treated with thymopoietin or ubiquitin and
in untreated nu/nu mice suffering from
hepatitis. This confirms previous indica-
tions that the presence of cells bearing TL
and Thy-1 is not in itself evidence of thy-
mic epithelial function in nu/nu mice, be-
cause these mice have normal numbers of
prothymocytes which can be induced to
differentiate by nonthymic agents such as
ubiquitin not only in vitro but also in vivo.
In view of the diversity of agents capable
of inducing T cells in the KB assay (13, 14),
one can only speculate as to the agent or
agents responsible for inducing TL* and
Thy-1* cells in the nu/nu mice with hepa-
titis. Ubiquitin must normally be in-
accessible to T precursor cells because, al-
though it is present in nu/nu tissues (12),
healthy nu/nu mice lack demonstrable
numbers of TL* or Thy-1* cells. But he-
patic necrosis might lead to its release in
quantities sufficient to induce many T-cell
precursors. In the case of bacterial infec-
tion, endotoxin (another agent that is ac-
tive in the KB assay) (/4) could be respon-
sible.

2) The rise in CR* cell numbers in mice
treated with thymopoietin requires consid-
eration because thymopoietin, unlike
ubiquitin, does not induce CR™* B cells in
the KB assay. However, since the number
of CR* cells in healthy nu/nu mice is re-
duced, the effect of thymopoietin in raising
their numbers in vivo may be secondary to
its action in inducing newly differentiated
T cells that in turn can interact with the B-
cell population (22).

3) TL* cells are usually restricted to the
thymus, although for reasons given above
it seems probable that TL* cells can in
some circumstances be induced at other
sites. Equal numbers of TL* and Thy-1*
cells were found in the spleens of healthy
treated and sick untreated nu/nu mice. Be-
cause the phenotype TL*Thy-1" is un-
known, we assume these all to be TL*
Thy-1* cells such as are normally found in
the thymus, which is in keeping with re-
sults in the KB assay in vitro. The finding
that lymph node cells of the same mice in-
cluded many Thy-1* cells and few TL*
cells implies that cells of TL Thy-1*
phenotype were being generated. This is
the phenotype of the medullary thymocyte
and peripheral T cell; thus, in vivo induc-
tion of prothymocyte differentiation in the
three groups of nu/nu mice gave rise to
cells not only of the thymic cortical type
(TL*Thy-1*) generated in the KB assay in
vitro but also of a later TL Thy-1* matu-
ration stage. However, this gives no in-
dication as to the function of the induced T
cells, for the TL"Thy-1* phenotype is com-
mon to all functional subclasses of T cells
and may characterize intermediary differ-
entiative stages between thymocytes and
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functional T cells. Prothymocytes are
probably scarce or absent in lymph nodes,
although this needs further study; it seems
likely, therefore, that the TL Thy-1*
lymph node cells were maturing migrants
from the spleen rather than T cells induced
in situ.

4) Among the nu/nu mice with hepatitis
were some born of nu/nu x nu/nu mat-
ings, and 2 to 17 percent of spleen cells in
these progeny were Thy-1"; the induction
of these cells cannot be ascribed to passage
of thymic factors from the mother.

Our studies show that healthy nu/nu
mice of our colony had few or no cells
bearing T-cell markers and that T cells
could be induced in vivo in these healthy
mice by thymopoietin or ubiquitin in-
jections. Our results indicating that nu/nu
mice suffering from overt hepatitis had
many cells bearing T-cell markers empha-
size that the first recognizable step in T-
cell differentiation (acquisition of surface
markers) in nu/nu mice can be related to
disease rather than to thymic mechanisms.
There is no need to invoke the concept of a
thymus briefly functioning during em-
bryogenesis, or maternal transfer of thy-
mic factors. In current studies, designed in
accordance with the results reported here,
we do not find a perceptible background of
Thy-1" T cells in nu/nu mice reared under
germfree conditions, although Thy-17 cells
can be induced in these mice by thymo-
poietin and ubiquitin.

