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Abstract. Bacterial lipopolysaccharides (LPS) greatly increase ¢cGMP levels in short term
cultures of rat fetal liver cells without affecting the concentration of cAMP. This effect is
produced by very small (1 ng) amounts of LPS and is both dose and time dependent. The time
dependence is characterized by an initial lag period of 60-120 min followed by a rapid,
persistent increase in ¢cGMP levels. Since this time course suggests that synthesis of an
intermediate might play an important role in the cGMP elevation, a series of experiments was
done to evaluate the effect of LPS on DNA, RNA, and protein (macromolecular) synthesis.
LPS did not measurably effect total macromolecular synthesis. However, inhibitors of RNA
and protein synthesis markedly reduced cGMP levels in LPS-treated cells, whereas inhibition
of DNA synthesis did not. Addition of sodium nitroprusside to control and inhibitor-treated
cultures produced large equivalent increases of cGMP levels in both cases, indicating that the
cells present were fully capable of responding to a stimulus of guanylate cyclase. Taken together,
this data suggests that expression of the LPS-cGMP response in fetal liver cells is dependent

on synthesis of an intermediary protein(s) during the lag phase.
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Bacterial lipopolysaccharides (LPS) greatly
increase cCGMP levels in short-term cultures
of rat fetal liver cells and to a lesser extent
in similar cultures of rat adult spleen cells
without affecting the concentration of cAMP.
This elevation is due to the Lipid A moiety
of the LPS molecule, is potentiated by the
phosphodiesterase inhibitor, isobutylmethyl-
xanthine, and by small amounts of serum,
and is both dose and time dependent (1-5).
The time dependence is characterized by an
initial lag period of 60-120 min followed by
arapid and very persistent increase in cGMP
levels. Because this lag period suggested that
synthesis of an intermediate or of guanylate
cyclase, itself, might play an important role
in the cGMP elevation produced by LPS, a
series of experiments was undertaken to eval-
uate the effect of LPS on DNA, RNA, and
protein synthesis. The results of these studies,
which are reported here, indicate that both
RNA and protein synthesis are involved in
the cGMP effect and are consistent with the
hypothesis that a cellular component is pro-
duced during the lag period that is necessary
for the increase in cGMP levels to occur.

Materials and Methods. The methods were
modified slightly from those previously de-

scribed (4, 5). Cell suspensions in Way-
mouth’s MB752-1 medium (Microbiological
Associates, Bethesda, Md.) were prepared
from rat fetal livers on Day 13 of gestation
(Holtzman Company, Madison, Wis.). The
concentration of nucleated cells was deter-
mined on a Coulter counter and adjusted to
1 X 107 cells per ml. Half milliliter aliquots
of this suspension plus an additional 0.4 ml
of Waymouth’s medium were placed in poly-
styrene tubes (Falcon Plastics, Oxnard, Calif.),
preincubated for 30 min, and then incubated
with various concentrations of each inhibitor
and/or LPS for 3-4 hr as specified for each
experiment. All inhibitors and LPS were
diluted in Hanks’ balanced salt solution
(HBSS) and added in a 0.1-ml vol that
contained 6 ul of limulus lysate absorbed rat
serum. At 23 or 3 hr, 0.25uCi of both
['“C]thymidine and [*H]uridine, or [*H]leu-
cine alone were added in a 50 ul vol of HBSS
and, unless specified otherwise, the incubation
was continued for another 30 min. At this
point, the cultures were terminated by the
addition of 1 ml of ice cold 10% trichloro-
acetic acid (TCA) followed by immediate
sonication at SO0 W for 5 sec. After centrifu-
gation, the supernatants were extracted three
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times with 5 vol of water saturated ether,
heated to 50°C for 25 min, diluted as nec-
essary in pH 4.0 acetate buffer to a final
concentration of 50 mA, acetylated, and
assayed for cGMP by radioimmunoassay (6).
Fresh standards were acetylated along with
samples for each assay. Dilution analysis of
a pooled sample with and without a fixed
amount (16 fmole) of added standard showed
correlation coefficients greater than 0.9 for
both cases and y intercepts of 0.5 and 16.9
fmole, respectively. The pellets were washed
three times, once with 2 ml of iced 10% TCA
and twice with 2 ml of iced 10% perchloric
acid (PCA). For analysis of DNA and RNA
synthesis, the washed pellets were suspended
in 5% PCA, heated for 15 min at 90°C to
hydrolyze the RNA and DNA, rapidly cooled,
and centrifuged. One ml of supernatant from
each sample was mixed with 10 ml of Scin-
tiverse (Fisher Scientific, Pittsburgh, Pa.) in
a counting vial and '*C and *H activities
were measured in a liquid scintillation counter
using a dual isotope counting technique ad-
justed so that no *H counts appeared in the
1C channel. For analysis of protein synthesis,
the pellets were incubated in 1 ml of 0.2 NV
sodium hydroxide at 37°C until completely
dissolved. One-milliliter aliquots were then
mixed with 10 ml of Scintiverse and *H
activity was measured in a liquid scintillation
counter.

