Both beef heart and avocado mito-
chondria have exhibited some residual
respiratory control after 48 hours of con-
tinuous circulation at room temperature.
A priori there is no reason to suspect that
the mitochondria should not maintain en-
ergy-linked functions for extended peri-
ods of time if presented with a favorable
ambience. With improvements in system
design and by successive approxima-
tions of the milieu that will sustain func-
tional integrity, it should be possible to
define the true extent of mitochondrial
autonomy or, conversely, to determine
the extent of mitochondrial-cytoplasm in-
terdependency in normal, stressed, or
diseased cells.

ROGER J. ROMANI
Department of Pomology,
University of California,
Davis 95616
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Cytokine Inhibition of DNA Synthesis:
Effect on Cyclic Adenosine Monophosphate in Lymphocytes

Abstract. A greater than twofold increase of intracellular adenosine 3',5'-mono-
phosphate (cyclic AMP) inhibits DNA synthesis in stimulated rat lymphocytes. A
two- to fourfold rise of intracellular cyclic AMP, starting at 16 hours, was produced
by purified inhibitor of DNA synthesis added to such cells either at 0 or 16 hours, in
close association with the initiation of DNA synthesis.

Helper and suppressor lymphocytes,
which play a role in regulating immune
responses (/), produce various diffusible
substances (immunoregulatory lympho-

kines) which may be the actual media-
tors of lymphocyte cooperation and sup-
pression (2). We have investigated the
properties of a mediator of nonspecific
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Fig. 1. Changes in cyclic AMP (cAMP) in rat lymph node cultures stimulated with phytohemag-
glutinin (PHA) with or without addition of IDS at 0 or 16 hours. Resting levels (cells incubated in
medium' alone or with added control solution) varied between 24 and 26 pmole/10” cells.
Standard deviation of the cyclic AMP assay was always < 2.0 pmole/107 cells.

1260

suppression designated inhibitor of DN A
synthesis (IDS), which is a glycoprotein
with a molecular weight of approximate-
ly 80,000. This glycoprotein inhibits
DNA synthesis of lymphocytes and oth-
er cells while sparing other forms of
macromolecular synthesis, and is quite
distinct from lymphotoxin, a prolifera-
tion inhibitory factor (PIF), and a clon-
ing inhibitory factor (3-5). It is a product
of T cells, being made by thymocytes
and peripheral T lymphocytes stimulated
with T-cell mitogens; it is produced in
large amounts often when nonspecific
suppressor cell activity is enhanced (6).
We now report our studies on how IDS
might act by way of a second messenger
such as cyclic adenosine monophosphate
(AMP).

In most types of rapidly dividing cells,
intracellular cyclic AMP concentrations
are low, while those in many differentiated
nondividing cells is high. A number of
lines of evidence suggest that intra-
cellular cyclic AMP may actually regu-
late cell proliferation, with high concen-
trations acting to inhibit DN A synthesis
while lower ones promote it (7). It has
been proposed that a similar system is op-
erative in lymphocytes stimulated with
antigen or lectins (8); the relationship in
these cells, however, is much less clear-
cut. Lymphocytes stimulated with opti-
mum concentrations of concanavalin A
show an immediate rise of cyclic AMP,
reaching a peak within 2 minutes (&, 9).
The relation of this early change in cyclic
AMP level to DNA synthesis, which oc-
curs many hours later, is not understood.
Addition of exogenous cyclic AMP, di-
butyryl cyclic AMP, or cholera toxin—
all of which raise intracellular cyclic
AMP levels—inhibits the DN A synthesis
of lectin-treated lymphocytes (10). Addi-
tion of cyclic GMP (guanosine mono-
phosphate) to lymphocyte cultures pro-
motes DNA synthesis and cell prolifera-
tion, and it has been suggested that
the critical factor determining whether a
cell proceeds to a proliferative or dif-
ferentiated state may be the intracellular
ratio of these two nucleotides (/7). This
suggestion is not universally accepted
12).

The IDS was prepared as described
3). Briefly, normal DA (Dark August)
rat lymph node cells (5 x 10%ml) were
cultured with 2.0 ug of concanavalin A
(Difco) per milliliter in 10 percent fetal
calf serum (Microbiological Associates)
in RPMI 1640 medium with Pen-Strep
(Gibco) for 48 hours, then washed and re-
cultured without concanavalin A. The
24- and 48-hour supernatants from the
cultures were pooled, concentrated 25-
fold (Amicon filtration chamber, UM-10
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membrane), and filtered through Seph-
adex G-100 (Pharmacia). Pooled frac-
tions containing IDS were chromato-
graphed on DEAE cellulose (Bio-Rad)
and eluted with increasing concentra-
tions of sodium chloride; the active frac-
tions were pooled and dialyzed against
Fischer’s medium. Activities of migra-
tion inhibitory factor, lymphotoxin, PIF,
or mitogenic factor were not detectable
in the purified IDS ¢). Control super-
natants, in which the concanavalin A
was added only at the end of culture,
were processed in the same way.

