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nesearchin schizophrenia has made
~slow progress, compared to the bril-
Iiantinsights into Tay-Sachs disease and
parkinsonism, reviewed in this sympo-
sium by Dr. O'Brien and Dr. Horny-
kiewicz, but I think the cause is easy
to find: there has been no place to
start. There is no demonstrable neuro-
pathological change, no definitive mode
of genetic transmission, no acceptable
animal model. It is true that many
agents produce catatonialike posturing
in animals, but schizophrenia is, above
all, a disorder of thought and of the
most subtle aspects of interpersonal
relations. At least in depression, some
of the cardinal features, such as motor
retardation, apathy, and withdrawal
from the social group, can be observed in
animals. What we do have to guide us in
schizophrenia is a plentiful array of psy-
choactive drugs, whose mental effects-
even on the most subtle features of
thought and interpersonal relations-
can be studied in man, and whose bio-
chemical and physiological properties
can be studied in animals.

Among our tools we have agents that
attenuate the schizophrenic condition
(neuroleptics), and agents that exacer-
bate it (psychotomimetics). There are
some advantages to studying neuro-
leptics. It is arguable that they act
more directly to attenuate schizo-
phrenic behavior, than the psycho-
tomimetics act to produce it. In many
cases the psychotomimetics produce
only the accessory phenomena of schizo-
phrenia, such as hallucinations; the
thought content is rarely as regressive
and infantile as it is in schizophrenia.
A further advantage of the neuroleptics
is that there are far more controlled
experiments in man, establishing the
effectiveness of different ring substitu-
tions. Structure-activity relations of
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ABSTRACT

Some actions of antipsychotic drugs (electron donor ability, inhibition of oxidative
phosphorylation, "stabilization" of membranes) are nonspecific properties of the
phenothiazine group. Unlike these effects, enhancement of dopamine turnover in
the brain seems to characterize only the antipsychotic subgroup of the phenothia-
zines. Antipsychotic drugs of the butyrophenone and diphenylbutylpiperidine
classes also have this property. It is not yet clear whether the effects of these drugs
on dopamine metabolism are related to their effects on mental state, or only to their
extrapyramidal side effects. The enhancement of turnover is probably a consequence
of blockade of dopamine receptors. Nucleus accumbens septi and several other limbic
dopamine-containing nuclei are plausible candidates for the site of action of anti-
psychotic drugs++Me-r-mvsss, S. Antipsychotic drug actions: a clue to the neuro-
pathology of schizophrenia? Federation Proc. 32: 200-205, 1973.

neuroleptics are provided without
charge by drug companies, whereas in
the case of psychotomimetics, the ex-
periments are generally conducted far
from the eyes of reviewers.

When we begin to study the pheno-
thiazines, we encounter an unexpected
embarrassment of riches. The pheno-
thiazines have a notoriously wide
spectrum of actions, from protozoan
motility to the pecking behavior of
pigeons. In Europe chlorpromazine is
even known by the ubiquity of its
effects: it is called "Largactil." A
method is needed for selecting, for
further study, the effects that may be
relevant to schizophrenia. Figure 1 de-
picts a group of phenothiazines that
are commonly judged to be not anti-
psychotic. They are used as antihista-
minics, antiemetics, sedatives, or in the
treatment of Parkinson's disease. We
decided to reject, as not relevant to
schizophrenia, those actions shared
equally by phenothiazines with and
without antipsychotic actions. On the
other hand, the relevance of a biochem-
ical or biophysical effect of the anti-
psychotic phenothiazines is enhanced if

antipsychotic drugs of nonphenothi-
azine structures, such as the butyro-
phenone haloperidol, have the same
property. This criterion leads us to
reject several well-known effects of
chlorpromazine, as not relevant to the
action of this drug in schizophrenia.
Among them are electron donor abil-
ity, inhibition of oxidative phosphoryla-
tion, and "stabilization" of membranes.
Typical experiments will be briefly
illustrated.