MARGRIT P. SCHEID

GIDEON GOLDSTEIN

EDWARD A. BOYSE

Memorial Sloan-K ettering Cancer Center,
New York 10021

References and Notes

. S. P. Flanagan, Genet. Res. 8,295 (1966).
. E. M. Pantelouris, Nature (Lond.) 217, 370 (1968).
and J. Hair, J. Embryol. Exp. Morphol. 24,
615 (1970).
. H. H. Wortis, S. Nehlsen, J. J. Owen, J. Exp. Med.
134, 681 (1970).
S. J. Rygaard, Acta Pathol. Microbiol. Scand. 77,
761 (1969), and C. O. Povlsen, ibid., p. 758,
B. Kindred, Eur. J. Immunol. 7, 384 (1972); E. M.
Pantelouris, Immunology 20, 247 (1971).

6. N. D. Reed and D. D. Manning, Proc. Soc. Exp.
Biol Med. 134, 350 (1973).

7. K. Komuro and E. A. Boyse, J. Exp. Med. 138,
479 (1973).

. B. Kindred and F. Loor, ibid. 139, 1215 (1974).

. M. C. Raff, Nature (Lond.) 246, 350 (1973), F.
Loor and B. Kindred, J. Exp. Med. 138, 1044
(1973); F. Loor and G. E. Roelants, Nature
(Lond.) 251, 229 (1974); G. E. Roelants et al., Eur.
J.Immunol. 5, 127 (1975).

10. S. M. Kirov, Eur. J. Immunol. 4, 139 (1975).

11. H. Pritchard and H. S. Micklem, in Proceedings of
the First International Workshop on Nude Mice
(Fisher, Stuttgart, 1974), p. 127-139.

12. G. Goldstein, M. P. Scheid, U. Hammerling, E. A.
Boyse, D. H. Schlesinger, H. D. Niall, Proc. Natl.
Acad. Sci. U.S.A.72, 11(1975).

13. M. P. Scheid, M. K. Hoffmann, K. Komuro, U.
Hammerling, J. Abbott, E. A. Boyse, G. H. Cohen,
J. A. Hooper, R. S. Schulof, A. L. Goldstein, J.
Exp. Med. 138, 1027 (1973).

14. M. P. Scheid, G. Goldstein, U. Hammerling, E. A.
Boyse, Ann. N.Y. Acad. Sci. 249, 531 (1975).

15. C. K. Hsu and E. C. Melby, paper presented at
25th annual session of American Association of
Laboratory Animal Science, 1974.

16. J. East, D. M. V. Parrott, F. C. Chesterman, A.
Pomerance, J. Exp. Med. 118, 1069 (1963).

17. G. Goldstein, Nature (Lond.) 247, 11 (1974).

18. H. Shiku, P. Kisielow, M. A. Bean, T. Takahashi,
E. A. Boyse, H. F. Oettgen, L. J. Old, J. Exp.
Med. 141, 227 (1975).

19. C. Bianco, R. Patrick, V. Nussenzweig, ibid. 132,
702 (1970).

20. T.gHirano and B. H. Ruebner, Lab. Invest. 14, 488
(1965).

21. D. M. V. Parrott and M. A. B. De Sousa, Clin.
Exp. Immunol. 8, 663 (1971).

22. E. B. Jacobson, L. H. Caporale, G. J. Thorbecke,
Cell. Immunol. 13, 416 (1974); K. Okumura, N.
Shimohara, M. Kern, J. Immunol. 113, 2021
(1974).

23. We thank L. Townley for excellent technical assist-

ance and M. J. Collins, Jr. (Microbiological Asso-

ciates, Bethesda, Md.) for performing the mouse
hepatitis virus assays. Supported by PHS grants

CA-08748, CA-16889, and Al-12487, and by con-

tract CB-53868 from the National Cancer Insti-

tute.

2 September 1975

Cyclic Guanosine Monophosphate and Cellular Growth

Abstract. The addition of serum to nongrowing cells decreases cyclic guanosine mono-
phosphate and cyclic adenosine monophosphate levels and promotes cell growth.

Cultured fibroblastic cells contain two
cyclic nucleotides—cyclic adenosine mono-
phosphate (AMP) and cyclic guanosine
monophosphate (GMP). Cyclic AMP has
the capacity to inhibit the growth of fibro-
blastic cells (/). It also regulates cell shape,
motility, adhesiveness to substratum, and
agglutinability by plant lectins (/). The
role of cyclic GMP is unclear. One propos-
al that has received considerable attention
is that cyclic GMP antagonizes the actions
of cyclic AMP and promotes cellular
growth (2, 3).

