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Differential expression of heat shock protein 27 and 70
in renal papillary collecting duct and interstitial cells -
implications for urea resistance

Wolfgang Neuhofer, Maria-Luisa Fraek, Nengtai Ouyang and Franz-X. Beck

Department of Physiology, University of Munich, Germany

The adaptation of renal medullary cells to their hyperosmotic environment involves the
accumulation of compatible organic osmolytes and the enhanced synthesis of heat shock
proteins (HSP) 27 and 70. While the mechanisms leading to osmolyte accumulation are similar in
papillary collecting duct (PCD) and papillary interstitial (PI) cells, the present data demonstrate
that HSP27 and HSP70 are expressed differentially in these cells both in vivo and in vitro. HSP70
is abundant in PCD, but not expressed in PI cells in the papilla in situ, while HSP27 is expressed
in both PCD and PI cells. These observations could be reproduced by non-permeant solutes
in cultured cells. Osmotic stress strongly induced HSP70 in MDCK cells (as a model for PCD
cells), but not in PI cells, while HSP27 was constitutively expressed in MDCK cells and was
up-regulated in PI cells. Since prior hypertonic stress (NaCl addition) protects MDCK against
subsequent exposure to high urea concentrations, this effect was also assessed in PI cells. In
both cell lines, hypertonic pretreatment prior to urea exposure (400 mm) strongly attenuated
caspase-3 activation. Inhibition of HSP27 expression by antisense transfection diminished the
protective effect of hypertonic preconditioning in PI cells, while attenuation of HSP70 expression
in MDCK cells diminished the protective effect of hypertonic preconditioning in these cells.
These observationsindicate that PCD and PI cells employ cell-specific mechanisms for protection
against high urea concentrations as present in the renal papilla during antidiuresis.
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In antidiuresis, the cells of the renal papilla are faced with
a uniquely harsh environment, characterized by extreme
interstitial sodium chloride and urea concentrations,
built up and maintained by the renal countercurrent
mechanism and urea recycling. It is well established
that papillary cells are protected against the stress of
hypertonicity by the intracellular accumulation of
compatible organic osmolytes, which replace intracellular
ions, thus allowing the cells to maintain their cell volume
and intracellular ionic strength at normal levels, even when
the extracellular tonicity is severalfold higher than under
isotonic conditions (Woo et al. 2002).

In the past few years it has become increasingly clear that
HSPs may contribute decisively to survival of papillary cells
by conferring protection against the extremely high inter-
stitial solute concentrations as present in this kidney region
during antidiuresis (Neuhofer & Beck, 2005). In particular,
the expression of HSP27 and HSP70 is much higher in the
inner medulla than in the isoosmotic cortex and changes
appropriately with the diuretic state, suggesting functions
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essential for inner medullary cells (Medina et al. 1996;
Miiller et al. 1998). However, the cellular localization of
these HSPs in the renal papilla has received less attention,
since the expression of HSPs has been studied primarily
by Western or Northern blot analysis on papillary
homogenates that do not allow discrimination between
tubule and interstitial cells. Moreover, in in vitro
studies regarding cellular osmoadaptation, primarily cells
originating from papillary collecting duct (PCD) cells have
been employed, while the adaptation of papillary inter-
stitial (PI) cells has received comparable less attention.
Thus, it may be possible that PCD and PI cells employ
cell-specific mechanisms that promote survival in the
harsh environment of the renal papilla. The present
data demonstrate, based on immunohistological methods,
that HSP27 and HSP70 are expressed differentially in
PCD and PI cells. Furthermore, this distinct expression
pattern of HSP27 and HSP70 in response to osmotic
stress could be reproduced in cultured cells, suggesting
alternative pathways for protection against high urea
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concentrations in PCD and PI cells by HSP70 and HSP27,
respectively. Finally, the physiological relevance of this
findings was assessed, indicating that PCD and PI cells
indeed require distinct HSPs for protection against high
urea concentrations.

