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Abstract

 

Multiple extracellular mitogens are involved in the patho-

genesis of proliferative forms of glomerulonephritis (GN).

In vitro studies demonstrate the pivotal role of extracellular

signal-regulated kinase (ERK) in the regulation of cellular

proliferation in response to extracellular mitogens. In this

study, we examined whether this kinase, as a convergence

point of mitogenic stimuli, is activated in proliferative GN

in vivo. Two different proliferative forms of anti–glomeru-

lar basal membrane (GBM) GN in rats were induced and

whole cortical tissue as well as isolated glomeruli examined

using kinase activity assays and Western blot analysis. Ad-

ministration of rabbit anti-rat GBM serum to rats, preim-

munized with rabbit IgG, induced an accelerated crescentic

anti-GBM GN. A significant increase in cortical, and more

dramatically glomerular ERK activity was detected at 1, 3,

and 7 d after induction of GN. Immunization of Wistar-

Kyoto rats with bovine GBM also induced a crescentic anti-

GBM GN with an increase of renal cortical ERK activity af-

ter 4, 6, and 8 wk. ERK is phosphorylated and activated by

the MAP kinase/ERK kinase (MEK). We detected a signifi-

cant increase in the expression of glomerular MEK in the

accelerated form of anti-GBM GN, providing a possible

mechanism of long-term activation of ERK in this disease

model. In contrast to ERK, activation of stress-activated

protein kinase was only detectable at early stages of prolif-

erative GN, indicating these related kinases to serve distinct

roles in the pathogenesis of GN. Our observations point to

ERK as a putative mediator of the proliferative response to

immune injury in GN and suggest that upregulation of

MEK is involved in the long-term regulation of ERK in

 

vivo. (

 

J. Clin. Invest.

 

 

 

1997. 100:582–588.) Key words: in-

flammation 
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Introduction

 

Cellular proliferation accompanies a wide variety of renal dis-
eases. This is especially true for proliferative forms of glomeru-

lonephritis (GN).

 

1 

 

Renal mesangial cells, glomerular epithelial
cells as well as leukocytes are thought to account for the hyper-
cellularity in proliferative GN. A major focus for research into
the pathogenesis of GN has been to define extracellular growth
promoting factors that induce mitogenesis in the glomerulus in
the course of GN. Several cytokines have been implicated in
the pathogenesis of proliferative GN and are thought to ac-
count for hypercellularity. Cytokines implicated include: PDGF,
TGF-

 

b

 

, IL-1, IL-6, and TNF (1). A common feature of these
stimuli is their ability to activate extracellular signal-regulated
kinase (ERK) in vitro in a variety of cell lines (1–7). Since
ERK is known to be an intracellular check point of cellular mi-
togenesis, ERK activation might be a crucial mediator of cellu-
lar proliferation in renal diseases mediated by the extracellular
stimuli listed above.

ERK, the best described mammalian mitogen-activated
protein (MAP) kinase, belongs to the group of serine/threo-
nine kinases and regulates the expression of many genes by
phosphorylation of several transcription factors namely c-

 

myc

 

,
NF-IL6, Stat, c-Jun, ATF2, and ELK-1 (8–11). Binding of ex-
tracellular stimuli to G-protein coupled receptors or protein-
tyrosine kinase receptors induces the formation of GTP-Ras,
which in turn induces the sequential activation of cytoplasmic
protein kinases leading to phosphorylation and activation of
MAP kinase/ERK kinase (MEK) (9). MEK, the specific acti-
vator of ERK, is a dual specificity protein kinase that phos-
phorylates both threonine and tyrosine regulatory sites in
ERK (12). Studies that use dominant interfering mutants or
constitutively active mutants of kinases of the ERK cascade es-
tablished the pivotal role of this signaling pathway in the con-
trol of cellular proliferation (13–16). Although an extensive
body of data describes the ERK cascade in vitro little is known
about the role of ERK in physiologic or pathophysiologic con-
ditions or its activation in vivo.

