netic variability. The regular occurrence
of mating between nonrelatives at flow-
ers ensures that new genetic combina-
tions are continually generated. It seems
that for E. foraminatus the costs of re-
duced genetic variability, resulting from
partial inbreeding, are outweighed by the
benefits of large numbers of daughters
with high genetic relatedness to the par-
ents.

Davip P. CowaN*
Museum of Zoology, University of
Michigan, Ann Arbor 48109
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Antipsychotic ﬁrug Action in Schizophrenic Patients: Effect

on Cortical Dopamine Metabolism After Long-Term Treatment

Abstract. In the brains of deceased schizophrenics who underwent long-term treat-
ment with antipsychotic drugs, the concentration of homovaunillic acid (a dopamine
metabolite) was significantly increased in the orbital frontal, cingulate, and temporal
tip areas of the cortex, but not in the putamen or the nucleus accumbens. The con-
centration of homovanillic acid was normal in the brains of schizophrenics who were

not treated with antipsychotic drugs.

The dopamine hypothesis of schizo-
phrenia (/) proposes that an abnormal in-
crease in the activity of central dopamine
neurons or in the sensitivity of dopamine
receptors is an etiologic factor in schizo-
phrenia. Although antipsychotic drugs
exert their therapeutic actions by com-
petitively inhibiting the binding of dopa-
mine to its receptors in the central ner-
vous system (CNS) (2), there is in-
sufficient evidence to suggest excessive
neuronal activity in the dopaminergic
pathways in the CNS of schizophrenics
3). However, the administration of
drugs that increase the synaptic avail-
ability of dopamine exacerbates schizo-
phrenic symptoms in patients or precipi-
tates a state in normal subjects that is
similar to paranoid schizophrenia ).
Moreover, initial treatment of schizo-
phrenics with a-methyltyrosine, a drug
that lowers catecholamine concentration
in the brain, reduces the dose of antipsy-
chotic drug required to produce notice-
able improvement (5).

Antipsychotic drug treatment in-
creases the concentration of homo-
vanillic acid (HVA), a dopamine metabo-
lite, in the cerebrospinal fluid (CSF) of
schizophrenic patients. This suggests a
dopamine receptor blockade in the CNS
of schizophrenics (6, 7). The increase in
HVA, however, subsides after long-term
treatment with antipsychotic drugs, al-
though their therapeutic effects persist
(8). Because HVA in CSF originates pri-
marily from periventricular regions (9),
its increased concentration in CSF does
not necessarily reflect alterations of
dopamine metabolism in other brain re-
gions. Indeed, certain studies on rodents
(/0) suggest that tolerance to the effects
of antipsychotic drugs on HVA concen-
tration develops in periventricular brain
structures such as the caudate nucleus
and in deeper, limbic regions, but not in
cortical areas. We have recently con-
firmed these findings in a primate species
(/1). The cingulate, temporal, dorsal
frontal, and orbital frontal areas of the
cortex maintained their responsiveness
to the effects of haloperidol on HVA
concentration, whereas tolerance to this
effect developed in the putamen after 20
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daily haloperidol injections (0.5 mg/kg,
intramuscularly). The demonstration of
an analogous regional specificity in the
long-term effects of antipsychotic drugs
in the human brain would provide the
dopamine hypothesis of schizophrenia
with a neuroanatomical basis essential to
the further elaboration of the hypothesis.
Not all dopaminergic pathways in the
brain that have been described (I2) can
be implicated in the antischizophrenic
action of antipsychotic drugs. Specifical-
ly, the development of tolerance to the
ability of antipsychotic drugs to acceler-
ate dopamine metabolism in brain re-
gions innervated by the nigrostriatal and
mesolimbic pathways excludes those
pathways from the possible sites of ther-
apeutic action and, therefore, from the
possible loci of a primary lesion in schiz-
ophrenia.

