug treatment (3). We have inves-
tigated the effects of long-term treatment
with haloperidol on dopamine synthesis
and turnover in rat striatum. The effects
of short-term treatment with neuroleptic
drugs on this dopaminergic brain region
have been described (3, 4). We now re-
port that long-term haloperidol treatment
induces a series of biochemical changes
which combine to give tolerance to the
effects of the drug in this system.

The neuroleptic drugs are very ef-
fective blocking agents of dopamine re-
ceptors in the brain (5). Several electrical
and chemical changes occur as a result of
this receptor blockade. A single dose of a
neuroleptic drug to rats causes an in-
crease in the firing rate of nigrostriatal
dopaminergic neurons (6) and an in-
crease in striatal dopamine turnover (7).
Although much dopamine is released
from nerve endings, the striatal dopa-
mine pool is not depleted because dopa-
mine synthesis is enhanced. The in-
crease in dopamine synthesis is effected
through a stimulation of tyrosine hydrox-
ylase (E.C. 1.14.16.2), the enzyme which
catalyzes the rate-limiting step in dopa-
mine synthesis ). Tyrosine hydrox-
ylase utilizes three substrates: L-tyro-
sine, O,, and a reduced pterin cofactor
which serves as electron donor for the
reaction. The pterin cofactor is impor-
tant as a regulatory agent, because the
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tissue levels of this compound are nor-
mally low enough to limit the activity of
the enzyme (8). When tyrosine hydrox-
ylase is activated by the administration
of a neuroleptic, the affinity of the en-
zyme for its reduced pterin cofactor is in-
creased (¢). This can be measured as a
decrease in the K,, (Michaelis constant)
of the enzyme for its pterin cofactor. The
decrease in the cofactor K, of tyrosine
hydroxylase and the concomitant in-
crease in the rate of striatal dopamine
synthesis are well-defined effects of
short-term neuroleptic administration
).

We have studied tyrosine hydroxylase
activity in male Sprague-Dawley rats
(Zivic-Miller) subjected to long-term
treatment with haloperidol. Rats were in-
jected intraperitoneally either with 1 mg
of haloperidol (McNeil Laboratories) or
with saline at approximately the same

time each day. The animals were killed
by decapitation either 1 or 23 hours after
the last injection. Striatal tyrosine hy-
droxylase activity was measured by a tri-
tium release assay (9). The dopamine
content of striata was determined by a
spectrophotofluorometric method (10).
Free and conjugated 3,4-dihydroxyphe-
nylacetic acid (DOPAC) and homo-
vanillic acid (HVA) were measured by
combined gas chromatography and mass
spectrometry (/7). Total DOPAC or
HVA (including both the free and the
sulfate-conjugated forms) was deter-
mined after enzymatic hydrolysis with
glusulase. Protein was determined by the
method of Lowry et al. (12).

Figure 1 shows that 1 hour after a
single dose of haloperidol, the K, for the
reduced pterin cofactor, 6-methyltet-
rahydropterin (6MPH,), is reduced by 75
to 80 percent (Fig. 1A), as shown pre-
viously by Zivkovic and co-workers ).
Twenty-three hours after a single dose of
the drug, control kinetics are restored
(Fig. 1B). A similar response is obtained
after four daily injections. However, af-
ter 8 to 14 daily injections, the enzyme
response is different. One change is an
increase in the V., (maximum velocity)
of the enzyme from drug-treated animals
(Fig. 1, C and D, and Table 1). This
change suggests that there is an increase
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Fig. 1. Tyrosine hydroxylase activity after short- and long-term treatment with haloperidol.
(A) Enzyme activity 1 hour after a single injection of the drug. (B) Enzyme activity 23 hours
after a single injection of the drug. (C) Enzyme activity 1 hour after the last of ten daily
injections of the drug. (D) Enzyme activity 23 hours after the last of ten daily injections of the
drug. In each case, V is expressed as picomoles of product released per minute per milligram of
protein, and the concentration of 6MPH, is millimolar. Although the observed K, values differ
somewhat from one assay to another, the same relative changes are seen consistently in the
enzyme from drug-treated rats.
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in the number of tyrosine hydroxylase
molecules after prolonged treatment
with this neuroleptic. The observed K,
of the enzyme for 6MPH, after long-term
drug treatment depends on the time
elapsed since the last injection. One hour
after the last of ten daily injections, there
is a decrease in the K, for 6MPH, in the
drug-treated rats (Fig. 1C). However, 23
hours after the last of ten daily in-
jections, the K, of the enzyme from
drug-treated rats is actually two to four
times higher than the control K, (Fig. 1D
and Table 1). This increase in K, means
that the activity of the enzyme from rats
receiving haloperidol is deactivated be-
low control levels. Thus long-term halo-
peridol treatment induces a biphasic re-
sponse in striatal tyrosine hydroxylase.
There is a prompt activation of the exist-
ing enzyme molecules, followed by a de-
layed deactivation below control levels.
This study has revealed a novel mecha-
nism for the kinetic regulation of tyro-
sine hydroxylase—an increase in the K,
for the reduced pterin cofactor to a value
higher than the control K. The delayed
deactivation of the enzyme compensates
for the stimulation of the enzyme which
occurs rapidly after drug administration.