In the present study, we examined the activation of ERK in
proliferative GN in rats and in addition investigated potential
mechanisms of its regulation. We demonstrate a rapid and sus-
tained activation of ERK in an accelerated heterologous as well
as in an autoimmune model of anti-GBM antibody-induced
crescentic GN and show an upregulation of MEK protein lev-
els in the former. This upregulation of the upstream kinase of
ERK might be an underlying mechanism to the observed acti-
vation of ERK. Therefore, the present study provides new in-
sights into the role of ERK in vivo and suggests that activation
of the ERK cascade is linked to the cellular proliferation ac-
companying crescentic GN.
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Abbreviations used in this paper:

 

 ERK, extracellular signal-regu-
lated kinase; GBM, glomerular basal membrane; GN, glomerulone-
phritis; MAP kinase, mitogen-activated protein kinase; MEK, MAP
kinase/ERK kinase; MKP-1, MAP kinase phosphatase-1; SAPK,
stress-activated protein kinase.
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Methods

 

Materials.

 

The enhanced chemiluminescense system was obtained
from Amersham Corp. (Arlington Heights, IL) and [

 

32

 

P]dCTP from
New England Nuclear (Boston, MA). Myelin basic protein, complete
Freund’s adjuvant, PMSF, leupeptin, aprotinin and all other reagents
were obtained from Sigma Chemical Co. (St. Louis, MO). Protein
A-sepharose was obtained from Pharmacia Biotech. Inc. (Piscataway,
NJ). GST-ATF2 (1-55) was purchased from Santa Cruz Biotechnolo-
gies, Inc. (Santa Cruz, CA).

 

Induction of accelerated proliferative GN.

 

Male Sprague-Dawley
rats weighing 180–200 g were immunized intraperitoneally with 1 mg
rabbit IgG emulsified in complete Freund’s adjuvant and given as a
total volume of 0.5 ml. 5 d after this immunization, animals were in-
jected in the tail vein with a subnephritogenic dose of rabbit immune
serum raised against rat particulate GBM (17). This dose of anti-rat
GBM serum (0.15 ml/100 g body wt) was insufficient by itself to cause
significant proteinuria when given to rats not preimmunized with rab-
bit IgG (subnephritogenic). The intravenous injection of the anti-rat
GBM serum was repeated 24 h after the first injection. The rabbit anti-
rat GBM immune serum was heat inactivated and filtered through
1.2-

 

m

 

m filters before each intravenous injection. Control rats were
preimmunized with rabbit IgG in complete Freund’s adjuvant and sub-
sequently given two intravenous injections of nonimmune rabbit se-
rum. Studies were performed on days 1, 3, and 7 following the second
injection of anti-rat GBM serum or of nonimmune rabbit serum. The
day before killing animals were placed in metabolic cages for urine
collection to assess urinary protein excretion. Upon completion of this
collection, animals were killed and nephrectomized. A renal cortical
section was obtained for light microscopy using routine methods of
fixation and processing. Another cortical section was directly lysed in
Triton X-100 buffer while the rest of the cortical tissue (

 

z

 

 80% of the
whole cortex) was used to generate a preparation of glomeruli using
standard sieving methods (18) before lysis in Triton X-100 buffer.

 

Leukocyte depletion studies.

 

Glomerular leukocytes were depleted
by the use of a whole animal x-irradiation protocol as previously de-
scribed (19). Specifically, animals were subjected to 250 Kvp ortho-
voltage x rays with a half value of 1 mm Cu at a dose rate of 133 rad/
min for a total dose of 900-1100 rad using parallel opposed fields.
Kidneys were shielded with 6-mm thick lead blocks that covered the
kidneys within 5-mm margins. Dosimetry was done in a plexiglass
phantom using a Farmer-type ionization chamber. The effect of x-irra-
diation was assessed on peripheral leukocyte counts, determined by
an automated hematology analyzer, 2 and 5 d after x-irradiation. Af-
ter preimmunization, as described above, rats were x-irradiated 24 h
before the first injection of anti-GBM antiserum or normal rabbit se-
rum. Thereafter, animals were treated as described above.

 

Induction of an autoimmune model of proliferative GN.

 

Male
Wistar-Kyoto rats weighing 260–300 g were subcutaneously injected
at multiple sites over the posterior neck with 130 mg wet wt of bovine
GBM homogenate (20), diluted to a volume of 0.4 ml in 0.9% normal
saline, and then emulsified with 0.4 ml complete Freund’s adjuvant to
a total volume of 0.8 ml. The rats were subsequently injected intra-
dermally at a separate site with 50 

 

m

 

l of pertussis toxin (5 

 

3

 

 10

 

9

 

 cells).
Control animals received the injections of complete Freund’s adju-
vant, without bovine GBM, and of the pertussis vaccine. Rats were
killed 4, 6, and 8 wk postinjection and whole cortical tissue processed
as described above.

