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Abstract

To identify specific genetic regulatory mechanisms associated
with renal ischemia, we measured the accumulation of Egr-1
and c-fos mRNAsin the mouse kidney after occlusion of the
renal artery and reperfusion. At 1 h after right nephrectomy
and arterial occlusion of the contralateral kidney for 10 or 30
min, Egr-1 mRNAlevels were three to five times greater in
these kidneys as compared with those in control animals that
had sustained unilateral nephrectomy alone and were much
greater than levels in the normal organ. Whether ischemia was
imposed for 10 or for 30 min, renal Egr-1 mRNAcontents were
equivalent and remained elevated after 24 h of reperfusion
subsequent to 30 min of ischemia. Although c-fos mRNAalso
accumulated in response to ischemia and reperfusion, the pat-
tern differed from that of Egr-1 in that c-fos mRNAcontent
varied with the duration of ischemia and was undetectable 24 h
after injury. Contralateral nephrectomy was not necessary to
see the marked accumulation of Egr-J and c-fos mRNAswith
unilateral ischemia. Reflow was necessary, however, since only
minimal sequence accumulation occurred by the end of the
ischemic period. After left uninephrectomy alone, Egr-1
mRNAlevels in the remaining kidney were maximal 30 min
after surgery, but were not detectable thereafter; c-fos mRNA
levels did not change after unilateral nephrectomy. Differential
expression of early growth-related genes implicated in tran-
scriptional activation may influence tissue recovery after renal
ischemia. (J. Clin. Invest. 1990. 85:766-771.) acute renal fail-
ure * anoxia * messenger RNA* zinc finger

Introduction

Egr-J is an early growth-response gene that is rapidly and
transiently induced by a variety of agents during induction of
cell proliferation (1-4) and during neuronal (2, 5) and cardiac
(2) differentiation. Like c-fos, Egr-J mRNAaccumulates in
the presence of cycloheximide and is a component of the "im-
mediate early response" (6). Since many viral and mammalian
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"immediate early" genes are involved in transcriptional acti-
vation (7-10), a role in the modulation of transcription early
in growth has been proposed for the Egr-J gene product (2-4).
The zinc finger-coding domains of Egr-J are a common fea-
ture of transcription factors, further implicating Egr-J in tran-
scriptional activation of genes in response to mitogens, as well
as suggesting a broader role as a nuclear intermediary in other
signal transduction processes (2, 5). If the Egr-J gene product
participates in transcriptional control, the abundance of the
mRNAat the peak of induction in growth suggests that it may
interact with many other genes, functioning as a general tran-
scription factor in the growth response. In cultured cells stimu-
lated by mitogens, the kinetics of Egr-J mRNAaccumulation
and decay are similar to those of c-fos mRNA(1). Since recov-
ery from acute renal ischemia is dependent upon epithelial cell
hypertrophy and proliferation (1 1), we hypothesized that
Egr-J and c-fos would be induced in response to renal isch-
emia.

Westudied regulation of the c-fos and Egr-J mRNAsin
response to renal ischemia because of the potential roles of the
gene products during epithelial cell growth after injury. Tran-
sient occlusion of the renal artery causes severe morphological
abnormalities and deficits in function, including loss of proxi-
mal tubule brush border, epithelial cell necrosis, obstruction to
tubular flow, and increased passive backflow of glomerular
filtrate through the damaged epithelium (1 1-17). If the isch-
emic injury is not too severe, the surviving epithelial cells pro-
liferate, restoring the tubular epithelium, and function im-
proves (15, 18). The contributions of growth-promoting and
growth-inhibitory genetic responses to tissue recovery after
ischemic acute renal failure have not been characterized.

Egr-1 and c-fos mRNAexpression was investigated after
unilateral nephrectomy as well as after renal ischemia. In most
mammals, unilateral nephrectomy is followed by compensa-
tory hypertrophy of the proximal tubule cells of the remaining
kidney, but with little hyperplasia (19-21). Compensatory
renal hypertrophy is characterized by a 20-40% increase in
kidney ribosome content after 1 d and by a two- to threefold
increase in the overall rate of rRNA gene transcription in the
first 6-24 h (22, 23). Induction of protooncogene expression,
which correlates with hyperplastic responses in mammalian
cells, has not been demonstrated during induced hypertrophy
of the kidney (24, 25).