Methods
Immunohistochemistry

Immunohistochemistry for HSP27 and HSP70 was
performed on kidneys obtained from Male Wistar
rats (200-250 g; Charles River, Sulzfeld, Germany) as
previously described (Miller et al. 1996). Briefly, after
anaesthesia with sodium pentobarbitone (60 mg kg™~' 1.p.),
the kidneys were fixed in situ via the abdominal aorta with
periodate-lysine—paraformaldehyde fixative (McLean &
Nakane, 1974). HSP27 and HSP70 were immunolocalized
on 5-um cryosections using an antiserum specific for
HSP27 (SPA 801; Biomol, Hamburg, Germany) or mono-
clonal anti-HSP70 antibody (SPA 810; Biomol) and
appropriate secondary antibodies as described (Miiller
et al. 1996). For negative controls, the sections were
simultaneously incubated with recombinant HSP27 or
HSP70 (Biomol). All experiments were conducted in
accordance with German federal laws relating to animal
experimentation.

Cell culture

Madin-Darby canine kidney (MDCK) cells were obtained
from the American Type Culture Collection (ATCC;
Rockville, MD, USA). Primary cultures of rat papillary
interstitial (PI) cells were kindly provided by Dr C.
Maric (Department of Anatomy, University of Melbourne,
Parkville, Victoria, Australia) and used for experiments
at passage 8-15. These cells show cytoplasmic lipid
staining (Oil Red O staining, not shown), vacuolated
cytoplasm, and elongated cellular outline, features that
are characteristic of papillary interstitial cells (Maric
et al. 1996). Both MDCK and PI cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (Biochrom,
Berlin, Germany), 50 Uml ™! penicillin (Biochrom) and
50 mgml~' streptomycin (Biochrom) in a humidified
atmosphere (5% C0O,-95% air; 37°C) on 60-mm plastic
dishes (Costar, Cambridge, MA, USA). Media were
made hyperosmotic by adding the indicated solutes
to a final osmolality of 500 mosmol (kg H,O)™'. For
experiments in hypotonic medium, Na™- and K*-depleted
starting medium (custom prepared by Life Technologies,
Karlsruhe, Germany) was supplemented with KCI (5 mm)
and NaCl to a final osmolality of 200 mosmol (kg H,O) .

For evaluating the effect of hypertonic pretreatment on
resistance against subsequent urea exposure (Neuhofer
et al. 1998), the respective cells were subjected to
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hypertonic medium (500 mosmol (kg H,O)~! by NaCl
addition) for 24 h prior to exposure to an additional
400 mm urea for 24 h. Subsequently, the cells were
processed for determination of caspase-3, -8, and -9
activity as described below.

Northern blot analysis

After the respective treatments, the cells were lysed
by addition of TRI Reagent (Peqlab, Erlangen,
Germany) and the RNA recovered according to the
manufacturer’s instructions. Aliquots (20 ng) of total
RNA were electrophoresed through 1% agarose/2.2 m
formaldehyde gels, transferred onto positively charged
nylon membranes (Hybond N¥, Amersham, Freiburg,
Germany) and immobilized by UV cross-linking.
The mRNA abundance of the individual genes was
monitored by cDNAs for HSP27 (Larsen et al. 1996),
HSP70 (Wu et al. 1985) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Neuhofer ef al. 2001). Probe
generation, hybridization and washing conditions were
performed as previously reported (Neuhofer et al.
2001).

SDS-PAGE and Western blot analysis

After the respective treatments, the cells were washed with
chilled phosphate-buffered saline (PBS) and scraped into
8 M urea/PBS (75 1/60 mm dish) and lysed by pipetting.
After centrifugation at 12000 g for 15min at 4°C, the
protein concentration in the supernatant was determined
according to Bradford (1976) using a commercially
available kit (Bio-Rad, Munich, Germany), and aliquots of
40 pg of protein were subjected to SDS-PAGE and blotted
onto nitrocellulose membranes (Amersham-Pharmacia,
Freiburg, Germany). Immunodetection of HSP27 and
HSP70 was as previously described (Miiller et al
1996).

