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The Cellular s»e Gene Product Regulates Junctional
Cell-to-Cell Communication

R. AZARNIA, S. REDDY, T. E. KMIECIK, D. SHALLOWAY,

W. R. LOEWENSTEIN

Overexpression of the cellular s»c gene in NIH 3T3 cells causes reduction of cell-to-cell
transmission of molecules in the 400- to 700-dalton range. This down-regulation of
gap junctional communication correlates with the activity of the gene product, the
protein tyrosine kinase pp60°*", The down-regulation was enhanced by point muta-
tion of Tyr"?’ (a site that is phosphorylated in pp60°*™ and that inhibits kinase
activity) or by substitution of the viral-src for the cellular-src carboxyl-terminal coding

region. Mutation of Tyr*'® (a site phosphorylated upon Tyr
both the down-regulation of communication by Tyr

527 mutation) suppresses

*27 mutation and that by gene

overexpression. The regulation of communication by sr¢c may be important in the
control of embryonic development and cellular growth.

HE CELLULAR $7¢ GENE (C-s7c) (1)
encodes the membrane-bound pro-
tein tyrosine kinase, pp60°®™ (2).
The gene is present in all species and is
highly conserved. Its functions are still un-
known. We have explored the possibility of

Fig. 1. The c-s7c and v-src expression plasmids.
The plasmids contain the chicken c-sre, v-sre,
mutant, and chimeric s7c genes ligated to tran-
scriptional enhancers, promoters, and polyadeny-
lation signals provided by flanking Moloney mu-
rine leukemia virus long terminal repeats (filled
boxes) from the vector pEVX (23). The locations
of Moloney splice donors and first src splice
acceptors are denoted by bent arrows. Coding
regions are indicated by open (c-s7c) or hatched
boxes (v-src), and the locations of the initiating
(ATG) and terminating (TAG) codons are
marked. Only the functionally relevant eukaryotic
regions of the plasmids are shown (11, 20). (A)
pMacsrc, the plasmid used in the experiments on c-
svc overexpression, and the structurally similar v-
sre expression plasmid pMvsrc; (B) pM5SHHBS,
the plasmid used for site-directed mutagenesis.

The Tyr — Phe codon exchanges were produced at amino acids 416, 527, or
both, generating plasmids pesrc416, pesre527, and pc416 527 by replacing
the small fragments containing the codons to be exchanged with DNA
fragments containing the appropriate mutations. These mutated plasmids
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a function in junctional communication,
prompted by the finding that this communi-
cation is reduced by polyomavirus middle T
antigen (3). This antigen binds to pp60°=",
enhancing the protein tyrosine kinase activi-
ty of pp60°* (4). We now report that

A
pMcsrc /- umm—" .‘P—D—

junctional communication is reduced when
the level of pp60°™ is elevated by incorpo-
rating c-s7c expression plasmids into mam-
malian cells, and that this action is enhanced
by modifications in the carboxyl-terminal
region of pp60°™°, which increase trans-
forming activity.

Our expression vectors contained the
chicken c-s7c coding sequences ligated to
retroviral long terminal repeats which pro-
vided promoter-enhancer sequences and
polyadenylation sites (Fig. 1). Mouse NIH
3T3 cells were transfected with these plas-
mids, and cell lines were cloned from foci
(suffix foc) or coselected for expression of
Ecogpt (suffix cos) or neo (5). The pp60°*
expression levels were determined from
immunoprecipitates of cells with monoclo-

R. Azarnia and W. R. Loewenstein, Department of
Physiology and Biophysics, University of Miami School
of Medicine, Miami, FL 33136.

S. Reddy, T. E. Kmiecik, D. Shalloway, Department of
Molecular Cell Biology, Pennsylvania State University,
University Park, PA 16802.

