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Summary. Histological, ultrastructural, immuno-
histochemical, intravital microscopic and electro-
physiological techniques have been applied to
study experimental hydronephrosis in rats in order
to assess its value as a preparation for the investi-
gation of renal microcirculation and of the electro-
physiological properties of the renin-containing
juxtaglomerular (JG) cells of the afferent glomeru-
lar arteriole.

As hydronephrosis develops, the kidney paren-
chyma becomes progressively thinner owing to tu-
bular atrophy. Twelve weeks after ureteral ligature,
this process results in a transparent tissue sheet
of about 150-200 pm in thickness. In this prepara-
tion, the renal arterial tree as well as the glomeruli
can be easily visualized for intravital microscopic
studies, e.g. the determination of kidney vessel di-
ameters, or the identification of JG cells for pene-
tration with an intracellular microelectrode. In
contrast to the tubular atrophy, the vascular sys-
tem is well preserved, and the JG cells and the
sympathetic axon terminals are ultrastructurally
intact. This is also true for the glomeruli, except
for a certain confluence of the podocyte foot pro-
cesses and a thickening of the basal laminae. Renin
immunostaining and kidney renin content in the
hydronephrotic organ correspond to those in con-
trol kidneys. In addition, there are no differences
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in the plasma renin levels of hydronephrotic and
control rats.

Intravital microscopic observations reveal that
the renal vascular tree reacts in a typical, concen-
tration dependent manner to the vasoconstrictor
agent angiotensin II, mainly at the level of the re-
sistance vessels. Electrophysiological recordings
from juxtaglomerular granulated cells show a high
membrane potential (—60 mV), and spontaneous
depolarizing junction potentials, owing to random
transmitter release from the nerve terminals. An-
giotensin II, an inhibitor of renin release, depolar-
izes JG cells reversibly.

Hence, we may infer that the hydronephrotic
rat kidney is a suitable model for in vivo studies
of the renal microcirculation as well as for in vitro
investigations of the electrophysiological proper-
ties of the media cells of the afferent glomerular
arteriole.

Key words: Hydronephrotic kidney — Renin-angio-
tensin system — Microcirculation of the kidney —
Juxtaglomerular cells

Introduction

Recent experiments indicate that hydronephrotic
kidneys of both rats and mice are versatile models
for in vivo and in vitro studies of the renal vascula-
ture including direct microscopical observation of
glomerular microcirculation (Steinhausen et al.
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1983), or electrophysiological recordings from jux-
taglomerular granulated cells and vascular smooth
muscle cells (Biihrle et al. 1985). In the intact kid-
ney and in kidney slices, the microvessels, glomer-
uli and juxtaglomerular granulated cells cannot be
observed directly with a microscope, nor manipu-
lated experimentally, since they are embedded in
the vast cellular mass of tubular epithelium. After
prolonged ureteral obstruction with and without
preceding renal ischaemia the situation is different.
As a consequence of this procedure, the tubular
system is subject to atrophy, leaving only the vas-
cular structure intact, embedded in a fibrous tissue
sheet of 150-400 pm thickness. Thus, the hydrone-
phrotic kidney preparation offers distinct advan-
tages over intact kidneys or kidney slices: The tis-
sue is very thin and transparent, permitting micro-
scopic observation of the glomerular microcircula-
tion in transmitted light (Steinhausen et al. 1983,
1985). In addition, the diffusion paths in such
preparations are short, so that a sufficient oxygen
supply can be provided in vitro by superfusion of
the tissue, e.g. for intracellular recordings from
juxtaglomerular granulated cells (Biihrle et al.
1984, 1985, 19864a).

As a basis for future work, we have determined
the renin content and localization in hydrone-
phrotic kidneys and assessed — on morphological
grounds — the integrity of renal resistance vessels,
epithelioid cells, glomeruli, and sympathetic inner-
vation. Furthermore, first intracellular recordings
from rat juxtaglomerular epithelioid cells and also
in vivo intravital microscopic findings relating to
the response of the renal microcirculation to angio-
tensin II are presented.