To gain more information about the role
of cyclic GMP in cultured cells, we have
measured concentrations of cyclic GMP in
growing and nongrowing BALB 3T3 cells
and in cells that have been stimulated to

grow by the addition of serum. We find
that cyclic GMP rises as cell growth slows
and that the addition of serum to resting
cells causes a prompt fall in both cyclic
GMP and cyclic AMP. These data fail to
support the proposal that cyclic GMP acts
to promote cellular growth and raises the
possibility that both cyclic AMP and cyclic
GMP act as growth inhibitors. k
BALB 3T3 cells clone B were grown in
Dulbecco’s modification of Eagle’s medi-
um containing either 10 percent calf serum
or 5 percent calf plasma (Colorado Serum
Company). The cells were propagated as
described (4), except that the 37°C in-
cubator was kept inside a 37°C warm room
so that cells could be removed at frequent
intervals without lowering their temper-
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percent plasma on day 3, refed on day 5, and used on day 7. Each dish contained 0.48 mg of protein,

(@) Cyclic GMP; ( 0) cyclic AMP.

ature. The nucleotides were extracted with
5 percent trichloroacetic acid containing
cyclic PHJAMP and cyclic [’H][GMP to
monitor recoveries. After removal of the
precipitate by centrifugation, the extracts
were neutralized with SN NaOH, and cy-
clic AMP and cyclic GMP were adsorbed
on a Dowex-1-formate column (0.8 by 2.5
cm). After a washing with 10 ml of H,O,
cyclic AMP was eluted with 8 ml of 2N
HCOOH, and cyclic GMP was eluted with
10 ml of 4N HCOOH. The samples were
lyophilized, and the cyclic GMP samples
were dissolved in 1 ml of 0.1V HCI and
further purified on Dowex-50 columns (0.8
by 6.5 cm) and lyophilized (4). The cyclic
AMP samples were dissolved in 50 mM
MES buffer [2-(N-morpholino)ethanesul-
fonic acid], pH 6.2, and subjected to radio-
immunoassay directly. The unknown cy-
clic GMP samples and standards were dis-
solved in water, succinylated as described
by Cailla et al. (5), diluted eightfold, and
then assayed. Radioimmunoassay reagents
were obtained from Collaborative Re-
search.

Plasma containing citrate was heated at
60°C for 60 minutes to remove fibrinogen.
After centrifugation, the plasma was dia-
lyzed for 16 hours against ten volumes of
phosphate-buffered saline, which was
changed two times; the dialyzed plasma

was centrifuged and filtered through a
0.45-um Millipore filter.

Kohler and Lipton (6) have found that
BALB 3T3 cells grow poorly in medium in
which plasma is used in place of serum.
Therefore we propagated our cells in se-
rum, changed them to plasma-containing
medium to arrest growth, and in some
cases subsequently added serum to reiniti-
ate growth. This experimental system is
convenient for manipulating cellular
growth, and we used it to measure cyclic
GMP in growing and nongrowing cells.

BALB 3T3 cells were planted at a den-
sity of 2000 cells per square centimeter in
100-mm dishes in a medium containing 10
percent calf serum. After 48 hours, the
cells were shifted to a medium containing 5
percent plasma (Fig. 1). After transfer to
this medium, cell growth continued at a
reasonable rate for 2 days and then
stopped. Two days after the cells were
planted and just before they were trans-
ferred to plasma, the cyclic GMP concen-
tration was 0.35 pmole/mg. The concen-
tration rose to 1.8 pmole/mg after 2 days
in plasma, and this high value correlated
with the time of growth arrest. Then cyclic
GMP slowly declined to 0.53 pmole/mg
after 6 days.

The gradual rise in cyclic GMP concen-
tration in these cells after transfer to

Table 1. The effect of addition of serum on cyclic GMP and cyclic AMP concentrations (picomoles

per milligram).