Determination of caspase-3, -8 and -9 activity

After the respective treatments, the cells were scraped
into 100 wl chilled lysis buffer containing 50 mm Hepes,
pH7.4, 5mm CHAPS and 5mm DTT and subjected
to three cycles of snap freezing—thawing on ice. The
lysates were cleared by centrifugation at 12000g¢ at
4°C for 15min and relative caspase activity in the
supernatants was determined by colourimetric assays
using para-nitroanilin (pNA)-conjugated, specific caspase
substrates  (caspase-3, Asp-Glu-Val-Asp, Promega,
Madison, WI, USA; caspase-8, Ile-Glu-Thr-Asp, Sigma,
Deisenhofen, Germany; caspase-9, Leu-Glu-His-Asp,
Biocat, Heidelberg, Germany) according to the
recommendations of the manufacturers. Caspase activity
was monitored spectrophotometrically by increase in
Ays and normalized to the protein concentration in the
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lysates and expressed as nmol pNA released per mg of
protein in 1 h.

Plasmid construction and transfection

For inhibition of tonicity-induced up-regulation of HSP27
and HSP70 in PT and MDCK cells, pcDNA3 (Invitrogen,
Karlsruhe, Germany) based antisense constructs were
prepared. Briefly, for down-regulation of HSP27, a
full-length canine HSP27 fragment was excised from
pBluescript SK+ (kindly provided by Dr E. Hickey,
University of Nevada, NV, USA; Larsen et al. 1995) by
EcoRI and inserted into the respective sites of pcDNA3.
Constructs with antisense orientation were identified and
used for transfection. Tonicty-induced up-regulation of
HSP70 was attenuated using a construct containing 322 bp
of 5 end of the inducible HSP70 gene in antisense
orientation as previously described (Neuhofer e al. 1998).
PI and MDCK were transfected by the calcium-phosphate
procedure (20 pg plasmid DNA per 100-mm dish) with
subsequent isolation of stable clones by geneticin (G418;
Invitrogen; 600 ugml™' for MDCK cells, 400 pgml™!
for PI cells). At least two healthy clones with significant
inhibition of NaCl-induced HSP27 or HSP70 expression,
asassessed by Western blot analysis, were pooled, expanded
and used for further experiments. Mock-transfected cells,
i.e. cells transfected with empty vector, were established by
transfection with pcDNA3 lacking the respective inserts.

Presentation of data and statistical analysis

Quantification of Northern and Western blots was
performed using Image J software (NIH, Bethesda, MD,
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USA). Data are shown as means =+ s.E.M. Significance of
differences between means was assessed using Student’s
t test for unpaired samples. P < 0.05 was regarded as
significant.

Results

Immunolocalization of HSP27 and HSP70 in rat papilla

Although the abundance of both HSP27 and HSP70 is
much higher in homogenates obtained from the renal
papilla than from cortex, it is conceivable that these
chaperones are differently expressed in different papillary
cells, here interstitial and collecting duct cells. To address
this question, the intrapapillary expression of HSP27 and
HSP70 was assessed by immunohistochemistry in normal
rat kidney. As shown in Fig. 1, HSP27 was detectable
in all cell types in the papilla. In contrast, HSP70 was
detectable primarily in collecting duct cells, while there
was only marginal interstitial immunoreactivity. Of note,
the epithelium lining the papillary tip was positive for both
HSP27 and HSP70 (not shown).

Expression of HSP27 and HSP70 in MDCK and PI cells
by osmotic stress

To confirm the expression pattern observed by immuno-
histochemistryand to address the question whether HSP27
and HSP70 are regulated differentially in PCD and PI
cells, the effect of osmotic stress on the expression of
these HSPs was evaluated in MDCK and PI cells. MDCK
cells display many characteristics of PCD cells and express
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Figure 1. Expression of HSP27 and HSP70 in
cross-sections in the inner medulla of rats with free
access to water

A, HSP70; B, negative control for HSP70; C, HSP27;

D, negative control for HSP27. Bar represents 100 pm.
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osmosensitive genes in a fashion similar to that of primary
cultures of PCD cells in response to changes in tonicity
(Neuhofer eral. 2002a,b). PI cells are derived from primary
cultures of papillary interstitial cells and are very similar
to papillary interstitial cells in situ (Maric et al. 1996; Zhuo
et al. 1998).