Material and methods

Experimental hydronephrosis was induced in 37 Sprague-Daw-
ley and 17 Wistar-Firth rats of 200250 g body weight. Before
- surgery, the rats were anesthetized by intraperitoneal injection
of sodium pentobarbitone (Nembutal®, 60 mg/kg). The left
kidney was exposed by a flank incision, and the ureter was
doubly ligated with 3-0 silk suture. In order to induce ischae-
mia, a small hooded bulldog clamp was placed on the renal
artery and removed after 60 min. Subsequently, the incision
was closed again. In some of these 200-250 g rats, hydrone-
phrosis was induced without ischaemia for comparison pur-
poses. In order to obtain very thin preparations for electrophys-
iological experiments, young rats of initially 40-60 g body
weight were also used. Again, in these younger animals hydro-
nephrosis was produced without preceding renal ischaemia.

1, 2, 4, 8 and 16 weeks after the operation, 3 of the
200-250 g rats were processed for electron microscopy, 3 for
immunohistochemistry, and 2 for determination of plasma and
kidney renin. Under Nembutal ® anesthesia — as outlined above
— the abdomen was opened by a midline incision, and the ab-
dominal aorta was cannulated for perfusion fixation as de-
scribed previously (Taugner et al. 1979, 1984b). For immunocy-
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tochemistry, the animals were perfused with Bouin’s fluid with-
out acetic acid, whereas for electron microscopy the solutions
proposed by Forssmann et al. (1977) were used. Before perfu-
sion, the dimensions of the kidneys were determined in situ.

After fixation, 1-3 mm thick slices of the kidneys were dehy-
drated in ethanol and embedded in paraffin. Sections of 7 pm
thickness cut perpendicularly to the longitudinal axis of the
kidney were reacted with anti-renin serum as described pre-
viously (Taugner et al. 1979) and processed according to the
PAP-technique of Sternberger (1979). To test the immunohisto-
chemical specificity of the reaction, the usual procedures, in-
cluding immunoabsorption and incubation of the sections with
preimmunesera were performed. The sections were examined
and photographed with a Photomikroskop IIT (Carl Zeiss,
Oberkochen, FRG).

Electron microscopic procedures (Epon embedding, ul-
trathin sectioning, and staining) were conventional and have
been described earlier (Taugner et al. 1984b). The ultrathin sec-
tions were examined and photographed in an EM 10 A electron
microscope (Carl Zeiss, Oberkochen, FRG) at an accelerating
voltage of 60 kV. For the determination of plasma renin, blood
samples of 500 ul were taken, centrifuged in a desk top centri-
fuge at 12.000 g and the plasma immediately frozen; hydrone-
phrotic and control kidneys were removed from the animals
and also frozen immediately. Renin was determined by radioim-
munoassay of angiotensin I liberated during incubation of the
samples with a rat angiotensinogen preparation (Hackenthal
et al. 1983).

The intravital microscopic experiments were done 9—
12 wecks after ureteral obstruction under thiobarbitone anes-
thesia (Inactin BYK, 100 mg/kg, i.p.) with the trachea of the
animals intubated. Continuous blood pressure measurements
were performed after cannulation of the left cartoid artery,
whereas saline (0.06 ml/min) was permanently infused through
a left jugular vein cathether. After a flank incision, the left,
hydronephrotic, kidney was exposed and split by cautery along
its greater curvature. Subsequently, the dorsal half of the kidney
was sutured to a kidney-shaped wire as described in detail pre-
viously (Steinhausen et al. 1983). The body temperature of the
rat was maintained at 37° C by an automatic heating device,
while the split kidney was placed in a tissue bath filled with
isotonic, isoosmotic solution (Hadmaccel) at a temperature of
37° C.

For the intravital microscopic observations, Ultropak UO-
55 (1:55, 0.85) lenses (Ernst Leitz, Wetzlar, FRG) were used.
All measurements of vessel diameters were performed in trans-
mitted light, using a video camera mounted on the tube of
the light microscope with the image displayed on a monitor.
Angiotensin I1 was topically added to the tissue bath, starting
at a concentration of 1072 mol/l; the vessel diameters were
measured 5 and 10 min after angiotensin IT application. Subse-
quently, the bath concentration of angiotensin IT was raised
to 1078 mol/l and, finally, to 10”7 mol/l and the protocol for
diameter measurement was repeated accordingly. This local ap-
plication of angiotensin II did not lead to changes in the system-
ic blood pressure.

