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Abstract

Parathyroid hormone-related protein (PTHrP) is widely ex-
pressed in normal adult and fetal tissues, where it acts in an
autocrine/paracrine fashion, stimulates growth and differen-
tiation, and shares early response gene characteristics. Since
recovery from renal injury is associated with release of local
growth factors, we examined the expression and localization of
PTHrP in normal and ischemic adult rat kidney. Male Sprague-
Dawley rats underwent complete bilateral renal artery occlu-
sion for 45 min, followed by reperfusion for 15 min., and 2,6, 24,
48, and 72 h. Renal PTHrP mRNAlevels, when compared with
sham-operated animals, increased twofold after ischemia, and
peaked within 6 h after reperfusion. PTHreceptor, j-actin, and
cyclophilin mRNAlevels all decreased after ischemia. PTHrP
immunohistochemical staining intensity increased in proximal
tubular cells after ischemia, changing its location from dif-
fusely cytoplasmic to subapical by 24 h after reperfusion. In
addition, PTHrP localized to glomerular epithelial cells (vis-
ceral and parietal), but not to mesangial cells. PTHrP and
PTHstimulated proliferation two- to threefold in cultured mes-
angial cells. Weconclude that PTHrP mRNAand protein pro-
duction are upregulated after acute renal ischemic injury, that
PTHrP is present in glomerulus and in both proximal and dis-
tal tubular cells, and that PTHrP stimulates DNAsynthesis in
mesangial cells. The precise functions of PTHrP in normal and
injured kidney remain to be defined. (J. Clin. Invest. 1993.
92:2850-2857.) Key words: parathyroid hormone-related pro-
tein * parathyroid hormone * calcium homeostasis - kidney-
renal failure

Introduction

Parathyroid hormone-related protein (PTHrP)' is the peptide
hormone responsible for most instances of humoral hypercal-
cemia of malignancy ( 1-3). While many malignancies overex-
press PTHrP, these peptides are also produced by a wide vari-
ety of normal tissues, including the central nervous system,
pancreatic islets, epidermal keratinocytes, adrenal cortex and
medulla, lactating breast, placenta, and vascular smooth mus-
cle ( 1-3). PTHrP is additionally expressed in the fetus, where it
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is present in virtually every organ system and is believed to be
essential for normal growth and development ( 1-4). PTHrP is
believed to act in an autocrine and/or paracrine fashion in
these tissues, although its exact biological function has not
been clearly established. Its extraordinarily wide tissue distri-
bution, its highly conserved amino acid sequence (1-3), and
the observation that "knockout" of the PTHrP gene in trans-
genic mice is lethal (5) collectively suggest that PTHrP has
important physiological roles.

In addition, PTHrP has been detected in both adult and
fetal kidney. In kidney sections from the human and rat fetus,
PTHrP has been identified histochemically in glomerulus and
tubules (proximal, distal, collecting tubule) until mid to late
gestation, at which time glomerular staining disappears while
tubular staining remains (6-8). Northern blot analysis has
shown PTHrP mRNApresent in human kidney as early as 10
wk of gestation (6), and PTHrP immunoreactivity has been
reported in acid-urea extracts of adult kidney (9). The precise
physiological role of PTHrP in the kidney is not clear, although
it has been shown to potentiate growth in cultured madin-
darby canine kidney distal renal tubular cells (10) and in cul-
tured human renal carcinoma cells ( 1 1). PTHrP has also been
shown to have TGF-f3-like effects ( 12) and to share characteris-
tics with the early response gene family ( 13, 14). To date, no
study has addressed the localization or functional role of
PTHrP in normal renal physiology or in tubular or glomerular
disease. Since renal injury and subsequent recovery are asso-
ciated with the enhanced expression and action of a number of
other cytokines and growth factors, since PTHrP is expressed
during renal development, and since PTHrP has been credited
with growth factor-like activity in a number of tissues, includ-
ing the kidney, we have explored the expression, localization,
and action of PTHrP in a well-characterized model of renal
ischemia, acute tubular necrosis, and eventual recovery.

