
in stress effects on B cell functions must 
be further investigated. Our findings of 
adrenal dependent, stress-induced lym- 
phopenia as well as  adrenal independent 
effects on lymphocyte stimulation indi- 
cate that stress-induced modulation of 
immunity is a complex phenomenon in- 
volving several, if not multiple, mecha- 
nisms. 
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Coupling of Dopamine Dl Recognition Sites with Adenylate 

Cyclase in Nuclei Accumbens and Caudatus of Schizophrenics 

Abstract. Sodiumjuoride,  guanylimidodiphosphate, and the Dl dopamine recep- 
tor agonist SKF 38393 elicited a greater activation of adenylate cyclase in homoge- 
nates of caudate nucleus in schizophrenic than in nonschizophrenic subjects used as 
controls. Similarly, a greater activation of adenylate cyclase by sodiumjuoride was 
observed in the nucleus accumbens of schizophrenics. These jindings suggest that 
the coupling of dopamine Dl recognition sites with adenylate cyclase is more 
eficient in the brain of the schizophrenic, presumably because of an increased 
afinity of the GIF protein for guanosine 5'-triphosphate. 

A hypothesis that has been popular for 
almost two decades holds that an in- 
creased activity of brain dopamine re- 
ceptors is a neurochemical defect opera- 
tive in the etiology of schizophrenia (1- 

3). The validity of this hypothesis rests 
on the finding that the administration of 
certain dopamine receptor agonists such 
as  amphetamines (4, 5 )  or methylpheni- 
date (6) can elicit or exacerbate psychot- 
ic symptoms, while dopamine receptor 
antagonists not only relieve the symp- 
toms of schizophrenia but their potency 
is proportional to their dopamine recep- 
tor blocking activity (7). However, there 
is little direct support for the dopamine 
hypothesis in the etiology of schizophre- 
nia. In fact, experiments directed to  
demonstrate a change in the regulation of 
brain dopamine function in schizophre- 
nia have been inconclusive. Not only the 
content of dopamine and of its metabo- 
lites were found t o  be similar in various 
brain areas of schizophrenic (S)  and 
nonschizophrenic ( N S )  subjects (8),  but 
the measurement of dopamine turnover 
(9) and the dopamine-sensitive adenylate 
cyclase (10) in dopamine-rich areas of 
the brains of S and NS subjects failed to  
reveal any differences. 

The reports supporting a role of dopa- 
mine in schizophrenia show that the den- 

sity of dopamine recognition sites is in- 
creased in dopamine-rich areas of S 
brains (11-13). Since the number of do- 
pamine recognition sites is also in- 
creased in crude synaptic membranes 
prepared from the brains of rats that 
received daily injections of neuroleptics 
for several weeks (14), it is uncertain 
whether the elevated density of dopa- 
mine recognition sites detected in S 
brains is related to  the long-term treat- 
ment with neuroleptics or to  schizophre- 
nia (15,  1 6 ) .  

In order to ascertain whether there is 
an abnormal dopamine transmission in S 
brains, we have compared the biochemi- 
cal properties and the pharmacological 
profile of the postsynaptic dopamine re- 
ceptor in dopamine-rich areas of S and 
NS brains. It is generally agreed that in 
the corpus striatum, nucleus accumbens, 
and other dopamine-rich areas of the 
brain, the postsynaptic recognition sites 
for dopamine are functionally linked t o  
adenylate cyclase (1  7,  18) .  This link ap- 
pears to be regulated by an intrinsic 
membrane protein, termed GIF protein 
(19). The GIF protein consists of several 
subunits that have binding sites for gua- 
nosine triphosphate ( G T P ) ,  guanosine di- 
phosphate ( G D P ) ,  and N a F  (20). When 
the dopamine recognition sites are occu- 



pied by an agonist that activates the 
adenylate cyclase, the GDP bound to the 
GIF protein is released, while the binding 
of GTP to this protein is facilitated (21, 
22). This process is considered to be a 
rate-limiting step for adenylate cyclase 
activation by neurotransmitters (22). 