 

Western blot analysis.

 

Whole cortical tissue or isolated glomeruli
were homogenized in 2 ml of Triton X-100 lysis buffer (50 mM Hepes
pH 7.5, 150 mM NaCl, 1.5 mM MgCl

 

2

 

, 1 mM EGTA, 10% glycerol,
1% Triton X-100, 1 

 

m

 

g/ml aprotinin, 1 

 

m

 

g/ml leupeptin, 1 mM PMSF,
0.1 mM sodium orthovanadate) at 4

 

8

 

C. After incubation for 5 min, ly-
sates were centrifuged at 4

 

8

 

C for 15 min at 10,000 

 

g

 

. The soluble ly-
sates were mixed 1:4 with 5

 

3

 

 Laemmli buffer and heated for 5 min at
95

 

8

 

C. Soluble lysates (30 

 

m

 

g) were loaded per lane and separated by
SDS-PAGE using 4 and 10% acrylamide for stacking and resolving
gels, respectively. Protein was transferred to nitrocellulose (pore size:

0.45 

 

m

 

m, Schleicher and Schuell, Keene, NH) and probed with poly-
clonal antibodies against the COOH-terminal peptide of either p42
ERK (21), p46 SAPK (Santa Cruz Biotechnology) or with mono-
clonal antibodies against MEK-1 (Transduction Laboratories, Lex-
ington, KY). The primary antibodies (diluted 1/1,000) were detected
using horseradish peroxidase (HRP)–conjugated rabbit anti-mouse
IgG or HRP-conjugated protein A and visualized by Amersham ECL
system after extensive washing of the membranes.

 

Kinase activity assays.

 

200 

 

m

 

g of soluble lysates (as described
above) was incubated for 90 min with 2 

 

m

 

l of polyclonal antibody rec-
ognizing p42 ERK (21) or 2 

 

m

 

g of polyclonal antibody recognizing
p46 SAPK. Immune complexes were adsorbed to protein A-seph-
arose, washed twice with lysis buffer and twice with kinase buffer (10
mM MgCl

 

2

 

, 20 mM Hepes, pH 7.4, containing 200 

 

m

 

M Na-orthovana-
date) and resuspended in 60 

 

m

 

l of kinase buffer containing 50 

 

m

 

M
ATP, and 5 

 

m

 

Ci [

 

g

 

-

 

32

 

P]ATP. The final reaction buffer also contained
15 

 

m

 

g of myelin basic protein (MBP) or 4 

 

m

 

g of GST-ATF2 for ERK
or SAPK activity assay, respectively. The reaction was initiated by in-
cubation at 30

 

8

 

C for 15 min. Thereafter, 20 

 

m

 

l of 4

 

3

 

 Laemmli buffer
was added to terminate the reaction and samples were subjected to
SDS-PAGE.

 

Results

 

Activation of ERK in two independent models of proliferative

GN.

 

Cellular proliferation is a characteristic feature of cres-
centic GN. We evaluated the in vivo activity of ERK both in
the renal cortex and in isolated glomeruli in two models of
crescentic GN. Sprague-Dawley rats preimmunized with rab-
bit IgG and subsequently injected with rabbit anti-rat GBM
antibodies developed an accelerated GN with heavy pro-
teinuria detected as early as 1 d after the anti-GBM antibody
injections (Fig. 1). There were prominent lesions of prolifera-
tion and crescent formation as early as day 3 (Fig. 2, 

 

A

 

 and 

 

B

 

)
and marked hypercellularity with prominent crescents at day 7
(Fig. 2 

 

C

 

). Most animals died by days 9–11. We examined the
activation of ERK at days 1, 3, and 7 in whole cortical tissue as
well as in isolated glomeruli. We used anti-ERK Western blot
analysis that separates unphosphorylated from phosphorylated
protein forms (bands with delayed mobility indicate phos-
phorylated ERK) as well as immunocomplex ERK activity as-
says, to detect a significant increase in the activation of this ki-
nase at day 1 with even greater increases at days 3 and 7 (Fig.
3 

 