We measured the concentration of the
dopamine metabolites HVA and 3,4-di-
hydroxyphenylacetic acid (DOPAC) in
cortical and subcortical brain regions ob-
tained at autopsy from schizophrenic
and normal subjects matched by sex,
age, and autopsy interval. Brain regions
were kept at —70°C until assay. Samples
weighing between 150 and 250 mg were
removed and homogenized in 4 ml of
0.IN formic acid containing 100 ug/ml
Na metabisulfite and 100 ng/ml of two
deuterated internal standards (HVA-d,
and DOPAC-d; from Merck Sharp &
Dohme, Canada). The supernatant ob-
tained by centrifugation at 10,000g was
saturated with NaCl and the acidic me-
tabolites were extracted into 5 ml of eth-
yl acetate, which was then evaporated
under a stream of dry N,. The metabo-
lites were derived and then quantitated
by mass spectrometry (/3). In the brain
regions we examined, DOPAC consti-
tuted, a small fraction of total dopamine
metabolites and did not change with drug -
treatments; therefore, the results are dis-
cussed in terms of HVA. Brains from the
schizophrenic group were divided into
two subgroups: those from patients who
had received long-term treatment with
antipsychotic drugs and those who had
not.

The concentration of HVA was signifi-
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Table 1. Homovanillic acid concentrations (micrograms per gram of tissue) in brain regions from schizophrenics and controls. Long-term treat-
ment with antipsychotic drugs (chlorpromazine, perphenazine, fluphenazine, trifluoperazine, thioridazine, and haloperidol, separately or in
combination) had been given for periods ranging from 6 months to 17 years. For controls, the average age was 61.2 = 1.6 years; for schizophren-
ics, 65.6 = 3.4 years. No significant effects of sex or age were seen on the concentration of HVA in the brain regions examined. Statistical
analysis by modified z-test [which considers the difference in variance between groups (/7)] was performed for those regions in which the variance
was inhomogeneous between groups. The difference in variance between groups was estimated by an F-test in which the F value was the quotient
of the larger of the two unequal variances divided by the smaller. A significant ' value indicated the existence of different variances—as was the
case for the three cortical regions. In all cases, this variability was due to a large variance among the drug-treated groups, which is understandable
considering the widely varied durations of treatment. For the putamen and the nucleus accumbens (which produced F’s at a P > .05), statistical
analysis was carried out by conventional group ¢-test. S.E.M., standard error of the mean; N, number of cases in each group.

Control group Schizophrenics
Brain region é\ntipsy’chotic No antipsychotic
Mean + S.E.M. N rug treatment drug treatment

Mean + S.E.M. N Mean + S.E.M. N
Temporal cortex (area 38) 0.18 = 0.01 22 0.29 + 0.03* 18 0.23 = 0.06 3
Cingulate cortex 0.33 + 0.04 20 0.66 = 0.11F 18 0.23 = 0.05 3
Orbital frontal cortex (area 12) 0.15 = 0.02 20 0.23 + 0.03% 19 0.20 = 0.03 3
Putamen 8.93 + 0.43 28 10.48 = 0.738 25 6.66 = 0.55 3
Nucleus accumbens 8.36 = 1.07 7 11.02 = 1.04§ 5

*P = .001. TP = .01 P = .02. §P = .10.

cantly increased in the cingulate gyrus
(area 24), the perifalciform region of the
temporal lobe (area 38), and the. orbital
frontal cortex (area 12) of schizdbhrenics
who had received long-term treatment
with antipsychotic drugs (Table 1). In the
putamen and the nucleus accumbens, no
significant difference in HVA content
was observed between treated schizo-
phrenics and controls. The HV A content
in schizophrenics who had not been
treated with antipsychotic drugs was
within the control range. The number of
specimens in this group was small, so we
do not consider this negative evidence to
be conclusive. The data from the treated
schizophrenics suggest a remarkable
similarity between the response of the
human brain to the long-term administra-
tion of antipsychotic drugs and the re-
sponse of other primates or lower ani-
mals to such drugs.

The increased HVA concentration in
the cortical regions of schizophrenics
who had been treated with antipsychotic
drugs suggests that an effective blockade
of dopamine receptors had occurred and
been maintained in those regions. The
HVA concentration had not increased
significantly in the projection areas of the
nigrostriatal and mesolimbic dopamine
pathways, the putamen, and the nucleus
accumbens, suggesting that tolerance to
the effects of antipsychotic drugs had de-
veloped in those neuronal systems. Be-
cause the therapeutic actions of antipsy-
chotic drugs are not diminished by toler-
ance, the sustained biochemical altera-
tions in dopamine metabolism in cortical
regions are probably involved in anti-
psychotic drug action.