Cyclic GMP: minutes Cyclic AMP: minutes Cell
. . after serum addition after serum addition No.
Experi- 3
— (10
ment Initial cell/
0 10 20 40 0 10 20 40 cm?)
1 2.1 1.1 0.9 0.45 20.5 11 9 3 9
2% 1.6 0.55 15 7.5 9
3 0.85 0.25 18 7.5 20
4* 0.51 0.12 10.6 4.0 13
5 0.55 0.17 0.14 10.4 2.4 3.6 24
6* 1.6 0.42 23.8 9.8 13

*Dexamethasone acetate at final concentration of 1 ug/ml was added with plasma.
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plasma suggests that growth factors
present in serum may be responsible for
the low cyclic GMP concentrations in cells
growing in serum. To test this idea, we
maintained cells in 10 ml of medium con-
taining 5 percent plasma (by volume) for 3
to 5 days; the cells were stimulated to grow
by the addition of 2 ml of unheated serum
(Table 1). Cyclic GMP and cyclic AMP
fell promptly after the addition of serum.
In experiment 1 (Table 1), cells were main-
tained for 3 days in plasma-containing me-
dium, and the cell number increased from
9 x 10° to 18 x 10° per square centimeter
36 hours after 2 ml of serum was added.
The levels of both nucleotides had fallen
after only 10 minutes and continued to fall
for up to 40 minutes; cyclic GMP fell from
2.1 to 0.45 pmole/mg, and cyclic AMP
from 20.5 to 3 pmole/mg. Whether or not
dexamethasone (1 ug/ml) was added to
the plasma, we found that serum lowered
the cyclic GMP and cyclic AMP concen-
trations. Before the addition of serum, the
cyclic GMP varied from 0.51 to 2.1
pmole/mg and the cyclic AMP from 10.4
to 23.8 pmole/mg. The reason for the vari-
ation in these initial values is unclear, but
some of the variation is related to the num-
ber of days the cells had been maintained
in plasma before the addition of serum
(Fig. 1). With prolonged exposure to
plasma-containing medium some of the
cells may have progressed to the G2 phase
of the cell cycle (7).

The fall in cyclic GMP after serum addi-
tion persists for longer than 40 minutes. In
the experiment shown in Fig. 2, the cells
were studied for up to 10 hours after serum
was added. The levels of cyclic GMP and
cyclic AMP remained low for this entire
period.

Our data indicate that cyclic GMP con-
centrations are relatively low in growing
cells, rise when cellular growth is slowed or
arrested by transfer to plasma-containing
medium, and fall when cells are stimulated
to grow by the addition of serum. This pat-
tern is similar to that reported for cyclic
AMP (1), and raises the possibility that cy-
clic GMP and cyclic AMP both can func-
tion to inhibit cell growth. We have ob-
served some inhibition of the growth of
3T3 cells when they have been treated with
a high concentration of 8-Br cyclic GMP
(2 mM) (8). In contrast, Seifert and Rud-
land reported that dibutyryl cyclic GMP
stimulates the incorporation of [*H]thy-
midine into DNA in serum-starved 3T3
cells (3). Since the stimulation observed
was small (10 to 20 percent) and no in-
crease in cell number was reported, it
seems possible that the increased labeling
of DNA was due to a change in the intra-
cellular thymidine pool and was not a re-
flection of enhanced cell growth.

SCIENCE, VOL. 190



The rise in cyclic AMP in NRK fibro-
blasts undergoing density dependent inhi-
bition of growth has been found to be asso-
ciated with an increase in adenylate cyclase
activity (9). The rise in cyclic GMP in
BALB 3T3 cells is likewise associated with
increased guanylate cyclase activity (/0),
and this rise could be responsible for the
increase in cyclic GMP. We have also
measured cyclic GMP and guanylate cy-
clase activity in transformed NRK and
transformed BALB 3T3 cells growing in
serum-containing medium. Many trans-
formed 3T3 and NRK cells show greatly
diminished guanylate cyclase activity (0).
Also, NRK cells transformed by the Kir-
sten, Moloney, or Harvey strains of mu-
rine sarcoma virus have very low cy-
clic GMP (10). Thus transformed cells can
grow rapidly with diminished cyclic GMP
levels. Seifert and Rudland reported that
the addition of serum to resting serum-
starved 3T3 cells causes a transient rise in
cyclic GMP (3). We have failed to detect
any rise in cyclic GMP after addition of se-
rum to cells maintained in plasma. More
recently Moens et al. reported that cyclic
GMP levels do not rise in Swiss 3T3 cells
undergoing density dependent inhibition of
growth in serum (/7). Our results cannot
be directly compared with those of Seifert
and Rudland and Moens et al. since there
are differences in experimental design and
in methodology. Some of these are as fol-
lows. (i) They washed their cells prior to
extraction; we do not wash cells to prevent
possible changes in cyclic nucleotide levels
due to this manipulation. (ii) They used di-
rect radioimmunoassay without succinyla-
tion; we have been unable to reliably mea-
sure cyclic GMP levels without the en-
hanced sensitivity and specificity of succi-
nylation. (iii) Moens et al. used a different
strain of 3T3 cells. (iv) Moens et al. al-
lowed cells to undergo contact inhibition of
growth in serum, whereas we used plasma
that is deficient in some of the growth fac-
tors found in serum (5).