In a first series of experiments, cyclic
AMP (Sigma) or dibutyryl cyclic AMP
(Sigma) was added in various concentra-
tions at 0 time to microplate (Linbro) cul-
tures of normal DA rat lymph node cells
(5 X 10° cell/0.2 ml per well) with 1 ul of
phytohemagglutinin-P (PHA-P; Difco) in
10 percent fetal calf serum in RPMI 1640
medium with Pen-Strep. The cultures
were harvested at 28 hours, after a 4-
hour treatment with *H-labeled thymi-
dine (New England Nuclear; 1.0 uc per
well). Both nucleotides inhibited induced
DNA synthesis (Table 1), as has been re-
ported (/0). The inhibition was maxi-
mum with added cyclic AMP at 107°M
and dibutyryl cyclic AMP at 5 X 107*M.
In this same experiment, with both nucle-
otides in inhibitory concentrations, the
percentage of blast cells was decreased
from approximately 38 to 9 percent of
surviving cells at 28 hours.

Intracellular cyclic AMP was deter-
mined in comparable cultures set up in
triplicate in glass tubes (12 by 75 mm), by
the use of a commercially available kit
(Schwarz/Mann) (I3), the cells being
washed thoroughly before assay. Com-
plete (70 to 100 percent) inhibition of *H-
labeled thymidine incorporation was as-
sociated with concentrations of added
nucleotide that produced more than a
twofold increase in intracellular cyclic
AMP, and substantial inhibition was as-
sociated with smaller increases in cyclic
AMP. Controls in each assay included
the following: (i) all media used were test-
ed for interference with the assay; (ii)
known amounts of ®H-labeled cyclic
AMP were exposed to the standard puri-
fication procedure (if extraction was less
than 60 percent, the experiment was dis-
carded); and (iii) the product was treated
with phosphodiesterase (Sigma) to show
the cyclic AMP activity assayed was
completely destroyed.

In further experiments, concentrated,
purified IDS was added to similar cul-
tures at a final concentration of 50 per-
cent either simultaneously with the addi-
tion of phytohemagglutinin or 16 hours
later. In our system, DNA synthesis be-
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Table 1. Inhibition of DNA synthesis in PHA-
stimulated rat lymph node cells by exogenous
cyclic AMP and dibutyryl cyclic AMP: re-
lation to intracellular cyclic AMP. Cultures of
5 x 105cells, 1.0 ul of PHA in 0.2-ml volumes,
were harvested at 28 hours after 4 hours of
treatment with 1 uc of *H-labeled thymidine.
The background radioactivity was 8749 count/
min; the PHA-stimulated incorporation was
24,307 count/min. The percentage inhibition
was calculated as 100 — (count/min), calcu-
lated as the percentage of the number of counts
per minute in PHA-stimulated cultures. The
standard deviation of cyclic AMP assay was
always less than 2.0 pmole/107 cells.

Intracellular Inhibition of

Molarity cyclic AMP  DNA synthesis
(pmole/107 cells) (%)
Dibutyryl cyclic AMP
1073 50 92.3
5% 107 48 94.4
Cyclic AMP
1072 50 84
5% 1078 48 84
2.5 X 1073 46 80
1073 49 72
Dibutyryl cyclic AMP
2.5 x 1074 28 62
107* 27 65
5 X 107° 25 41
Cyclic AMP
5 x 107 27 56
Dibutyryl cyclic AMP
2.5 X 107 27 12
Cyclic AMP
2.5 X 107 20 33
1074 17 0
Cells only
19-21

gan at about 16 hours (3). Addition of
IDS at the start of culture resulted in
complete suppression of later DN A syn-
thesis, as judged by the uptake of *H-la-
beled thymidine (Table 2). In com-
parable cultures assayed for intracellular
cyclic AMP, an early increase was ob-

served in all cultures stimulated with
mitogen; a peak was reached at 2 min-
utes, with a return to baseline values in
20 minutes (Fig. 1). In cells exposed to
IDS the twofold rise in intracellular cy-
clic AMP at 16 hours was more than
enough to account for the inhibition of
DNA synthesis observed; in cells not ex-
posed to IDS, the cyclic AMP declined.
This rise was sustained until the end of
the culture period (48 hours). The addi-
tion of IDS at 16 hours produced an im-
mediate rise in intracellular cyclic AMP
(Fig. 1) and a prompt arrest of DNA syn-
thesis (Table 2).

