Microembolic Renal Disease in Rats Induced
with Sephadex

Hypertension, Lesions and Serum Urea Nitrogen
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Sephadex particles (20-80 p in size) were injected into the abdominal aorta of
134 male Sprague-Dawley rats near the renal arteries. In 31 rats, the right kidney
was then removed. The Sephadex particles lodged in glomerular capillaries, af-
ferent glomerular arterioles and interlobular arteries, creating renal infarcts, some
of which were grossly visible. Shortly after injection, arterial blood pressure rose
significantly in most animals. The hypertension in uninephrectomized rats was not
demonstrably different from that in rats with two kidneys. Severity and duration
of hypertension (up to 8 months) were positively correlated with the number of
Sephadex particles in renal vessels, and there was also a positive correlation be-
tween the degree of hypertension and serum urea nitrogen levels, and between
degree of hypertension and degree of cardiac hypertrophy. The vascular perme-
ability in acutely hypertensive rats was abnormal, as judged from penetration of
iron-dextran into vessel walls. This experimental model resembles atheromatous
microembolic renovascular disease, which may play a significant role in the
pathogenesis of unexplained hypertension in patients with advanced aortic athero-
sclerosis. (Am J Pathol 66:163-188, 1972)

MOORE AND MERSEREAU ' HAVE SUGGESTED that many cases of
so-called essential hypertension may be caused by the lodging in small
renal vessels of microemboli that originate from thrombi on atheroscle-
rotic plaques in the aorta or arteries elsewhere. These investigators de-
vised an experimental model in which platelet emboli from a wire placed
in the aorta of rabbits produced a hypertensive state and structural
changes in the kidneys that resembled essential hypertension and benign
nephrosclerosis in man. Alexander, Heptinstall and Pickering 2 produced
hypertension in rabbits by injecting small seeds, shrimp eggs and other
particles into the left renal artery. Koletsky and Rivera-Velez * produced
sustained microembolic renal hypertension in rats by means of plastic
microspheres. Jorgensen et al * brought about sustained elevation of blood
pressure in rabbits by inducing aggregation of platelets with adenosine
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diphosphate in the aorta proximal to the renal arteries. It has remained
uncertain to what extent the number of embolic particles in renal vessels
or the degree of infarction determines the severity of the subsequent hy-
pertension.

The experiments now to be reported were done to obtain more de-
tailed information about the relationship of microembolic renal damage
to the development and course of hvpertension and its sequelae.

The first paper of this study deals with the production of hvpertension
and renal disease by injection of Sephadex microspheres into the aorta of
rats at the level of the ostia of the renal arteries above a clamp. Special
attention is given to the relationship between the number of Sephadex
particles found in renal vessels and the time course and severitv of the
hypertension produced. Since Sephadex microspheres stain very heavily
with periodic acid-Schiff (PAS) reagent, they are easily located, counted
and measured in histologic sections.

Materials and Methods

Animals

Male rats of the CFE-Sprague Dawley strain (Carworth) weighing 250-350 g
were used in these experiments. The animals were housed in separate cages and
given Purina rat chow and water ad libitum.

Introduction of Sephadex Microemboli

After the animals were anesthetized with ether, a midline abdominal incision
was made and the left kidney was freed from surrounding fat and reflected
ventrally towards the midline. The abdominal aorta was uncovered by blunt dis-
section, using sterile cotton-tipped applicator sticks. A small clamp was placed on
the aorta a few millimeters caudad to the ostium of the left renal artery. An auto-
claved suspension of 6 mg of Sephadex G-25 (particle size 20-80 u) (obtained
from Pharmacia, Ltd, Uppsala, Sweden) in 1.0 ml of sterile 0.92 NaCl solution
was injected slowly into the aorta at the level of the ostia of the renal arteries just
cephalad to the clamp, retrograde against the flow of blood. using a svringe with
a No. 27 needle. Immediatelv after injection, the clamp was removed and the
needle withdrawn. Bleeding was contained by using Gelfoam (The Upjohn
Company, Kalamazoo, Mich). The left kidney was returned to its original position,
and the midline incision was closed using catgut and clips.