Methods

Renal ischemia model. This model has been described in detail previ-
ously ( 15), and has been approved by the Yale Animal Use Commit-
tee. Male Sprague-Dawley rats weighing 225-300 g were used for all
experiments and were allowed free access to water and standard rat
chow before anesthesia. Animals undergoing renal ischemia were anes-
thetized with pentobarbital sodium (50 mg/kg i.p.) or thiobutabarbital
sodium (Inectin; 80 mg/kg i.p.), placed on a warming board, and
maintained at 36.5-37.5°C. After catheterization of the external jugu-
lar vein, the kidneys were exposed through an abdominal incision, and
the aorta and right renal artery dissected free from surrounding tissue.
Animals were then heparinized (500 U/kg i.v.) for 10 min. Bilateral
renal ischemia was then induced with a vascular clamp placed across
the aorta just proximal to the left renal artery and with a Silastic sling
looped around the right renal artery. Clamps were removed after 45
min of complete renal artery occlusion, and uniform reperfusion of the
kidneys was visually confirmed. Isotonic saline was administered to
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replace surgical fluid loss (2% body weight), and maintenance fluids of
1.2 ml/h were infused for recovery periods of > 15 min, with free
access to water for those animals with recovery periods of at least 24 h.
Kidneys were reperfused for 15 min, and 2, 6, 24, 48, and 72 h. Ani-
mals were killed at each of these reflow time points; both kidneys were
then harvested, immediately frozen in liquid nitrogen, and stored at
-70'C until RNAextraction was performed. Sham-operated animals
underwent identical procedures with the exception of renal artery oc-
clusion. Kidneys were harvested from sham-operated animals at times
equivalent to the 2- and 6-h reflow periods.

Kidney RNAextraction, Northern blot analysis, and RNaseprotec-
tion assay. Frozen tissue (0.3-0.5 g) was homogenized with a Tissue-
mizer (Tekmar) in 4 Mguanidine isothiocyanate and 0.1 M2-mercap-
toethanol. Total RNAwas extracted from whole rat kidney at each
reflow time point using the guanidine isothiocyanate/guanidine hydro-
chloride variation of the methods of Chirgwin et al. (16) and of
Chomczynski and Sacchi (17). For Northern blot analysis, 20 ,g of
total RNAwas analyzed on 1%agarose/formaldehyde gels, then trans-
ferred onto nylon-supported nitrocellulose filters and fixed at 80'C for
1 h. Prehybridization was performed for 2-4 h at 420C in a 50% form-
amide solution containing 6.6x SSC (1 MNaCl, 0.1 MNa Citrate),
0.1% SDS, 5x Denhardt's (0.1% Ficoll, 0.1% polyvinyl pyrrolidone,
0.1% BSA), 0.01 MEDTA, and 200 tg/ml of denatured salmon sperm
DNA. Filters were hybridized overnight under the same conditions
using a random-primed rat PTH/PTHrP receptor cDNA probe en-
compassing the first 2, 100 nucleotides of the coding region, generously
provided by Drs. H. Jueppner, A-B Abou-Samra, and G. V. Segre ( 18 ).
After hybridization, filters were washed as indicated in the legend to
Fig. 3, then analyzed by autoradiography. Filters were stripped by
washing at 650C in a solution of 15 ml formamide, 3 ml 0.1 X SSC/ 1%
SDS, and 12 ml DEPC-treated water, and were rehybridized under
similar conditions to actin and cyclophilin probes. Differences in RNA
loading were analyzed by hybridizing the filters with an oligonucleotide
probe to the 28S subunit of ribosomal RNA. All conditions for prehy-
bridization, probe labeling, hybridization, and filter washing were per-
formed as described by Barbu and Dautry ( 19).

Ribonuclease (RNase) protection assays were performed as de-
scribed (20) using 20 ,g of total RNAand a 343-bp PvuII-Bgl II anti-
sense probe corresponding to the coding region of the rat PTHrP
cDNA. An antisense cyclophilin probe was added to each sample to
provide an internal standard using a 230-bp Sam3A-BamHI fragment
of the rat cyclophilin cDNA (20) subcloned into pGEMblue vector
(Promega Biotec, Madison, WI). Protected fragments were fraction-
ated on a 5%polyacrylamide/7 Murea sequencing gel and analyzed by
autoradiography.