Foster and Fyfe (21) used nuclear
magnetic resonance to measure the bind-
ing of 1, 4-dinitrobenzene, an electron
acceptor, with various phenothiazines.
Promazine was the strongest donor;
chlorpromazine the weakest; and the
nonantipsychotics diethazine, trime-
prazine, promethazine and ethopropa-
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Figure 1. Nonantipsychoticphenothiazines.

:zine were in the middle. Medina (40)
studied the coefficient of respiratory
control (the ratio of oxygen consump-
tion under conditions of ADP-stimula-
tion to the unstimulated ratio), an
index developed to estimate the effi-
ciency of oxidative phosphorylation,
using isolated sarcosomes from guinea
pig heart. Chlorpromazine inhibited
this ratio 40 %; but promethazine also
inhibited it 40 %. "Stabilization" of
membranes can be estimated by the
degree to which a drug protects red
cells against lysis in distilled water.
The 50 % effective dose is 1.9 X 10-5

molar with chlorpromazine; this dose is
right in the middle, higher than the
50 % effective molarity of thiethyl-
perazine but lower than the effective
molarity of pyrathiazine (both non-
antipsychotics) (17). Surface activity
can also be estimated by the lowering
of surface tension of a Ringer's solu-
tion. Seeman and Bialy (53) found that
chlorpromazine and ethopropazine had
an identical effect on surface tension,
although they did not realize at that
time how much the two drugs differ in
antipsychotic potency. Nearly all the
studies that are comparative fail to
show a clear differentiation between
antipsychotic and nonantipsychotic
phenothiazines. Our Ockham's razor
is almost too sharp: from an embar-
rassment of riches we arrive at a scar-
city of promising effects.

One reported effect, however, does
seem to differentiate the subgroups
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successfully: neuroleptics increase the
rate of dopamine turnover (synthesis
and destruction) in the brain. This
phenomenon has been found using
each of the five major methods of esti-
mating turnover of amines: 1) accumu-
lation of dopamine after monoamine
oxidase inhibition; 2) depression of
dopamine by ce-methyltyrosine; 3)
tissue concentrations of homovanillic
acid; 4) radioactive dopamine appear-
ance after intravenous infusion of
radioactive tyrosine; 5) disappearance
of radioactive dopamine after pre-
viously labeling brain storage sites.
Since each method has its pitfalls, it
is encouraging that they all give the
same result.

Carlsson and Lindquist (8) found
that chlorpromazine and haloperidol,
but not promethazine, increased O-methyl-
dopamine in mouse brain after mono-
amine oxidase inhibition. Anden et al.
(2) reported that chlorpromazine, halo-
peridol and spiroperidol increased
homovanillic acid in rabbit corpus
striatum, whereas promethazine did not.
Trimeprazine had a small effect, which
is contrary to the hypothesis, because it
is not an antipsychotic phenothiazine.
Nyback et al. (42) measured accumula-
tion of dopamine-PC in mouse brain
after tyrosine-PC tail vein infusion, and
also disappearance of dopamine-vC
formed prior to drug administration.
Chlorpromazine, haloperidol, levome-
promazine, perphenazine and chlor-
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prothixene all increased synthesis and
disappearance; promethazine did not.

Extrapyramidal symptoms (tremor,
peculiar gait, writhing movements) are
a prominent side effect of the phenothi-
azines. Since dopamine is a neurotrans-
mitter in the extrapyramidal system, it
is possible that the dopamine turnover
effect is only related to the motor side
effects of these drugs. Fortunately, the
antipsychotic and motor effects of the
phenothiazines can be dissociated. Cole
and Clyde (II) found that the incidence
of parkinsonian side effects with thiorid-
azine is 3 %, whereas with other antipsy-
chotic phenothiazines, like fluphenazine,
it is as high as 36%. Thioridazine as-
sumes special importance, since using it
we can see if the dopamine turnover ef-
fect is really characteristic of antipsy-
chotic phenothiazines, or only of those
with prominent extrapyramidal effects.
Roos (52) found that thioridazine in-
creases homovanillic acid in rabbit
corpus striatum. Laverty and Sharman
(34) reported that single doses of thio-
ridazine, like chlorpromazine, increased
caudate homovanillic acid in the cat, but
chronic administration of thioridazine
failed to have an effect, although chlor-
promazine continued to do so under
these conditions. In mice, however, both
drugs increased striatal homovanillic
acid to an identical extent, as well as
the disappearance of dopamine after
o-methyltyrosine (44). In man there
are two interesting though inconclusive
reports of homovanillic acid increases
after thioridazine: Gerbode and Bowers
(24) observed a value of twice the
upper limit of normal, in a patient who
had been taking therapeutic doses of
thioridazine 4-5 days prior to the tap,
and Chase et al. (10) also reported an
homovanillic acid elevation after thiori-
dazine in one case. The thioridazine
results are puzzling, being consistent
with the hypothesis for rabbits and
mice, but not for cats.