Owing to hemodynamic differences, to variations in the sedimentation of Sephadex
in the svringe and to occasional loss of particles outside the aortic lumen. the in-
jections resulted in variable degrees of infarction and ischemic atrophy of both
kidneys, usually more severe in the left than in the right kidnev. Brownish-vellow
areas of ischemic kidnev parenchvma were apparent shortlv after injection of
Sephadex. Occasionally, small incipient infarcts were noted in the adrenals. In-
farction of other organs was not observed either at the time of operation or at
necropsy.

The operation was performed without modification on 103 rats. In an additional
31 rats, right-sided uninephrectomy was carried out immediatelv after injeetion of
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Sephadex by transecting the right renal artery and vein between ligatures, dis-
secting the right kidney free from fat and fascia, and removing it. Sixty-two rats of
the former group survived the operation and were sacrificed either 10 days (SI-
acute rats) or 4-8 months (SI-chronic rats) later. Twenty-two uninephrectomized
rats (USI rats) survived the operation and were sacrificed 2%—6 months later. The
time of sacrifice was determined to some extent by the health of the animal, and
rats that appeared gravely ill were sacrificed immediately. Operative mortality
among the SI groups was in some cases due to anesthesia, whereas all the operative
deaths in the USI group occurred several hours to days after the operation, ap-
parently as a result of hemorrhage or acute renal failure.

An additional 30 rats did not receive intrarenal injections of Sephadex. In 12 of
these rats (TL rats), the left renal artery and vein were transected between liga-
tures, thus depriving the left kidney of its main blood supply, but this kidney was
left in situ in the animal. In 6 animals (U rats), a simple right-sided uninephrectom
was performed. Another 6 rats received extrarenal injections of Sephadex as fo{
lows: 2 received 25 mg Sephadex in the left gastrocnemius muscle (SG rats), 2
received 25 mg Sephadex subcutaneously in the back (SS rats) and 2 received 6
mg Sephadex in the right iliac artery (SL rats). In 6 rats (C rats), no operation of
any type was done. Table 1 summarizes the various treatments.

Measurement of Blood Pressure

Systolic blood pressure was measured with an inflatable tail cuff, pneumatic
pulse transducer and sphygmomanometer after the rats had been placed in a
thermostatically controlled warming unit. This equipment is manufactured by Narco
Bio-Systems, Inc, Houston, Texas. Each rat was warmed at 38 C to induce vaso-
dilation until tail pulse tracings of suitable magnitude appeared on a polygraph
used for recording (usually after 2-5 minutes); then the systolic pressure was
determined five times at intervals of 1 minute. Five determinations for each rat

Table 1—The Experimental and Control Groups

No. of Time of sacrifice
Group rats after operation Treatment

Sl-acute 14 10 days Intrarenal injection of Sephadex via
the aorta

Sl-chronic 48 4-8 months Intrarenal injection of Sephadex via
the aorta

usi 22 21%-6 months Intrarenal injection of Sephadex via
the aorta and right uninephrectomy

TL 12 4 months Left renal artery and vein transected
between ligatures

U 6 4 months Right uninephrectomy

SG 2 5 months 25 mg Sephadex into left
gastrocnemius

SS 2 5 months 25 mg Sephadex subcutaneous into
back muscle

SL 2 5 months 6 mg Sephadex into leg through iliac
artery

C 6 4-8 months Normal controls

Total No. = 114
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were averaged, and this average was regarded as the blood pressure value for the
day. Blood pressures were measured once before the operation (on a total of 164
normal rats), twice a week during the first 2 post-operative weeks, once a week for
the following 2 weeks and once every 2 weeks thereafter.