A

 

). Quantification of MBP phosphorylation by ERK immu-

Figure 1. Urinary protein excretion in rats with accelerated anti-
GBM antibody-induced nephritis. Each column represents one an-
imal.
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noprecipitated from cortical tissue revealed a 2.6- and 3.3-fold
increase in activity in the rats injected with anti-GBM and
studied at day 3. More significantly, in isolated glomeruli an
even more pronounced increase in ERK activity 5.4- and 7.5-
fold was detected on day 3, indicating that the glomeruli were
the major source of the increased cortical ERK activity in anti-
GBM GN (Fig. 3 

 

B

 

). These results are in agreement with the
histological finding that glomeruli rather than the interstitium
were the areas with prominent lesions (Fig. 2, 

 

B

 

 and 

 

C

 

). The
data shown in Figs. 2 and 3 were reproduced in an independent
experiment with one control and two experimental animals.

To examine whether the described changes in ERK activity
occur in other forms of anti-GBM antibody associated prolif-
erative GN, we used an autologous model of proliferative anti-
GBM GN in Wistar-Kyoto rats immunized with bovine GBM.
In this form of the disease we observed progressive develop-
ment of proliferation and crescent formation as previously de-
scribed (20) (Fig. 4 

 

A

 

). Affected animals developed severe
proteinuria 4 wk after immunization with bovine GBM and
this was maintained throughout the course of the study (8 wk).
We examined activation of ERK in whole cortical tissue and
detected, as shown in Fig. 4 

 

B

 

, a significant activation of ERK
(5.0- and 6.3-fold increases in activity were evident at 4 wk).
This finding supports ERK activation as a common feature of
two distinct models of proliferative anti-GBM GN.

As both models, in particular the accelerated form of anti-

GBM GN, are characterized by prominent glomerular infiltra-
tion by activated macrophages, we addressed the extent to
which infiltrating macrophages contribute to the activation of
ERK observed in the accelerated model of anti-GBM GN. 5 d
after total body x-irradiation, the levels of circulating leuko-
cytes were reduced to levels below 500 cells/ml, indicating the
development of bone marrow depletion. As shown in Fig. 2,
the proliferative lesions were notably absent in x-irradiated an-
imals studied 3 d following injection of anti-GBM serum (com-
pare Fig. 2 

 

D

 

 with Fig. 2 

 

B

 

). Furthermore, only moderate pro-
teinuria was detectable in these animals (Fig. 1). This mild
nephropathy was accompanied by a marginal increase in ERK
activity in isolated glomeruli (1.2- and 2.2-fold) compared with
the control x-irradiated animal (Fig. 5).

 

Induction of MEK expression in proliferative anti-GBM

GN.

 

We (22) and others (23) have previously suggested that
an upregulation of MEK protein levels, the upstream kinase of
ERK, to be important in the long-term regulation of ERK in
cultured glomerular mesangial cells. To examine whether this
mechanism is also involved in regulating ERK activation in
vivo, we assayed MEK protein by Western blot analysis in the
accelerated form of anti-GBM serum induced proliferative
GN. As shown in Fig. 6, the changes of MEK protein levels in
whole cortex samples were not significant. However, in iso-
lated glomeruli, there was a dramatic increase in MEK protein
in rats injected with anti-GBM antiserum. Thus, in a manner

Figure 2. Light microscopy of renal cortical sections stained with periodic acid-Schiff. (A) (340): Glomerulus of a rat 3 d after injection of nor-
mal rabbit serum. (B) (340): Glomerulus of a rat 3 d after injection of anti-GBM serum. (C) (340): Glomerulus of a rat 7 d after injection of 
anti-GBM serum. (D) (340): Glomerulus of an x-irradiated (macrophage depleted) rat 3 d after injection of anti-GBM serum.
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similar to ERK activation, MEK protein levels were found ele-
vated principally in glomeruli.

The dual specificity phosphatase MAP kinase phosphatase-1
(MKP-1) has been implicated in the inactivation of ERK in
vitro (11, 24, 25). MKP-1 is capable of dephosphorylating both
regulatory tyrosine and threonine residues on ERK (24). To
assess whether changes in MKP-1 accompany those of ERK in
the course of anti-GBM disease, we used two different anti–
MKP-1 antisera (26, 27) for immunoprecipitation and Western
blot analysis of MKP-1 expression. No significant levels of
MKP-1 were detected in either whole cortical tissue or isolated
glomeruli (data not shown).