For electrophysiological experiments, hydronephrotic rats
with an initial body weight of 40-60 g were used. Under pento-
barbitone sodium (Nembutal®, 50 mg/kg, i.p.) anesthesia, the
kidneys were rinsed free of blood with Tyrode’s solution in
situ via a catheter in the abdominal aorta and subsequently
injected with a suspension of washed india ink particles in order
to make the renal vasculature clearly visible. The kidneys were
decapsulated, removed from the animals, and mounted in a
concentric tissue holder of 4 mm inner diameter to give a plane
sheet of a thickness not exceeding 150 um. The tissue holder
was then transferred to the recording chamber and continuously
superfused with oxygenated Tyrode’s solution (pH=7.4; tem-



R. Nobiling et al.: Epithelioid cells in the hydronephrotic kidney

perature=37° C) at a rate of 6 ml/min. The translucent tissue
was illuminated from below and viewed from above with a
compound microscope equipped with a water immersion lens
(Ernst Leitz, Wetzlar, FRG; 1:22, 0.45) at a final magnification
of 275. The juxtaglomerular granulated cells were impaled with
conventional single-barrelled microelectrodes of the filament
type with the aid of a remote controlled, step motor driven
micromanipulator (Marcinowski, Heidelberg, FRG) as de-
scribed previously (Biihrle et al. 1985). When filled with 3 mol/l
potassium acetate, the electrodes had resistances in excess of
120 MOhm. They were connected to the input stage of a high
impedance, capacitance compensated amplifier (Axoclamp 2,
Axon Instruments, Burlinggame, Mass., USA) via Ag/AgCl,
wires. The membrane potential was displayed on a digital oscil-
loscope (Iwatsu 6440) and recorded on a potentiometric writing
system. Pharmacological agents were applied by superfusion
in the bath solution. JG cells were identified on a microtopo-
graphical basis as described earlier.

Results

The changes of the kidney after ischaemia and ure-
teral ligation (UL) are characterized by a progres-
sive increase in the size of the organ. A maximum
was reached — in rats with postischaemic hydrone-
phrosis — about 8 weeks after UL, and kidney di-
mensions then rather decreased than increased
(Fig. 1A). Generally, atrophy started from the
perihilar region and spread towards the circumfer-
ence of the organ. First, the medulla was affected,
and subsequently also the renal cortex was in-
volved. In uncomplicated cases the fluid within the
renal pelvis was clear, sometimes, however, hae-
morrhagic or purulent fluid was found.

As soon as one week after UL the kidney was
distinctly enlarged, the pelvis distended, and the
ureter dilated. Compared with controls, the rim
of the parenchyma was thinned by medullary atro-
phy, with the size of the papilla being considerably
reduced. Two weeks after UL, the length and width
of the kidney were increased nearly twofold as
compared to controls. The pelvis was markedly
distended and there was further thinning of the
parenchyma, caused by progressive medullary at-
rophy. The papilla was again reduced in length.
The renal cortex remained largely unaffected
(Fig. 2A).

Four weeks after UL, concomitant with a fur-
ther increase in the size of the organ, the atrophy
of the renal cortex became obvious. The blunt pa-
pilla was now barely visible (Fig. 2B). Eight weeks
after UL, the kidney attained a more spherical
shape. The width of the parenchyma was now re-
duced to 150400 pum. Organs where neither haem-
orrhage nor intrapelvic suppuration had occurred
were translucent. Some of them showed radial seg-
mentation by the interlobar arteries. Sixteen weeks
after UL there were little changes in gross appear-
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Fig. 1. Upper panel ( A) : Dimensions of rat hydronephrotic kid-
neys during development of hydronephrosis. Both width and
length of the kidneys increase up to the eigth week after ureteral
obstruction and remain stationary thereafter. Middle panel
(B). Plasma renin level in rats with experimental ureteral ob-
struction. This parameter remains essentially constant up to
18 weeks after surgery. Lower panel (C) : Development of kid-
ney renin in hydronephrotic (open circles) and in the contralat-
eral control organs (filled circles). There is neither a significant
difference between normal and hydronephrotic organs, nor
does kidney renin change as the hydronephrotic process ad-
vances

ance when compared with kidneys 8 weeks after
UL.