We chose cerebrospinal fluid homo-
vanillic acid to estimate turnover, in
order that we could study monkeys
(since species differences in the response
to thioridazine have been reported);
observe the time course of effects with
long-term drug administration; and use
each animal as his own control, to
facilitate comparison of antipsychotic
and nonantipsychotic drugs. More
meaningful results can be obtained, in
studies of cerebrospinal fluid biogenic
amine metabolites, if ventricular rather
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TABLE 1. Mean concentrations of 5-hydroxyindolylacetic acid and homovanillic acid in
lateral ventricular and cisternal CSF of dog before and during treatment with prabenecid."

-HIi\i\ I HVA

o I" . • 1------------
Control period [During probenecid' Control period During probenecidi treatment 1 treatment

---------- -----" i----- -----
1Mean ventricular concen-

tration (v)
Mean cisternal concentra- .

tion (c)
Mean of the ratios (v/e) ±

standard error
(no. of ratio estimates)

291

41

7.23 ± 0.85

(8) (9) (5) (9)

434 1309 1995

274 51 424

28.8 ± JO.7a 4.90 ± 0.52

U The mean concentration of 5HL\.\, 5-hydroxyindolylacetic acid, and HV,-\, homo-
vanillic acid, are expressed in ng/ml. Data are from Guldberg et al. (27).

than cisternal or lumbar cerebrospinal
fluid is sampled. As shown in Table 1,
reproduced from data of Guldberg et
al. (27), a very large concentration
gradient exists from the lateral ventricle
to the cisterna magna, especially for
homovanillic acid. Since the gradient
diminishes after probenecid treatment,
it is thought to reflect active uptake of
the amine metabolites along the walls
of the third ventricle, cerebral aque-
duct and fourth ventricle. Indeed,
introduction of 5-hydroxyindoleacetic
acid into the cisterna magna of cats was
reported not to cause any demonstrable
increase in its lumbar cerebrospinal fluid
concentration (6). The concentration of
homovanillic acid in lateral ventricular
cerebrospinal fluid is only indirectly
related to the rate of dopamine turnover
in surrounding structures, but, as shown
in Fig. 2, Portig and Vogt (48) were
able to demonstrate a marked increase
in the concentration of homovanillic
acid in a ventricular perfusate shortly
after electrical stimulation of the sub-
stantia nigra. It appears, therefore,
that functional synaptic release and
metabolism are reflected in cerebro-
spinal fluid homovanillic acid concen-
trations.

Our operative procedure involves
placement of a blunt-tipped cannula in
the lateral ventricle, just anterior to the
foramen of Monro, using pneumo-
encephalographic and stereotaxic con-
trol (see Fig. 3). If time must elapse
before the sampling is begun, the
cannula is withdrawn and only a guide
tube is left in place; the device is
covered with a tight-fitting cap to help
prevent infection. In order to begin
sampling cerebrospinal fluid, the can-
nula is inserted through the guide tube
into the lateral ventricle, and a small
amount of fluid is withdrawn by sue-
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tion into a small diameter tube. The
tubing is inverted below the level of the
lateral ventricle, and fluid begins to
flow. In order to avoid draining the
ventricular system completely, a valve
device is used that permits one drop of
cerebrospinal fluid to flow every four
minutes into a fraction collector. Fluid
is sampled continuously for 30-60 days.

