





GEC Produce ET-1

TN M0 P

for 5 min) and chilled on ice, two rounds of polym-
erase chain reaction (PCR) were performed with
nested primers. First-strand cDNA (6 uL) was the
template for the first round of PCR. In this reaction,
the reverse primer was carried over from the reverse
transcription reaction and only the forward primer
complementary to the 5’ untranslated region
(GTTCCATTTGCAACCGAG) (22) was added. For the
second round of PCR, 1 uL of the first-round reaction
was used as template and the nested primers con-
sisted of CTTCTTCGGATCCCTTTGCAGAATGG and
a sequence complementary to CCGAGCACATTGAC-
TACAGAGCCC (22). Both rounds of PCR were 35
cycles of denaturation at 94°C for 1 s and at 92°C for
29 s, annealing at 55°C for 30 s, and extension at
72°C for 60 s, with a final 8-min extension. PCR
reaction volumes were 50 uL, contained 0.25 U of
Taq DNA polymerase, and were performed at MgCl,
concentrations of 2.5 and 5.0 mM. PCR reaction
products (8 uL) were analyzed by 1.0% agarose gel
electrophoresis.

The product of second-round PCR (pool of 2.5 and
5.0 mM [MgCl.] reactions) was purified by agarose gel
electrophoresis and glass beads. The ends of the PCR
product were repaired with the Klenow fragment of
DNA polymerase I and phosphorylated with T4 poly-
nucleotide kinase, and the product was subcloned
into the Hincll site of the plasmid vector pBS +/— by
standard procedures (23). Nucleotide sequences of
purified plasmid DNA were determined by the dide-
oxynucleotide chain termination procedure with
modified T7 DNA polymerase, a-[*S]dATP, and T3
and M13-20 primers (23).

Measurement of Cell Proliferation

Proliferation of GEC was measured as DNA synthe-
sis by [*H]thymidine incorporation, as detailed pre-
viously (17). In some experiments, cells were first
growth arrested by culture in serum-poor medium
(containing 0.5% fetal bovine serum) for 48 h (17).
Growth factors were added for 24 h, and [*Hjthymi-
dine (0.25 uCi/well) was added for an additional 24
h. At the end of incubations, cells were washed four
times with phosphate-buffered saline and lysed in
situ with 0.25 N NaOH. The lysate was added to
scintillation fluid and counted in a B-scintillation
counter. Cell number was determined by visual
counting of cells at the end of incubations. Cells were
placed into suspension, as described previously (16,
17). and suspended cells were then counted in a
hemacytometer. The mean number of cells in control
incubations was ~5 X 10° per 35-mm well.

Calculations and Statistics

The concentration of ET in culture supernatants
was normalized for cell number. Values are pre-
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sented as mean + SE of ET per number of cells or as
percent increase in stimulated cells above controls.
Statistical significance of differences between exper-
imental groups and controls was determined by the
Wilcoxon rank sum test.

RESULTS

Rat GEC grown under standard culture conditions,
i.e., adherent to collagen matrices in K1 culture me-
dium, synthesized ET peptide. The production and
release of ET into the medium increased linearly with
time (Figure 1). In the absence of cells, K1 medium
(alone) or the collagen gels (alone) contained no de-
tectable ET. When compared with other cells grown
under their standard culture conditions, basal ET
synthesis (over a 24-h period) in GEC was ~25% of
the amount produced by unstimulated bovine pul-
monary artery endothelial cells but was ~60-fold
higher than basal synthesis by rat mesangial cells
(Figure 2). This comparison between cell types is
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Figure 1. Time course of basal ET peptide production by rat
GEC. GEC, adherent to collagen gels, were cultured in K4
medium. ET peptide was measured by RIA in culture super-
natants. Each time point consists of six measurements.
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Figure 2. Basal ET peptide production by rat GEC, rat glo-
merular mesangial cells (Mes), and bovine pulmonary ar-
tery endothelial cells (Endo). ET was measured in culture
supematants after 24 h of incubation. The value for endo-
thelial cells has been reported previously (20).