This study shows two different types
of response of tyrosine hydroxylase to
long-term haloperidol treatment. First,
there is an increase in V,,,, which sug-
gests an increase in the number of en-
zyme molecules. It is possible that the
initial increase in the firing rate of the do-
paminergic neurons is related to the in-
duction of tyrosine hydroxylase syn-
thesis. In other catecholaminergic sys-
tems, neuronal activity is known to
influence the synthesis of tyrosine hy-
droxylase (/13). Second, there are modifi-
cations of existing tyrosine hydroxylase
molecules which alter their catalytic effi-
ciency. The activation of the enzyme
which occurs shortly after drug adminis-
tration resembles the enzyme activation
produced in vitro by protein phospho-
rylation (/4). Haloperidol may stimulate
tyrosine hydroxylase activity by causing
phosphorylation of the enzyme itself or
of a regulatory protein. The drug-in-
duced increase in the cofactor K, which
occurs later in time, has no parallel, as
yet, in studies in vitro. This deactivation
may represent extensive dephosphoryla-
tion of the enzyme or of its regulator.
The ‘‘control’’ enzyme may actually be a
mixture of the phosphorylated and non-
phosphorylated molecules.

The increase in the apparent K, of
tyrosine hydroxylase could be due to ei-
ther a change in the enzyme itself or an
accumulation of a competitive inhibitor.
Catechols are known to inhibit tyrosine

182

Table 1. Tyrosine hydroxylase activity in rat
striatum after long-term treatment of the ani-
mals with haloperidol. Tyrosine hydroxylase
activity was measured 23 hours after the last
of ten daily injections. The kinetic constants
were determined from Lineweaver-Burk
plots. The values given are means and stan-
dard error of the mean for four separate de-
terminations.

T K, for V max
feat 6MPH, (pmole min~!
ment (mM) mg~! protein)
Saline 0.52 = 0.05 1320 = 160
Haloperidol 2.00 = 0.21 2880 = 330

hydroxylase in a manner competitive
with the reduced pterin cofactor (15).
Catechols in the striatum which could
act as competitive inhibitors are dopa-
mine and DOPAC, a dopamine metabo-
lite. A small portion of striatal DOPAC is
sulfate-conjugated and would not be ex-
pected to function as a competitive in-
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Fig. 2. Effect of long-term treatment with
haloperidol on (A) striatal dopamine, (B)
striatal DOPAC, and (C) striatal HVA. In
each case, the measurements were obtained
23 hours after the last injection of haloperidol.
The values shown are means of separate de-
terminations on six individual striata (three
rats) for (A) and four pairs of striata (four rats)
for (B) and (C). §, saline-treated rats; H,
haloperidol-treated rats. Single asterisks in-
dicate significantly different from control,
P < .05; double asterisks, P < ,01.

hibitor, since it does not retain the cate-
chol nucleus. We have measured striatal
dopamine and free and conjugated
DOPAC in order to determine whether
there was an accumulation of these com-
pounds after long-term treatment with
haloperidol. No such evidence was
found. All measurements were obtained
23 hours after the last injection, at the
time when the high K, was observed in
drug-treated rats. Dopamine levels were
nearly identical in drug-treated and con-
trol rats at all times tested (Fig. 2A).
Free and total DOPAC were significantly
increased in drug-treated rats 23 hours
after a single dose of the drug (Fig. 2B).
This observation is consistent with the
increase in dopamine turnover elicited
by short-term neuroleptic treatment (7).
However, 23 hours after the last of four
or more daily injections, DOPAC con-
centrations tended to be slightly lower in
the drug-treated rats (Fig. 2B). This
tendency did not reach statistical signifi-
cance. These experiments indicated that
the increase in the apparent K, of the en-
zyme could not be explained by an accu-
mulation of either dopamine or DOPAC.
In other experiments, extracts from
drug-treated and control rats were mixed
together, and the enzyme activity was
strictly additive. These experiments
again indicated that there was no inhib-
itor present in excess in striatal extracts
from drug-treated rats. These data sug-
gest that the deactivation observed in the
enzyme from rats given long-term treat-
ment with haloperidol was due to a
change in the enzyme itself.

