








ity-purified antibodies, as well as with smooth musclea-actin
(Figure 4). No staining was observed with preimmune serum.
The staining with the antisera raised against the GST–polycys-
tin-2 fusion proteins was completely blocked by preadsorption
with the fusion proteins but was not affected by preadsorption
with GST. The pattern of staining observed with the active
antisera was fine granular and cytoplasmic.

To determine how cytoskeletal alterations would affect the
staining pattern for polycystin-2, we treated aortic smooth
muscle cells for 1 to 6 h with Taxol (0.1mM), colchicine (10
mg/ml), or cytochalasin-D (5mg/ml) before fixation and im-
munostaining (Figure 5). Treatment with Taxol for 6 h en-

hanced the granular pattern of staining with a linear distribu-
tion, possibly along microtubular bundles. Treatment with
colchicine caused a reduction in size and rounding of the cells
with loss of cell–cell contacts and redistribution of the poly-
cystin-2 immunostaining toward the perinuclear region. Treat-
ment with cytochalasin-D also caused a redistribution of poly-
cystin-2 immunostaining to the perinuclear region associated
with a reduction in the size of the cells, without loss of
cell–cell contacts. These observations indicated that polycys-
tin-2 might be associated to the cytoskeleton or localized in a
structure aligned with the cytoskeleton. Despite these marked
structural effects, treatment with Taxol, colchicine, and cy-

Figure 7.Effect of elastase digestion on the immunohistochemical staining for polycystin-2 in a human control basilar artery (A through D)
and thoracic aorta (E, F). (A) Preimmune serum before elastase digestion. (B) Preimmune serum after elastase digestion. (C) YCC2 antiserum
before elastase digestion. (D) YCC2 antiserum after elastase digestion. (E) YCC2 antiserum before elastase digestion. (F) YCC2 antiserum after
elastase digestion. Magnification,3100.

J Am Soc Nephrol 12: 1–9, 2001 Vascular Expression of Polycystin-2 5



tochalasin-D for 4 h did not have an effect on the levels of
PKD2 mRNA in aortic smooth muscle cells detectable by
Northern blotting (Figure 6).

To determine whether polycystin-2 is associated with the
cellular cytoskeleton, we exposed pig aortic vascular smooth
muscle cells to 0.5% Triton X-100 extraction buffer. This
nonionic detergent solubilizes cell membrane and cytosolic
proteins but leaves cytoskeletal proteins and proteins associ-
ated with the cytoskeleton in the monolayer. The cells were
then fixed and stained for polycystin-2. After Triton X-100
extraction, the cytoskeletons and nuclei remained attached to
the slide, but no staining for polycystin-2 was detected (Figure
5). This observation suggests that polycystin-2 is contained
within a structure aligned with rather than directly associated
with the cytoskeleton. The pattern of immunohistochemical
staining for PDI, an endoplasmic reticulum marker, was similar
to that observed for polycystin-2 (Figure 5).

Immunohistochemical Staining and
Immunofluorescence Microscopy of Control Human
and Porcine Arteries

Immunostaining for polycystin-2 was detected in all control
human arteries (thoracic aortic, internal carotid, vertebral, basi-
lar, posterior communicating, middle cerebral, and anterior
communicating arteries). Predigestion of tissue slices with a
highly purified preparation of elastase or with trypsin before
immunostaining caused disruption of the internal elastic lamina
and of the interlaminar elastic fibers evident on the Movat’s
stain (not shown, see reference 15). This was accompanied by
a marked enhancement in the staining for polycystin-2 (Figure
7). The cells staining for polycystin-2 were located in the
media and intima and were also positive for smooth muscle
a-actin. The pattern of staining was cytoplasmic. No staining
was observed with preimmune sera or with the antiserum

raised against GST–polycystin-2 preabsorbed with the fusion
protein. Preabsorption with GST alone had no effect.

To confirm the specificity of the immunostaining for poly-
cystin-2, we stained cardiac tissues obtained from E16Pkd2
wild-type andPkd2 null mice with our antibodies. Positive
staining was detected only in the cardiac myocytes and in the
VSMC of the coronary arteries from the wild-typePkd2mice.
The cardiac myocytes and the VSMC of thePkd2null mice,
which do not contain polycystin-2, did not stain (Figure 8).

Strong staining for polycystin-2 was also detected in the
smooth muscle cells of pig thoracic aorta by immunofluores-
cence microscopy using the YCB9 and YCC2 antisera. Immu-
nostaining was also observed with the affinity-purified anti-
bodies but not with the preimmune sera. The pattern of staining
was cytoplasmic (Figure 9).

Immunohistochemical Staining of Intracranial
Aneurysms

By conventional histology, all of the aneurysms selected for
this study from five ADPKD patients and five patients without
ADPKD had profound structural alterations of their arterial
wall with interruption of the internal elastic lamina and of the
tunica media at the neck of the aneurysm. The wall of the
aneurysm consisted of connective tissue without distinct layers
and contained spindle-shaped cells. The smooth musclea-actin
antibodies stained strongly the smooth muscle cells in the
media of the parental arteries and to variable extent the spindle-
shaped cells in the wall of the aneurysms. Immunostaining of
variable intensity for polycystin-2 was seen in the spindle-
shaped cells in the wall of the aneurysm as well as in the
smooth muscle cells in the media of the parental arteries
(Figure 10). Preincubation with elastase did not alter the stain-
ing intensity in the wall of the aneurysms. The pattern of
polycystin-2 immunostaining in the aneurysms from patients
with and without ADPKD was not noticeably different.

