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Abstract Rat glomerular epithelial cells were cultured 
with human monocyte supernatant or with recombinant 
cytokines. A primary glomerular culture and a glomeru- 
lar epithelial cell culture were made; supernatant from 
monocyte cultures derived from healthy humans, and re- 
combinant tumour necrosis factor a (TNF a) or recom- 
binant interleukin 1 fl (IL-1/3) were added. Cell prolifer- 
ation rates were assayed by the MTT (3-[4,5-dime- 
thylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) as- 
say. In serum-free media, consistent proliferation of glo- 
merular epithelial cells (GEC) was observed throughout 
the 3 week culture period. Significant growth-stimulato- 
ry effects were induced by lipopolysaccharide-treated 
monocyte conditioned medium and by 1-50 ng/ml of 
TNF ~, growth being up to 400% more than in the con- 
trol culture. The effect of TNF ~ depended mainly on its 
interaction with epidermal growth factor (EGF). In con- 
trast to TNF ~, IL-1/3 inhibited GEC proliferation; this 
was due to the early appearance and proliferation of me- 
sangial cells, despite the culture being serum-free. This 
study showed that activated monocytes secrete growth 
factors for GEC in vitro, and that interaction between 
both TNF ~ and IL-1 /3 and between TNF ~ and EGF 
can modulate GEC proliferation. These findings suggest 
that, under pathological conditions, monocytes or macro- 
phages affect GEC proliferation, probably being in- 
volved in crescent formation. 
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Introduction 

Extensive cellular crescent formation in glomeruli has 
long been recognized as of great prognostic significance 
in glomerulonephritis. Monocytes and macrophages are 
considered to play an important role in the mechanisms 
underlying this crescent formation [4, 12, 13]. These 
cells are known to produce such factors as platelet-acti- 
vating factor, thromboxane A 2, leukotrienes, reactive ox- 
ygen species, interleukin 1 (IL-1), and tumour necrosis 
factor (TNF) [18]. Under pathological conditions, these 
factors contribute to glomerular inflammation by causing 
glomerular capillary wall injury and by activating endo- 
thelial cells. In crescentic glomerulonephritis, glomerular 
epithelial cells (GEC) show dynamic proliferation; 
monocytes/macrophages are thought to have a salient ef- 
fect on this proliferation, since they are present in cellu- 
lar crescents as the cellular component. However, which 
factor actually stimulates the proliferation of GEC is not 
yet clear. 

We succeeded in obtaining long-term GEC growth 
from a primary glomerular culture and a subculture of 
GEC in serum-free medium. We then examined the ef- 
fects of a supernatant of lipopolysaccharide (LPS)-treat- 
ed activated monocytes, together with TNF ~z or IL-1 fl, 
on the proliferation of the cultured GEC. Possible factors 
that induce crescent formation are discussed. 

Materials and methods 

In order to culture rat glomerular epithelial cells 4-12-week-old 
male Wistar rats were killed by being deeply anaesthetized with 
ether, and the kidneys were amply perfused, via the abdominal 
aorta, with phosphate-buffered saline (PBS, pH 7.2) to remove 
blood cells. The glomeruli were isolated by a sieving technique, 
using stainless mesh, sizes 80 (pore size 177 gin), 150 (105 gm), 
and 250 (62 gm). The protocols for animal experimentation de- 
scribed in this paper were approved by the Animal Research Com- 
mittee at Akita University School of Medicine; the "Guidelines for 
animal experimentation" of the University were totally adhered to 
in all animal experiments. 
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Isolated glomeruli were cultured on a collagen-coated culture 
plate (type 1 collagen, Sumitomo Bakelite, Japan) in RPMI1640 
supplemented with 1% bovine serum albumin (BSA), insulin 5 
gg/ml, transferrin 5 gg/ml, selenite 10 -a M, epidermal growth fac- 
tor (EGF) 10 ng/ml, penicillin G 100 U/ml, and streptomycin 100 
gg/ml. The culture dishes were incubated at 37°C in an atmo- 
sphere of 95% air and 5% carbon dioxide (CO2). After 10-12 days 
of incubation, cells growing out were trypsinized for 10 min at 37 ° 
C, washed three times in PBS, and dispensed, at 5× 105 cells/dish, 
into collagen-coated culture dishes. Thereafter, cells were routine- 
ly passaged at intervals of 7-10 days; the medium was replaced af- 
ter 3 days. 