Salmonella minnesota 9700 lipopolysac-
charide prepared by the phenol extraction
method of Westphal and Jann (7) was pur-
chased from Difco Laboratories, Detroit,
Michigan and used as supplied. Cytosine
arabinoside and actinomycin D (Calbiochem-
Behring Corp., La Jolla, Calif.) plus cyclo-
heximide and cordycepin (Sigma Chemical
Co., St. Louis, Mo.) were diluted in HBSS
(Grand Island Biologicals, Grand Island,
N.Y.) and added to cultures in 0.1-ml vol.
["*C]Thymidine, [*H]uridine, and [*H]leucine
(New England Nuclear, Boston, Mass.) were
diluted in HBSS and added to cultures in
0.05-ml vol. Guanosine 3":5'-cyclic phosphoric
acid 2-O-succinyl-['**I]iodotyrosine meth-
ylester (New England Nuclear) diluted in 50
mM acetate buffer, pH 4.0, was used in the
radioimmunoassay for cGMP.

The data were evaluated by standard sta-
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tistical methods including linear regression
analysis and the unpaired ¢ test (8).

Results. In an effort to evaluate whether
or not any measurable changes in DNA,
RNA, or protein synthesis were associated
with the cGMP elevation produced by LPS,
the effect of LPS on ¢cGMP levels and on the
incorporation of ['*C]thymidine, [*H]uridine,
and [*H]leucine into their respective macro-
molecules was studied. Either 20 ng of LPS
in HBSS or HBSS alone was added to the
cultures at zero time, while the radioactive
precursors were added after 3 hr. Cultures
were then terminated at various times from
15 to 60 min later. As can be seen in Fig. 1,
incorporation of all radioactive precursors
into DNA, RNA, and protein was linear for
the 60-min period studied. Furthermore, there
was no difference in DNA, RNA, and protein
synthesis between LPS and control cultures
at all of the times tested. On the other hand,
c¢GMP levels in the LPS-treated cultures (4876
+ 834 fmole) at these same times were 14-
fold greater than in controls (341 * 53 fmole).
Thus, the large increase in cGMP concentra-
tion produced by LPS was not associated
with any measurable changes in total DNA,
RNA, or protein synthesis.

Since relatively large increases of a single
or a few cellular components might be ob-
scured in the measurement of total macro-
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F1G. 1. Effect of LPS on synthesis of DNA, RNA, and
protein in cultures of fetal liver cells. LPS (20 ng) or
HBSS was added at zero time. Appropriate labeled
precursors were added at 180 min and the cultures were
terminated at 195, 210, and 240 min. All points represent
the mean of triplicate cultures = SD. A, DNA synthesis;
B, RNA synthesis; C, protein synthesis.
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molecular synthesis (9), the effects of several
inhibitors of DNA, RNA, and protein syn-
thesis were evaluated. A typical experiment
utilizing cytosine arabinoside is shown in
Table 1. Cultures were treated at time zero
with either HBSS alone, 20 ng of LPS alone,
or LPS plus various concentrations of cytosine
arabinoside. Synthesis of DNA, RNA, and
protein was measured between 3 and 3} hr
of culture and cGMP levels were determined
at 34 hr. In addition, the effect of nitroprus-
side added at 3 hr on cGMP levels at 31 hr
was measured in control cultures and in
cultures receiving the highest dose of cytosine
arabinoside. Cytosine arabinoside (10 uAf)
produced a mild 29% inhibition of the cGMP
response, a marked 95% inhibition of DNA
synthesis, and moderate to slight decreases
in RNA and protein synthesis. Thus, almost
complete inhibition of DNA synthesis did
not markedly affect the increase in ¢cGMP
levels produced by LPS. Moreover, in cultures
receiving the highest dose of cytosine arabi-
noside, sodium nitroprusside, a known acti-
vator of soluble guanylate cyclase (10), pro-
duced a large increase in cGMP levels equiv-
alent to levels achieved in control cultures,
indicating that the cells present were fully
capable of responding to a stimulus of gua-
nylate cyclase.