—— O HHHHH -~
t

ATG TAG
pMvsrc o o —
B Tyr415 -|;yr527
PMSHHBS — , )
ATG TAG
C
pMRS13 —/J-L—“P—w -
ATG Bgl I TAG
aa431
pMBB4 —/f-—f———‘-;mmw'@q-n-
ATG Bgl I TAG
aa431
PMPBS o Ly —"
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ATG Pst 1
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have the same restriction map as pM5HHBS5. (C) Plasmids pMRS13 and
pMBB4 are mirror-image chimeric constructions with junctions at site Bgl I
at amino acid (aa) codon 431. pMPBS5 is similar to pMBB4, except that the
junction is at the Pst I site at amino acid 512.
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nal antibody mAb327 which recognizes
both chicken and mouse pp60°* (6). Cells
were individually microinjected with Lucifer
Yellow (443 daltons) or with glutamic acid
labeled with lissamine rhodamine B (LRB-
Glu; 688 daltons) and the cell-to-cell flow of
these fluorescent tracers was video-recorded
for analysis. The incidence of permeable
interfaces, that is, the proportion of the first-
order neighbors of the injected cell to which
the tracers were transferred within 20 sec-
onds, for Lucifer Yellow and 5 minutes for
LRB-Glu served as index of junctional per-
meability (7). To facilitate comparisons be-
tween experiments, the incidence values
were normalized with respect to those of the
controls.

For the experiments on gene overexpres-
sion, we used three clones of c-src—transfect-
ed cells [NIH(pMcsrc)] in which pp60°-™
was elevated 10 to 20 times relative to the
untransfected controls (8). All three had
strikingly low capacities of junctional trans-
fer. Whereas the control cells passed the

Fig. 2. Reduced junctional permeability in cells
overexpressing c-s7¢. Photomicrographs of sample
microinjection of Lucifer Yellow into NIH 3T3
cells shown in phase contrast (left) and in fluores-
cence mode (right) after injection. Injected cell is
marked by X; its first-order neighbors are marked
by stars. (A) Control cells (untransfected NIH
3T3). The fluorescent tracer has spread to all of
the seven first-order neighbors. (B) Cells with
clevated c-sre expression (20-fold) [NIH (pMcsrc/
foc)B]; the tracer has spread to one out of six first-
order neighbors. Calibration, 50 pm. Rates of
Lucifer Yellow fluorescence loss from (C) a con-
trol and (D) an overexpressor cell. Chart records
of the intracellular fluorescence intensity excited

fluorescent tracers frequently and extensive-
ly to first-order and higher order neighbors,
the overexpressor cells passed them rarely
and only to first-order neighbors (Fig. 2). In
the three clones the incidence of interfaces
permeable to Lucifer Yellow was reduced by
57, 64, and 73%, the clone with the highest
pp60°° level exhibiting the greatest reduc-
tion (Table 1).

The permeability of nonjunctional cell
membranes was not affected by the c-src
overexpression, as shown by measurement
of the rates of tracer loss from the cells. Both
overexpressor and control cells exhibited
negligible losses over periods of 10 minutes
(Fig. 2, C and D). Thus, the decrease in
junctional transfer represents a decrease in
junctional permeability.

Using plasmids of analogous construction
(Fig. 1), we compared the effect of c-src with
that of the viral s7c gene (9), which en-
codes a more potent tyrosine protein kinase
(pp60¥°™) (2). Cells containing the viral
gene [NIH(pMvsrc)] showed higher tyro-

D

- T L

with intermittent light pulses. Cells were cultured in DMEM (Duchcco modification of Eagle minimal
essential medium) supplemented with 5% calf serum (Gibco) on 35-mm plastic dishes at 37°C in an
atmosphere of 95% air and 5% CO,. During the determinations of junctional transfer (limited to
periods of 20 minutes) and of fluorescence loss, the cells were at 30° to 32°C, exposed to room air. Rates
of fluorescence loss were measured on cells without neighbors (very sparse cultures) by means of a
photodiode onto which the image of a spot of the cell was projected through the microscope (24).
Excitation parameters, 560 nm; pulses of 5-second duration, one per minute.
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sine phosphorylation levels and lower junc-
tional permeabilities than cells containing c-
sre (Table 1).