 

Activation of stress-activated protein kinase at early time

points of anti-GBM GN.

 

Stress-activated protein kinase (SAPK)
is a recently described mammalian MAP kinase. Little is
known about the physiological relevance of SAPK. However,
SAPK has recently been suggested to play a role in the induc-
tion of cellular apoptosis (28). In cultured cells SAPK can be
activated by a wide variety of intra- and extracellular stress
stimuli (11) as well as primary inflammatory cytokines such as
IL-1 (29) or TNF-

 

a

 

 (30) that are implicated in the pathogene-
sis of proliferative GN. As shown in Fig. 7, we detected in iso-
lated glomeruli activation of SAPK at days 1 and 3 after injec-
tion of anti-GBM serum but no significant SAPK activation at

day 7. Measurements in whole cortical tissue did not show sig-
nificant changes of SAPK activity, pointing to the glomeruli as
the major site of SAPK activation during early stages of prolif-
erative GN. The difference in the time curves of ERK and
SAPK activation suggests these kinases play different roles in
the pathogenesis of proliferative GN.

 

Discussion

 

In cultured cell lines mitogenic stimulation by various extracel-
lular agonists correlates with activation of ERK (11). More im-
portant dominant negative interfering mutants of Ras or Raf-1,
components upstream of MEK in the ERK signaling cascade,
were shown to inhibit growth factor induced cell proliferation
(13, 31), whereas constitutively activated Raf-1 induces cell pro-
liferation (13). Furthermore, dominant negative or constitu-
tively active mutants of MEK inhibit or accelerate cell prolifer-
ation of NIH3T3 cells, respectively (14, 15), and constitutively
active MEK has been shown to induce cellular transformation
(32). Finally, catalytically inactive mutants of ERK and its an-
tisense cDNA inhibit proliferation (16). These data point to
the pivotal role of the ERK cascade in the control of cellular
proliferation. However, most of our current knowledge about
the regulation and physiological relevance of the MAP kinase
ERK has come from in vitro studies using cultured cells. In this
regard, activation of ERK in proliferative GN, as shown in the
present study, is a novel finding and points to ERK as a puta-
tive regulator of the proliferative response to immune injury in
vivo. This conclusion is further supported by recent data, dem-
onstrating an increase in ERK activity in tissue samples of hu-
man renal cell carcinoma (33). Cellular proliferation is thought
to be pivotal for the development of crescent formation and
progression of proliferative GN to end-stage renal disease.
The proliferative response to injury in GN may be augmented
by a convergence of multiple cytokines on ERK, inducing its
activation. Since inhibition of ERK in cultured cells potently
diminishes cellular proliferation, it is tempting to speculate that
an inhibition of ERK activation in vivo could limit the extent
of glomerular cell proliferation in proliferative GN, thereby
providing a novel strategy for the treatment of rapidly progres-
sive forms of GN.

Our observations indicate that infiltrating macrophages sig-
nificantly contribute to the enhanced ERK activity in prolifer-
ative GN, since macrophage depletion using total body x-irra-
diation potently inhibited the progression of proliferative GN
and significantly inhibited the activation of ERK. The release
of multiple cytokines by infiltrating macrophages is thought to
be a pivotal step in the pathogenesis of proliferative GN (34).
Therefore, it is tempting to speculate that either infiltrating
macrophages themselves are a cellular site of ERK activity or
macrophages are causing the activation of ERK within intrin-
sic glomerular cells in a paracrine manner. Furthermore, these
experiments employing total body x-irradiation demonstrate a
close correlation of the extent of renal damage to the activa-
tion of ERK in proliferative GN.