Sacrifice and Preparation of Tissues for Gross and Microscopic Examination

Prior to sacrifice, each rat was anesthetized with diethyl ether. A midline ab-
dominal incision was made. Three milliliters of venous blood were then collected
from the inferior vena cava for blood chemical determinations. In order to
demonstrate the patency of blood vessels in sections prepared for microscopic exam-
ination, 3 ml of iron-dextran (Imferon, Lakeside Laboratories, Milwaukee, Wis)
was injected with a syringe into the inferior vena cava. The rats frequently devel-
oped tonic-clonic convulsions shortly after injection.

After allowing time for the iron-dextran to course through the renal circulation,
the kidneys were excised and the animal was allowed to die by exsanguination.
The renal capsules were stripped off, and the kidneys were examined for scarring
and then split from pole to pole into anterior and posterior halves with a razor
blade. Blo?;(s of renal cortex 1 cu mm in size were fixed in 2% glutaraldehyde in
Millonig’s buffer 3 at pH 7.3 and 4 C for 3 hours, washed six times in Millonig’s
buffer during 1 hour, postfixed in 1% OsO, in Millonig’s buffer and processed for
electron microscopy by routine methods, using Luft’s Epon embedding (Ladd Re-
search Industries, Inc, Burlington, Vt). The bulk of the kidney tissue, as well as
portions of heart, spleen, pancreas, small intestine, adrenal and lung were fixed in
Bouin’s fluid or in buffered 10% formalin. Sections embedded in paraffin were cut at
4 u and stained with H&E, PAS, Perls’ stain for ferric iron and Weigert-Van Gieson
elastic tissue stain.

Determination of Serum Urea Nitrogen

Serum urea nitrogen was determined by the urease rapid colorimetric method of
Chaney and Marbach as described by Kaplan,$ using samples of 0.010 ml of serum.
Determinations were done in triplicate.

Observations
Distribution of Sephadex Microspheres

Paraffin sections of each kidney stained with PAS were scanned at
100X magnification for Sephadex particles, and the number and location
of such particles in each cross section of kidney were noted. The micro-
spheres stained a very deep red (almost black) with the PAS stain,
and were easily located even at low power (Fig 1). In sections stained
with Perls’ stain and lightly counterstained with basic fuchsin, Sephadex
particles appeared as prominent, unstained, highly refractile, regularly
shaped, circular bodies. The particles were less prominent in sections
stained with H&E or by the Weigert-Van Gieson method, in which they
appeared as almost transparent but slightly basophilic bodies that were
not easily distinguishable from surrounding structures.

Sephadex particles were most numerous in arterial vessels of the outer
renal cortex and were only very rarely seen in those of the medulla or
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hilar fat. They were occasionally observed in small numbers in the ad-
renal gland, small intestine and spleen.

Sephadex particles found in two 4-u sections cut through the middle of
each kidney along its long axis were counted, and the average number
per section was determined for each rat. For uninephrectomized rats,
two sections from the remaining kidney were used. The inside diameter
of occluded vessels and the apparent size of the occluding particles were
determined with a calibrated occular micrometer. No corrections for
planes of sectioning or for possible shrinkage of particles during process-
ing for microscopy were made.

The size distributions of Sephadex particles and of the cross-sectional
diameters of occluded vessels did not differ significantly in individual
rats. Text-fig 1 shows a histogram of sizes of vessels obstructed in a typi-
cal rat. In general, the smallest particles, 20-25 p in diameter, were situ-
ated in glomerular capillaries; slightly larger particles, 2545 p in
diameter, in the afferent arterioles; and the largest particles, 4580 p in
diameter, in interlobular and arcuate arteries. Occasionally, several
particles obstructed a single vessel (Fig 2). In some instances, Sephadex
emboli were observed that appeared considerably smaller than the
lumens of the vessels that contained them. This was especially true at
points of branching of larger arterioles, where a sudden change in vessel
diameter occurred and prevented further progress of the embolus
(Fig 3). More frequently, however, vessels appeared markedly dis-
tended by the particles within them, which suggested that there was
little or no shrinkage of the Sephadex particles during fixation.