Phase contrast microscopy was used to evaluate the character- 
istics of the cultured glomerular cells. For the immunofluorescent 
study, cells were plated onto collagen-coated coverslips and al- 
lowed to grow to the desired density. The coverslips were rinsed 
twice in PBS and fixed with cold acetone (-20 ° C) for 3 min and 
immediately air-dried. Rabbit IgG anti-cytokeratin (DAKO, USA), 
anti-human factor VIII (DAKO), and anti-rat Thyl-1 (Cedarlane 
Laboratories, Canada) antibodies were reacted with the coverslips 
for 30 min at 37 ° C. After the coverslips had been washed in PBS, 
they were reacted with fluorescein isothiocyanate-conjugated goat 
anti-rabbit IgG (DAKO) as the second antibody. The stained sec- 
tions were examined under a universal fluorescent microscope 
(Zeiss, Oberkochen, Germany). For electron microscopy, cultures 
were fixed in 2% buffered glutaraldehyde and embedded in situ in 
epon. Ultrathin sections were stained with uranyl acetate and lead 
citrate, and studied under an electron microscope (Nippon Electric 
100B). 

Mononuclear cells were separated from heparinized human pe- 
ripheral blood on a Ficoll-Conray gradient, after which monocytes 
were enriched by fractionation on a one-step discontinuous Percoll 
(Pharmacia Fine Chemicals, Uppsala, Sweden) gradient [1]. We 
confirmed that 92%-96% of the collected cells were monocytes by 
carrying out non-specific esterase staining. The monocytes (lx 
105/flask) were cultured at 37 ° C in humidified air with 5% CO 2 
under RPMI1640 + 1% BSA+insulin 5 gg/ml + transferrin 5 
gg/ml + selenite 10 8 M (medium A), or medium A plus LPS l0 
gg/ml, as an activator for monocytes. The supernatants were col- 
lected after 5 or 48 h culture and stroed at -80 ° C until they were 
used. 

The monocyte supernatant was added to the media of both the 
primary serum-free glomerular culture and the subcultured GEC, 
at concentrations of 5%, 10%, 20%, or 30%. Recombinant human 
IL-1 fl (0.1-100 ng/ml; Otsuka Assay, Japan) or recombinant hu- 
man TNF c¢ (0.1-100 ng/ml; Genzyme, USA) were also added to 
both cultures. Five days after the addition of these factors, the 
number of cells was counted by MTT (3-[4,5-dimethylthiazol-2- 
yl]-2,5-diphenyltetrazolium bromide; Sigma, USA) assay. The 
characteristics of the growing cells were analysed by phase con- 
trast microscopy, electron microscopy, and immunofluorescent mi- 
croscopy. 

Cell proliferation was measured by MTT assay. Primary se- 
rum-flee glomerular cultures or cells at passages 3-5 were used 
for this experiment. Forty glomeruli or 800 glomerular epithelial 
cells per well were cultured on 96-well collagen-coated tissue cul- 
ture plates. On the fifth day of culture, 10 ~tl of MTT stock solu- 
tion, prepared by dissolving 5 mg/ml of MTT in PBS and filtering 
the solution through a 0.22%Lm filter (Whatmann, USA), was add- 
ed to 100 gl of medium in the plates. The plates were then incu- 
bated at 37 ° C for 4 h. After the supernatant and glomeruli were 
removed, acid isopropanol (100 ~tl of 0.04N hydrochloric acid in 
isopropanol) was added to all wells, and the well contents were 
mixed thoroughly until the dark blue crystals dissolved. The plates 
were measured on an enzyme-linked immunosorbent assay reader 
(BioRad, Switzerland), using a measurement wavelength of 570 
nm and a reference wavelength of 620 nm. 