Binding of cytokines to their receptors induces the interac-
tion of multiple intracellular signaling molecules and sequen-
tial induction of cytoplasmatic protein kinases leading to the
activation of the highly conserved MEK-ERK module. Recent
in vitro studies suggest that the protein levels of MEK are
tightly regulated and are involved in the long-term regulation
of ERK (22, 23). The present study demonstrates an upregula-

Figure 3. Activation of ERK in the accelerated model of anti-GBM 
GN. In the upper panels, ERK2 (p42 MAP kinase) is detected in 
whole tissue lysates by Western blot analysis. At each time point one 
control and two experimental animals were studied. Rats were killed 
at the indicated times following the second injection of anti-GBM se-
rum. Activation of ERK is identifiable by an increase of phosphory-
lated protein forms, detected by bands with delayed mobility (indi-
cated by stars), compared to the unshifted unphosphorylated ERK 
forms. In addition to the bands of p42 ERK a band with the size of 
39–40 kD was detectable. The significance of this band remained un-
clear. The lower panels show ERK activity assayed by the ability of 
immunoprecipitated ERK to phosphorylate MBP. Data shown were 
reproduced in two independent experiments. (A) ERK activity in 
whole cortical tissue. (B) ERK activity in isolated glomeruli.
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tion of MEK protein levels in rats with experimental prolifera-
tive GN, thereby increasing the amount of MEK protein avail-
able for phosphorylation and activation by the upstream
kinase Raf. The elevation of MEK protein levels was accom-

panied by increased ERK activity. It is therefore likely, that
the elevated MEK protein levels are contributing to ERK acti-
vation in vivo.

Another molecule directly involved in the regulation of
ERK is the MAP kinase phosphatase-1 (MKP-1), capable of de-
phosphorylating and inactivating ERK in vitro (11, 24). How-
ever, we did not detect significant levels of MKP-1 expression
or changes in MKP-1 expression during the time course of ei-
ther model of proliferative GN. These data suggest MKP-1 not
to take part in the regulation of ERK in the presented experi-
mental setting. Recently, MKP-1 has been implicated in a very
early phase of anti-GBM GN (35). Injection of anti-GBM anti-
bodies to rats induced an increase in MKP-1 expression as
early as 30 min, that returned to basal levels after 24 h (35).
In the present study we measured MKP-1 expression no ear-
lier than 24 h following induction of anti-GBM disease and
detected therefore in accordance with the study mentioned
above (35), no increase in MKP-1 expression.

The physiological relevance of the recently described MAP
kinase SAPK remains to be established. The SAPK signaling
cascade like the ERK pathway displays a high level of evolu-
tionary conservation (11). In the present study we found acti-
vation of SAPK with a time course different to that of ERK
activation. This indicates that these two MAP kinases may

Figure 4. Activation of ERK in the autoimmune model of anti-GBM 
GN. (A) Autoimmune glomerulonephritis 6 wk after immunization 
with bovine GBM. Shown are deposition of rat IgG on the GBM (left) 
and a proliferative lesion including crescent formation (right). The urine 
protein excretion was 22.7 mg protein/mg creatinine in comparison to 
1.5 mg protein/mg creatinine in control animals. (B) Activation of ERK 
is detected by Western blot analysis (upper panel), as described in the 
legend of Fig. 1 (phosphorylated protein forms are indicated by stars), 
and by ERK immune complex assay.

Figure 5. Effect of x-irradiation (macrophage depletion) on activa-
tion of ERK in accelerated anti-GBM GN. Animals were x-irradiated 
24 h before injection of anti-GBM serum or normal rabbit serum and 
killed on day 3 following completion of anti-GBM serum injections. 
Activation of ERK is detected by Western blot analysis (upper 

panel), as described above (phosphorylated protein forms indicated 
by stars), and by ERK immune complex assay.
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play distinct roles at different stages of proliferative GN. SAPK
activation was detected only on days 1 and 3 after induction of
accelerated proliferative GN. This implicates SAPK only at
early stages in the pathogenesis of this disease model. Re-
cently, mesangial cell apoptosis was shown to occur during
anti-Thy1 GN and suggested to account for the resolution of
glomerular hypercellularity in this disease model (36). How-
ever, apoptosis did also accompany the proliferative phase of
anti-Thy1 GN (36). Since activation of SAPK has recently
been implicated in the induction of apoptosis (28), the ob-
served SAPK activation might account for a similar induction
of apoptosis in proliferative GN. However, further studies will
be needed for a better understanding of the role of SAPK in
crescentic GN.

In conclusion, the present study provides new insights into
the pathophysiology of proliferative GN. Activation of the
MAP kinase ERK points to ERK as a regulator of cellular
proliferation in proliferative GN. Moreover, upregulation of
MEK protein levels suggests that this kinase is involved in the
long-term regulation of ERK in the course of GN.
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