in dopamine-rich areas of the S brain the
activity of G/F protein may be increased
or its coupling with adenylate cyclase
facilitated.

The increase in responsiveness of the
D, receptors located in the S brain could
involve an increase in the number of G/F
protein molecules operative in adenylate
cyclase stimulation or an increase in the
affinity of G/F 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 1/2 to 1/7 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 G/F 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 G/F coupling operative in linking
D, 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 BI6-FI cells grown in flat and spherical
configurations 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 (/). 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 Ca®"- and
Mg?*-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 10°
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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pipetting was sufficient to detach the
cells from the monolayer cultures and to
separate the cell aggregates formed when
the cells were grown on the nonadhe-
sive, poly(HEMA)-coated substrate. Af-
ter washing with PBS, the cells were
examined under a phase microscope to
ensure that the cell suspensions were
composed of single cells, and cell num-
ber was determined with a Coulter coun-
ter (model ZBI). The growth curves re-
veal that the doubling time for B16-F1
melanoma cells cultivated on plastic was
16 hours, while cells cultivated on poly-
(HEMA)-coated substrates had a dou-
bling time of 24 hours. This difference in
doubling time reflects the lower rate of
DNA synthesis that we found in spheri-
cal B16-F1 cells (3).

Figure 1A shows the characteristic bi-
polar morphology of B16-F1 cells grown

on tissue culture plastic. A very different
cell morphology was obtained when the
cells were cultured on poly(HEMA)-
coated plates (Fig. 1, B to D). At 24
hours after seeding (Fig. 1B), single cells
could still be observed, but the majority
of the cells formed small aggregates.
After long periods of cultivation on poly-
(HEMA)-coated plates [72 hours (Fig.
1C) and 120 hours (Fig. 1D)], there was
an increase in the formation of three-
dimensional cell aggregates with irregu-
lar configurations. Single-cell suspen-
sions were prepared after 120 hours of
suspension culture and the cells were
replated on control plastic plates. The
disaggregated cells adhered to the sub-
strate (Fig. 1E) and, after 24 hours, ac-
quired a flattened morphology with ex-
tended cytoplasmic processes.

To test whether growth in vitro under

Fig. 1. (A to E) In vitro
growth pattern of B16-
F1 melanoma cells on
plastic (A), on poly-
(HEMA)-coated plastic
for 24 hours (B), 72
hours (C), and 120
hours (D), and on plas-
tic 24 hours after a 120-
hour suspension culture
(E). (A" to E") Gross
appearance of lungs
from mice given intra-
venous injections of 5
x 10* cells harvested
from the corresponding
cell cultures. The lungs
were excised 3 weeks
after inoculation of the
tumor cells for determi-
nation of relative lung
colonization capabili-
ties induced by the vari-
ous culture conditions.

conditions of flat or spherical morpholo-
gy can alter the metastatic properties of
the B16-F1 melanoma cells, single-cell
suspensions were prepared from the cul-
tures represented in Fig. 1, Ato E, and §
x 104 cells in 0.2 ml of PBS were injected
intravenously into C57BL/6 syngeneic
recipients. The mice were necropsied 21
days after the injection. Representative
lungs from each group of ten mice are
shown adjacent to the cultures from
which the cells were harvested (Fig. 1,
A’ to E’). Tumor nodules in the lungs
produced by the injection of B16-F1 cells
harvested from monolayers formed dis-
crete lesions in the lung parenchyma
(Fig. 1A"). Far more lung colonies devel-
oped from injected B16-F1 cells grown in
the spherical configuration for 1 day
(Fig. 1B’), 3 days (Fig. 1C’), or 5 days
(Fig. 1D’) (Table 1), with the colonies
varying in size and usually involving
most of the lung. Replating the cells after
5 days of suspension culture on control
plastic for 24 to 48 hours resulted in
reversion to the regular metastatic phe-
notype displayed by the B16-F1 cells
(Fig. 1E’). These results imply that the
cell shape-related alterations in meta-
static capability is not due to a selection
process, but rather to a reversible modu-
lation. The significant increase in the
number of lung tumors that developed
after injecting cells previously grown in a
spherical configuration was accompa-
nied by an increase in the incidence of
extrapulmonary metastases (Table 1).
Since the interaction of the metastasiz-
ing cells with the environment and other
cells is mediated to a considerable extent
by cell surface components, we next
examined the pattern of iodinatable sur-
face components obtained after growing
the cells in different configurations. Sin-
gle-cell suspensions prepared by EDTA
detachment of cells grown as monolay-
ers on plastic, in a spherical configura-
tion on poly(HEMA)-coated plates for 3
days, or after 20 hours of replating on
control plastic were externally iodinated
with 'I and crude membrane prepara-
tions were analyzed on sodium dodecyl
sulfate—polyacrylamide gels. Autoradi-
ography revealed a marked reduction in
the availability of cell surface proteins
for labeling with '°I in membrane prepa-
rations from cells grown in suspension in
a spherical configuration (Fig. 2B), as
compared to cells grown as a monolayer
in a flat configuration (Fig. 2A). The
acquisition of a flattened morphology
after replating the spherical cells for 20
hours resulted in an increase in the ac-
cessibility of the exposed cell surface
proteins for iodination (Fig. 2C). In addi-
tion, replating EDTA-dispersed cells
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from monolayer cultures or from 3-day
suspension cultures for 2.5 hours on
glass cover slips resulted in adherence of
single cells to the substrates, but the
replated spherical cells displayed a much
faster rate of spreading on the substrate
as compared to freshly detached mono-
layer cells.