As shown in Fig.2, osmotic stress induced distinct
expression patterns of HSP27 and HSP70 in MDCK
and PI cells. HSP70 mRNA was strongly induced in
MDCK cells exposed to hypertonic stress (medium
osmolality 500 mosmol (kg H,O)™! by NaCl addition)
for 24h, whilst the expression of HSP27 was not
affected substantially. Hypotonicity (medium osmolality
200 mosmol (kg H,0)™') had no effect on HSP27 and
HSP70 mRNA expression. In contrast to MDCK cells,
hypertonic stress significantly enhanced HSP27 mRNA
expression in PI cells, while HSP70 mRNA abundance was
only elevated marginally.

The results obtained at the mRNA level were confirmed
and extended at the protein level. As demonstrated
in Fig.3, non-permeant solutes such as NaCl and
mannitol, added to a final medium osmolality of
500 mosmol (kg H,O) ™!, significantly induced HSP70 to
comparable levels in MDCK cells. In contrast, permeant
solutes like urea or glycerol, added in equiosmolar
concentrations, failed to enhance HSP70 expression. In
PI cells, HSP70 was close to the detection limit under
isotonic conditions and was slightly, but significantly,
induced in cells exposed to hypertonic stress. HSP27 was
readily detectable in MDCK cells incubated in isotonic
medium, but no further induction was evident after hyper-
tonic stress. In contrast, in PI cells, HSP27 was detectable
at low abundance under basal conditions and increased

HSP70 HSP27
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significantly by incubation in medium supplemented with
impermeant solutes like NaCl and mannitol while the
addition of urea or glycerol failed to enhance HSP27
expression.

Effect of hypertonic preconditioning on urea-induced
caspase activation in MDCK and PI cells

Since pretreatment with hypertonic NaCl protects
against subsequent exposure to high urea concentrations
(Neuhofer et al. 1998), the effect of hypertonic
preconditioning on activation of caspases-3, -8, and -9
after urea exposure was assessed in MDCK and PI cells.
As shown in Fig. 4, incubation in medium containing
400 mMm urea for 24 h dramatically increased caspase-3
activity in both cell types (Fig. 4A), whilst the activity of
the upstream caspases-8 and -9 were affected differently:
no significant increase in caspase-8 activity was evident
in MDCK cells, but a 4-fold increase was observed in PI
cells (Fig. 4B). Caspase-9 activity was elevated 3-fold in
MDCK cells and 12-fold in PI cells after urea exposure
(Fig. 4C).

Preexposure to medium made hypertonic by
NaCl addition (+100mm NaCl, final osmolality
500 mosmol (kg H,O)™') for 24h prior to adding an
additional 400 mm urea for 24h strongly attenuated
urea-induced caspase-3 activation in both cell types
(Fig. 4A), although the final medium osmolality was even
higher under this condition (900 mosmol (kg H,0)™").
Urea-induced activation of caspase-8 was attenuated by
50% in NaCl-pretreated PI cells (Fig.4B). Activation of
caspase-9 by 400 mm urea was reduced by 50% in both
MDCK and PI cells (Fig. 4C).
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Figure 2. Effect of osmotic stress on the abundance of HSP27 and HSP70 mRNA

MDCK and PI cells were incubated for 24 h in hypotonic (200 mosmol (kg H0)~") or hypertonic medium
(500 mosmol (kg H,0)~" by NaCl addition), or remained in isotonic medium (300 mosmol (kg H,0)~"). Sub-
sequently, the mRNA abundance of HSP27 and HSP70 was determined by Northern Blot analysis. To demonstrate
equal RNA loading, the blots were also probed for GAPDH abundance. Data are means = s.e.Mm. of 3 experiments.