In the present report the responsive- 
ness of adenylate cyclase to  dopamine 
receptor stimulation and the coupling 
efficiency of the GIF protein were evalu- 
ated by measuring basal, neurotrans- 
mitter-, NaF-, and guanylimidodiphos- 
phate-stimulated adenylate cyclase ac- 
tivities in several brain regions of S and 
N S  subjects (23). The brains were col- 
lected and dissected (24). 

The psychiatric conditions of the vari- 
ous subjects, from whom brain tissues 
were used, were diagnosed from chart 
reviews using Research Diagnostic Cri- 
teria (25). The subjects were divided into 
two categories: S patients, including 
chronic paranoid schizophrenics and 
chronic undifferentiated schizophrenics, 
and NS subjects (Table 1). The basal 
activity of adenylate cyclase in homoge- 
nates of nucleus accumbens. nucleus 
caudatus, hippocampus, and cerebellar 
cortex was similar in both types of brains 
(Fig. 1, A and B). In homogenates of 
nucleus accumbens and caudatus the 
maximum stimulation of adenylate cy- 
clase elicited by dopamine (10-~hf) was 
also similar. Moreover, the addition of 
serotonin (10-~hf) to  homogenates of 
hippocampus and of isoproterenol 
(10-4hf) to homogenates of cerebellar 
cortex of S brains failed to stimulate 
adenylate cyclase to  a greater extent 
than that observed in similar structures 
of NS brains. Comparison of a group of S 
subjects (A, B, D,  and I in Table 1) 
whose blood plasma content of neurolep- 
tic drugs was below the range of bio- 
chemical detection (< 1 nmole) with a 
group of S subjects (C, E, F ,  G,  and H in 
Table 1) whose blood plasma contained 
measurable amounts of neuroleptics 
showed that the extent of adenylate cy- 
clase stimulation elicited by dopamine in 
homogenates of nucleus accumbens and 
caudatus was similar and did not differ 
from the extent of stimulation seen in 
NS brains. 

These observations suggest that in S 
subjects repeatedly treated with neuro- 
leptics the possible presence of neuro- 
leptics in the brain may not account for 
the lack of responsiveness of adenylate 
cyclase to  stimulation by dopamine. 
Moreover, the extent of adenylate cy- 
clase stimulation elicited by maximally 
effective concentrations of N a F  or guan- 
ylimidodiphosphate was greater in ho- 
mogenates of nucleus caudatus from S 
brains than in homogenates of the same 

area prepared from N S  brains (Fig. 1A). 
In addition, maximum stimulation of 
adenylate cyclase by N a F  was greater in 
homogenates of nucleus accumbens 
from S brains than in those from N S  
brains (Fig. 1B). N o  differences were 
found in the guanylimidodiphosphate 
and N a F  stimulation of adenylate cy- 
clase activities in homogenates of cere- 
bellar cortex or  hippocampus prepared 
from either S or  N S  braids (Fig. 1, A and 
B). It  is of interest that in the nucleus 
accumbens or  caudatus from brains of 
NS subjects treated repeatedly with neu- 
roleptics (F  and K), the extent of adenyl- 
ate cyclase stimulation by N a F  or gua- 
nylimidodiphosphate was comparable to 

that found in similar brain structures 
dissected from N S  subjects who never 
received long-term treatment with neu- 
roleptics. Four separate evaluations 
showed that the median effective dose of 
guanylimidodiphosphate for stimulating 
adenylate cyclase in homogenates of 
nuclei accumbens and caudatus of 
NS brains was 26 i 3 and 56 i 11 p,M, 
respectively (D, F ,  L, and N)  and 
13 i 1.5 and 8 1 1 p,M in homogenates 
of the respective brain structures dis- 
sected from S brains (D, H, I, and M). 

The increased responsiveness of aden- 
ylate cyclase to  N a F  or  guanylimidodi- 
phosphate stimulation in S brains sug- 
gests that the mechanism that brings 

Table 1. Autopsy data on coded S and NS subjects. See Fig. 1. 