These observations, together with the
suggestion of a continuity between the
cell surface components and the cyto-
skeleton (6), raised the question as to
whether there is a difference in the rate
of synthesis of intracellular proteins in-
volved in determining cell shape. Cul-
tures of monolayer cells (Fig. 2G) or of
cells suspended for 1 (Fig. 2D), 3 (Fig.
2E), or § days (Fig. 2F) and replated for
24 hours after 5 days of suspension (Fig.
2H), were incubated for 4 hours with
[>*SImethionine (40 wCi/ml). The pro-
teins were analyzed by two-dimensional
gel electrophoresis. Growth of the cells
in a round configuration gradually but
extensively down-regulated the synthe-
sis of vimentin, a major cytoskeletal pro-
tein, during suspension culture (Fig. 2, D
and F). Replating of cells (Fig. 2H) on
plastic followed by cell spreading in-
duced recovery of vimentin synthesis to
the monolayer rate (Fig. 2G).

There are very few if any in vitro
parameters correlated with the metastat-
ic capability of tumor cells (/). While
studying B16 melanoma variants exhibit-
ing different metastatic potentials, inves-
tigators found a correlation between the
tendency of the cells to undergo homo-
typic aggregation in vitro and their abili-
ty to produce metastases in vivo (/, 2).
Therefore, we analyzed the propensity
of single-cell suspensions grown under
various configurations to aggregate in
vitro. One-milliliter suspensions of single
cells (10°% cells per milliliter) prepared
from monolayers or from cells grown for
3 days in suspension were slowly rotated
at 37°C in medium in the presence or
absence (control) of 10 percent fetal bo-
vine serum. Twenty-one and 47 percent
of cells previously grown in monolayers
formed aggregates of more than eight
cells after 30 and 60 minutes, respective-
ly, while 47 and 62 percent of the cells
cultured on poly(HEMA)-coated plates
were found in aggregates after 30 and 60
minutes of rotation, respectively. (The
two control cell suspensions without se-
rum did not aggregate.) Thus, the ability
of B16 melanoma cells to form homotyp-
ic aggregates appears to be correlated
with the expression of the metastatic
phenotype.

The phenomenon of shifts in tumor
cell phenotype induced by signals from
the environment was recently reviewed
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Table 1. Lung nodule formation and tumor distribution in C57BL/6 mice inoculated intrave-
nously with 5 x 10* B16-F1 cells. Single-cell suspensions were maintained in PBS at 4°C prior

to injection into the tail vein.