Methods

Animals and surgical procedures. Mice were 35-45-d-old outbred
Swiss males ([Crl:CD-11 [ICR]BR) purchased from Charles River
Breeding Laboratories, Inc. (Wilmington, MA) fed freely, and main-
tained under alternating 12-h cycles of light and dark (22).

In studies of renal ischemia, mice were injected intraperitoneally
with 3 ml of lactated Ringer's solution and 5 U of heparin (heparin
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Figure 1. Egr-J mRNAaccumula-
tion in renal ischemia. Mice were
subjected to right nephrectomy and
occlusion of the contralateral renal
artery for 30 min followed by 1 or
24 h of reflow. Controls were sub-
jected to right nephrectomy, left ce-
liotomy, and manipulation of the
left kidney with sterile swabs. Lanes
contain RNAfrom individual mice
treated as shown. Blots were hybrid-
ized with the Egr-J cDNAprobe,
and films were exposed for 2.5 h
(left panel) or 7 h (right panel).
Reading left to right, relative laser
densitometry values in each lane of
the left panel: 100, 70.4, 4.2, 3.6,
34.1, 20.5, 0.8, and 0.2. Bars denote
rRNA markers of 4618 (upper) and
1864 (lower) nucleotides.

sodium injection, U.S. Pharmacopeia) 5 min before ether anesthesia,
and right nephrectomy was performed through a flank incision, spar-
ing the adrenal gland (26). The left kidney was exposed via a flank
incision and elevated with sterile cotton swabs. Ischemia was induced
by occluding the artery using a microaneurysm clamp (Roboz Surgical
Instrument Co., Inc., Washington, DC). After closure of the perito-
neum with hemostatic forceps, mice were maintained lightly anesthe-
tized on heating pads under lamps for the 10 or 30 min period of renal
ischemia. The hemostat was then removed, the incision was closed,
and the mice were returned to cages on heating pads. Control animals
sustained right nephrectomy, left celiotomy, elevation, and manipula-
tion of the left kidney with sterile swabs; they were maintained anesthe-
tized for 10 or 30 min before the incision was closed.

In studies of compensatory renal hypertrophy, left unilateral
nephrectomy was performed under light ether anesthesia through a

flank incision, sparing the adrenal gland (22). Right kidneys of sham
nephrectomized mice were used as controls. Sham nephrectomy con-

sisted of anesthesia, celiotomy, and massage of the left kidney with
blunt forceps.

Controls for ischemia (see Figs. 1-3) and kidneys responding to left
unilateral nephrectomy (see Fig. 6) were treated differently. The con-

trols in Figs. 1-3 were left kidneys from mice that had sustained a right
nephrectomy, had the left kidney exposed and lifted with swabs, and
had been kept under anesthesia for 30 min with the peritoneum sealed
by a hemostat before closure of the peritoneum with surgical clips. In
contrast, kidneys in Fig. 6 were from mice that sustained only left
unilateral nephrectomy: a procedure that requires only 2 min of anes-

thesia; the experimental right kidney was not manipulated before its
removal for isolation of RNA.

Isolation of RNA. RNAwas purified from intact whole kidneys by
deproteinization with guanidinium isothiocyanate (GIT'; Bethesda
Research Laboratories, Inc., Gaithersburg, MD) and phenol/chloro-
form/isoamyl alcohol (23, 27, 28). Individual kidneys were homoge-
nized at room temperature in 10 ml of GIT buffer containing 4 MGIT,
50 mMTris-CI (pH 7.6), 100 mM2-mercaptoethanol, and 2%Sarko-
syl. RNAprecipitated at -20'C with 0.5 vol ethanol was further de-

1. Abbreviations used in this paper: GIT, guanidine isothiocyanate;
SRE, serum response element.

proteinized by two extractions with GIT buffer, two extractions with 6
Mguanidine-HCl, 100 mMpotassium acetate (pH 5.0), and by ex-

haustive phenol/chloroform/isoamyl alcohol extraction. RNAwas

quantitated by absorbance at 260 nm. RNAwas dissolved in sterile
water and stored frozen.