Discussion
The studies presented here demonstrate thatPKD2 mRNA

and polycystin-2 are strongly expressed in the smooth muscle

Figure 8. Immunohistochemical staining for polycystin-2 of cardiac
tissue obtained from E16 Pkd2 wild-type (A) and Pkd2 null (B) mice,
using YCC2 antiserum. Note the positive staining of the cardiac
myocytes and vascular smooth muscle cells (VSMC) of a small
coronary in the wild-type mouse. No immunostaining was detected in
the Pkd2 null mouse. Magnification,3400.

Figure 9. Indirect immunofluorescence microscopy of pig thoracic
aorta using preimmune serum (A) and YCB9 antiserum (B). Note the
staining of the VSMC between the elastic lamellae with the YCB9
antiserum but not with the preimmune serum. The pattern of staining
is cytoplasmic. Magnification,3250.
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cells of elastic arteries. This observation is consistent with the
recent description of intracranial aneurysms in patients with
type 2 ADPKD (14) and favor the hypothesis that genetically
determined alterations in the expression of polycystin-2 are
directly responsible for the predisposition of some patients
with type 2 ADPKD to develop intracranial aneurysms and
possibly other vascular abnormalities.

Another finding of this study is that the pattern of expression
of polycystin-2 in normal elastic arteries and intracranial an-
eurysms is identical to that previously described for polycys-
tin-1 (15). This observation is not unexpected, because it has
been reported that polycystin-1 and polycystin-2 interact at
their carboxyl terminal portions, suggesting that they may be
interacting partners of a common pathway (22,23). Further
support for the hypothesis is provided by the recent observa-
tions that polycystin-1 is required for the structural integrity of
the blood vessels and that mouse embryo homozygous for a
mutantPkd1or for a Pkd2null allele exhibits a lethal pheno-
type characterized by diffuse vascular ruptures and hemorrhage
(20,24).

The enhancement of immunostaining for polycystin after
partial elastase or trypsin digestion in normal arteries of control
subjects without ADPKD was also observed for polycystin-1
(15). The significance of this observation is not certain, but it
may suggest that polycystin-1 and polycystin-2 are part of

supramolecular arrangements. In conventional formaldehyde-
paraffin sections, antigens may become masked because of the
formation of methylene bridges between reactive sites on the
same molecule or adjacent proteins (25). The masking of the
antigenic determinants may be particularly prominent for
densely packed proteins because their proximity facilitates
strong intermolecular cross-linkages (26). The significance of
the increased immunoreactivity for polycystin-2 and the lesser
susceptibility to protease digestion noted in the intracranial
aneurysms is also uncertain. Nevertheless, differential suscep-
tibility to protease digestion has been noted for other proteins
in other pathologic conditions (27).

Recently, we reported that in cultured untransfected or
PKD2 transfected tubular epithelial cells, polycystin-2 is lo-
calized within the endoplasmic reticulum and perhaps the
cis-Golgi (19). In these cells, polycystin-2 was found to be
membrane bound, N-glycosylated, and completely sensitive to
endoglycosydase H digestion, a characteristic of proteins re-
tained in the endoplasmic reticulum and cis-Golgi. Further-
more, polycystin-2 was found to co-localize with endoplasmic
reticulum markers by subcellular fractionation using linear
density gradient centrifugation and by double immunofluores-
cence. Finally, the retention of polycystin-2 in the endoplasmic
reticulum was found to be dependent on the presence of the
carboxyl terminus domain (19).

Figure 10. Immunohistochemical staining for polycystin-2 in an intracranial aneurysm. (A) YCC2 antiserum before elastase digestion. (B)
YCC2 antiserum after elastase digestion; note disruption of the internal elastic lamina at the neck of the aneurysm (arrow). (C) Preimmune
serum. (D) YCC2 antiserum without elastase digestion; the arrowheads point to the internal elastic lamina. Magnifications:3100 in A and B;
3250 in C and D.
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Predictions based on the amino acid sequence of polycys-
tin-1 and polycystin-2 suggest that these are integral membrane
proteins that contain several intramembranous domains (28–
31). The subcellular localization of polycystin-2 in the present
study seemed to be mainly cytoplasmic and membrane asso-
ciated and therefore consistent with the localization in the
endoplasmic reticulum noted in cultured tubular epithelial cells
in our previous study (19). The pattern of immunostaining for
polycystin-2 in VSMC was affected by the treatment with
Taxol, colchicine, and cytochalasin-D. Taxol promotes accel-
erated assembly of excessively stable microtubules (32,33).
Colchicine and cytochalasin-D promote the dissociation of
microtubules and actin filaments by preventing the polymer-
ization of tubulin and actin, respectively (34,35). The redistri-
bution of the polycystin-2 immunostaining after treatment with
these drugs could suggest an association of polycystin-2 with
the cytoskeleton. However, the disappearance of polycystin-2
immunoreactivity after extraction with a nonionic detergent
indicates that polycystin-2 is localized in membrane-bound
structures that are aligned with the cytoskeleton. These obser-
vations are also consistent with a localization of polycystin-2 in
the endoplasmic reticulum. Nevertheless, they do not rule out
the possibility that some polycystin-2 may also be located in
the plasma membrane of VSMC.

This study was not designed to assess the function of poly-
cystin-2. Therefore, it is possible to speculate only on the
functional significance of the localization of polycystin-2 in the
endoplasmic reticulum of VSMC. Recent observations indicate
that protein complexes or aggregates of large molecular size
within a reticular-like matrix in the endoplasmic reticulum are
important for the normal maturation of collagens and other
extracellular matrix proteins (36). The localization and staining
characteristics of polycystin-2 described in the current study,
as well as the nature of the extrarenal manifestations of AD-
PKD, are consistent with a role for polycystin-2 in the pro-
cessing of structural cellular or secreted extracellular proteins.
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