*P < 0.05 versus respective isotonic control.
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Effect of impaired HSP27 and HSP70 expression
on urea-induced caspase-3 activation

To address the physiological relevance of HSP27 and
HSP70 in PI and MDCK cells, expression of these
HSPs was attenuated in PI and MDCK cells by
antisense transfection. Since HSP27 induction by
hypertonicity in PI cells is associated with reduced
caspase-3 activation after exposure to an additional
400 mm urea, tonicity-induced up-regulation of HSP27
was diminished by antisense transfection. In these cells,
NaCl-induced HSP27 expression was reduced by at least
50% compared to mock-transfected cells (Fig.5). If
these cells were subsequently exposed to an additional
400 mm urea for 24 h, the protective effect of hypertonic
pretreatment on caspase-3 activity was diminished. Since
hypertonic pretreatment lead to a minor, but detectable
up-regulation of HSP70, the contribution of this HSP to
urea resistance was also assessed in PI cells transfected with
a HSP70 antisense construct. Although HSP70 induction
was substantially repressed in these cells, the protective
effect of hypertonic pretreatment on caspase-3 activity
after urea exposure was still evident (Fig. 5).

Despite the lack of induction by tonicity, HSP27 is
abundant in MDCK cells (Fig.3) and in PCD cells in
situ (Fig. 1). Thus, this HSP may also be involved in
urea resistance in MDCK cells. As demonstrated in Fig. 5,
MDCK cells transfected with a HSP27 antisense construct
had at least 50% reduced HSP27 levels and tended to
show higher caspase-3 activity after urea exposure, either
with or without hypertonic pretreatment compared to
the respective mock transfected cells. This effect however,
did not reach statistical significance. In MDCK cells
transfected with a HSP70 antisense vector, urea-induced
caspase-3 activity was significantly higher than in the
respective mock-transfected cells and was associated with
> 50% reduced HSP70 abundance.

Discussion

The adaptive processes conferring protection against high
interstitial NaCl and urea concentrations involve both
the accumulation of compatible organic osmolytes and
the enhanced synthesis of HSPs. Although most studies
on osmoadaptation have been performed on cell lines
displaying characteristics of the inner medullary collecting
duct or on primary cultures of the PCD, experiments on PI
cells demonstrate that these cells also accumulate organic
osmolytes in response to hypertonicity by mechanisms
similar to PCD cells (Burger-Kentischer et al. 1999;
Moeckel et al. 2003), thus preventing cell shrinkage and
a rise in cellular ionic strength.

During the past few years it has become increasingly
clear that the accumulation of organic osmolytes is only
one component of the adaptive process allowing medullary
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cells to survive in the harsh environment of the renal
papilla. While organic osmolytes protect against high
salt concentrations, HSPs appear not to be involved in
this process (Alfieri et al. 2004). However, HSP27 and
HSP70 are expressed at high levels in the renal papilla
and their abundance changes appropriately with the
diuretic state (Medina et al. 1996; Miiller et al. 1998),
suggesting protective functions against the adverse effects
of high solute concentrations as present in this kidney
region during antidiuresis. The functional significance
of HSP70 for cells of the collecting duct has been
demonstrated recently, since forced expression of HSP70
protects MDCK cells against the detrimental effects of high
urea concentrations as present in the renal papilla of the
concentrating kidney (Neuhofer et al. 2001). This effect is
at least partially attributable to the chaperoning activities
of HSP70, since urea is a potent protein-destabilizing agent
and HSP70 counteracts the urea-mediated decrease in the
activity of several enzymes (Neuhofer & Beck 2005). Urea
also induces apoptosis in IMCD3 cells (Colmont et al.
2001), while HSP70 prevents the execution of the apoptotic
pathway by several mechanisms, including inhibition of
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Figure 3. Effect of osmotic stress on the abundance of HSP27
and HSP70

MDCK and PI cells were incubated for 24 h with the indicated solutes,
or maintained in isotonic medium. Subsequently, the expression of
HSP27 and HSP70 was determined by Western blot analysis. To
demonstrate equal protein loading, the blots were also probed with
B-actin antiserum. Data are means =+ s.t.M. for 3-4 separate
experiments; * P < 0.05 versus respective isotonic control (iso).
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Figure 4. Effect of hypertonic pretreatment on urea-induced caspase activation