The data from a series of similar experi-
ments utilizing other inhibitors of macro-
molecular synthesis (actinomycin D, cordy-
cepin, and cycloheximide as well as cytosine
arabinoside) are summarized in Table II. For
each inhibitor, a single dose that produced
the most discrimination between the various
parameters is included in the table. The time
course and the amount of LPS (20 ng per
culture) are identical to the experiment in
Table 1. Actinomycin D, cordycepin, and
cycloheximide all produced a marked inhi-
bition of the cGMP response to LPS, whereas
cytosine arabinoside did not. Although none
of the inhibitors were completely specific,
each had a predominant effect. Actinomycin
D and cordycepin’s major inhibition was on
[*Hluridine incorporation, while cyclohexi-
mide’s was on [°*H]leucine incorporation, and
cytosine arabinoside’s was on ['*C]Jthymidine
incorporation. Cycloheximide also produced
a large decrease in [!“C]thymidine incorpo-
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ration. However, since an even larger decrease
was observed with cytosine arabinoside with-
out a major effect on cGMP levels, it seems
likely that the ¢GMP inhibitory effect of
cycloheximide was related to its effect on
protein synthesis and not DNA synthesis.
The results of sodium nitroprusside controls
done with each inhibitor experiment are
shown in Table III. Nitroprusside produced
large increases of cGMP levels which were
comparable or greater in inhibitor-treated
than in control cultures.

Discussion. We have previously shown that
very small amounts of LPS produce a large
increase of cGMP levels in rat fetal liver cells
without affecting the cAMP concentration
(1-3). The time course of this effect is char-
acterized by a lag period of 60-120 min
followed by a rapid and persistent elevation
of the cGMP concentration (1, 2). This lag
period, which is always present, suggests that
synthesis of an intermediate or activator
might be necessary for expression of the
¢GMP response. The data reported here and
outlined below are consistent with this notion.
First, although no effect of LPS on total
DNA, RNA, or protein synthesis was ob-
served, this does not rule out an effect on a
specific messenger RNA that represents only
a very small fraction of total synthesis. For
example, in B lymphocytes treated with con-
canavalin A or LPS in mitogenic doses, myc
gene messenger RNA is markedly elevated
long before any effect on total RNA or DNA
synthesis is observed (9). Second, the inhibitor
studies show that blocking RNA synthesis
with actinomycin D and cordycepin or
blocking protein synthesis with cycloheximide
virtually abolishes the cGMP effect of LPS,
whereas cytosine arabinoside, an inhibitor of
DNA synthesis, had very little inhibitory
effect on ¢cGMP levels. Third, actinomycin
D in the doses used in our experiments is
known to inhibit messenger RNA synthesis
in other cell types (11). Fourth, cordycepin
produces at least a part of its effect on RNA
synthesis by interfering with the formation
of polyadenylate sequences at the 3'-terminus
of messenger RNA. This prevents the transfer
of messenger RNA from the nucleus to the
cytoplasm and thereby blocks the expression
of the messenger RNA by the cell (12). Fifth,
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TABLE II. EFFECT OF VARIOUS INHIBITORS ON ¢cGMP LEVELS AND DNA, RNA, AND PROTEIN SYNTHESIS IN CULTURES OF FETAL LIVER CELLS%?

[**C]Thymidine (cpm) [’H]Uridine (cpm) [*H]Leucine (cpm)

cGMP (fmole)

%
LPS©

LPS¢

LPS + drug

LPS* LPS

LPS + drug

LPS

LPS + drug

LPS¢ LPS

LPS + drug

LPS

Inhibitor (drug)
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1029 + 617 74

1396 + 89

10

321 + 124

3196 + 174

50

1848 + 784

3716 + 305

5

306 = 447

5845 + 1085

0.25 pM actinomycin D

82

866 + 644

1056 + 54

46

1147 = 394

2512 £ 163

2399 + 1104 69

3500 + 140

6

290 + 764

4554 * 426

100 uAM cordycepin

502 + 267

1293 £5

117

2305 + 332

42 1974 + 200

1506 + 22¢

2 3556 + 230

77 + 524

3812 + 753

1 uM cycloheximide

10 uM cytosine

897 + 53 90

996 + 50

1496 + 559 58

2561 + 54

5

152 + 94

3338 + 48

3496 + 4174 71

4933 + 779

arabinoside

@ Values equal the mean of six replicate cultures + SD for ¢cGMP levels and three replicate cultures = SD for ['*C]thymidine, [*H]uridine, and [*H]leucine cpm.
b Inhibitors and/or LPS were added at time zero; ['*C]thymidine, [*H]uridine, and [*H]leucine were added at 150 min. All cultures were terminated at 180 min.