Immunofluorescence. In a different set of animals exposed to renal
ischemia and reflow, ischemic rat kidneys were fixed in situ by intraarte-
rial infusion of paraformaldehyde-lysine-sodium periodate into the
aorta distal to the origin of both renal arteries. Kidneys were removed,
exposed to fixative for an additional 1 h at room temperature, and then
sliced into 1-mm-thick sections. These slices were washed three times
in PBS, equilibrated in 10%DMSOfor 10 min, then frozen in freon 22
supercooled by liquid nitrogen. Tissue was stored in liquid nitrogen
without thawing until sectioned with a cryostat at 4 gm. Before stain-
ing, frozen sections were quenched with 50 mMNH4C1, and nonspe-
cific staining was blocked with 1%BSAin PBS. Affinity-purified rabbit
antibodies to PTHrP regions 1-36 or 37-74 (21, 22) were then added
in the presence of BSA and protease inhibitors (aprotinin, 500 KIU/
ml; leupeptin, 5 qg/ml; pepstatin, 5 jug/ml; EDTA, 1 mM) for 2 h at
room temperature, followed by six 5-min washes with PBS, 1% BSA,
protease inhibitors. Sections were then exposed to anti-rabbit fluores-
cein isothiocyanate-conjugated goat F(ab')2 fragments (Tago Immu-
nologicals, Burlingame, CA) in a 1:200 dilution for 30 min in a dark-
ened moisture chamber. Indirect immunofluorescence was subse-
quently examined using an Axiophot fluorescent microscope (Carl
Zeiss, Inc., Thornwood, NY). For more detailed analysis, confocal
microscopy was performed with an MRC-600 scanning laser micro-
scope (Bio-Rad Laboratories, Richmond, CA) using a predetermined

aperture size for an acceptable signal-to-noise ratio, and with the same
objective lens (water immersion, x50 numeric aperture 1.0, E. Leitz
Inc., Wetzlar, Germany) and neutral density filter setting for all sam-
ples.

Mesangial cell (MC) isolation and culture. MCswere isolated and
cultured from perfused kidneys obtained from young male rats by previ-
ously described procedures (23). For these experiments we used sub-
cultures of the second to eighth passages of MCsgrown at 370C in 5%
CO2 and 95% air. The identity of the MCswas established by several
criteria. Morphologic evaluation of MCcultures revealed a homoge-
neous population of stellate or fusiform cells with prominent intracel-
lular fibrillar structures. These morphologic features of cultured MCs
have been described previously (24). In addition, we used indirect
immunocytochemistry with both rabbit IgG antibodies directed
against vascular smooth muscle myosin and fluorescein isothiocyan-
ate-conjugated mouse IgG antibodies directed to IgG and Thy-l.l.
These studies showed uniformly strong positive staining of distinct lon-
gitudinal fibrils in all observed cells. This staining pattern of glomerular
cell outgrowth is considered to be indicative of MCs(24, 25). Subcul-
tured MCswere grown in 75-cm2 flasks in Dulbecco's minimum essen-
tial medium that contained 10%FCS, 5 ,g/ml insulin, 10 mML-gluta-
mine, 400 ng/ml penicillin, 500 ng/ml streptomycin, and 25 mMHCO3.

MCproliferation assay. For cell proliferation studies, MCswere
subcultured in 96-well plates at a density of 103 cells/well. The cells
were washed in a saline solution twice before being incubated in serum-
free, 0.1 %BSA, 5 Vg/ml insulin, HCO3-containing medium buffered at
pH 7.4 for 48 h. PTHrP ( 1-36) and bPTH ( 1-34), 7 X 10-9 Meach,
were added as a 20 Ml volume to each well to obtain the desired concen-
tration. [3H ] Thymidine was added at 0.5 gACi/well 24 h before harvest-
ing, which was performed at 24, 48, or 72 h after addition of agonist.
Control wells received only the appropriate vehicle solution. Replica-
tion of DNAand MCswas determined by counting [3H]thymidine
incorporation into DNA. Harvesting of MCsentailed detaching MCs
from the plate using a 1:10 dilution of trypsin/EGTA solution followed
by collection of all [3H] thymidine-incorporated DNAon glass fiber
strips using an automated cell harvester (Cambridge Technology,
Cambridge, MA). [3H ] Thymidine content was counted in a beta scin-
tillation counter (Beckman Instrs., Inc., Fullerton, CA) at 5 min/sam-
ple. To determine MCproliferation by cell count, cells were washed
and then incubated in a 40-,ul mixture of trypsin, collagenase, deoxyri-
bonuclease, and 0.1% EGTAfor 1 h at 37°C. The detached MCswere
resuspended in an equal volume of 0.4% Trypan blue and the number
of viable cells were counted in a counting chamber.