Northern blots. Samples of RNA(10 jig) in 50% formamide and 6%
formaldehyde (29) were heated at 650C for 10 min and electropho-
resed at 30 V for 18-24 h in 2% agarose gels in buffer containing 40
mM3-(N-morpholino)propanesulfonic acid, pHi 7.0, 10 mMsodium
acetate, 1 mMEDTA, and 6% formaldehyde. RNAwas transferred by
capillarity to GeneScreen Plus membranes using lOX standard saline
citrate (lX SSC = 150 mMNaCl, 10 mMsodium citrate) as the
transfer buffer. Membranes were prehybridized at 420C in a solution
of 50% formamide, 1%sodium dodecyl sulfate (SDS), 1 MNaCl, 10%
dextran sulfate, and denatured herring sperm DNA(100 ,ug/ml).
Probes were labeled in vitro with Klenow fragment after priming with
random hexamers (30, 31) using [32P]dCTP (3,000 Ci/mmol, DuPont
New England Nuclear Products, Inc., Boston, MA). After hybridiza-
tion, membranes were washed twice with 2X SSCat room temperature
for 5 min, twice at 650 with 2X SSC, 1%SDSfor 60 min, and twice at
room temperature with 0.1 X SSCfor 30 min. After autoradiography,
hybridization was quantitated by laser densitometry. The Egr-J clone
was OC3. 1 (2); v-fos DNAwas purchased from ONCOR,Inc., Gaith-
erburg, MD.

Results

Egr-J and c-fos mRNAaccumulation with renal ischemia.
Kidney levels of Egr-J mRNAwere three- to fivefold higher
than those of controls 1 h after contralateral nephrectomy and
arterial occlusion for 30 min (Fig. 1, left panel; Fig. 2). Under
the conditions of the assay, Egr-J mRNAwas not detected in
Northern blots of total renal RNAfrom unoperated mice (Fig.
3). As shown in Figs. 1 and 2, Egr-J mRNAwas abundant 1 h
after a 30-min ischemic insult, and it persisted even 24 h after
reperfusion (Fig. 1, right panel). Furthermore, accumulation
of Egr-J and c-fos mRNAswas observed in the postischemic
kidney 1 h after ischemia and reoxygenation regardless of
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30 min clamp, 1-h reflow
30 min clamp, 24-h reflow
30 min clamp, 24-h reflo%
30 min clamp, 1-h reflow
Control (Neph.), 1 h
Control (Neph.), I h
Control (Neph.), 24 h
Control (Neph.), 24 h
Normal kidney

Figure 2. RNAdot blot
measurement of Egr-J
mRNAaccumulation

0.25 0.fi5jg in renal ischemia. Sam-
025_~ ples of total renal RNA

from mice treated as in
Figure 1 (left) were ap-
plied directly to Gene-
Screen Plus membranes
in quantities as indi-
cated and hybridized to
the Egr-J cDNAprobe.
Reading from top to
bottom of the 0.25-tig
column, relative laser
densitometry values
were 80.9, 15.3, 9.6,
100, 16.1, 18.3, 1.7, 3.0,
and 2.5.

whether contralateral right nephrectomy preceded clamping of
the left renal artery (see Figs. 3 and 5). The two mRNAsaccu-
mulated to pnly low levels at the end of the ischemic insult
before reflow (Fig. 3). When the kidney was made ischemic
with the contralateral kidney in place, the level of sequence
induction on the clamped side after 1 h of reflow exceeded that
of the contralateral kidney by at least 30-fold. The validity of
these findings was confirmed by the invariant quantity of P31
(32) mRNAin all renal RNApreparations (Fig. 3, lower
panel).