Neuro- Hours leptics from 
Code Age Sex death 

detect- 
able in Cause of death 

to au- blood 
toPsY plasma 

NS subjects 
11.5 
21.5 
17.5 
19.5 
24 
18 
12.5 
14 
20.5 

6 
6 

22 

S subjects 
6.5 

14 
15 
20 
7 

19 
19 
15 
3.5 

20 

No 
No 
No 
No 
No 
Yes 
No 
No 
No 
No 
Yes 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 

No 
No 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Car accident 
Car accident 
Suicide 
Car accident 
Car accident 
Car accident 
Homocide 
Car accident 
Suicide 
Homicide 
Homicide 
Homicide 
Cardiac infarction 
Car accident 
Pulmonary embolism 
Fire 
Smoke inhalation 
Cardiac infarction 
Asthmatic attack 
Undetermined 
Pneumonia 
Arteriosclerosis 
Septicemia 
Abdominal hemorrhage 

Suicide 
Suicide 
Suicide 
Suicide 
Hyponatremia 
Car accident 
Breast cancer 
Car accident 
Suicide 
Suicide 
Car accident 
Suicide 
Suicide 
Suicide 
Suicide 
Undetermined 
Cancer 
Cardiac infarction 
Undetermined 
Arteriosclerosis 
Cardiac infarction 
Cardiac infarction 



about dopamine-mediated signal amplifi- 
cation of adenylate cyclase activity is 
more efficient in S than in N S  brains. 
This contrasts with the reports of other 
investigators (10) and with the present 
results, which show a similarity in the 
extent of dopamine stimulation of aden- 
ylate cyclase in dopamine-rich areas in 
S and NS brains. It  is likely that the 
difference in the stimulation of adenylate 
cyclase from S brains by dopamine guan- 
ylimidodiphosphate, and N a F  could be 
due to  differences in the organization of 
the various components of the dopamine 
receptor. When dopamine is used as  a 
stimulant it has to interact with dopa- 
mine recognition sites; when the stimu- 
lant is N a F  or guanylimidodiphosphate 
the transmitter recognition site is by- 
passed and these agents act directly on 

Table 2. Increased responsiveness of striatal 
adenylate cyclase to  Dl receptor stimulation 
in the brains of S subjects. Numbers in paren- 
theses are numbers of subjects. Basal adenyl- 
ate cyclase activity in the nucleus caudatus of 
NS subjects (subjects A through I and subject 
N) and S subjects (subjects B through G ,  I, J ,  
and M through 0) was 68 t 2.7 and 76 t 4.9 
pmole of cyclic AMP per milligram of tissue 
per minute, respectively. S K F  38393 or  dopa- 
mine (5 x 10-6M, 5 x 10-5M, and 1 0 - 4 m  
were used to  stimulate adenylate cyclase in 
homogenates. Maximum cyclase stimulation 
was obtained by 10-4M of either agonist. 

Increase in cyclic AMP at  
maximum stimulation (pmolel 

Group mg tissue-min) 
- 

S K F  38393 Dopamine 

*Significantly different from corresponding value for 
NS subjects (P < 0.05, Student's !-test). 

A Nucleus caudatus 
Basal act iv i ty 1 0 - * ~  NaF ~ o - ~ M  GppNHp 

Cerebellar cortex 

Nucleus accurnbens 

Fig. 1. (A) Basal adenylate 
cyclase activity and stimu- 
lation by N a F  and guanyli- 

the GIF protein. In the brain two func- 
tional types of dopamine recognition 
sites have been described: the Dl type 
mediating a stimulation and the D2 type 
mediating an inhibition of adenylate cy- 
clase activity (26). Both Dl and D2 recog- 
nition sites require a GIF protein for the 
coupling to adenylate cyclase (27, 28), 
and when these recognition sites are 

* midodiphosphate i n  the nu- A 
c .- 

stimulated simultaneously the response 
of adenylate cyclase is equal to  the alge- 
braic summation of the response elicited 