These findings add anatomical speci-
ficity to the dopamine hypothesis of
schizophrenia, insofar as they implicate
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specific cortical regions in the therapeu-
tic actions of antipsychotic drugs and
thus suggest possible loci for the patho-
physiology of schizophrenia. For ex-
ample, the cingulate gyrus is part of a
neuroanatomical system that regulates
emotion (/4), and the orbital and peri-
falciform cortical regions are associative
areas involved in higher mental function.
Since schizophrenia is characterized by
cognitive and affective disturbances, ab-
normalities in the function of those brain
regions may lead to schizophrenic symp-
toms. Unfortunately, the exact nature of
the abnormality that leads to.schizo-
phrenic disease is not known. Our find-
ings that HVA concentrations in brains
of schizophrenics who had not received
antipsychotic drugs did not differ sig-
nificantly from concentrations in the
controls supports the view that the en-
dogenous deficit of dopamine in schizo-
phrenia probably does not involve mech-
anisms regulating the presynaptic re-
lease of dopamine, but rather the sen-
sitivity of postsynaptic dopamine recep-
tors. ‘

Increased binding of dopamine re-
ceptor ligands has been found in the
caudate nucleus of schizophrenics who
did not receive antipsychotic drug treat-
ment (I5); it would be interesting to in-
vestigate the applicability of that finding
to cortical areas. Antipsychotic drugs
would reverse the functional deficit re-
sulting from excessive activity at do-
paminergic synapses, regardless of the
presynaptic or postsynaptic origin of
the disturbance. However, it is just as
plausible that the biochemical - abnor-
mality in schizophrenia occurs in non-
dopaminergic neurons, and that the inhi-
bition of the latter by antipsychotic drugs
merely restores a dynamic equilibrium

that was biased in favor of dopaminergic
influences by the disease process.
These experiments provide the first di-
rect experimental evidence that antipsy-
chotic drugs accelerate the metabolism
of dopamine in the human brain in a re-
gionally specific manner. Because their
therapeutic action is not reduced by their
long-term use (/6), sustained increases in
HVA concentration in the cingulate, or-
bital frontal, and perifalciform regions of
the cortex implicate those brain regions
as possible sites of antipsychotic drug
action. Moreover, the apparent lack of
long-term alterations in the metabolism
of dopamine in the putamen may explain
why tolerance eventually develops to the
extrapyramidal side effects initially in-
duced by treatment with antipsychotic
drugs.
N. C. BacorouLOS
Departments of Pharmacology and
Psychiatry, Yale University
School of Medicine,
New Haven, Connecticut 06510
E. G. SPOKES
Department of Neurological Surgery
and Neurology, Addenbrookes Hospital,
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E. D. BirD
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R. H. RoTtH
Departments of Pharmacology and
Psychiatry, Yale University
School of Medicine

References and Notes

1. S. M. Matthysse and S. S. Kety, Eds. Cate-
cholamines and Schizophrenia (Pergamon, Ox-
ford, 1975); S. H. Snyder, Am. J. Psychiatry
133,8197 (1976); A. Carlsson, ibid. 135, 164,
(197

).

2. S. H. Snyder, S. P. Banerjee, H. I. Yamamura,
D. Greenberg, Science 184, 1243 (1974); P.
Seeman and T. Lee, ibid. 188, 1217 (1975); L. L.
Iversen, ibid. 188, 1084 (1975); 1. Creese, D. R.

SCIENCE, VOL. 205



Burt, S. H. Snyder, ibid. 192, 481 (1976). For a
review see P. A. Berger, ibid. 200, 974 (1978).

3. T. Persson and B. E. Roos, Br. J. Psychiatry
115, 95 (1969); R. Rimon, B. E. Roos, V. Rak-
kolainen, Y. Alanen, J. Psychosom. Res. 18,
375 (1971).