Egr-J and c-fos mRNAsaccumulate differentially in re-
sponse to graded ischemia. For example, renal Egr-J mRNA
levels were elevated to similar extents whether ischemia was
imposed for 10 min or 30 min (Fig. 4). The brief film exposure
shown in the lower panel of Fig. 4 demonstrates that the dose
response of the film had not been exceeded, confirming that
Egr-J mRNAlevels were the same regardless of the duration of
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Figure 3. Effects of reoxygenation and preparative con-
tralateral nephrectomy on Egr-J and c-fos mRNAac-
cumulation in renal ischemia. Replicate Northern blots
containing total RNAfrom kidneys of mice treated as
indicated were hybridized to Egr-J (upper), c-fos
(center), and P31 (lower) cDNAprobes. Headings over
each lane describe treatment of both kidneys, and as-
terisks in headings above lanes denote the kidney from
which RNAwas isolated. Reading left to right, relative
laser densitometry values in each lane: (upper panel)
100, 66.5, 6.8, 5.0, 24.2, 24.3, 1.1, 1.1,0, and 0; (mid-
dle panel) 100, 82.2, 1.3, 0.9, 4.8, 11.7, 0, 0, 0, and 0.
Bars denote rRNA markers of 4618 (upper) and 1864
(lower) nucleotides.
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Figure 4. Effect of ischemic duration
on Egr-J mRNAaccumulation. Left
renal arteries of mice subjected to
right nephrectomy were occluded for
10 or 30 min. Renal RNApurified
from these mice after 1 h of reflow
was assayed in Northern blots using
the Egr-J cDNAprobe (Methods).
Reading left to right, relative laser
densitometry values in each lane of
the lower panel: 151, 100.

ischemia. c-fos mRNAalso accumulated rapidly and tran-
siently after ischemia, but, in contrast to Egr-J mRNA, accu-
mulation occurred in proportion to the duration of the isch-
emic injury (Fig. 5). After 1 h of reflow, c-fos mRNAlevels
were approximately three to five times greater in kidneys
clamped for 30 min than in those clamped only for 10 min
(Fig. 5). Under conditions in which Egr-J mRNApersisted for
up to 24 h after initiating reflow (Figs. 1 and 2), c-fos mRNA
content was elevated for less time, declining to below levels of
detection by 24 h after reoxygenation (Fig. 5, right panel). At
24 h after 30 min of ischemia the histological appearance of
kidneys was characteristic of ischemic renal injury, with loss of
proximal tubule brush border, dilatation of proximal tubular

14o 4
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lumen, and flattening of the epithelium. Histological examina-
tion of kidneys at 24 h after 10 min of ischemia, disclosed no
evidence of renal abnormality.

To establish the degree to which induction of the Egr-J and
c-fos genes is elicited specifically by ischemia and reperfusion
as compared with nephrectomy itself, we measured the corre-
sponding mRNAsin mice after left unilateral nephrectomy
alone. Relative to controls, Egr-J mRNAcontent of the re-
maining kidney was elevated 30 min after contralateral
nephrectomy (Fig. 6). The extent of Egr-J mRNAaccumula-
tion after unilateral nephrectomy was lower than that follow-
ing ischemia and was not detectable after 60 min or longer.
Consistent with reported results (24), c-fos mRNAwas not
detected in the contralateral kidney after unilateral nephrec-
tomy alone (data not shown). In comparison with data from
unilaterally nephrectomized mice (Fig. 6), controls for isch-
emic kidneys (Figs. 1, left panel, 2, and 3) had a 30-min period
of anesthesia instead of 2 min and received two flank incisions
instead of one, and the kidney from which RNAwas isolated
was physically manipulated (See Methods). Egr-J and c-fos
mRNAswere not detected in unmanipulated kidneys after the
contralateral kidney had been clamped for 30 min and reoxy-
genated for 1 h (Fig. 3).

Discussion

One objective of these studies was to characterize genetic re-
sponses to ischemia and to relate them to the renal response to
unilateral nephrectomy. Activation of early growth response
genes may facilitate recovery of the kidney from ischemia by
inducing cell growth, and the enhanced expression of Egr-J
and c-fos genes during reperfusion after ischemia implicates
these two growth-related genes in particular. The persistence of
Egr-J mRNAdiffers from the transient stimulation of c-fos,
which also increases to high levels, but then disappears rapidly
(7, 9). Detection of Egr-J mRNA24 h after initiating reflow

Figure 5. Effect of ischemic duration on c-fos mRNA. (Left
panel) Blots identical to those in Fig. 4 were hybridized with
the v-fos DNAprobe. (Right panel) As in left panel but con-
taining different preparations of renal RNAsand including
RNAisolated from kidneys 24 h after initiating reflow. Reading
left to right, relative laser densitometry values for each lane:
(left) 21.1, 100; (right) 31.6, 100, 0, 0.
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Figure 6. Egr-1 mRNAaccumulation early in compensatory renal
hypertrophy. Left unilateral nephrectomy was performed; controls
sustained left celiotomy and massage of the left kidney with blunt
forceps. At the times shown after surgery, RNAwas purified from
right kidneys of individual mice, and analyzed in Northern blots.
Blots were analyzed as in Fig. 1.

may reflect the continued stimulus for cells to hypertrophy or
divide well after the ischemic insult itself.