The c-src ability to down-regulate com-
munication was enhanced when the gene
was endowed with the carboxyl-terminal
coding region of the viral gene. Such c-src
chimeras v-src (Fig. 1) induced losses of
communication comparable to those in-
duced by the full viral gene, even at low gene
expression (Table 2). Conversely, when the
viral gene was furnished with the c-src car-
boxyl-terminal coding region, its down-reg-
ulatory action was inhibited. In the five cell
clones containing such v-sre/c-src chimeras
[including mirror images (pMBB4) of the
preceding ones] the junctional permeabili-
ties were not significantly different from the
controls (Table 2).

These results indicated that the carboxyl-
terminal region is a determinant of the
regulation of communication by src. Next
we examined the effect of point mutation in
that region, using a site-directed mutant c-
src vector (pesrc527) (Fig. 1) that encodes a
substitution of Phe (Wthh cannot be phos-
phorylated) for Tyr’?’. Several lines of evi-
dence indicate that Tyrm phosphorylation,
which occurs in vivo (10), inhibits the en-
zyme and transforming activity of pp60°=s
(11, 12). Cells containing this mutant gene
had much lower junctional permeabilities
than controls containing the unmodified
csrc vector (pMSHHBS), even though
pp60°™ expression was lower than in these
controls (Table 3) (13). The junctional per-
meability also was much lower than that of
controls containing #eo alone (pSV2neo).
The effect of the Tyr’?” mutation was nearly
as pronounced as that of the c-sre/v-src chi-
meras; most cells exhibited no junctional
transfer at all (I4). The mutation evidently
had caused a reduction of junctional perme-
ability on its own, which was associated
with the rise in transforming activity of
ppo0°= (11).

Further, we examined the effect of Phe
substitution for Tyr*!®, the site that becomes
stably phosphorylated in vivo upon muta-
tion of Tyr'”’ (11) and transiently phos-
phorylated upon c-src overexpression (15).
This mutation inhibited the ability of c-s7c to
down-regulate communication, even when
the Tyr’”” mutation was present. Cells con-
taining genes with such a mutation in addi-
tion to that at Tyr'?’ (pcsrc416527) had
junctional permeabilities similar to those of
the controls (pM5HHB5); and cells con-
raining genes with the single Tyr *'¢ muta-
tion (pcsrc416), and expressing pp60“ ™ at
a level ten times the endogenous one,
showed junctional permeabilities not sig-
nificantly different from the controls
(pSV2neo) containing only endogenous
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pp60°° (Table 3). This suggests that phos-
phorylation of Tyr*¢ is necessary for c-sro—
induced down-regulation of communica-
tion.

In conclusion, down-regulation of com-

munication can be induced by an increase in
c-sre transcription rate or by modifications
enhancing the product’s transforming activi-
ty. The modification of a single codon,
Tyr'”, can activate this down-regulation

Table 1. Junctional communication of c-s7c overexpressor cells.

Permeable interfacest

pp60°™® In vivo
Cells expression phospho- :

level* tyrosine I}“{gﬁgﬁ LRB-Glu
NIH 3T3(control) 1 1.0 1.0 +0.08 (32) 1.0 +0.03 (20)
NIH(pMcsrc/cos)A 10 1.0 0.43 £ 0.08 (38)
NIH (pMcsrc/foc)A 14 0.36 = 0.03 (50)
NIH(pMcsrc/foc)B 20 25 0.27 £ 0.05 (55) 0.31 = 0.01 (40)
NIH(pMvsrc/cos)A 2 34 0.05 = 0.03 (50)
NIH(pMvsrc/foc)A 2 5.3 0.11 + 0.05 (16) 0.09 = 0.01 (40)