Volume 3 « Number 7 « 1993



T T 2 o R R e o

[MgCl,] 2550 25 5.0 mM

Figure 3. Detection of preproET mRNA in rat GEC. mRNA was
converted to single-stranded cDNA by reverse transcriptase
and was amplified by two rounds of PCR (at (MgCl;) of 2.5
and 5.0 mM) with nested oligonucleotide primers based on
the sequence of rat preprokT (22). PCR products were elec-
trophoresed in 1.0% agarose gels, containing ethidium bro-
mide, and were visualized under ultraviolet light. The posi-
tions of nucleic acid size standards, obtained from A DNA
digested with Hindlll (shown on the left), comrespond to
2,322, 2,027, and 564 base pairs (fop to bottom). The first
round of PCR (left panel) yielded a faint band at 5.0 mM
(MgCl,), and in the second round (right panel), intense
bands were visualized. The products of both PCR were
consistent with the expected lengths of 727 and 643 base
pairs, respectively (22), indicating that GEC synthesize
preproET mRNA.

approximate because culture conditions, while opti-
mal for each cell type, were not identical.

To provide further support for the observation that
GEC produce ET under standard culture conditions,
we examined whether GEC contained mRNA for
preproET. Our approach to detect the presence of
preproET mRNA involved the conversion of GEC
mRNA to ¢cDNA and the amplification of cDNA by
two rounds of PCR with nested oligonucleotide
primers based on the sequence of rat preproET cDNA
(22) (see Methods). Thus, according to the design of
the primers, if preproET mRNA was present in GEC,
then the first round of PCR would yield a cDNA
product of 727 base pairs and the second round
would yield a cDNA product of 643 base pairs. The
two rounds of PCR yielded products of predicted
length (Figure 3), indicating that GEC express
preproET mRNA. Further confirmation of identity
was obtained by the demonstration that the nucleo-
tide sequence of the second-round subcloned PCR
product was identical to the sequence of rat preproET
cDNA (22).

We then examined whether production of ET pep-
tide by rat GEC could be altered by factors that may
be present in the glomerulus during inflammation.
Compared with basal levels, ET synthesis was en-
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Figure 4. Regulation of ET production. ET was measured in
culture supernatants of collagen-adherent GEC after 24-h
incubations in control media or media containing TGF-8 (10
ng/mL), thrombin (5 U/mL), PMA (300 nM), EGF (10 ng/mL),
or isoH-7 (100 uM). The effect of C5b-9 was determined by
the incubation of antibody-sensitized GEC with normal hu-
man serum or heat-inactivated serum in controls (see Meth-
ods). Inset. ET production in PKC-depleted GEC (24-h prein-
cubation with 2 uM PMA) that were stimulated for 24 h with
TGF-8 (10 ng/mL) or thrombin (5 U/mL) or were unstimulated
(Unstimul.). The number of measurements is indicated in
parentheses. * P< 0.001; ** P < 0.05; stimulated versus con-
trol. The stimulatory effect of thrombin (but not TGF-8) in
PKC-replete GEC was significantly reduced in PKC-depleted
GEC (P< 0.05).