The measurements of DOPAC and
HVA, another dopamine metabolite,
give an indication of dopamine turnover.
Total HVA is significantly increased 23
hours after a single dose of haloperidol
(Fig. 2C). This increase reflects en-
hanced dopamine turnover (7). How-
ever, 23 hours after 4, 10, or 14 daily in-
jections, both free and total HVA are sig-
nificantly lower in drug-treated rats than
in controls (Fig. 2C). The DOPAC and
HVA data indicate a decrease in dopa-
mine turnover with long-term drug treat-
ment. Thus dopamine turnover develops
tolerance to repeated doses of haloperi-
dol.

This study has demonstrated several
ways in which dopaminergic neurons in
the striatum adapt to repeated doses of
haloperidol. Our data complement pre-
vious reports which describe tolerance in
rats to the biochemical and behavioral
effects of neuroleptics administered on a
long-term basis (3). Our results are also
consistent with clinical studies on psy-
chiatric patients. Although HVA in cere-
brospinal fluid is increased in patients re-
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ceiving short-term treatment with neuro-
leptics, the amount of this dopamine
metabolite decreases after a few weeks
of drug treatment (/6). The clinical ef-
fects of the neuroleptics, like the bio-
chemical effects, vary with the duration
of drug treatment. Extrapyramidal side
effects often occur with short-term drug
treatment. After several weeks of drug
administration, the  extrapyramidal
symptoms usually disappear, and the an-
tipsychotic effects become evident. Tol-
erance to the antipsychotic effects of the
drugs does not occur. The adaptive
changes in the striatum may be related to
the loss of extrapyramidal symptoms or
the emergence of the therapeutic effects
of neuroleptics, or both. The data pre-
sented here provide an example of the
remarkable propensity of neurotransmit-
ter systems to return to the baseline state
after provocation by pharmacological or
environmental stimuli. Such adaptation
may represent a tolerance phenomenon
or may actually be involved in the onset
of the desired therapeutic effects (/7).
Dopaminergic areas in the mesolimbic
system and the cortex are also of inter-
est, because these brain regions are
known to function as mediators of emo-
tional response. These areas may play an
important role in the expression of the
antipsychotic effects of the neuroleptics.
Our study reemphasizes the complexity
of the adaptive mechanisms of neuronal
systems and the potential significance of
these regulatory changes with regard to
the therapeutic efficacy of antipsychotic
drugs.
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Pain Relief by Electrical Stimulation of the Central Gray

Matter in Humans and Its Reversal by Naloxone

Abstract. Relief of intractable pain was produced in six human patients by stimula-
tion of electrodes permanently implanted in the periventricular and periaqueductal
gray matter. The level of stimulation sufficient to induce pain relief seems not to alter
the acute pain threshold. Indiscriminate repetitive stimulation produced tolerance to
both stimulation-produced pain relief and the analgesic action of narcotic medica-
tion; this process could be reversed by abstinence from stimulation. Stimulation-
produced relief of pain was reversed by naloxone in five out of six patients. These
results suggest that satisfactory alleviation of persistent pain in humans may be ob-

tained by electronic stimulation.

After the initial report by Reynolds
(1), potent analgesic effects produced by
electrical stimulation of discrete areas of
medial diencephalon and the brainstem
have been demonstrated in the cat (2)
and monkey (3) as well as the rat ¢).
Richardson and Akil (5) reported that
permanent clinical pain states, in addi-
tion to normal pain perception, can be
blocked by electrical stimulation of the
periventricular and periaqueductal gray
matter in humans. We now report the ap-
plication of the above findings in six hu-
man patients suffering from intractable
pain (6). Electrical stimulation by per-
manently implanted brain electrodes was
chosen as the method of pain alleviation
for these patients because of the inability
of narcotic analgesics at reasonable dose
levels to suppress their constant pain,
the widespread and diffuse nature of this
pain, and the serious side effects that can
occur when conventional neurosurgical
lesions in the pain pathways are made as
a way to manage such diffused pain.

In all six patients the anatomical target
selected for stimulation was at the level
of the posterior commissure on the ante-
rior-posterior axis and the ventral-dorsal
axis, and 2 to 3 mm lateral from the me-
dial wall of the posterior third ventricle.
The electrodes (7, 8) were implanted
stereotactically, with the use of anatomi-
cal and electrical stimulation-response
parameters (5). Electrode location was
also verified by intraoperative x-ray. Ini-
tially, the electrodes were externalized
to permit temporary trial stimulation for
1 to 2 weeks. In all patients, self-mediat-
ed electrical stimulation began a few
days following electrode implantation.
Short (0.2 to 0.3 msec) bipolar square
pulses, 10 to 20 hertz in frequency, were
delivered from a battery-operated stimu-
lator. After successful trial stimulation
over a period of 1 to 2 weeks, the elec-
trodes were internalized and connected
to a radio-frequency-coupled receiver.
The external generator was specifically
designed to produce a time-modulated
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