In Fig. 4 are combined the results
of administering five drugs, and a
saline control, to a single monkey over
a 30-day period. The overall time
period of the measurements is 36 hours,
to permit determination of the magni-
tude and duration of the rise. All drugs
were injected intramuscularly, in pro-
caine solution to prevent pain, at a dose
of 10 mg/kg. A marked elevation re-
sulted from chlorpromazine treatment,
as "vas previously observed in anes-
thetized dogs (26); saline, prometha-
zine and methdilazine had no effect.
The effect of trimeprazine was small.
The negative findings with these three
nonantipsychotics support the hypothe-
sis. The rise following thioridazine is
rather small, considering that its anti-
psychotic potency is generally regarded
as equivalent to chlorpromazine; the
possibility cannot be excluded, on the
basis of this first comparative experi-
ment, that the dopamine turnover effect
is more closely related to motor system
side effects than to antipsychotic ac-
tions. Extension of the comparison to
other nonantipsychotic phenothiazines,
and further investigation of the relative
magnitude of the thioridazine effect are
in progress.

We have emphasized studies of dopa-
mine in preference to noradrenaline be-
cause in previous experiments, increases
in noradrenaline turnover seemed to be
nonspecific phenothiazine effects, shared
equally by promethazine and anti-

psychotic phenothiazines (42). Al-
though the phenothiazines and butyro-
phenones have actions on both nor-
adrenaline and dopamine turnover, it
appears that a new neuroleptic,
pimozide (a diphenylbutylpiperidine),
augments dopamine turnover without
affecting the metabolism of noradrena-
line (43). Pimozide is said to be an
effective antipsychotic drug (32), but it
is believed to be without sedative prop-
erties and to be useful primarily in pa-
tients whose overactivity and agitation
have been controlled by other means
(56). Its lack of sedative action is con-
sistent with the view that arousal and
activity level are influenced primarily by
the noradrenaline system. I t seems un-
likely to be a coincidence that three
distinct classes of neuroleptic com-
pounds-phenothiazines, butyrophe-
nones and diphenylbutylpiperidines-
all affect the synthesis and destruction of
dopamine. Another set of observations
connecting dopamine and psychosis is
the repeated finding of psychosis arising
as an unwanted consequence of L-dopa
treatment. Yaryura-Tobias et al. (61)
reported that dopa exacerbates psy-
choses when it is used to treat extrapy-
ramidal symptoms in schizophrenics; 4
out of 5 schizophrenics are said to have
developed hallucinations. Jenkins and
Groh (33) reported that 7 out of 90
patients with Parkinson's disease de-
veloped psychotic symptoms after dopa,

Figure 2. Release of homovanillic acid
CRVA) after stimulation of the substantia
nigra (SN). (From Fortig and Vogt (48).)
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Figure 3. Pneumoencephalographicimplantation of ventricular cannula.

and Celesia and Barr (9) found the inci-
dence to be 8 out of 45. Bunney et al. (7)
observed increased psychotic behavior
in 4 out of 10 depressives receiving
L-dopa.

Itis thought that the primary action of
the neuroleptics is blockade of dopamine
transmission, and that the increased
turnover is a compensatory mechanism
in which the presynaptic dopamine
neuron is released from negative feed-
back inhibition. Direct evidence for
blockade of dopamine synapses by
neuroleptics is scarce, but the results so
far obtained are consistent with this
interpretation. Feltz (I9) observed that
excitatory responses in the caudate
nucleus to stimulation of the substantia
nigra were blocked hy [or-al appl ina-
tion of haloperidol. The blocked cells
did not, however, respond to dopamine,
and the possibility of a local anesthetic
action could not be ruled out. Similarly,
iontophoretic chlorpromazine has been
observed to suppress caudate responses
to nigral stimulation, but local anes-
thetic activity of the drug could not be
excluded (Connor, personal communi-
cation). In the putamen, however,
iontophoretic chlorpromazine does
appear to antagonize dopamine actions,
even after its local anesthetic effect has
worn off (62). Neurons in the nucleus
solitarius (which contains dopamine

nerve terminals) are accelerated by
apomorphine, a dopamine receptor
stimulant; chlorpromazine blocks the
stimulation by apomorphine, and in this
case a local anesthetic effect is un-

likely, because chlorpromazine alone
had no effect (58).