MDCK (open bars) and PI (hatched bars) cells were left untreated (control), exposed to medium containing 400 mm
urea for 24 h (+ 400 mm urea) or incubated in hypertonic medium (500 mosmol (kg H,0)~'! by NaCl addition)
for 24 h prior to exposure to medium containing an additional 400 mm urea for 24 h. Means =+ s.e.m. for 4-8
experiments; # P < 0.05 versus respective control; * P < 0.05 versus respective +400 mm urea.

Apaf-1 and cytochrome ¢ release from mitochondria
(Beere et al. 2000). In agreement, targeted disruption of
the tonicity-inducible HSP70 gene in mice is associated
with renal papillary apoptosis after stimulation of the
renal concentrating mechanism (Shim et al. 2002). These
results are in agreement with the present observations

that demonstrate that inhibition of NaCl-induced HSP70
expression in MDCK cells is associated with higher
caspase-3 activity after urea exposure compared to mock
transfected cells.

The lack of HSP70 expression in interstitial cells in
the renal papilla and in cultured PI cells after exposure
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Figure 5. Effect of HSP27 and HSP70 antisense transfection on caspase-3 activation

Pl and MDCK cells were transfected with either HSP27 or HSP70 antisense constructs or empty vector (mock).
Subsequently, the respective cells were exposed to medium containing 400 mm urea for 24 h (+400 mm urea)
or pretreated with hypertonic medium (500 mosmol (kg H,0)~" by NaCl addition) for 24 h prior to exposure to
medium containing an additional 400 mm urea for 24 h. Subsequently, caspase-3 activity was assessed as described
in Methods. Immunoblots demonstrating the expression of HSP27 and HSP70 prior to urea exposure are shown.
Data are means =+ s.e.m. for 4 experiments; *P < 0.05 versus respective mock transfected cells.
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to osmotic stress suggests that HSPs other than HSP70
may protect these cells against high urea concentrations.
The present data demonstrate that HSP27 is induced
significantly by hypertonic stress in PI cells, supporting
the view that tonicity-induced HSP27 expression may
be of relevance for protection of PI cells from high
urea concentrations. This assumption is strengthened
further by the observation that PI cells exposed to
hypertonic medium for 24 h prior to exposure to medium
containing an additional 400 mm urea displayed much
less caspase-3 activity than non-preconditioned controls.
These pretreated cells showed a significant increase in
HSP27 abundance (Figs2 and 3), while no osmolyte
accumulation is detectable after this period (Steffgen et al.
2002), suggesting that organic osmolytes do not contribute
significantly to the suppression of caspase-3 activation
in PI cells preconditioned with hypertonic NaCl prior
to urea exposure. Indeed, attenuation of NaCl-induced
HSP27 expression in PI cells diminished the protective
effect of hypertonic pretreatment on caspase-3 activation.
Because HSP27 possesses chaperone activity and promotes
refolding of enzymes after thermal- and urea-induced
denaturation (Jakob ef al. 1993), HSP27 may oppose
the destabilizing effects of high urea concentrations on
intracellular proteins in PI cells. In addition, HSP27
inhibits apoptosis by preventing apoptosome formation
and by sequestering pro-caspase-3 (Concannon et al.
2001). These observations are compatible with the view
that NaCl-induced up-regulation of HSP27 expression
attenuates the urea-mediated induction of apoptosis in
PT cells.

In summary, HSP27 and HSP70 are expressed
differentially in MDCK and PI cells and in PCD and
interstitial cells in the papilla in situ. While HSP27 was
induced significantly by tonicity stress in PI, but not
in MDCK cells, HSP70 up-regulation was much more
pronounced in MDCK cells. Tonicity-induced increases
in the abundance of HSP70 in MDCK cells and HSP27 in
PI cells was associated with reduced caspase activation after
exposure to high urea concentrations, indicating that the
mechanisms conferring urea resistance may be different in
these cells.
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