In 200-250 g animals, where the renal artery
had not been temporarily occluded in order to pro-
duce ischaemia, the development of hydronephro-
sis followed essentially the same lines, although
at a somewhat slower rate; i.e. a state of hydrone-
phrosis reached 8 weeks after UL with ischaemia
would require about 12 weeks without ischaemia.
Although the time course of progressive hydrone-
phrosis was not studied in the 40-60 g rats, the
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final stage was characterized by a particularly thin
residual parenchyma not exceeding 150 pm, mak-
ing these organs very suitable for electrophysiolog-
ical experiments where high translucency was of
prime importance.

Since in hydronephrotic kidneys the glomeruli
had been displaced from their normal three-dimen-
sional arrangement to a nearly two-dimensional
array, in paraffin sections they appeared to be
more densely packed than glomeruli from control
organs. With respect to immunostaining, hydrone-
phrotic tissue corresponded to tissue taken from
control kidneys: After reaction with anti-renin se-
rum and processing according to the PAP-tech-
nique, virtually all afferent vessels in hydrone-
phrotic tissue were positively immunostained
(Fig. 4B), the renin-positive parts of these vessels
extending up to 80 pm upstream from the points
of entry of the afferent arterioles into the glomeru-
1i. Hence, the localization of the renin-positive, i.e.
epithelioid, cells corresponds to that observed in
controls (cf. Taugner et al. 1984 a). In addition, the
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Fig. 2. Reduction in parenchymal
thickness in rat kidney 1 week (A), 2
weeks (B), and 4 weeks (C) after
experimental ureteral obstruction.
The atrophy of the parenchyma
involves first the perihilar region, and
then proceeds towards the
circumference. Note the persistence of
the renal papilla (Masson-Goldner
stain, 5,5 %)

renin content of the individual cells as judged on
the basis of the intensity of the reaction at equal
dilutions of the anti-renin serum, appears to be
comparable to that in untreated kidneys. There
was no change in immunoreactivity and percentage
of renin-positive afferent vessels in the course of
the development of hydronephrosis. As in the
epithelioid cells of control kidneys, so in those of
hydronephrotic organs angiotensin II was found
to coexist with renin (Fig. 4C).

The renin content of hydronephrotic and un-
treated contralateral organs 1-16 weeks after UL
is shown in Fig. 1C; it is evident that there is no
detectable trend in the renin content during the
progression of hydronephrosis. The same is true
for the plasma renin activity which is displayed
in Fig. 1 B. In the contralateral, untreated kidneys,
mean renin content was 763+163 ug ANGI/
60 min (n=11), whereas in the hydronephrotic
organs 631+147 pg ANG I/60 min were found
(n=12). The difference between both groups was
not statistically significant.
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In the course of developing hydronephrosis,
there were very few changes in the ultrastructure
of the media of the glomerular arterioles. Up to
16 weeks after ureteral obstruction, there were nei-
ther changes in the shape of epithelioid cells, nor
in the morphological aspect of their organelles. At
all stages of cortical atrophy, the epithelioid cells
were replete with mature, membrane bounded
granules which have been shown to contain renin
(Taugner et al. 1984b, d; Fig. 3). The rough endo-
plasmic reticulum was well developed with the ri-
bosomes firmly adhering to the membranes. There
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Fig. 3. Epithelioid cells in the
media of a rat afferent arteriole.
Neither the vessel as a whole (A),
nor individual epithelioid cells in
the early (1 week, B) and the late
(18 weeks, C) stage of
hydronephrosis show any
conspicuous morphological
differences as compared to
controls. LAA. lumen of the
afferent arteriole, E: endothelial
cell (A 4,900 x ; B, C 18,000 x )

were no signs of metabolic damage, such as mito-
chondrial swelling or calcification. The other or-
ganelles, such as nucleus or Golgi apparatus, were
indistinguishable from those observed in control
kidneys. The same holds for the vascular smooth
muscle cells of the afferent vessel, which are lo-
cated upstream from the epithelioid cells. Myofila-
ments and attachment sites were clearly distin-
guishable, and the organelles were unaltered when
compared with controls. Frequently, axon termi-
nals which contained clear vesicles were found in
close contact with either epithelioid cells or vascu-



36

lar smooth muscle cells, the distance ranging be-
tween 80 and 300 nm (Fig. 4A). The endothelium
of the renal vessels was also found to be unaltered
as compared to controls (Fig. 3). On the adventitial
side of the vessels, the amount of surrounding col-
lagen fibres was greatly augmented. This deposi-
tion of collagen fibres appeared to increase during
the progression of cortical atrophy.