hanced after 24 h of incubation with the C5b-9 mem-
brane attack complex of complement and with TGF-
B (Figure 4). TGF-8, however, had no stimulatory
effect after 4 h (79 £ 7% of control). ET production
was also enhanced with thrombin (Figure 4). Because
thrombin is known to increase 1,2-diacylglycerol and
PKC activity secondary to stimulation of phospholi-
pase C (24), we examined the effect of thrombin on
ET production in the presence of the protein kinase
inhibitor isoH-7 and in GEC that had been depleted
of PKC by a 24-h preincubation with 2 uM PMA.
(Previously, we demonstrated that isoH-7 and 24-h
preincubation with 2 uM PMA functionally inhibit/
deplete PKC activity in GEC [17]). isoH-7 had no
independent effect on basal ET synthesis, and isoH-
7 inhibited the stimulatory effect of thrombin (Figure
4). Basal ET production was also not altered in PKC-
depleted GEC, but the stimulatory effect of thrombin
was reduced by more than 70% (Figure 4). These
results indicate that the action of thrombin was
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through PKC. Further support for PKC in the stimu-
lation of ET release was obtained by demonstrating
that synthesis of ET was enhanced after 24 h of
incubation with the exogenous PKC activator PMA
(300 nM) and that the stimulatory effect of PMA was
abolished in the presence of isoH-7 (Figure 4). An
upward trend in ET production was also noted after
a 4-h incubation with PMA (300 nM; 11 + 7% above
control). In contrast to thrombin, the stimulatory
effect of TGF-8 on ET production was not signifi-
cantly different in PKC-depleted GEC as compared
with that in PKC-replete cells (Figure 4). Other mol-
ecules that might be active in inflamed glomeruli,
including EGF, a major GEC mitogen (17), had no
significant effect on ET production (Figure 4). In
addition, the absence of growth factors in the culture
medium (i.e., serum-poor medium) did not affect ET
production at 24 h, as compared with K1 medium
(data not shown). Activators of the adenylate cyclase
(dibutyryl-cAMP, 1 mM) and guanylate cyclase path-
ways (8-bromo-cGMP, 1 mM), as well as the cAMP-
and cGMP-dependent protein kinase inhibitors,
KT5720 (4 M) and KT5823 (4 uM), respectively (25),
had no effect on basal ET production at 24 h (data
not shown). We also examined whether, in addition
to soluble mediators, ET synthesis might be regulated
by extracellular matrix. However, we observed that
the synthesis of ET was not significantly different
between GEC adherent to collagen gels and cells
adherent to plastic substrata (0.15+ 0.03 versus 0.17
+ 0.05 pg/1,000 cells per 24 h, respectively: N = 6).

Some of the factors that were tested for their ability
to stimulate ET production in GEC are also known to
stimulate or inhibit cell proliferation. Thus, we ex-
amined the effects of these factors on DNA synthesis
in GEC. Although TGF-§ and PMA enhanced ET pro-
duction, they both decreased [*H]thymidine incorpo-
ration (Table 1). EGF and thrombin potently stimu-
lated [°*H]thymidine incorporation (Table 1) and pro-
duced parallel increases in cell number (data not
shown), but only thrombin stimulated ET. Further-
more, isoH-7 did not inhibit thrombin-stimulated [H]
thymidine incorporation, although it inhibited
thrombin-stimulated ET production. isoH-7 inde-
pendently produced a small increase in DNA synthe-
sis when added to medium containing growth factors,
i.e., K1 medium (Table 1), but had no effect in serum-
poor medium (data not shown). Finally, we reported
previously that GEC will proliferate only when ad-
herent to collagen gels or to other extracellular mat-
rices but not to plastic substrata (17); however, the
presence of extracellular matrix did not affect ET
production.

DISCUSSION

We demonstrate that cultured rat GEC synthesize
preproET mRNA (Figure 3) and ET peptide. ET pep-
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TABLE 4. DNA synthesis in GEC®

(*H)Thymidine Incorporation

(% Control)

K4 Medium

TGF-8 (10 ng/mL) 67 + 14

PMA (300 nM) 37+ 11

isoH-7 (100 xM) 164 + 34
Serum-Poor Medium

EGF (10 ng/mL) 1,089 + 488

Thrombin (5 U/mL) 1,010 + 478

Thrombin (5 U/mL) + IsoH-7 1,795 £ 901

(100 M)

° Factors were added to GEC in K4 medium or serum-poor medium.
(*H)thymidine incorporation in control GEC, /.e., cells in K4 medium or
in serum-poor medium was 24,155 + 1,800 and 2,939 + 1,011 cpm/
well per 24 h, respectively. Values are from three to five experiments
performed in triplicate. All values are significantly different from con-
trol (P < 0.05).

tide was released in a time-dependent manner (Figure
1), and the amount produced under basal conditions
by GEC was approximately comparable to that pro-
duced by bovine pulmonary artery endothelial cells
and greatly exceeded production by rat mesangial
cells (Figure 2) when similar culture conditions and
the same RIA for ET were used. Although the amount
of ET production that we measured in unstimulated
rat mesangial cells (Figure 2) was approximately 5-
fold to 10-fold less than that reported for human
mesangial cells (7), our results, nevertheless, indicate
that GEC produce significantly more ET than do
mesangial cells. Our study is in keeping with that of
a recent report, which also demonstrated basal syn-
thesis of ET by rat GEC in culture, as well as
preproET mRNA expression (26). These studies,
therefore, confirm the emerging view that ET syn-
thesis is not restricted to endothelial cells. Second,
on the basis of this and previous studies (6-8), it can
now be concluded that all of the intrinsic glomerular
cell types can synthesize ET.