Our results suggest that increased in-
tracellular cyclic AMP may mediate (di-
rectly or indirectly) the inhibitory effect
of IDS on DNA synthesis. The measure-
ments recorded in Table 1 may have
been inaccurate if any added (exoge-
nous) nucleotide remained adherent to
the surface of the cells. Such an error,
however, would not negate the sugges-
tion made here, since the rise in cyclic
AMP, produced by exposing the cells to
IDS (Fig. 1) exceeded the maximum
measured in cells exposed to cyclic AMP
or dibutyryl cyclic AMP. That the activi-
ty measured is actually cyclic AMP was
verified by its sensitivity to phospho-
diesterase. The marked reduction in
blast cells in the cultures exposed to in-
hibitory concentrations of nucleotide
rules out the possibility that reduced up-
take of *H-labeled thymidine may have
been an artifact resulting from dimin-
ished transport of the exogenous thymi-
dine (/4).

An unexplained finding was that intra-
cellular cyclic AMP rose only at 16
hours, whether IDS was added to the sys-
tem at 0 or 16 hours. This agrees with the
fact that the inhibitory activity of IDS re-
mains completely reversible until 16
hours (3). This finding implies some

Table 2. Inhibition of DNA synthesis in PHA-stimulated rat lymph node cells by IDS added at
different times. The cultures (5 X 10° cells; 1 ul of PHA in an 0.2-ml volume) were treated
with 1 uc of *H-labeled thymidine for the final 4 hours before harvesting. Duplicate values

are shown.

Uptake of *H-labeled thymidine (10% count/min)

Time of cell

harvest (hr) Addition at 0 hours

Addition at 16 hours

after addition Back(%lrgund
of PHA IDS Control DS Control PHA)
12 4.5 3.9 3.8
3.7 5.3 4.1
16 4.8 4.8 43
5.6 6.6 4.0
20 3.8 16.7 8.3 3.8
3.6 14.2 8.4 4.3
24 4.7 82.5 33
5.5 78.5 3.1
48 7.9 100.2 9.4 89.7 3.0
6.4 97.0 8.6 94.5 3.7
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change in receptivity of the cell associat-
ed with the initiation of DNA synthesis,
possibly expressed as the appearance of
new receptors for IDS or a change in per-
meability of the cell membrane with al-
tered accessibility of the cell’s adenylate
cyclase. Models for these alternatives
have been described in other systems.
For example, synchronized cultures of
melanocytes show the appearance of spe-
cific cell surface receptors for melano-
cyte-stimulating hormone (which acti-
vates adenylate cyclase) at a precisely
defined time during the G2 phase of
growth (15). Added cyclic AMP, how-
ever, can act at any time during the cell
cycle. Pardee has recently identified a
“‘restriction point”’ during Gl, in syn-
chronized BHK cells; at this point nutri-
tional factors either stimulate or inhibit
cell proliferation in association with
changes in intracellular cyclic AMP (/6).
Again, elevation of cyclic AMP, for ex-
ample, by addition of 2 x 1073M dibuty-
ryl cyclic AMP, was effective at any time
during the cycle.

BRIAN V. JEGASOTHY

ANDREW R. PACHNER

Byron H. WAKSMAN
Department of Pathology,
Yale University School of Medicine,
New Haven, Connecticut 06501

References and Notes

1. J.F. A. P. Miller and G. F. Mitchell, Transplant.
Rev. 1, 3 (1969); H. N. Claman and E. A.
Chaperon ibid., p. 92; R. K. Gershon, Con-
temporary Topzcs in Immunobzology, M. D.
Cooper and N. L. Warner, Eds. (Plenum, New
York, 1974), chap. 1;G. Moller Ed., Transplant.
Rev. 26 (1975).

2. M. Feldmann, J. Exp. Med. 136, 737 (1972);

and A. Basten, ibid., p. 49; B. H. Waks-
man and Y. Namba, Cell Immunol. 21, 161

(1976).

. Y. Namba and B. H. Waksman, Inflammation 1,

5(1975).

, J. Immunol. 115, 1018 (1975).

B. T. Spofford, R. A. Daynes, G. A. Granger,

ibid. 112, 2111 (1974).

. Y. Namba, B. V. Jegasothy, B. H. Waksman,

in preparation.

. J. Otten, G. S. Johnson, 1. Pasten, Biochem.
Biophys. Res. Commun. 44 1192 (1971) J. R.
Sheppard, Nature (London) New Biol. 236, 14
(1972); W. L. Ryan and M. L. Heidrick, Adv
Cyclic Nucleotide Res. 3, 81 (1974).