The relative integrity of the vascular structures
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Fig. 4. A. Intact vascular smooth
muscle cells and sympathetic axon
terminals in the wall of an
afferent arteriole 10 weeks after
ureteral obstruction. The minimal
distance between the axon
terminals and the vascular smooth
muscle cells is 150 nm in this
example. Note the collagen fibrils
within the adventitia of the vessel
(19,900 x ). B and C renin and
angiotensin II in serial sections
taken from a hydronephrotic
kidney 18 weeks after ureteral
obstruction. GL: glomerulus, 44 :
afferent arteriole. Dilution of the
antisera: 1:10,000 in B and 1:500
in C; PAP-technique (245 x)

contrasts with the ultrastructural alterations which
occurred in glomeruli, and, much more obviously
in tubular epithelia. In the majority of the glomer-
uli, as soon as one week after ureteral obstruction,
some thickening of the foot processes of the podo-
cytes was observed. At that time, the basal lamina
was not affected, and the fenestrated endothelial
cells of the glomerular capillaries were apparently
normal (Fig. 5A). In the overwhelming majority
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of the glomeruli, the macula densa was already
altered severely, with the tubular lumen collapsed
and the macula densa cells at all stages of disinte-
gration (Fig. 6). In some cases, the macula densa
could not be identified even in serial sections
through the glomeruli.

In contrast with that, the adjacent Goormagh-
tigh cell field and the communicating glomerular
stalk exhibited little signs of damage (Fig. 6).
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Fig. 5. Alterations in glomerular
ultrastructure 1 week (A) and

8 weeks (B) after ureteral
obstruction. Most prominent is
the progressive reduction of the
urinary space and the
deformation of the capillaries
during the development of
hydronephrosis. The basal lamina
increases in thickness, and there is
marked flattening and confluence
of podocyte foot processes. After
8 weeks (B), debris of
indeterminate origin has
accumulated in the urinary space.
M : mesangial cell, E: endothelial
cell, C: capillary, P: podocyte, U:
urinary space (6,900 x )

At later stages, i.c. 28 weeks after UL, in the
majority of glomeruli there was a marked convolu-
tion and thickening of up to 5 times its normal
width of the filtration membrane’s basal lamina
(Fig. 5A). These changes were accompanied by a
prominent deformation of the podocyte foot pro-
cesses, which became increasingly confluent. In
parallel, the endothelial fenestrations became quite
irregular. In the course of developing hydrone-
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phrosis, an increasing amount of debris was found
in the urinary space of the glomeruli (Fig. 5B).
With further progression of cortical atrophy, the
urinary space tended to collapse, and the glomeru-
lar capillaries which showed a round profile one
week after ureteral obstruction, became polygonal.

It is, however, noteworthy that at a certain
stage of the development of hydronephrosis the
glomeruli were not damaged to an equal extent.
In extreme cases, there would be nearly intact glo-
meruli in the immediate vicinity of glomeruli whose
Bowman capsule had been entirely disrupted, i.e.
where the urinary space communicated freely with
the extracellular space of the renal cortex.

In order to determine the vasoconstrictor re-
sponse at different levels of the renal vascular tree
to angiotensin II, this compound was applied in
the bath solution of the split hydronephrotic kid-
ney and the vessel diameters measured as described
in ‘methods’. Application of angiotensin II pro-
duced a significant and concentration-dependent
vasoconstriction, predominantly in the pre- and
postglomerular arterioles, whereas the larger ves-
sels were affected to a lesser extent. Table 1 sum-
marizes the results of these experiments. Examples
of the reactions of an interiobular artery and two
afferent arterioles after i.v. infusion of angiotensin
1T are displayed in Fig. 7A, B.