In GEC, the production of ET peptide was stimu-
lated by TGF-g8, as well as by thrombin and PMA,
both of which increased ET production through PKC
activation (Figure 4). The structure of preproET re-
veals several potential regulatory sites, including
phorbol ester-responsive elements (AP-1-binding
sites), where PKC acts (27), and binding sites for
nuclear factor-1 (28), where TGF-8 may act to induce
collagen gene transcription (29). Thus, our data sug-
gest that TGF-B, thrombin, and PMA augmented the
expression of the gene for the ET precursor in a
fashion similar to that for endothelial cells and the
renal epithelial cell line LLCPK, (4). C5b-9 also stim-
ulated the release of ET, but to a lesser extent as
compared with the other agonists. Possibly, C5b-9
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would have been more effective if higher concentra-
tions of complement could have been used, but with
C5b-9, there is a narrow range between doses that
activate cells and doses that are cytolytic (16). More-
over, in addition to cell activation, there is also on-
going cellular metabolism of C5b-9 complexes, which
limits the stimulatory effects of C5b-9. The mecha-
nism for basal synthesis of ET remains to be eluci-
dated. PKC and cAMP- and cGMP-dependent protein
kinases did not appear to mediate basal ET produc-
tion, basal release was not dependent on the presence
of exogenous growth factors in the culture medium,
and basal release was not different between GEC
adherent to collagen matrices and to plastic. It should
also be noted that the pattern of ET enhancement in
GEC differed significantly from the stimulation of
DNA synthesis (Table 1). TGF-gand PMA, while stim-
ulating ET, inhibited DNA synthesis in GEC, consist-
ent with previous reports (17,30). Conversely, EGF,
a potent GEC mitogen (17), had no effect on ET
production. Thrombin stimulated both ET and DNA
synthesis but probably by different signaling path-
ways. DNA synthesis appeared to be mediated
through a pathway independent of PKC, because the
mitogenic effect of thrombin was not inhibited by the
PKC inhibitor isoH-7, unlike ET production. These
results indicate that the synthesis of ET by GEC is
not just a reflection of cell growth.

Although the production of ET by glomerular cells
in vivo appears to be relatively low, in preliminary
reports, ET and/or preproET mRNA have been de-
tected in microdissected rat glomeruli, the latter by
PCR (31,32). Thus, ET synthesized by GEC in vivo
under basal conditions may act in a paracrine fash-
ion on mesangial cells and smooth muscle cells ad-
jacent to the glomerulus to modulate glomerular vas-
cular tone, function, and capillary wall permselectiv-
ity (2,3). It is also possible that ET functions in an
autocrine manner in GEC because ET receptors have
been found in cultured human GEC (33), although
we could not demonstrate specific binding of ['**[|[ET
torat GEC (unpublished observations). The synthesis
and effects of ET might become more prominent in
glomerulopathies. For example, by analogy to our
findings in cultured GEC, a recent preliminary study
has shown that ET mRNA is transiently increased in
aminonucleoside nephrosis, a rat model of nephrop-
athy involving GEC injury (34). Furthermore, our
results in cultured GEC suggest that the C5b-9-me-
diated GEC injury of experimental membranous
nephropathy (passive Heymann nephritis in the rat)
(10) might be associated with enhanced ET synthesis.
This elevated ET might contribute to the enhanced
renal vascular resistance, glomerular hypertension,
decreased glomerular ultrafiltration coefficient, and
the portion of proteinuria that appears to be due to
changes in glomerular capillary pressure (13). Simi-
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lar changes in glomerular hemodynamics may occur
in inflammatory nephropathies (12), where inflam-
matory mediators derived from platelets, infiltrating
cells, or intravascular coagulation, such as thrombin
or TGF-8, may be present in glomeruli and might
stimulate ET release from GEC (3). Besides altering
glomerular hemodynamics and permselectivity, ET
could also promote proliferation of mesangial cells,
because it is known to be a mesangial cell growth
factor (2, 35). Further studies are required to docu-
ment a pathologic role for ET in glomerular injury in
vivo.
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