Results

PTHrP mRNAin sham-operated and ischemic kidney. Steady-
state PTHrP mRNAlevels in the rat kidney and after 45 min of
bilateral renal ischemia as assessed by RNase protection assay
are shown in Fig. 1. In the sham-operated animals, PTHrP
mRNAwas near the limit of detection. In the ischemic kid-
neys, however, PTHrP mRNAlevels began to increase by 2 h
after reperfusion, and peaked within 6 h before returning to
baseline levels by 48 h after ischemia. By comparison, cyclo-
philin mRNAlevels decreased after ischemia, reaching a nadir
within 2-6 h of reperfusion and returning to baseline by 48 h
after injury (Fig. 1 ). Densitometric analysis of the PTHrP mea-

surements (Fig. 2) shows a consistent increase in PTHrP
mRNAlevels by a mean of twofold over sham-operated ani-
mals within 6 h after injury and reperfusion. The densitometry
results combine observations from four RNase protection as-

says in six sets of kidneys.
PTHreceptor mRNAin sham-operated and ischemic kid-

ney. PTHrP binds to and acts through the classical PTHrecep-
tor in the kidney ( 1-3). Since ischemia causes an increase in
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Figure 1. RNase protection analysis of PTHrP mRNAlevels after
ischemic injury. Each lane represents 20 Ag of total RNAprepared
from whole rat kidney derived from sham-operated animals and from
each of the indicated reflow time points after ischemia. The upper
bands correspond to PTHrP mRNA; the lower bands correspond to
cyclophilin mRNA(loading standard). Note that PTHrP mRNA
expression peaks at 6 h after reperfusion in this experiment.

PTHrP mRNAlevels, we questioned whether this would result
in changes in the level of PTH receptor mRNAexpression in
the rat kidney. As seen in Fig. 3 A, PTHreceptor mRNAlevels
decreased within the first 2 h after reperfusion. By 72 h the
PTH receptor mRNAlevels had not returned to baseline.

To document that the decrease in PTH receptor mRNA
was not a result of sample loading differences, the filter was

reprobed for fl-actin and cyclophilin. As seen in Fig. 3, B and
C, both (3-actin and cyclophilin mRNAlevels also decreased
after ischemic injury, reaching nadirs between 2 and 6 h after
reperfusion. When the same filter was probed for 28S ribo-
somal RNA (Fig. 3 D), relatively minor differences in the
amount of 28S RNAwere observed on the filter at the different
time points. Thus, only a portion of the fall in PTH receptor
mRNAcould be accounted for by loading differences or RNA
degradation. These considerations make the increment in
PTHrP mRNAshown in Figs. 1 and 2 more striking.

Immunohistochemical localization of PTHrP. Since
PTHrP mRNAwas found to be present in RNAprepared from
whole normal rat kidney and its production stimulated by isch-
emic injury, and since the location of PTHrP in the adult rat
kidney is unknown, we attempted to localize the source of
PTHrP in the rat kidney. Immunohistochemistry was per-
formed on frozen sections of PLP-fixed sham-operated and
ischemic kidneys using region-specific, affinity-purified anti-
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Figure 2. Densitometric analysis of PTHrP mRNAlevels after renal
ischemia as determined in multiple experiments analogous to those
shown in Fig. 1. Bars indicate the ratio of PTHrP mRNAto cyclo-
philin mRNAas assessed using densitometry after RNase protection
analysis. Each bar represents the mean value of mRNAprepared from
six kidneys for the sham, 15-min, and 2-, 6-, and 24-h time points,
and from two kidneys for the remaining two time points. *P = 0.025;
**P= 0.004.