Impalement of JG cells with intracellular mi-
croelectrodes was indicated by a sudden negative
deflection of the potential recording. At rest, the
membrane potential in rat JG cells was
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Fig. 6. Renal corpuscle 4 weeks
after ureteral obstruction. After
4 weeks, the glomerulus does not
appear to be severely altered. No
macula densa is detectable in the
angle between afferent (44) and
efferent (EA) arteriole. The
Goormaghtigh cell field (arrow) is
in its normal position and has
been spared by the process of
cortical atrophy. (Semithin
section, toluidine blue stain, x
580)

59.1+12.1 mV (r=19). The JG cells exhibited
spontaneous, random depolarizations of up to
10 mV amplitude, (noise level of the recording sys-
tem approx. 0.4 mV) occurring at frequencies be-
tween 40 and 100 min~' (Fig. 8, inset). These
spontaneous depolarizing events were quite similar
to those observed in JG cells of the hydronephrotic
mouse kidney (Biihrle et al. 1985; 1986a, b).

Occasionally, stable recordings lastingupto 2 h
were obtained that permitted to test the actions
of pharmacological agents upon the membrane po-
tential. Angiotensin II which strongly inhibits
renin secretion, reversibly depolarized the JG cells.
The liminal concentration for a detectable mem-
brane potential effect was 10~ ° mol/l. This depo-
larization was accompanied by an increase in fre-
quency and amplitude of the spontaneous depolar-
izing junctional events, i.e. by a facilitation of junc-
tional transmission, as already observed in mouse
JG cells (Biihrle et al. 1986b; Fig. 8).

Discussion

The macroscopic changes in kidney morphology
which we observed in rats after unilateral ureteral
ligation resembled those reported for various spe-
cies, e.g. guinea pigs (Holle and Schneider 1961),
rats (Endes et al. 1962; Kelemen and Endes 1965),
and rabbits (Rao and Heptinstall 1968; Hinman
1934, 19454, b, c¢). Earlier observations indicate
that the residual thickness of the renal cortex after
long-lasting ureteral obstruction varies considera-
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Fig. 7. In vivo photomicrogram of the branching of an inter-
lobular artery into two afferent arterioles in the split hydrone-
phrotic kidney of the rat under control conditions (A), and
after i.v. infusion of 50 ng angiotensin 1I/kg-min (B)

bly between different species. Apparently, in
smaller species the remaining parenchyma is thin-
ner than in larger ones, although at equal values
of filtration pressure, according to Laplace’s law,
wall tension should be higher in larger kidneys
than in smaller ones (cf. Wyker et al. 1981). This,
however, may be attributed to differences in con-
tent and mechanical properties of connective tis-
sues of various species. Transient ischaemia ap-
peared only to accelerate the development of hy-
dronephrosis, without causing any detectable
qualitative morphological changes, i.e. minimal
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Fig. 8. Depolarizing action of angiotensin IT upon a juxtaglo-
merular granulated cell in the afferent arteriole of the isolated
rat hydronephrotic preparation. A 15s application of 10~ 7 mol/l
angiotensin IT reversibly depolarizes the cell from —78 mV to
approx. —68 mV; this depolarization is accompanied by an
increase of both frequency and amplitude of the spontaneously
occurring junction potentials, indicating faciliation of junc-
tional transmission. Inset. junction potentials on a faster time
scale, measured at the maximum of the ANG II-induced depo-
larization

Table 1. Changes of luminal diameters after local application
of Angiotensin II in percent of control values

Angiotensin II-bath concentration

107°M 1078 M 10°"M
Aa. arcuatae proximal 95,8 914 71,8
+£2,7 +4.4 +9,7*
Aa. arcuatae distal 95,1 91,2 78,0
+3,8 +2,9% +4,5%
Aa. interlobulares 94,9 90,6 60,7
+5,6 +4.2 +7,1%
Vasa afferentia 98.4 89,9 65,5
(near Aa. interlobulares) 44,1 49,8 +5,3%
Vasa afferentia 92,7 74,3 62,7
(near glomeruli) +6,2 +8,7* +6,3%
Vasa efferentia 90,9 83,4 66,8
(near glomeruli) +58 +8,6 +9,1%
Welling points 94,7 90,8 89,6
+1,1 +1,7 +2.1

*=p<0,05 n=38

cortical thickness would be reached in 8-10 weeks
compared to 12-16 weeks in animals in which the
renal artery had not been clamped.

However, in young rats of initially 40-60 g b.w.
ureteral ligation led to a much more pronounced
hydronephrosis after a comparable period of time
than in rats with an initial b.w. of 200-250 g.
Whether this is due to a greater content of connec-
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tive tissue in kidneys of adult rats as opposed to
younger animals is not clear.