Systolic Blood Pressures

The average preoperative blood pressure in 164 normal rats was 120
mmHg with a standard deviation of 8.9 mmHg. The mean of average
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Text-Fic 1—Histogram of inside di- 2
ameters of vessels occluded by Sephadex
microspheres in a typical rat. Mean di-
ameter is 55.4 p *17.9 (SD).
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blood pressures of the 18 control rats in groups U, C, SG, SS and SL over
a 4-6 month period was 117 mmHg with a standard deviation of 4.5
mmHg. There were no significant differences in systolic pressure among
these five groups. Rats with an average systolic pressure of greater than
130 mmHg after operation ( >3 SDs above the mean for controls) were
regarded as being hypertensive. In computing the duration of hyperten-
sion, rats were considered to be hypertensive for that period of time dur-
ing which blood pressures of greater than 147 mmHg were recorded
(>3 SDs above average preoperative blood pressures ).

Table 2 shows the distribution of hypertensive and normotensive rats
in various groups, on the basis of these criteria. It is of interest that 2 rats
in the group in which the left renal artery and vein were doubly ligated
and cut (TL rats) became hypertensive, 1 markedly so (peak systolic
pressure 178, average postoperative pressure 145).

Text-fig 2 to 4 depict the relationship between the average postopera-
tive systolic blood pressure and the average number of Sephadex micro-
spheres in longitudinal sections of kidneys stained with PAS, from the
SI-acute, SI-chronic and USI groups. Altheugh the points in these graphs
are widely scattered, they indicate that the presence of more than a few
Sephadex particles in the vessels was, as a rule, associated with definite
systolic hypertension and that, in the SI-acute and SI-chronic groups, a
significant positive correlation existed between blood pressure and num-
ber of embolic particles. The correlation coefficient (r) for a linear regres-
sion of blood pressure (y) on the number of Sephadex particles per kid-
ney section (x) was +0.5307 for the SI-chronic group (P < 0.001) and

Table 2—Distribution of Hypertensive and Normotensive Rats in Experimental and Control
Groups According to the Number of Sephadex Particles per Kidney Section

Hypertensive Normotensive

Sephadex particles/ Total
Group kidney section No. % No. % No.
Sl-acute and 0-5 8 43 11 57 19
Sl-chronic 5.5-10 13 81 3 19 16
10.5-20 11 100 0 0 11
20.5-51 15 94 1 6 16
usli 0-5 5 42 7 58 12
5.5-10 2 50 2 50 4
10.5-20 1 33 2 66 3
20.5-51 3 100 0 0 3
TL 0) 2 17 10 83 12
U, SG, SS,SLand C ) 0 0 18 100 18

Total No. = 114
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TexT-Fic 2—SI-acute rats. Average systolic pressure after operation versus number of

Sephadex particles per kidney section.

+0.6189 for the SI-acute group (P < 0.02). The correlation in the USI
group (r = +0.2798) was not significant (P > 0.1), but the failure of
animals in this group with more than 25 Sephadex particles per section
to survive the operation resulted in an inadequate sample. The scatter-
ing of points in the graphs is unrelated to the different times of sacrifice
and presumably represents a combination of sampling error and real var-
iation in hypertensive response to the same number of Sephadex parti-
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Text-Fic 4—USI rats. Average postoperative systolic pressure versus number of
ephadex particles. Mortality of uninephrectomized rats with >25 Sephadex particles per

section was 100%.

cles. No definite differences in hypertensive response in the three
groups of hypertensive rats are evident in the graphs, but it is of
interest that the presence of more than 25 Sephadex particles per kidney
section is apparently incompatible with life in uninephrectomized rats,
whereas up to 50 Sephadex particles (2 X 25) are tolerated by rats with
two kidneys. Rats with more than these numbers of Sephadex particles
per section (25 or 50, respectively ) survived no longer than a day or two
after operation and are therefore not included in the graphs.