Median number

Cell culture condition of lung

Extrapulmonary tumors

nodules (range) ln::ii;r;clze/ Site and number
Control plastic 10 (1 to 25) 0/10
24 hours on poly(HEMA)- 28 (7 to > 200) 4/9 1 omentum, 3 visceral
coated plastic lymph node, 3 thymus
72 hours on poly(HEMA)- > 200 (> 200) 510 1 heart, 5 visceral lymph
coated plastic node, 1 ovary
120 hours on poly(HEMA)- > 200 (45 to > 200) 3/10 1 thymus, 3 visceral
coated plastic lymph node
120 hours on poly(HEMA)- 10 (0 to 29) 0/8

coated plastic, 24 hours
on control plastic

(7). It was postulated that signals from
the environment could regulate the
expression of various genetic programs,
which in turn could activate or repress
various cellular activities that might af-
fect the metastatic properties of the
cells. It is now well established that cell
shape plays a central role in regulating
cell growth (5) and is possibly correlated
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Fig. 2. Single-cell suspensions prepared from
B16 melanoma cells grown in monolayer (A),
after 3 days in suspension culture (B), or after
replating for 24 hours (C) and labeled with
Na'?I using lIodogene (Pierce Chemical). A
soluble fraction was prepared with 0.5 percent
deoxycholate and 1 percent Tween 40, and
equal amounts of trichloroacetate-precipita-
ble radioactive materials were analyzed ona 7
to 17 percent acrylamide gradient sodium
dodecyl sulfate gel. B16 melanoma cells
grown in suspension for 1 day (D), 3 days (E),
or 5 days (F), replated for 24 hours after S
days in suspension (H), or grown as a mono-
layer (G) were labeled for 4 hours with
[**SImethionine (40 wCi/ml) and equal
amounts of trichloroacetate-precipitable pro-
teins were analyzed by two-dimensional gel
electrophoresis (73). Abbreviations: a, actin;
v, vimentin.

with a variety of growth-related phenom-
ena, such as macromolecular metabo-
lism (8), mitogenic stimulation (9), differ-
entiation (/0), and tumorigenicity (/1).
Furthermore, the conversion of murine
sarcoma from solid tumors to ascites
form (cell suspensions in the peritone-
um) was found to be associated with an
increased capacity to metastasize to the
lung (12). The complexity of the meta-
static process is most probably the re-
flection of a delicate balance between
multiple gene products. Therefore, the
growth of cells in a spherical configura-
tion might have altered this balance and
probably endowed some of the formerly
noninvasive B16-F1 cells with cellular
properties that enabled them to establish
metastases. This study suggests that the
growth pattern of cells in vivo might
augment the overall expression of the
metastatic capability of cells. Finally,
investigating the reversible modulation
of the metastatic phenotype by control-
ling cell shape might enable the detection
of initial cellular changes responsible for
the progression from a slightly to a high-
ly metastatic cell variant.

Note added in proof: We recently ob-
tained a similar (over 100-fold) increase
in metastatic capability by growing cells
for 3 days in a spherical configuration in
two different tumor systems: U.V. 2237-
d-15 (fibrosarcoma) and K1735-d-D (mel-
anoma).
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A Major Metabolite of Arginine Vasopressin in the Brain Is a

Highly Potent Neuropeptide

Abstract. A peptide that accumulated as the major product during the proteolysis of
arginine vasopressin by rat brain synaptic membranes was isolated and its structure
was shown to be the hexapeptide pGlu-Asn-(fys(zIys)-Pro-Arg-Gly-NHg. When
administered intracerebroventricularly in extremely low doses, this vasopressin
fragment and its desglycinamide derivative facilitated memory consolidation in a
passive avoidance situation. These vasopressin metabolites, which are devoid of
pressor activity, constitute highly potent neuropeptides with selective effects on
memory and related processes; they are activated via proteolytic processing of

vasopressin by brain peptidases.

The nonapeptide arginine vasopressin
(AVP) regulates peripheral as well as
central functions. The regulatory role of
AVP in the central nervous system is
evident in the influence of AVP on learn-
ing and memory, brain development,
cardiovascular- and thermoregulation,
development of tolerance, physical de-
pendence on opiates and ethanol, and
drug-seeking behavior (1). Studies on
animal behavior and clinical trials point
to a memory-improving influence of
AVP. In experimental animals AVP im-
proves learning, increases resistance to
extinction of active avoidance behavior,
facilitates passive avoidance behavior,
and protects against retrograde amnesia
(2). Several reports describe that in clini-
cal trials AVP or derived peptides im-
prove the performance of patients with
certain memory disorders and increase
cognitive responses of unimpaired sub-
jects (3).