Suppose we now assume that the
hypothesis of specific blockade of
dopamine transmission by neuroleptic
drugs is true, even though all doubts
have not been laid to rest; does the
theory give us any clues to the neuro-
pathological basis of schizophrenia? The
most well-known dopamine pathway is
the nigrostriatal tract, which is not likely
to be related to psychosis. The retinal
dopamine cells are not likely candi-
dates either, nor is the hypothalamic
tubero-infundibular dopamine system.
There are also dopamine terminals in
what is called the "mesolimbic" dopa-
mine system: the nucleus accumbens
septi, the centralis nucleus of the
cortico-medial amygdaloid group, the
anterior perforated substance (or tuber-
culum olfactorium), the nucleus of the
diagonal band of Broca, and the inter-
stitial nucleus of the stria terminalis.
The cell bodies of this system lie in
the region surrounding the interpedunc-
ular nucleus (22, 23, 60). In a general
way, the importance of these regions of
the limbic system for emotional be-
havior is obvious, but information is
scarce about the specific functions of
the limbic dopamine nuclei.

Comparison of phenothiazine effectson lateral ventricular homovanillic acid.
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Nucleus accumbens septi, although em-
bryologically an extension of the cau-
date, seems to be functionally related
to the septum. Lesions cause increased
irritability, as evidenced by hyper-
activity and a lower threshold for jump-
ing in response to shock. Possibly
because they are more irritable, the
lesioned animals acquire conditioned
avoidance responses more rapidly (35).
The nucleus accumbens septi is also an
important self-stimulation site. Despite
its reinforcing properties, accumbens
stimulation does not produce the gen-
eralized arousal found with stimulation
of the medial forebrain bundle (51).
Electrodes implanted in regions of the
mesencephalon that contain cell bodies
of dopamine neurons, such as the sub-
stan tia nigra and the area surrounding
the interpeduncular nucleus, give high
rates of self-stimulation (16, 45).

Nucleus centralis of the amygdala has
rarely been studied separately from the
rest of the amygdaloid complex. One
e1ectrophysiological study suggests mul-
tisensory convergence on centralis units,
perhaps with a special sensitivity to
sexual stimulation and to novelty (15).
It may also playa role in the suppres-
sant effects of punishment on operant
behavior. Stereotaxic implantation of
norepinephrine abolishes the suppres-
sant effect of punishment (dopamine,
however, was without effect) (36,37).

Anterior perforated substance lesions
cause rage reactions, hyperactivity, and
excitation (54). Apomorphine-induced
stereotyped gnawing behavior (which
can be blocked by haloperidol (18»
can be prevented by lesions in the
anterior perforated substance but not
by lesions in the striatum or nucleus
accumbens (38).

Nucleus of the diagonal band, dorsal
part, is of interest because it controls the
"theta rhythm" of the hippocampus (a
4-7 cycle per second rhythm that
appears following sensory stimulation,
and seems to be associated with arousal)
(47). Chlorpromazine prevents the
appearance of the theta rhythm (55).
Its relevance to the dopamine system is
somewhat obscure, because the dopa-
mine nerve terminals appear to be con-
centrated in the ventromedial part of
the nucleus rather than the dorsal part
(23). Stimulation of the hippocampus
in man produces changes in imagery
and thought processes not unlike schizo-
phrenia; the change has been described
as "an altered mental state in which
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thought regresses from secondary to
primary process, from word representa-
tions to imagery, and from dim thought
images to hallucinations" (30).