F Q O -  P a, E p F  cleus caudatus and cere- 5 200 - In:+? bellar cortex from NS (A) 

4 .c =Cg!f 1 1 and S (A) subjects. (B) 
? I  I / I I Basal adenylate cyclase ac- 

1 I I fl I tivity and stimulation by 
I I I I I I I I N a F  in the nucleus accum- 
I I I I I I I /  
I I I I I I I 1 bens and hippocampus 

C .- 111:1111 from NS and S subjects. 
'- Each dashed or continuous 

line represents one or more 
Hippocarnpus subjects involved in the 

A 
C .- N 

D study. The subjects are 
7 1 0 0 -  4 F coded by letters above 

P O  f each triangle. Symbols: (*) 
Z z I P < 0.01, comparison of 
4 .c N I  the mean stimulation (per- 

y ? ]  cent) by NaF in the nucle- 
F I 1 1 us caudatus of NS subjects 

:;f 1 1 (65 k 1.4) with that in S 
111111 subjects (80 t- 2.6), and 

comparison of mean stimu- 
lation by NaF in the nucleus accumbens of NS subjects (125 t 5.7) with that in S subjects 
(179 t- 8.2). (**) P < 0.01, comparison of mean stimulation by guanylimidodiphosphate 
(GppNHp) in the nucleus caudatus of NS subjects (55 t 4.5) with that in S subjects (84 t- 3.6). 

u 

bv the simultaneous stimulation of stim- 
ulatory and inhibitory dopamine recep- 
tors (26). Moreover, the increased densi- 
ty of [3H]spiroperidol binding sites in 
nuclei accumbens and caudatus de- 
scribed in S brains is primarily due to the 
increased density of D2 recognition sites 
(9), while the number of Dl recognition 
sites is not altered (29). 

To  ascertain whether there is a differ- 
ence in the properties of D l  and D2 
receptors in the S brain, we measured 
the stimulation of adenylate cyclase elic- 
ited by a specific agonist for Dl receptors 
in homogenates of nucleus caudatus 
from S and NS brains. In nucleus cauda- 
tus of S brains the increment in the 
formation of adenosine 3'3'-monophos- 
phate (cyclic AMP) elicited by S K F  
38393 (2,3,4,5-tetrahydro-7,8-dihydroxy- 
I-phenyl-lH-3-benzazepine), a selective 
Dl receptor agonist (26), was significant- 
ly greater than in NS brains, while in 
homogenates of nucleus caudatus from S 
and N S  brains dopamine elicited a simi- 
lar increase in cyclic AMP formation 
(Table 2). This finding indicates that 
when the activation of adenylate cyclase 
in homogenates of dopamine-rich areas 
of S brains is tested with an agonist that 
acts simultaneously on Dl and on D2 re- 
ceptors, the increased responsiveness of 
the S brain Dl receptor cannot be detected. 

It can be inferred that the inhibitory 
action on adenylate cyclase elicited by 
D2 receptor stimulation masks the great- 
er responsiveness of the enzyme to Dl 
receptor stimulation. Perhaps such a 
masking effect is evident in the S brain. 
Since the number of binding sites for 
radioligands specific for Dl receptors is 
similar in dopamine-rich areas of S and 
NS brains (29), it is possible that the 
dopamine recognition sites that are in- 
creased in S brains (9) are the type that 
opposes the Dl receptor-mediated aden- 
ylate cyclase activation. The finding 
that, in homogenates of hippocampus 
and cerebellar cortex (two areas virtually 
without dopamine receptors), the re- 
sponsiveness of adenylate cyclase to the 
stimulation of GIF protein by NaF or  
guanylimidodiphosphate is similar in S 
and N S  subjects supports the view that 
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in dopamine-rich areas of the S brain the 
activity of GIF protein may be increased 
or its coupling with adenylate cyclase 
facilitated. 