Structure-activity studies using syn-
thetic AVP fragments have shown that
the peripheral and central activities of
AVP can be dissociated and that differ-
ent short sequences derived from the
AVP structure affect different aspects of
memory (4). Based on these findings the
existence of vasopressin fragments with
more selective or potent activities has
been presumed (4). We have approached
the identification of such active AVP
fragments by studying the conversion of
AVP by proteolytic enzymes in the
brain. We report here that during prote-
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olysis of AVP the peptide pGlu-Asn-
Gy_s(ays)-Pro-Arg-Gly-NHz arises as a
major metabolite and that this peptide
and its desglycinamide derivative are
more potent and selective in facilitating
memory consolidation in rats than the
parent molecule.

The metabolism of AVP was studied
by in vitro incubation of AVP with isolat-
ed synaptic membranes from rat brain.
Products of proteolysis were isolated
by reversed-phase high-pressure liquid
chromatography (HPLC) on a pBonda-
pak C18 column using a gradient of
methanol and ammonium acetate (pH
4.15) (see legend to Fig. 1). After incuba-
tion for 6 hours a major metabolite which
eluted at 15 minutes in the HPLC system
accumulated (Fig. 1). This component
was collected from the HPLC effluent
and subjected to amino acid analysis
after performic acid oxidation (5) and
determination of free NH,-terminal
groups (6). Analyses demonstrated that
the fraction contained a single peptide.
The amino acid composition of the iso-
lated peptide was Cys(O;H), 2.0; Asp,
1.0; Glu, 0.9; Arg, 1.0; and Gly, 1.0 (7).
The amounts of Tyr and Phe were below
the detection limit. Pro was not detected
by this amino acid analysis technique (5).
In the end-group analysis monodansyl-
Cyt (dansyl-Cys-OH H-Cys-OH) was de-
tected. After treatment of the isolated
peptide with pyroglutamate-aminopepti-
dase (E.C. 3.4.11.8) according to proce-
dures described in (8) dansyl-Asp was

detected, demonstrating that the peptide
contained pGlu at its NH,-terminus. The
analyses showed that the isolated pep-
tide was the COOH-terminal hexapep-
tide of AVP having an intact disulfide
bridge. The structure of this peptide,
which we refer to as [pGlu?*, Cyt®JAVP-
4-9), is

H-Cys-OH
|
pGlu-Asn-Cys-Pro-Arg-Gly-NH,

This peptide and its des-Gly-NH, deriva-
tive [pGlu®, Cyt°JAVP-(4-8) were syn-
thesized by the classical approach of
fragment condensation. Synthetic and
isolated [pGlu*, Cyt°JAVP-(4-9) were
found to coelute in the reversed-phase
HPLC system described in Fig. 1 and in
paired-ion HPLC using heptanesulfonic
acid as the ion-pairing reagent (9).

The activity of peptides on memory
processes was tested in a step-through
passive avoidance situation using a sin-
gle learning trial in male Wistar rats (/0).
The apparatus consisted of an illuminat-
ed, elevated platform attached to a dark
compartment. The animals, male Wistar
rats weighing 180 to 200 g, were habituat-
ed to the dark compartment and were
subsequently placed on the illuminated
platform to enter the dark. On the fol-
lowing day three more trials were given.
At the end of the third trial, upon enter-
ing the dark compartment animals re-
ceived an unescapable foot shock (0.25
mA for 2 seconds) through the grid floor.
Immediately after this learning trial ani-
mals were treated with 1 pl of peptide in
saline or saline alone by intracerebro-
ventricular injection through a stainless
steel cannula. The cannula had been
placed in the right lateral ventricle at
least 5 days before the behavioral experi-
ments started. The influence of sub-
stances on the storage of the aversive
experience (memory consolidation) was
assessed by testing the retention of the
passive avoidance response 24 or 48
hours after the learning trial. Retention
of passive avoidance behavior was mea-
sured by the latency to reenter the dark
compartment up to a maximum of 300
seconds after placing the animals on the
illuminated platform.

Arginine vasopressin caused a signifi-
cant facilitation of passive avoidance be-
havior in doses of 100 pg and higher
(Table 1). The activity of [pGlu*, Cyt®]-
AVP-(4-9) was tested in a dose range of
0.01 to 1000 pg. The peptide displayed an
inverted U-shaped dose-response rela-
tionship: in extremely low doses, 0.03
and 0.10 pg, the peptide facilitated pas-
sive avoidance behavior; the lowest
effective dose at the 24-hour latency was
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