8. H. J. Wedner and C. W. Parker, Prog. Allergy
20, 195 (1976).

9. J. W. Smith, A. L. Steiner, W. M. Newberry,
Jr., C. W. Parker, J. Clin. Invest. 50, 432
(1971a).

10. R. Hirschhorn, Cyclic AMP, Cell Growth and
tléem;mmune Response (Springer, New York,
1 .

11. J. Watson, R. Epstein, M. Cohn, Nature (Lon-
don) 246, 405 (1973).

12. H. J. Wedner, R. Danker, C. W. Parker, J.
Immunol. 115, 1682 (1975). .

13. A. L. Steiner, D. M. Kipnis, R. Utiger, C.
Parker, Proc. Natl. Acad. Sci. U.S.A. 64, 367

(1969).

P. V. Hauschka, L. P. Everhart, R. W. Rubin,

ibid. 69, 3542 (1972).

J. M. Varga A. DiPasquale, J. Pawelek, J. S.
McGuire, A. B. Lerner, ibid. 71, 1590(1974)

A. B. Pardee ibid., p. 1286.

17. Supported by grants AT 06112 and AI 06455 and
by contract CB 43926 from the National In-
stitutes of Health and a fellowship from the
Dermatology Foundation to B.V.J.

2 February 1976

1262

Physical Dependence on Opiate-Like Peptides

Abstract. Methionine-enkephalin and B-endorphin, endogenous peptides with ac-
tivities similar to those of opiates, were infused for 70 hours into the periaqueductal
gray-fourth ventricular spaces of the rat brain. When challenged with a naloxone, a
specific opiate antagonist, these animals manifested a typical morphine-like with-
drawal syndrome. These results show that such peptides can cause physical depen-

dence.

Physical dependence on opiates is gen-
erally characterized by abstinence behav-
ior when opiate intake is abruptly termi-
nated or when an opiate antagonist is ad-
ministered (/). A number of investigators
using bioassays in mouse vas deferens
and guinea pig ileum and stereospecific
binding to purified brain extracts have
discovered brain and hypophyseal pep-
tides with opiate-like activities (2). The
amino acid sequences of several opiate-
like peptides, namely methionine- and
leucine-enkephalin and «- and B-endor-
phin, are known and have been synthe-
sized (3). Synthetic methionine-enkepha-
lin has some central analgesic activity of
short duration (4), whereas B-endorphin,
which contains methionine-enkephalin
as part of its first five NH,-terminal resi-
dues, is, on a molar basis, at least ten
times more active centrally than mor-
phine (5). In considering the endogenous
functions of these peptides and the devel-
opment of these peptides as analgesics, it

Table 1.
cal dependence.

is important to determine whether
opiate-like peptides can cause physical
dependence (6). We describe here a nov-
el method of long-term, localized, drug
infusion into the brain which has enabled
us to demonstrate that long-term expo-
sure to methionine-enkephalin and B-en-
dorphin can result in physical depen-
dence.

Male Sprague-Dawley rats (220 to 380
g) were anesthetized with sodium pen-
tobarbital (50 mg/kg) injected intra-
peritoneally; L-shaped steel cannulas,
made from 21-gauge disposable needles
filed to a predetermined length, were im-
planted into the frontal cortex or peri-
aqueductal gray region of the rat brain
(7). The implanted cannula, filled pre-
viously with distilled water, was secured
to the skull with dental cement. To deliv-
er drugs into the brain an osmotic mini-
pump was utilized (8). The minipump, a
system capable of delivering a small vol-
ume at a constant rate, was filled with

Chronic infusion of morphine sulfate into the rat brain and the development of physi-

Total Animals showing
Morphine estimated withdrawal sign (%)
. sulfate dose N
Brain area infusion delivered Teeth Escape Wet
(mg/ul) in 70 hours* chat- re- h i
(umole) tering sponses shakes
Periaqueductal gray 10 1.928 8 0 0 0
(minipump not
connected to brain)
Frontal cortex 10 1.928 6 83 0 0
Periaqueductal gray 10 1.928 4 100 100 75
Periaqueductal gray 2.5 0.482 7 100 86 29

*Minipump flow rates of 0.92 + 0.06 ul/hour.

Table 2. Continuous infusion of opiate-like peptides into the periaqueductal gray of the rat
brain and the development of physical dependence; Met, methionine.

Concen- Total Animals showing
tration of est(limated withdrawal sign (%)
. C o1 ose
Chemical d;zg;;zlnm delivered N Teeth Escape Wet
(Mg/l-d) in 70 hours* Ch?.t- re- shaﬁes
(umole) tering sponses
Distilled water 4 0 0 0
Morphine sulfate 1.64 0.481 8 100 100 37
Met-enkephalin 9.00 1.537 7 100 86 14
Met-enkephalin 0.83 0.140 8 62 37 0
B-Endorphin 0.67 0.019 7 100 86 0
B-Endorphin 0.10 0.003 9 67 11 22

*Minipump flow rates of 1.40 = 0.04 ul/hour.
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