<% LPS refers to the mean cGMP level or cpm in LPS + inhibitor-treated cultures divided by the respective mean values in cultures receiving only LPS X 100.

4 When compared to cultures receiving only LPS, P < 0.05.

although none of the inhibitors was absolutely
specific, each produced a predominate effect
on either DNA, RNA, or protein synthesis.
Sixth, sodium nitroprusside, when added at
the end of the incubation period to either
control or inhibitor-treated cultures, produced
large comparable increases of cGMP levels
in both cases. Therefore, even after exposure
to any of the inhibitors for the entire culture
period, the cells were fully capable of re-
sponding to a stimulus of guanylate cyclase.
Thus, taken together, our data support the
hypothesis that expression of the LPS-cGMP
response in fetal liver cells is- dependent on
transcription of messenger RNA and resultant
synthesis of an intermediary protein(s) during
the lag phase. It seems likely that production
of this protein(s) represents only a small
fraction of total protein synthesis occurring
in the individual cells. Alternatively, it could
represent a large proportion of protein syn-
thesis in a small number of cells.

The nature of this hypothetical interme-
diary protein(s) is unknown. However, several
possibilities are readily apparent and include
synthesis of cell surface receptors for LPS,
an enzyme which subsequently catalyzes for-
mation of an activator of guanylate cyclase,
an activator of guanylate cyclase, and guanyl-
ate cyclase itself. In addition, since the fetal
liver cell suspensions are composed of several
cell types, it is possible that more than one
kind of cell is involved in the LPS response.
LPS could bind to one cell type and cause
release of an active substance (lymphokine,
for example) which could then increase
¢GMP levels in another class of cells. Cur-
rently, only the synthesis of soluble guanylate
cyclase seems unlikely. Since sodium nitro-
prusside, a known activator of soluble gua-
nylate cyclase (10), produces huge increases
of ¢cGMP in cells not treated with LPS, the
level of this enzyme in the cells does not
appear to be rate limiting. Additional exper-
iments including identification of the cell
type or types involved in the reaction, mea-
surement of binding of radioactive LPS to
the cell surface, and the effect of adding LPS
directly to broken cell preparations will have
to be done in order to distinguish between
these other possibilities.

Although the biological meaning of the
c¢GMP response to LPS in fetal liver tissue is
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TABLE 11, EFFECT OF NITROPRUSSIDE ON ¢cGMP LEVELS IN CONTROL AND INHIBITOR-TREATED
CULTURES OF FETAL LIVER CELLS®

Additives fmole cGMP?
HBSS 106 + 22
0.25 uM actinomycin D 36+£5
HBSS + 100 pM nitroprusside 37,452 + 570
0.25 pM actinomycin D + 100 uM nitroprusside 70,374 + 1279°¢
HBSS 76 + 8
100 uM cordycepin 507
HBSS + 100 pM nitroprusside 6441 = 120
100 pM cordycepin + 100 pM nitroprusside 7745 + 346°¢
HBSS 80 £+ 10
1 pM cycloheximide 30+ 6
HBSS + 100 uM nitroprusside 7802 + 751
1 uM cycloheximide + 100 pM nitroprusside 9593 + 1793
HBSS 121 + 8
10 M cytosine arabinoside 125 £ 12
HBSS + 100 pM nitroprusside 10,109 + 3131
10 M cytosine arabinoside + 100 pM nitroprusside 10,679 + 2840

4 Inhibitors or HBSS were added at time zero; nitroprusside was added at 150 min and the cultures were

terminated at 180 min.

% Values equal to the mean of three replicate cultures + SD.

¢ When compared to cultures receiving HBSS + nitroprusside, P < 0.05.

unknown, several factors suggest that hema-
topoietic stem cells might be involved in the
effect. First, fetal liver tissue obtained on the
13th day of gestation contains large numbers
of hematopoietic stem cells and responds to
LPS with very large increases in cGMP levels
(4, 13, 14). Second, both the concentration
of these stem cells within the fetal liver and
the cGMP response to LPS decline with
increasing gestational age (1, 2, 13). Third,
LPS increases splenic hematopoiesis when
injected into mice (15, 16) and elevates cGMP
levels when added to cultures of rat adult
spleen cells (3). Thus, it seems possible that
the increase of cGMP levels produced by
LPS is occurring in hematopoietic stem cells
and may even be related to growth and
differentiation of these cells. At present, there
is no direct evidence to support this view.
Nevertheless, it is an attractive hypothesis
that deserves further evaluation.
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