Data are given as means + standard deviation for six separate 
experiments. Differences between groups were compared by a 
one-way analysis of Student's t-test. Differences were considered 
to be significant when P<0.05. 

Results 

Figure l a  shows polygonal  cells in serum-free media  on 
the 15th day of the pr imary glomerular  culture; the cells 
formed a cobblestone- l ike  monolayer.  The proliferat ing 
cells were sensitive to puromyc in  aminonucleos ide  (Sig- 
ma), and, in the immunof luorescen t  studies, they re- 
vealed cytoplasmic cytokeratin (Fig. 2a), and negative 
s taining for factor VIII  and T h y l - 1 .  Electron microscop- 
ic examina t ion  demonstra ted microvi l l i  and tight cell 
junct ions ,  but there was no sign of microf i lament  bun-  
dles in the cells (Fig. 2b). Angio tens in-conver t ing  en- 
zyme, a marker  of endothel ial  cells, was not detected in 
the supernatant.  These f indings showed that the mono-  
layer cells were GEC [27]. They proliferated consis tent ly 
for 3 weeks; no mesangia l  cells proliferated. They had 
the same characteristics after they were subcultured,  and 
we considered the purif ied cells also to be GEC (Fig. 
lb).  

The M T T  assay reflects viable cell numbers  [3, 16, 
23, 30, 31]; the proliferat ion rates were expressed by op- 
tical density (O.D.) values for wave absorbance.  Figure 3 
shows the growth curve of g lomerular  epithelial  cells at a 
cell count  of 40 - 7000  per well. Cells were counted under  
a phase contrast  microscope jus t  before the M T T  assay 

Fig. 1 a Primary serum-free glomerular culture on 15th day. Cob- 
blestone-like polygonal cell proliferation is observed. Phase con- 
trast microscopy (× 400). b Cells at the fifth passage on day 14 af- 
ter subculture. Phase contrast microscopy (x 400) 
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Fig. 2 a Positive immunofluorescent staining for cytokeratin 
(x 400). b Electron microscopy demonstrates microvilli (my, ar- 
row) and tight junction (x 11000) 

was performed. There was an almost linear relationship 
between the cell count and the measured O.D., the high- 
est O.D. value being 0.310 _+ 0.026. 

For the assay of the primary glomerular culture, we 
removed glomeruli by vigorous pipetting before adding 
the acid isopropanol; MTT uptake by glomeruli was, 
thus, negligible, and we considered O.D. values to reflect 
the number of living GEC. 

Phase contrast microscopy showed that the prolifera- 
tion of monolayer cells in both the primary glomerular 
culture and the purified glomerular epithelial cells was 
greatly stimulated by the supernatant of LPS-stimulated 
monocytes. The results of the MTT assay were consis- 
tent with the microscopic findings. The mean O.D. value 
for the MTT assay of the control glomerular epithelial 
culture was 0.0315 _+ 0.006. The proliferation rates of 
GEC were significantly increased with the supernatant of 
LPS-stimulated monocytes (Fig. 4). The highest prolifer- 
ative rates of GEC were observed with the LPS-stimulat- 
ed monocyte supernatant at a concentration of 20%, 
when the O.D. values were 0.132 + 0.005 (48 h cultured 
monocytes; P<0.005 versus control) and 0.095 _+ 0.016 
(5 h cultured monocytes; P<0.01). 