In the present study, the structure and ultra-
structure of the renal vasculature, including the
glomeruli, was examined in order to provide a
morphological basis for recent work on glomerular
microcirculation already published, and extended
in this paper (Steinhausen et al. 1983). In addition,
we have focussed our interest on the juxtaglomeru-
lar apparatus, and in particular, on the morpholo-
gy of epithelioid cells and vascular smooth muscle
cells, since we intend to use the rat hydronephrotic
kidney as a model preparation for more extensive
electrophysiological and biochemical investiga-
tions of the renin-angiotensin system.

In contrast with the tubular epithelia, atrophy
of which may partly be the resuit of hypoxia as
well as of inactivity as a consequence of decreasing
and/or stopped filtration (Taugner et al., unpub-
lished work) the mesenchymal elements in the cor-
tex of the hydronephrotic kidney, that is to say,
the vascular smooth muscle cells, epithelioid cells,
and endothelial cells, were affected very little. Glo-
merular mesangial cells and podocytes, however,
were altered morphologically without showing
signs of necrosis. Even intact sympathetic axon ter-
minals, usually considered rather susceptible to
pressure-induced damage, were regularly found.
Whether the resistance to atrophy of cells within
and adjacent to the media of blood vessels rests
on the short diffusion path between lumen and
wall of microvessels, on a protective role of the
connective tissue within the vessel wall, or on an
inherently greater resistance of the cells to stress-
induced alterations is still unclear.

In excitable as well as in inexcitable cells, the
resting membrane potential may be taken as a fast
and sensitive indicator for mechanical, metabolic
or toxic damages inflicted on the cells (Cohen and
DeWeer 1977). In the hydronephrotic rat prepara-
tion, the membrane potential of the JG cells was
higher than that measured in most comparable
preparations, e.g. in the rat tail artery (Cheung
1982), the guinea pig ear artery (Kajiwara et al.
1981), or in guinea pig mesenteric arterioles (Tak-
ata 1980). This is strong support for the assump-
tion that the active ion transport systems of the
JG cells which are responsible for the maintenance
of the transmémbrane ion activity gradients and,
consequently, of the membrane potential, are still
operative in the hydronephrotic preparation.
Hence we may infer that the JG cells in the media
of the afferent glomerular arteriole in the hydrone-
phrotic rat kidney are not in an inferior condition
as compared to VSM cells in other commonly used
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in vitro preparations. In addition, the reversible
depolarizing response of the JG cells to angiotensin
IT indicates the presence of specific membrane re-
ceptors for this compound that are linked to recep-
tor operated membrane channels (cf. Bolton 1979).
Although not analyzed in detail, the occurrence
of spontaneous random depolarizations which
closely correspond to similar events observed in
our experiments in the mouse kidney as well as
to spontaneous excitatory junction potentials
found in a variety of smooth muscle preparations
(Hirst and Neild 1978; Cheung 1982) provide
strong evidence that the sympathetic axon termi-
nals innervating these cells are still functionally in-
tact and able to release transmitter. Correspond-
ingly, the studies of glomerular microcirculation
described earlier demonstrate that glomerular
blood flow in the hydronephrotic preparation
shows no conspicuous deviation from that ob-
served in control kidneys (Steinhausen et al. 1983).
In addition, afferent and efferent arterioles are still
susceptible to the effects of vasoconstrictor and
vasodilator agents.

It is of particular significance that this prepara-
tion is quite suitable for measurement of kidney
vessel diameters at virtually all levels of the vascu-
lar tree under controlled experimental conditions.
With bath application, exact concentrations of the
vasoactive agent to be tested can be given to the
regions of interest, with the compound acting from
the adventitial side upon the vessel, i.e. with only
minor interferences by the endothelium. In con-
trast, with systemic administration, the concentra-
tion dependence of the observed phenomena may
be obscured by concentration differences at var-
ious levels of the vascular tree and/or by endothe-
lium-mediated effects.

The findings obtained with angiotensin IT sug-
gest that vasoconstriction in the kidney — at equal
concentrations ~— mainly occurs at the level of the
resistance vessels, whereas the arcuate arteries
react to a lesser extent. It is noteworthy, that the
degree of vasoconstriction evoked by locally ap-
plied angiotensin 11 is nearly as pronounced in the
efferent as in the afferent vessel, although the wall
of the postglomerular arteriole consists of pericyte-
like cells as opposed to the regular vascular smooth
muscle cells forming the media of the preglomeru-
lar arteriole. However, the media cells of the rat
efferent vessel have recently been shown to contain
an appreciable amount of myosin as a prerequisite
for contraction with immunohistochemical tech-
niques (Taugner et al., unpublished work).