All in all, our data are inconsistent with
the proposal that cyclic GMP promotes
growth and opposes the action of cyclic
AMP (2, 3). The role of cyclic GMP in cul-
tured fibroblastic cells remains obscure.
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Independence of *“On”’ and ‘“Off”’ Responses

of Retinal Ganglion Cells

Abstract. Recordings of action potentials from retinal ganglion cells that are stimu-
lated repetitively demonstrate two properties: (i) variability introduced during the stimu-
lus is not evident in the response that occurs at stimulus offset and (ii) variability in the
ON response shows a different temporal structure than variability in the dark. Our find-
ings demonstrate that these responses are generated independently.

There are two responses to every visual
stimulus: one after a light is introduced
and one after it is withdrawn. During the
time that the stimulus is present, the firing
rate of a ganglion cell may be either higher
or lower than its firing rate was in the dark.
After stimulus offset the firing rate is again
modified, usually in the direction opposite
to the response during the stimulus (/).
While the on response is generally consid-
ered to reflect the cell’s response to the
stimulus, there is some controversy about
the origin and significance of the oFr re-
sponse (2, 3). Many researchers tacitly as-
sume it to be a reflection of the same pro-
cess that generates the oN response, and
group the two together for analysis (). We
have found that the on and oFF responses
are manifestations of two independent
processes; in addition, there are separate
ON mechanisms that correspond to dif-
ferent parts of the receptive field.

If the same stimulus is repeated on a
regular schedule, the number of spikes (ac-
tion potentials) that are elicited varies
from presentation to presentation; we have
examined the statistical properties of this

Table 1. Correlation matrix for 39 stimulus pre-
sentations to the center of the receptive field of
an off-center unit. The stimulus was a 0.562-mm
diameter spot. Correlations are between all
pairs of lists of the numbers of spikes in each of
the 1-second bins. The mean and variance (¢2) of
the number of spikes in each bin are also
presented.

List 1 2 3 4 5
1 1.00 .86 .09 .84 .85
2 1.00 .04 .82 .87
3 1.00 03 -.11
4 1.00 .80
5 1.00
Number of spikes in each bin
Mean 38.7 38.7 24.1 65.6 464
a? 13.7 139 89 888 427

variability and its correlation with the
variability that is exhibited by the main-
tained discharge. It is important to realize
that these statistics are derived from total
numbers of spikes and are not necessarily
related to the statistics derived from the
variability of interspike intervals.

We used platinum-iridium micro-
electrodes to make extracellular record-
ings of action potentials from the isolated
retinas of goldfish (Carassius auratus) (5).
Data consisted of the total number of ac-
tion potentials that occurred in each of five
successive 1-second bins. (A bin is an inter-
val of time during which spikes are
counted.) The stimulus was a flash of deep
red monochromiatic light (680 nm or long-
er) coincident with the third bin. This regi-
men was repeated every 30 seconds and
generated five lists, each consisting of the
total number of spikes in the correspond-
ing bin for each of at least 30 repetitions of
the same stimulus. Lists 1 and 2 corre-
spond to firing before the stimulus and rep-
resent the maintained discharge; list 3 is
the oN response; and lists 4 and 5 are OFF
responses.

We computed a matrix of the correla-
tions between all pairs of lists; a typical
matrix (Table 1) was derived for stimu-
lation to the center of an off-center cell (6).
These correlations express relations be-
tween the changes about the means of each
of the lists. The most striking feature of
this matrix is that there is a uniformly high
correlation between any two lists in which
there was no stimulus, and a low correla-
tion between list 3 (that included the
stimulus) and any other. The failure of the
OFF response to show a lower correlation
with maintained firing cannot simply be
ascribed to a lack of response at OFF; the
absolute magnitude of the oFF response
(measured as the difference from main-
tained) in this case is larger than that of
the oN response (see means in Table 1).
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