In the experiments with the two recombinant mono- 
kines, TNF ~, at concentrations between 1 and 50 ng/ml, 
had stimulatory effects on the proliferation of GEC, in 
both the primary and the purified cultures. The O.D. val- 
ue of the MTT assay in the control culture was 0.048 _+ 
0.019, and significant proliferation was brought about 
with 50 ng/ml of TNF g (O.D. value 0.109 + 0.034, 
P<0.01). Although the effect of TNF ~ was reduced in 
culture medium without EGF, mild growth stimulation 
was still observed (Fig. 5). 
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Fig. 3 MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo- 
lium bromide) assay showing the growth curve of glomerular 
epithelial cells (GEC) at a cell count of 40-7000 per well 
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Fig. 4 MTT assay showing the effects of monocyte-conditioned 
medium on the proliferation of purified GEC. MC monocyte-con- 
ditioned medium, MC(-) growth of GEC without monocyte-condi- 
tioned medium, but with the same concentration of basal media as 
that used for the monocyte culture, LPS(-) growth of GEC with 
monocyte-conditioned medium not treated with lipopolysaccha- 
ride GEC proliferation was greatly stimulated by the addition of 
LPS-treated MC. Significant difference from control, P<0.005 
(48 h treated MC); P<0.01 (5 h treated MC) 
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Fig. 5 MTT assay showing the effects of tumour necrosis factor o~ 
(TNF a) on the proliferation of cultured GEC. Proliferation rate 
was elevated with TNF c~ in the presence of epidermal growth fac- 
tor (EGF). Significant difference from control, P<0.01 
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Fig. 7 Comparison of the effects of TN F ~ and IL-1 f l  on the pro- 
liferation of purified GEC. IL-1 fl had no effect. MTT assay 

strated that these cells were positively stained with anti- 
actin, anti-desmin, and anti-Thyl-1 antibodies (Fig. 6b), 
but all were negative for cytokeratin and factor VIII. 
Electron microscopy revealed microfilament bundles in 
the cells. These findings indicate that, with the addition 
of IL-1 fl, the growing cells were mesangial [33].With 
the purified GEC, TNF ~ again had a stimulatory effect 
on growth, while IL-1 fl had no effect on their prolifera- 
tion (Fig. 7). 

Fig. 6 a Primary glomerular culture with interleukin 1 (IL-1) fl, 
day 5. GEC did not proliferate, and instead, mesangial cells ap- 
peared, b Immunofluorescent staining showing the dominant cells 
in primary glomerular culture treated with IL-1/3. A anti-actin, B 
anti-desmin, C anti-Thyl-1. (x 250) 

In contrast, no GEC grew in the media with added IL- 
l ]3; instead, phase contrast microscopy showed that 
spindle-shaped cells appeared on the 3rd to the 4th day, 
despite the lack of fetal calf serum (FCS) in the culture 
medium (Fig. 6a). The immunofluorescent study demon- 

Discussion 

Kreisberg et al. [7] established techniques for culturing 
glomerular cells in 1978. They showed that when 20% 
FCS was used, GEC were the dominant growing cells 
during the early phase of culture, but that, after the 14th 
day, mesangial ceils were predominant in the culture 
dish [6]. In 1984, Harper et al. [5] proposed an improved 
method for culturing GEC, using 5% FCS and collagen 
gel, since the EC grew best on a collagen gel-coated sub- 
stratum with low serum (5%), while mesangial cells did 
best on plastic and in a high concentration of serum 
(20%) [5, 20]. It was then revealed that changes of the 
dominant cell type from glomerular epithelial to mes- 
angial depended on the concentration of FCS. Many early 
investigators believed that cells growing during the early 
phase were visceral epithelial cells (VEC), since more 
than 85% of the glomeruli originally isolated were non- 
encapsulated [21]. However, NCrgaard [19] demonstrated 
three distinct cell types; parietal epithelial cells (PEC), 
VEC, and mesangial cells, in the primary glomerular cul- 
ture, and concluded that PEC proliferated for approxi- 
mately 2 weeks, and then reached a steady state, while 
VEC, as shown by light microscpic autoradiography, had 
only a limited proliferative capacity. It is therefore rea- 
sonable to consider that the proliferating GEC in our cul- 
ture were PEC. 