4. P. H. Connell, Amphetamine Psychosis (Chap-
man & Hall, London, 1958); S. H. Snyder, Am.
J. Psychiatry 130, 61 (1973); B. Angrist, G. Sath-
ananthan, S. Gershon, Psychopharmacologia
31, 1 (1973); B. Angrist et al., J. Psychiatr.
Res. 11, 13 (1974). -

5. A. Carlsson, B. E. Roos, J. Walinder, A. Skott,
J. Neural Transm. 34, 125 (1973).

6. R. M. Post and F. K. Goodwin, Science 190, 488
(1975).

7. B. Wode-Helgodt et al., Acta Psychiatr. Scand.
36, 129 (1977); H. M. van Praag, Brit. J. Psy-
chiatry 130, 463 (1977).

8. J. Gerlack, K. Thorsen, R. Fog, Psycho-
pharmacologia 40, 341 (1975).

9. T. L. Sourkes, J. Neural Transm. 34, 153 (1973);
E. Gordon, M. Perlow, J. Oliver, M. Ebert, 1.
Kopin, J. Neurochem. 23, 347 (1975).

10. M. B. Bowers and A. Rozitis, Adv. Biochem.
Psychopharmacol. 16, 639 (1977); P. Lerner, P
Nosé, E. K. Gordon, W. Lovenberg, Science
197, 181 (1977); P. Laduron, K. DeBie, J. Ley-
sen, Naunyn-Schmiedeberg’s Arch. Pharmacol.
296, 183 (1977); J. Glowinski and L. Julou, Brain
Res. 109,184 (1976).

11. N. G. Bacopoulos, G. Bustos, D. E. Redmond,
J. Baulu, R. H. Roth, ibid. 157, 396 (1978).

12. B. Berger, A. M. Thlerr J. P. Tassin, M. A.
Moyne, ibid. 106, 133 (1976) O. Lindvall, A.
Bjorklund, 1. Divac, ibid. 142, 1 (1978); R. Y.
Moore and F. E. Bloom,Ann. Rev. Neurosci. 1,
129 (1978).

13. F. A. Wiesel, C. G. Fri, G. Sedvall, J. Neural
Transm. 35, 319 (1974). Residues of ethyl ace-
tate extracts of brain regions were dissolved in
100 wI of a mixture (1:4) of pentafluoropropanol
and pentafluoropropionic anhydride (PFPA) and
heated for 15 minutes at 75°C. The samples were
evaporated under dry N,, redissolved in 200 ul

of dichloromethane, and evaporated again. Then
100 ul of PFPA was added and the samples
were heated at 75°C for 15 minutes, evaporated,
and dissolved in 100 ul of hexane. Quantitation
was done by selective ion monitoring on a Finni-
gan 3200 mass spectrometer gas chromatograph
in the electron impact mode and equipped with
programmable multiple ion monitoring units.
The gas-chromatograph oven was equipped with
a 92-cm glass column packed with 5 percent SE-
52 on Gas Chrom. Q. Retention times for DO-
PAC and HVA were 2.5 and 3.25 minutes, re-
spectively, with the column operated at 150°C.
The following ion pairs were monitored: mass to
charge ratios 387 and 392 (DOPAC) and 406 and
462 (HV A) originating from endogenous metab-
olite or its deuterated internal standard, respec-
tively. Peak ratios were measured and endoge-
nous metabolite concentrations: were computed
from a standard curve obtained by adding
known amounts (10 to 500 ng) of authentic me-
tabolites to a constant amount (400 ng) of their
deuterated internal standards.

14. J. ggV Papez, Arch. Neurol. Psychiatry 38, 725
(1937).

15. T.J. Crow, E. C. Johnstone, A. J. Longden, F.
Owen, Life Sci. 23, 563 (1978).

16. A. K. Shapiro, in Biological Foundations of
Psychiatry, R. O. Grenell and S. Gabay, Eds.
(Raven, New York, 1976), pp. 793-835.

17. R. G. D. Steel and J. H. Torrie, Principles and
Procedures of Statistics (McGraw-Hill, New
York, 1960), p. 81. This procedure yielded ¢ val-
ues smaller than those computed with the con-
ventional group 7-test, and takes into account
the inhomogeneity of - variance of the two
groups.

18. Supported in part by the State of Connecticut
and grants MH-14092, MH-25642, and MH-
30929 from the U.S. Public Health Service. We
thank M. Rossor of Addenbrookes Hospital,
Cambridge, England, for his help in obtaining
some of the brain specimens used in this study.