*Relative steady-state pp60°™ expression was determined from immunoprecipitates (mAb327) of cell lysates labeled to
equilibrium with [**S]methionine for 48 hours, normalized to the expression level of NIH 3T3 control cells (20).
Standard fractional error < X 1.2; the low endogenous level of NIH 3T3 may have additional background subtraction
aror.  tRelative phosphotyrosine in vivo from *?P-labeled phosphoamino acid analysis of total cell proteins (21).
Labeled phosphoamino acids were separated by two-dimensional electrophoresis (22), and the proportion of
radioactivity in phosphotyrosine was calculated as a fraction of radioactivity in all cell phosphorythydroxyamino acids
and normalized to the ghosphotyrosinc fraction in NIH 3T3 controls (0.015%).  fRelative incidence of interfaces
permeable to Lucifer Yellow or LRB-Glu. The values are arithmetic means + SE of the incidences determined on
individual cells, normalized to the mean incidence of NIH 3T3 controls (the absolute means of the controls were
0.37 = 0.03, Lucifer Yellow; 0.86 + 0.03, LRB-Glu). The number of indepedent measurements, that is, the number
of cells injected, is given in parentheses. Each incidence value of the src-transfected cells differed from controls at a
significance level P < 0.00005 (# test with Bonferroni’s correction for multiple comparisons).

Table 2. Junctional communication of cells expressing s7c chimeras.

pp 6OS.r ‘ Permeable
Cell expression interfacest Pt
Control
NIH 3T3 1 1.0 +0.08 (32)
c-srelv-src
NIH(pMRS13/foc)C 2 0.13 £ 0.06 (50) 0.000007
NIH(pMRS13/foc)D 2 0.04 = 0.02 (50) 0.000007
v-srelc-sve
NIH(pMBB4/foc)E 3 0.8 =02 (50) ns
NIH(pMBB4/foc)I 6 09 =02 (32) ns
NIH(pMBB4/foc)H 2 0.5 £02 (50) ns (0.07)
NIH(pMPB5/foc)B 7 13 +02 (50) ns
NIH(pMPB5/foc)E 1 1.0 £02 (50) ns

*Values are geometric means of two measurements; the fractional standard errors ranged ¥ 1.06 to 1.3; methods in
Table 1. tProbings with Lucifer Yellow. Arithmetic means *+ SE; in parentheses, the number of cells injected.
FStatistical significance level of the difference between the various mean incidence values of permeable interfaces and
the mean value of the controls (# test with Bonferroni’s correction); ns, not significant.

Table 3. Tyxj27 and Tyr“16 mutants.

and modification of Tyr*'® abolishes it.

Tyr’?’ appears to provide negative control,

which is switched off by dephosphorylation

of this site and associated phosphorylation
416

of Tyr
In pondering the physiological role of this

" regulatory action, we are drawn at once to

development and growth where a body of
evidence indicates that junctional communi-
cation is important (16). The pp60“™* is
known to undergo changes in expression
level, structure, and enzyme activity during
embryonic development (17); and we have
shown (I18) that the down-regulation of
communication by c-s7c overexpression cor-
relates with increased saturation density of
cell growth in vitro. It remains to be seen
whether the junctional channel itself (19) or
a channel regulator is the phosphorylation
target.
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Suppression of Macrophage Activation and
T-Lymphocyte Function in Hypoprolactinemic Mice