In active glomerulonephritis, proliferating PEC are 
observed in cellular crescents. Monocytes/macrophages 
are suspected of contributing to cellular crescent forma- 
tion by inducing the proliferation of glomerular PEC and 



fibroblasts [25]. Monocytes/macrophages, stimulated by 
LPS, produce growth factors for cultured mesangial cells 
[9, 10], IL-1 fl and TNF ~ being the major reported fac- 
tors; they are thought to play important roles in mes- 
angial cell proliferation, as well as in the progression of 
glomerulonephritis [15, 24]. In this study, we demon- 
strated that LPS-treated monocytes secreted factors that 
were responsible for the proliferation of glomerular 
epithelial cells. Although we did not identify these fac- 
tors, we consider that they are probably the cytokines IL- 
l fl and TNF ~. 

In further experiments that we carried out to confirm 
this possibility, we found that recombinant human TNF 
a,  as expected, had a stimulatory effect on the growth of 
GEC. However, when recombinant IL-1 fl was added to 
primary glomerular cultures with FCS-free medium, the 
dominantly growing EC were replaced by mesangial 
cells on the 6th day. The structures of TNF a and IL- 1/3 
are very similar, and the two cytokines have multiple 
overlapping biological activities in cell activation and 
mitogenic action [2, 8]. Their stimulatory effects on col- 
lagen synthesis in GEC have also been reported [29]. 
The different action of TNF c~ and IL-1/3 on GEC prolif- 
eration is interesting when one considers their similari- 
ties; it is possible that this difference is related to their 
activity in relation to either EGF or EGF receptors, as 
the proliferation rate of EC stimulated by TNF c~ was di- 
minished by the omission of EGF from the culture medi- 
um. It has been reported that, under appropriate condi- 
tions, TNF a increases the responsiveness of cells to the 
mitogenic effect of EGF, and that this effct is correlated 
with the increased expression of cellular receptors for 
EGF in TNF-treated cells [22]. However, IL-1 has not 
been reported to interact with EGF. Therefore, it is rea- 
sonable to assume that the different actions of TNF a 
and IL-1/3 onGEC are due to differences in their activity 
with either EGF or the EGF receptor. It has been report- 
ed that EGF alone had no direct mitogenic effects on 
glomerular cells [17], but that it had synergistic growth 
stimulatory effects with a certain type of cytokine [28]. 
Further, EGF or EGF-like peptides are derived from 
platelets and macrophages, and are produced by activat- 
ed monocytes, playing an important role in the formation 
of cellular crescents. 

Another interesting matter is the selective effect of 
IL-1/3 on mesangial cell proliferation. Mazzei et al. [14], 
using neutralizing antibodies, reported the presence of 
5-10 ng/ml of IL-1 in FCS, FCS being the most impor- 
tant growth factor for mesangial cells. IL-1 13 also pro- 
motes cultured mesangial cell growth, and an autocrine 
IL-l-like substance obtained from growing mesangial 
cells has been investigated [11, 26]. Our findings suggest 
that IL-1 /3 has a selective stimulatory effect on the 
growth of mesangial cells, and that this selectivity is 
strong enough to result in the inhibition of GEC prolifera- 
tion in the early phase in serum-free glomerular cultures. 

We have shown that factors derived from monocytes 
activated by LPS acted as growth factors for GEC in vi- 
tro. When performing studies on GEC cultures, it must 
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be realized that the origin of the EC is not certain, since 
the cells are derived from a mixture of whole glomeruli. 
However, our results support the hypothesis that, under 
inflammatory conditions, activated monocytes/macro- 
phages infiltrate Bowman's  space and then secrete fac- 
tors that stimulate GEC proliferation, resulting in cres- 
cent formation. Further, we have shown that GEC prolif- 
erated in response to stimulation by the cytokines TNF a 
and IL-1 ft. TNF ~ stimulates crescent formation, while 
IL-1 fl inhibits it. It has also been shown that TNF c~ 
stimulates GEC to secrete several other potent mediators, 
such as a chemotactic factor for blood cells [32], which 
might be involved in the development of inflammatory 
glomerular lesions. Although the mechanisms underlying 
crescent formation are complicated, further exploration 
of the effects of the interaction between these factors on 
glomerular epithelial cells with throw some light on the 
pathophysiology and treatment of crescentic nephritis. 
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