D 28S-

Figure 3. Northern blot analysis of total RNAfrom whole rat kidney
after ischemic injury. (A) Hybridization with a random-primed rat
PTH/PTHrP receptor cDNAprobe in sham-operated animals and at
each reflow time point. (B) Hybridization with a labeled (3-actin
probe. (C) Hybridization with a labeled rat cyclophilin probe. (D)
Hybridization with a labeled 28S ribosomal RNAprobe. The same
filter was used for each hybridization, and 20 gtg of total RNAwas
loaded into each lane. Wash conditions: 0.1 x SSC, 0. 1% SDS for 60
min at 650C (A); I X SSC, 0.1% SDSat 420C for 30 min, then 50'C
for 30 min (B and C); 2x SSPE, 0.1% SDS, 0.1% Na pyrophosphate
for 10 min at 420C (D). Note that steady-state PTH/PTHrP receptor,
Bl-actin, and cyclophilin mRNAlevels all fall at 2-6 h after reperfusion.
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bodies to PTHrP regions 1-36 and 37-74. As seen in Fig. 4 A,
addition of anti-PTHrP (37-74) antibody to sections from
sham-operated animals reveals prominent glomerular staining.
The glomerular staining is confined to epithelial cells, both
visceral and parietal, without mesangial cell or endothelial cell

staining (Fig. 4, A and B). A similar glomerular pattern was
observed using anti-PTHrP (1-36) antibody. The intensity
and pattern of glomerular staining was corroborated by confo-
cal microscopy (Fig. 4 C) and did not change appreciably after
ischemic injury. Preincubation with excess PTHrP (37-74) or
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Figure 4. Immunohistochemical localization of PTHrP in rat kidney. All staining was performed on frozen sections of PLP-fixed tissue using
affinity-purified, region-specific antibodies. Kidney sections shown represent staining with an anti-PTHrP (37-74) antibody. A similar pattern
was observed with addition of an anti-PTHrP ( 1-36) antibody (not shown). (A) Glomerulus from sham-operated animal stained with anti-
PTHrP (37-74) antibody (x630). (B) Phase-contrast exposure from glomerulus shown in A (X630). (C) Confocal microscopy of glomerular
staining in sham-operated animals (X900). (D) Glomerulus from sham-operated animal stained with anti-PTHrP (37-74) antibody preincu-
bated with 10-6 MPTHrP (37-74) (X400). (E) Tubules from sham-operated animals stained with anti-PTHrP (37-74) antibody (X630). (F)
Phase-contrast exposure from tubules shown in E (X630).
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( 1-36) peptides (10-6 M) eliminated the glomerular epithelial
cell staining (Fig. 4 D).

PTHrP was also found to be present in both proximal and
distal tubular cells when examined by conventional fluorescent
microscopy (Fig. 4, E and F). In contrast to the glomerular
epithelial cell staining, however, the tubular pattern of fluores-
cence was altered after ischemia (Fig. 5). In sham-operated
animals, proximal tubular localization of PTHrP by confocal
microscopy was primarily in a vesicular pattern within the cy-
toplasm (Fig. 5 B). After 6 h of reperfusion, the intensity of
PTHrP staining was increased and was now present in a diffuse
cytoplasmic distribution (Fig. 5 C). By 24 h after ischemic
injury, the diffuse cytoplasmic staining remained, but an addi-
tional vesicular staining pattern was present in a subapical lo-
cation (Fig. 5 D). As with glomerular staining, this tubular
staining disappeared when antibody was incubated with excess
( 10-6 M) PTHrP (37-74) peptide. Identical tubular and glo-
merular staining patterns were seen with addition of anti-
PTHrP ( 1-36) antibody (not shown).

Cellular proliferation. Since MCsare stimulated to prolifer-
ate by a number of cytokines and hormones, and given the
presence of PTHrP within the glomerulus, the question was

raised as to whether PTHrP ( 1-36) would also act as a mitogen
in mesangial cells. These results are shown in Fig. 6. PTHrP
(1-36) at 7 X 10-9 Mstimulated a two- to threefold increase in
[3H]thymidine incorporation in cultured MCs. MCsexposed
to 7 X 10 -9 MbPTH ( 1-34) showed a similar response. These
findings were confirmed using direct cell counting of MCnum-
bers from parallel experiments, as indicated in the legend to
Fig. 6.