EDWARD W. BERNTON,* MONTE S. MELTZER, JOHN W. HOLADAY

The effects of prolactin on lactation and reproductive organs are well known.
However, the other possible target organs and physiological consequences of altered
levels of circulating prolactin remain poorly understood. In this study, mice were
treated with bromocryptine, a dopamine receptor agonist that inhibits pituitary
prolactin secretion. Bromocryptine treatment prevented T-cell-dependent induction
of macrophage tumoricidal activity after the intraperitoneal injection of Listeria
monocytogenes or Mycobacterium bovis. Coincident treatment with ovine prolactin
reversed this effect. Of the multiple events leading to macrophage activation in vivo,
the production by T-lymphocytes of y-interferon was the most impaired in bromo-
cryptine-treated mice. Lymphocyte proliferation after stimulation with mitogens in
vitro was also depressed in spleens of bromocryptine-treated mice, and coadministra-
tion of prolactin also reversed this effect. Bromocryptine treatment also reduced the
number of deaths resulting from inoculation of mice with Listeria; exogenous
prolactin significantly reversed this effect. The critical influence of pituitary prolactin
release on maintenance of lymphocyte function and on lymphokine-dependent macro-
phage activation suggests that, in mice, lymphocytes are an important target tissue for

circulating prolactin.

NUMBER OF REGULATORY INTER-

actions among the central nervous

system (CNS), the neuroendocrine
axis, and the immune system have recently
been described. Endocrine and autocrine
mediators and receptors shared in common
by the immune and endocrine systems may
explain changes in immune function in re-
sponse to environmental stimuli perceived
by the CNS (I). Although. high levels of

endogenous (adrenal) or exogenous cortico-

“steroids can suppress many immune re-
sponses, immunosuppression induced in
rats by repeated periods of tail-shock persists
after adrenalectomy (2). Such data suggest

that other neural and endocrine mechanisms

under CNS control may have immunomo-
dulatory roles beyond the activation of the
pituitary-adrenocortical axis as a result of
stress.
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Pituitary prolactin secretion is regulated
not only by reproductive hormones, but also
by CNS pathways affected by both acute and
chronic stressors as well as by many CNS-
active drugs, such as opiates and aminergic
agonists and antagonists (3). Several lines of
evidence indicate that prolactin (PRL) may
be an important immunoregulatory hor-
mone. In rats, both hypophysectomy and
treatment with the dopamine agonist bro-
mocryptine inhibit the development of de-
layed cutaneous hypersensitivity, experi-
mental allergic encephalitis, or adjuvant-in-
duced arthritis; treatment with exogenous
PRL reverses these immunosuppressive ef-
fects (4). Cyclosporine, an immunosuppres-
sive fungal peptide that inhibits T-cell func-
tion, inhibits PRL binding to lymphocytes
(5, 6). Two hypopituitary strains of mice,
the Ames and Snell dwarfs, develop im-

paired cellular immunity and hypotrophic
thymuses after weaning; this immunodefi-
ciency is prevented by injections of milk, a
PRL source (7). However, the mechanisms
mediating immunosuppression in hypopro-
lactinemic animals have not been eluci-
dated.

We therefore examined the T cell-depen-
dent induction of activated, tumoricidal
macrophages in mice infected with either
Mycobacterium bovis (strain BCG) or Listeria
monocytogenes (LM), or inoculated with
killed Proprionibacterium acnes. Bromocryp-
tine, a dopamine type 2 (DA-2) agonist, was
used to continuously suppress serum PRL
to less than 2.0 ng/ml (8). Injections of
bromocryptine on days —1 to 3 before and
after inoculation with either BCG, LM, or
P. acnes on day 0 prevented induction of
tumoricidal macrophages (Fig. 1). Howev-
er, the timing of DA-2 agonist administra-
tion was critical. Daily bromocryptine treat-
ment either on days 0 and 1 or on days 4
through 7 did not alter macrophage activa-
tion. This time course indicated that one or
more early steps in the pathway of macro-
phage activation in vivo were blocked by
DA-2 agonist administration.

Since DA-2 agonists exert physiological
effects other than the inhibition of PRL
release, we examined whether exogenous
PRL could reverse the effects of bromocryp-
tine treatment. Simultaneous daily intraperi-
toneal injection of ovine PRL (100 pg/day)
(9) restored to normal the induction of
tumoricidal macrophages during BCG or
LM infection in bromocryptine-treated ani-
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