It is not possible at present to specify
whether the action of the dopamine
system on these limbic structures is
excitatory or inhibitory. Iontophoretic
dopamine is generally inhibitory in the
caudate, but excitatory responses have
been observed both to nigral stimulation
and to local dopamine application (12,
13, 19, 31, 39). Apomorphine, which
stimulates dopamine receptors, has an
excitatory action on nucleus solitarius
neurons (58). It seems likely that the
dopamine system modulates activity in
the limbic structures that it innervates,
rather than directly transmitting in-
formation. According to histofluores-
cence data, the nigro-neostriatal system
in the rat contains only about 3,500
neurons on each side (23); the meso-
limbic system presumably has even
fewer, and this number seems too small
to convey information, although it
could have a major influence on the
excitability of limbic system nuclei.

From the blocking action of neuro-
leptics on dopamine synapses, it is a
relatively small step to postulate over-
activity of dopaminergic transmission
in schizophrenia, whether generalized
or confined to one nuclear group. This
simple hypothesis is by no means the
only possible interpretation. It is not
even the most plausible, since cere-
brospinal fluid homovanillic acid con-
centrations in schizophrenia appear to
be essentially normal. Persson and
Roos (46) observed no significant ab-
normality in CSF homovanillic acid
in chronic schizophrenics (although
homovanillic acid did increase after
phenothiazine treatment, as the hypoth-
esis of dopamine blockade by neuro-
leptics predicts); Rimon et al. (50)
also found no difference between acute
untreated schizophrenics and age-
matched acute psychiatric patients with
other diagnoses.

It may be that a system inhibited by,
or inhibiting, dopamine neurons is
deficient in schizophrenia, and the
dopamine blocking action of anti-
psychotic drugs restores a balance. For
example, Purkinje cells, which are in-
hibitory -y-aminobu tyric acid (GABA)
neurons, are themselves inhibited by
noradrenaline neurons from the locus
ceruleus (29). More relevant to the
dopamine system, neurons in the sub-

stantia nigra are inhibited by an input
arising in the caudate (25, 57, 63, 64);
this inhibition is thought to be trans-
mitted by GABA since it is blocked by
picrotoxin (49). A deficiency in GABA
transmission might cause nigral cells to
fire excessively, an imbalance alleviated
postsynaptically by dopamine blockade.

The possibility that inadequate sero-
tonin transmission is the relevant de-
ficiency is suggested by observations on
psychotomimetic drugs. Even if the
neuroleptics are a better clue to dis-
turbed functioning in schizophrenia, as
I have suggested, it would certainly be
desirable to have a theory in which the
actions of both types of drugs could be
synthesized. As in the case of the pheno-
thiazines, the hallucinogens are potent
compounds that may be expected to
have many effects unrelated to their
psychotomimetic actions. Comparison
of effective and ineffective members of a
series is, as in the phenothiazine case, a
useful way of distinguishing relevant
from irrelevant effects. The serotonin
blocking actions of lysergic acid diethyl-
amide (LSD) on smooth muscle have
led many observers to a fascination with
the possible role of central serotonin
blockade in its psychotomimetic actions,
but bromolysergic acid diethylamide
(BOL) is an even more potent periph-
eral antagonist than LSD, although it
-does not have hallucinogenic activity.
It has been shown that iontophoretic or
intravenous administration of LSD
suppressed excitatory actions of sero-
tonin on brainstem neurons, whereas
the effect of BOL was very weak (53;
but see 4a for cautions in interpreta-
tion); LSD also reduces the firing rate of
raphe neurons, BOL having no effect
( la).

Transmission deficiency in a system
whose relations with the dopamine
system are inhibitory would fall within
the category of "system degenera-
tions" of the nervous system, such as
motor system disease (in which lower
motor neurons degenerate (1» or
parenchymatous cerebellar degenera-
tion (in which Purkinje cells are specifi-
cally affected (41»). Degenerative dis-
eases of neurons utilizing a particular
transmitter are known: Parkinson's
disease, in which dopaminergic nigro-
neostriatal neurons degenerate (as re-
viewed by Dr. Homykiewicz at this
symposium), and Huntington's chorea,
in which it is likely that there is selective
degeneration of GABA neurons in the
putamen, globus pallidus and sub-
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