Discussion

The recovery phase of acute renal failure has recently become
an area of considerable interest. Much investigation has fo-
cused on the regenerative phase in renal tubular cells, and on
the changes in gene expression that result in increased produc-
tion of local cytokines and growth factors that contribute to the
regenerative process (26, 27). For example, the renal synthesis
of EGFand IGF-I is altered after ischemic injury, and adminis-
tration of these agents just before or during ischemia results in
an enhanced renal tubular proliferative response, a lower peak
blood urea nitrogen and serum creatinine, and a more rapid
return to normal renal function compared with untreated ani-

Figure 5. Immunofluorescent localization of PTHrP in proximal tubule by confocal microscopy. Fluorescent labeling was performed on PLP-
fixed frozen tissue sections from sham-operated and ischemic rat kidney using affinity-purified, anti-PTHrP (37-74) antibody. (A) Normal
proximal tubule without addition of primary antibody. (B) PTHrP in proximal tubule of sham-operated rat kidney. (C) PTHrP in proximal
tubule of ischemic kidney after 6 h of reperfusion. (D) PTHrP in proximal tubule of ischemic kidney after 24 h of reperfusion. Staining with
affinity-purified anti-PTHrP ( 1-36) antibody produced a similar staining pattern. x900.
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Figure 6. Induction of mesangial cell proliferation by PTHrP and
PTH. [3H]Thymidine incorporation in cultured mesangial cells was
measured after addition of 7 x 10-9 MPTHrP ( 1-36) or bPTH ( 1-
34). Control wells received vehicle only. Cells were harvested at 24,
48, or 72 h after addition of peptide. n = 9 for each time point. *P
< 0.01. Direct cell counting of mesangial cell number at each time
point resulted in the following values for the ratio of cell number in
treated wells as compared with the initial time point at 24, 48, and
72 h, respectively (SD in parentheses): PTHrP, 1.50 (0.35), 2.75
(0.45), 1.90 (0.30); PTH, 1.35 (0.28), 2.47 (0.36), 1.65 (0.27);
CONTROL, 1.20 (0.20), 1.35 (0.20), 1.20 (0.25). PTHrP and PTH
values at 48 h were significant at P < 0.01.

mals (28, 29). These growth factors are synthesized primarily
by renal tubular cells (26, 27), although glomerular cells are
now known to contribute to the repair process as well (26). In
addition to increases in mRNAlevels and growth effects of
these cytokines, rapid increases in the levels of early response
gene mRNAs(c-fos, Egr-l and c-myc) occur after acute renal
injury, presumably intended to stimulate the transcription of
other factors involved in repair (26, 27).

PTHrP has been shown to have growth factor-like effects
( 10-12, 30, 31 ), to act as an early response gene in some tissues
( 13, 14), and to be present in fetal kidney (6-8), suggesting
that PTHrP may play a role in the recovery from renal isch-
emia and acute tubular necrosis. Wetherefore studied the role
of PTHrP in the adult kidney after an acute ischemic insult.
The mRNAlevels of most proteins and peptide hormones de-
crease in the rat kidney after ischemia. This is believed to be
due to the generalized reduction in gene transcription rates in
ischemic and recovering kidney (32), as well as to enhanced
mRNAdegradation. This generalized reduction in steady-state
mRNAlevels in the kidney was mirrored in this study by the
reduction in both actin and cyclophilin mRNAsafter ischemia.
In marked contrast, however, PTHrP mRNAincreased two-
fold after ischemic injury, and increased in a time frame similar
to other known renal growth factors (26). The specific incre-
ment in PTHrP mRNAat a time when most mRNAspecies
are diminishing suggests that PTHrP may have a role in the
renal regenerative process.

While PTHrP mRNAlevels increased after ischemic in-
jury, PTH receptor mRNAlevels decreased within 2 h after

reperfusion. Although some RNAdegradation may have oc-
curred at these time points, this decrease may also reflect a
generalized reduction in the rate of gene transcription, as de-
scribed above. Since PTHrP binds to the classical PTHrecep-
tor in the kidney ( 1-3), it is possible that the increase in PTHrP
synthesis in ischemic kidney results in a downregulation of the
PTH receptor. This relationship between PTHrP and PTHre-
ceptor was recently demonstrated indirectly in cultured rat aor-
tic smooth muscle cells, in which the upregulation of PTHrP
mRNAafter angiotensin II exposure was associated with a de-
crease in PTHreceptor mRNAlevels (33). Whether this repre-
sents homologous or heterologous downregulation is uncertain
at present. These changes in PTHrP and PTHreceptor are also
consistent with the peptide-to-ligand relationship of other
growth factors important in the renal regenerative process,
such as with EGF(27).