Our results support the conclusion that the Egr-J gene is
more sensitive than the c-fos gene to induction by ischemia or
contralateral nephrectomy. First, Egr-J is induced maximally
by 10 min of ischemia (Fig. 4), but c-fos accumulation varies
with the duration of the insult (Fig. 5). Secondly, Egr-J
mRNA,but not c-fos mRNAaccumulates in response to uni-
lateral nephrectomy (Fig. 6). A structural explanation for these
differences can be inferred from a comparison of the upstream
sequences of these two genes. For example, the Egr-J promoter
contains six copies of the CC(A/T)6GG sequence that consti-
tutes the inner core of the serum response element (SRE [33]);
in contrast, the upstream region of the c-fos gene contains only
one such element (34). Furthermore, deletion analyses show
that SREs are responsible for the dramatic induction of Egr-J
by mitogens, which is fivefold greater than that of c-fos (X. Cao
and V. P. Sukhatme, unpublished). Because the single SREin
the c-fos promoter mediates response of the gene to ultraviolet
light (35) as well as to serum (34) and phorbol esters (36, 37),
SREs also may regulate the Egr-J and c-fos genes after isch-
emia, providing the basis for their differential activation (Figs.
4 and 5). Appearance of Egr-J mRNAearly in compensatory
renal hypertrophy without c-fos gene induction implies that
the Egr-J gene is independent of c-fos/c-jun transcriptional
activation (38, 39). Independence of Egr-J activation from
fos/jun is consistent with Egr-J gene induction by mitogens in
the presence of cycloheximide (1, 3, 4).

Egr-J is an early growth-response gene induced in compen-
satory renal hypertrophy. Many genes activated in mamma-
lian cells by proliferative stimuli (40-42) are not induced early
in compensatory renal growth as judged by the lack of accu-
mulation of corresponding mRNAs(24, 25). Characterization
of Egr-J as an "immediate early gene" and its three potential
zinc finger domains suggests a role in transcriptional activa-
tion (43, 44). Egr-I may participate as a transcription factor in

the activation of sets of genes, perhaps in stimulating the over-
all rate of rRNA gene transcription (23). The studies described
here do not permit the localization of Egr-J and c-fos gene
induction within the cell populations of the nephron or the
kidney. Until in situ hybridization and immunohistochemical
experiments are completed, the direct relation of these gene
induction -events to the response of the tubular epithelium to
ischemia will remain unresolved.

Because mechanisms associated with induction of growth
and response to stress appear to be related, we speculate that
Egr-J mRNAaccumulates in response to renal stress as well as
having a role in kidney growth. The HSP70 heat shock gene is
activated in cells stimulated to proliferate with serum (45) or
mitogens and lymphokines (46), and it is related to a gene
family essential for growth in yeast (47). Since Egr-J is super-
induced in serum-stimulated cells exposed to cycloheximide
(1) and since ischemia impairs protein synthesis (16, 48), di-
minished renal protein synthesis after ischemia may contrib-
ute to the enhanced and persistent expression of the Egr-1
gene. The level of renal Egr-J mRNAat the end of ischemia,
but before reoxygenation, is modest compared to the level in
reoxygenated kidneys perhaps because nucleoside triphos-
phates, depleted after 30 min of ischemia, are partially restored
after resumption of oxidative metabolism. In addition, the
higher Egr-J and c-fos mRNAlevels after 1 h of reflow may
represent a stress response to reperfusion injury potentially
resulting from reactive oxygen species, or increases in intracel-
lular [Ca2+] that may occur upon reoxygenation (49).

In conclusion, we have identified an increase in mRNAof
an early growth-response gene, Egr-J, during compensatory
renal hypertrophy and activation of both Egr-I and c-fos genes
after ischemic injury. Although the specific roles of Fos and
Egr-J proteins in growth and tissue recovery are not known,
characterization of the Egr-J and c-fos gene responses consti-
tutes an important first step in understanding tissue regenera-
tion after ischemic injury. With this enhanced understanding,
it may be possible to potentiate recovery from acute renal
failure.
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