The increase in responsiveness of the 
Dl receptors located in the S brain could 
involve an increase in the number of GIF 
protein molecules operative in adenylate 
cyclase stimulation or an increase in the 
affinity of GIF protein for guanylimidodi- 
phosphate. An increase in affinity is sug- 
gested by the observation that in ho- 
mogenates of nucleus caudatus from S 
subjects the concentration of guanylimi- 
dodiphosphate needed to elicit half-max- 
imum stimulation of adenylate cyclase is 
only 112 to 117 of that required by homog- 
enates from nucleus caudatus of NS sub- 
jects. Such an increased affinity may 
cause a greater efficiency in the function 
of the GIF protein and in turn may facili- 
tate the coupling of dopamine recogni- 
tion sites with adenylate cyclase. In con- 
clusion, the present data suggest that the 
enhanced dopamine function believed to 
be associated with schizophrenia may be 
the expression of an increased efficiency 
in the GIF coupling operative in linking 
Dl recognition sites to adenylate cy- 
clase. 
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Modulation of the Metastatic Capability in B16 
Melanoma by Cell Shape 

Abstract. The lung colonization of B16-Fl cells grown in $at and spherical 
conjigurations was studied. Cells cultivated in vitro as spheroids on a nonadhesive 
substrate expressed in a reversible fashion a marked increase in their propensity to 
establish metastases. The altered metastatic capability was accompanied by a 
reversible reduction in the accessibility of cell surface proteins to external iodination 
and by a dramatic decrease in the synthesis of vimentin. 

Metastasis is an active sequential 
process whereby the cells from the pri- 
mary growth site invade the intravascu- 
lar compartment and may attain once 
again an extravascular position at the 
target organ, where they proliferate to 
become metastases (I). Using metastatic 
cell variants exhibiting low, high, or 
moderate metastatic properties, we 
found in various tumor systems that 
highly metastatic cell variants differ from 
their mildly metastatic counterparts in 
their pattern of adhesion to the solid 
substrate as well as in their ability to 
establish cognitive interactions (2, 3). 
Since the hematogenous spread of tumor 
cells involves marked alterations in cell 
shape and morphology, we addressed 
the possible interrelation between cell 
shape-responsive growth control and the 
metastatic phenotype of tumor cells (3). 
The rationale for this approach stems 
from recent studies suggesting that the 
loss of cell shape-dependent growth con- 
trol is a central feature in cell malignancy 
(4). In this study we attempted to deter- 
mine whether the proliferation of cells 
under conditions of controlled cell shape 
may alter the metastatic phenotype of a 
specific cell line. We utilized the recently 
developed technology of preparing non- 
adhesive substrates by coating the cul- 
ture plates with nontoxic transparent 
films of poly(2-hydroxyethylmethacry- 
late) [poly(HEMA)], which allows the 

control of cell shape (5). Growth under 
these conditions was used as a model 
system to mimic the different growth 
patterns obtained in vivo in the extravas- 
cular and intravascular compartments. 
We found that the growth of B16-F1 
melanoma cells in vitro in a spherical 
configuration induced a marked increase 
in the metastatic capability of the cells in 
vivo and a faster spreading on tissue 
culture dishes, as compared to growth as 
a monolayer in a flat configuration. This 
altered biological behavior of the cells 
was accompanied by alterations in the 
accessibility of the cell surface proteins 
to external iodination and a dramatic 
decrease in vimentin biosynthesis. These 
alterations were reversible on reattach- 
ment and spreading, suggesting a central 
role for cell shape in the modulation of 
the metastatic capability. 

B16-F1 melanoma cells from semicon- 
fluent monolayers were harvested from 
cultures in their exponential growth 
phase with 2 mM EDTA in Ca2+- and 
Mg2+-free phosphate-buffered saline 
(PBS), pH 7.2. The cells were then 
washed and resuspended in PBS. Single- 
cell suspensions were seeded on control 
plates or on plates coated with 0.12 per- 
cent poly(HEMA) at a density of lo5 
cells per 60-mm plate. At various inter- 
vals thereafter the cells were harvested 
by adding EDTA (10 mM) to the growth 
medium for 5 minutes at 37°C. Gentle 
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