A potential role for PTHrP during the recovery phase was
further explored using immunolocalization in ischemic kid-
ney. In the tubule, under basal conditions, antibodies directed
at both amino-terminal and midregion portions of PTHrP re-
vealed the presence of PTHrP in a vesicular pattern in proxi-
mal and distal tubular sites. After 6 h of reperfusion, PTHrP
staining increased in intensity and now appeared in a diffuse
cytoplasmic pattern, suggesting an increase in PTHrP protein
production in these nephron sites. By 24 h of reflow, the cyto-
plasmic staining intensity had increased further, but an addi-
tional apical distribution of PTHrP was present. Many studies
have documented changes in cellular distribution of proteins
after renal ischemic injury, including protein products of early
response genes, heat shock proteins, and cytoskeletal proteins
( 15, 34-36). These changes are believed to relate to the loca-
tion of cellular injury and to early attempts at cellular repair
( 15, 26). From this perspective, it is important to note that
growth effects of PTHrP have been observed in cultured
MDCK(i.e., canine distal tubular) cells and in renal carci-
noma cells (10, 11), as they have been in many nonrenal tis-
sues. The enhanced staining of PTHrP within the tubules at 6
and 24 h after injury, together with the documented growth
factor-like effects of PTHrP, suggest that PTHrP could play a
regulatory role in growth or differentiation during tubular re-
generation. The apical localization at 24 h may additionally
reflect the movement of PTHrP toward the most severely in-
jured portion of the tubule in order to contribute to the repair
process, or may represent packaging into lysosomes for even-
tual apical secretion after providing its physiological effect. It is
interesting to note that these changes are a mirror image to
those observed with heat shock protein-72, where the peptide is
located apically at early time points after renal injury and then
localizes to the basolateral membrane by 24 h into the repair
process ( 15). Finally, PTHrP was also identified in normal
(i.e., sham-operated) renal tubular cells, suggesting a role for
the peptide in normal adult renal tubule function in the rat.

The most unexpected observation in this study was the dra-
matic PTHrP staining in the glomerulus. Both visceral and
parietal epithelial cells showed prominent PTHrP staining,
while mesangial cells were almost completely negative. This
was substantiated by confocal microscopy. Receptors for PTH
are known to be present on both mesangial and epithelial cells
(37, 38), yet no clear functional role for PTHin the glomerulus
has been found. This is similar to other "nonclassical" PTH
target tissues, such as vascular smooth muscle, pancreatic is-
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lets, epidermal keratinocytes, and lymphocytes, where PTH
receptors are known to be present and where PTHrP is ex-
pressed, yet no functional role for PTH has been established
(1-3). Since PTH is not synthesized in the glomerulus, it is
possible that PTHrP induces its local effects through these
PTH/PTHrP receptors. Weand others have suggested that
these receptors may actually be a subtype of PTH receptor,
with PTHrP as the intended primary ligand ( 1-3).

In this study, PTHrP was shown to be both present in the
glomerulus and to have an effect within glomerular cells. With-
out in situ hybridization data using PTHrP probes, however,
these findings do not exclude the possibility that circulating
PTHrP is trapped or concentrated by these cells. These findings
appear to extend the observations of others indicating that com-
munication may exist between the different glomerular cell
types (39), and suggests that PTHrP may have an autocrine or
paracrine role in these cells. It is interesting to note that in most
histochemical analyses of PTHrP in rat and human fetal kid-
ney, glomerular staining decreases or completely disappears by
late gestation, while tubular staining remains prominent (6-
8). The prominent glomerular findings in this study may repre-
sent differences in antibody affinity, epitope recognition sites,
or in fixation methods.

In conclusion, PTHrP mRNAis increased after acute renal
ischemic injury. PTHrP is present in the glomerulus and in
both proximal and distal tubular cells, and stimulates DNA
synthesis in mesangial cells. PTHrP is believed to have critical
functions involving growth and development, transepithelial
calcium transport, and smooth muscle regulation in an ever-
expanding list of tissues. These functions are only beginning to
be explored. This study provides the first evidence of a role for
PTHrP in the normal glomerulus and in injured kidney. Fu-
ture studies will need to be performed in order to define the
precise physiological and pathophysiological functions of this
peptide.
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