With systemic application of angiotensin II,
preferential efferent vasoconstrictor effects of cir-
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culating angiotensin II have been reported. This
shift of predominance from afferent to efferent
contraction may be attributed to the close proximi-
ty of the efferent vessels to the fenestrated peritu-
bular capillaries and to the particular character of
the endo-endothelial junctions which have to be
considered to be more permeable to the blood-
borne angiotensin Il at this site (cf. Mink et al.
1984). Under physiological conditions, locally pro-
duced angiotensin II has also to be considered, be-
ing cleaved in the kidney interstitium from its pre-
cursors, and there is the contention that this pep-
tide, in very high concentrations in the peritubular
capillaries (cf. Navar and Rosivall 1984) accentu-
ates the preferential vasoconstriction of the effer-
ent arteriole, to maintain filtration pressure (cf.
Handa and Johns 1985; Hall et al. 1977).

The viability of the vascular structures in the
hydronephrotic organ is also reflected in the capa-
bility of epithelioid cells to synthesize and secrete
renin under these conditions. The ultrastructural
findings of unaltered granules and an intact rough
endoplasmic reticulum are complemented by the
immunohistochemical demonstration of renin and
by the biochemical determination of total renin
content which does not differ from that in the con-
tralateral or in control kidneys. Supporting evi-
dence for the functional integrity of epithelioid
cells is provided by observations in the isolated
perfused hydronephrotic rat kidney (Hackenthal
et al., unpublished work), where renin secretion
was influenced in a typical manner by a series of
well known stimulators, e.g. isoproterenol, and in-
hibitors, e.g. angiotensin II. In this context, it is
noteworthy that the total renin content of the
hydronephrotic kidney is not significantly different
from that of the contralateral organ or of control
kidneys in animals without hydronephrosis. To-
gether with the observation that the plasma renin
level in hydronephrotic animals corresponds to
that in normal rats, this would indicate that renin
synthesis and release are in a steady state compara-
ble to that obtaining under normal conditions,
since an increased renin synthesis in the hydrone-
phrotic kidney would tend to decrease the renin
content of the contralateral kidney, while a de-
creased synthesis would have the opposite effect
(cf. Taugner et al. 1983; Biihrle et al. 1984). The
question remains whether in the hydronephrotic
kidney the epithelioid cells operate under condi-
tions different from those obtaining in normal or-
gans. Our results provide strong indications for
the ability of the sympathetic axons to conduct
impulses, and for a release of transmitter from the
terminals (cf. Biihrle et al. 1985). Since the endoth-
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elium is intact and the general structure of the af-
ferent vessel appears to be unchanged, we have
to infer that the mechanoreceptor mechanism
which has been ascribed to myoendothelial junc-
tions (Taugner et al. 1984c¢) is also still operative.
The macula densa signal of the tubulo-glomerular
feedback mechanism, however, is certainly absent,
since the macula is destroyed in the course of tubu-
lar atrophy. Hence, the epithelioid cells, although
morphologically intact, work under unknown con-
ditions of stimulation in hydronephrotic kidneys.
Taken together, the results of the present study
indicate that the hydronephrotic rat kidney is a
preparation in which the structure of the renal
blood vessels, in particular of the glomerular arter-
ioles, is virtually unaltered. This is also true for
the ultrastructure of the renin-containing epithe-
lioid cells and of the vascular smooth muscle cells,
so that the hydronephrotic rat kidney appears to
be a suitable preparation for microcirculation stu-
dies, especially when the renin-angiotensin system
is concerned. In such investigations, it will have
to be taken into account that both the mechanore-
ceptor mechanism and the innervation governing
renin secretion are still intact, whereas the tubulo-
glomerular feedback is absent owing to the filtra-
tion stop and the destruction of the macula densa.
This interruption of tubulo-glomerular feedback
may, however, be favourable for particular types
of investigations, as has been shown by Davis et al.
(1972) in the non-filtering kidney of the dog.
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