4 December 1978; revised 4 May 1979

Pseudohermaphroditism in Ilyanassa obsoleta

(Mollusca: Neogastropoda)

Abstract. Field studies, a rearing and maintenance program, and a transfer exper-
iment have shown that anomalous male traits found in some female Ilyanassa obso-
leta are an expression of environmentally controlled pseudohermaphroditism. The
particular pattern of pseudohermaphroditism discovered in this species has not been
reported previously from any other group, but may be characteristic of the Neo-

gastropoda.

Females with a penis have been found
in a number of apparently dioecious neo-
gastropod species in which most individ-
uals are clearly male or female (/-12).
The female’s penis is located on the head
behind the right cephalic tentacle, just as
the male’s is; it is sometimes ‘‘vestig-
ial,”” but in other cases resembles the
male’s organ in both size and shape (/-
9). In some females a ‘‘sperm duct’
leads up to the penis, and the oviduct is
convoluted, resembling the male’s vas
deferens (I-4). Although they possess
male sexual traits, these penis-bearing
females are not simultaneous hermaph-
rodites. Dissections, gonadal smears,
and histology have shown that they have
a complete female system and produce
ova, but their male system is incomplete,
the testis being absent (/-6).

Several hypotheses have been pro-
posed to explain this phenomenon. The
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most notable is that the snails are pro-
tandric hermaphrodites that first func-
tion as males, then change into females,
losing the testis but keeping male sec-
ondary traits (¢, 12, 13). But sex ratio
and size frequency analyses done on
populations of two species having some
females with male structures have failed
to provide any evidence of sex change
6, 11), and the hypothesis has not been
tested experimentally.

The study of anomalous sex traits in
neogastropods has been hampered by
the similar coloration of the male and fe-
male systems in most species, which
makes the distinction between males and
penis-bearing females difficult 6, 13, 14).
The mudsnail Ilyanassa obsoleta, a neo-
gastropod in which some females have a
penis (3), differs in this regard; males
have a bright red-orange testis, whereas
the females have a white ovary and a
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white egg capsule gland with red lips. It
is thus simple to tell whether a dissected
I. obsoleta with a penis is actually a
male, or a female with male traits. This
made I. obsoleta well suited for a study
of anomalous sex traits.

I examined over 10,000 I. obsoleta
from more than 70 populations during a
10-year period. Each snail was cracked
and removed from its shell; its sex and
any anomalous sexual traits were record-
ed. To assure the accuracy of sexual
identifications, I examined the entire re-
productive system, not just a single diag-
nostic feature.

Female I. obsoleta with male traits
were found to be common; however, the
percentage of females having a penial or-
gan varied greatly between sites. Al-
though a complete range of population
types was found, at many sites no fe-
males with a penial structure were ever
collected; in many other locations nearly
all the females examined had a penis of
some kind (Table 1). The two extreme
population types showed no geographi-
cal pattern. They did not appear related
to sex ratio, and males were not scarce at
the sites where most females had a penis
(I5). Repeated samples revealed that
male traits were present year round at
the sites where females had them. The
female’s penis was lost at the end of the
reproductive season, just as the male’s
was, but in both sexes a penial bump re-
mained from which a new penis later de-
veloped.

Most populations, including some fol-
lowed for 10 years, stayed the same year
after year. At those sites where females
originally lacked male traits (for ex-
ample, Newport River Causeway, North
Carolina), they continued to lack them
during the survey period. Where females
originally had a penis (for example,
Bogue Sound, North Carolina), females
had penial organs throughout the study.
This was true even where populations of
the two extreme types were located
within the same sound or estuary and on-
ly a few kilometers apart. This con-
sistency cannot be explained either by
genetic isolation or by low recruitment
rates, since the larvae of I. obsoleta have
a long planktonic existence (/6), and im-
mature forms comprise a large portion of
the populations each year.

Males with a female character, the
eggcase-molding foot gland, were also
found; this anomaly has not been report-
ed before from any neogastropod. Such
males were very rare, and their occur-
rence did not appear related to the pres-
ence of penes in females.

Immature I. obsoleta form distinct
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