The time course of the hypertension was quite variable. Eighteen rats
of the SI-chronic and USI groups developed stable hypertension which
persisted until the time of sacrifice. While most rats in which sections of
kidneys revealed large numbers of Sephadex particles had sustained hy-
pertension, 3 such rats developed heart failure with irregular pulse and
wheezing respiration and became normotensive or hypotensive. In cases
in which sections showed only a moderate number of Sephadex parti-
cles, the rats often had had only transient hypertension after operation or
had had wide fluctuations in blood pressure. The time course of Seph-
adex-induced hypertension will be discussed in the second paper of this
study in relation to changes in excretion of urine.

Table 3 shows the relationship between persistence of hypertension
(number of nonconsecutive or consecutive weeks in which systolic pres-
sure had been above 147 mmHg) and the average number of Sephadex
spheres observed in PAS-stained sections of kidneys in hypertensive ani-
mals of the SI-chronic and USI groups sacrificed 4-6% montbhs after oper-
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Table 3—Relation Between Number of Sephadex Particles and Duration of Hypertension
in Hypertensive Animals Sacrificed 4-6 Months after Operation

Sephadex particles/ Average duration of
kidney section hypertension (weeks + SD) No. of animals}
2.0-5 5.3+ 4.0 7
5.5-10 7.2+17.8 13
10.5-20 8.2+ 4.4 9
20.5-51 10.1+ 3.6 9

* In this table, the blood pressure determined for a given rat on one occasion is regarded
as that rat’s blood pressure for the period between that measurement and the next, and
so on.

1 Includes only hypertensive rats of the Sl-chronic and USI groups.

ation. The hypertension in the group with 20.5-50 Sephadex particles per
section persisted significantly longer (P < 0.02) than that in the group
with two to five Sephadex particles per section. Overall, there appears to
be a positive correlation between the number of microspheres per section
and duration of hypertension, although this is not statistically significant
(P>01).

Renal Function: Serum Urea Nitrogen

Table 4 shows the relationship between the average systolic blood
pressure in the experimental rats after operation and serum urea nitrogen
(SUN) values at time of sacrifice.

As can be seen from Table 4, the impairment of renal function in the
hypertensive rats as reflected by increased SUN is related to blood pres-
sure and tends to be greater in the chronic groups (SI-chronic and USI)
than in the acute group (SI-acute), and greater in the uninephrecto-
mized group injected with Sephadex (USI) than in the corresponding
group of rats with both kidneys intact (SI-chronic). The association of
hypertension with elevated SUN was not an obligatory one, since a few
hypertensive rats had normal SUNs and some normotensive rats (especi-
ally those in the USI group) had moderately elevated SUNs (20-30
mg%). The positive correlation between mean systolic blood pressure
after operation and serum urea nitrogen at the time of sacrifice was sig-
nificant in all three groups (P < 0.01 for the SI-chronic group, P < 0.02
for the SI-acute group and P < 0.001 for the USI group).

Cardiac Hypertrophy

At the time of sacrifice, the heart of each rat was removed and weighed
intact before blocks were taken for sections. Ratios of this weight to the
weight of the whole animal before sacrifice were calculated. Table 5
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Table 4—Serum Urea Nitrogen in Control and Experimental Groups, Subdivided by Mean
Systolic Blood Pressure after Operation

Mean systolic BP Mean SUN*
Group (mmHg) (mg/100 ml += SD) Range No. of rats
S, SG, SL, U, SSand TLt 16.0+2.1 12-24 30
Si-chronic 110-130 18.0+4.3 12-25 13
Sl-chronic 131-150 21.946.3 12-32 21
Sl-chronic 151-190 38.0+38.2 14-108 14
Sl-acute 110-130 14.2+1.4 13-15 3
Sl-acute 131-150 21.9+8.0 16-39 6
Sl-acute 151-190 29.1+8.1 20-42 5
usl 110-130 20.0+4.2 15-29 14
usl 131-150 25.6+7.4 17-37 4
usl 151-190 114.6+71.9 24-205 3

* SUN = serum urea nitrogen at time of sacrifice.
t There were no significant differences between the SUN values in these groups.

relates cardiac hypertrophy (heart weight and heart weight/body
weight) to the severity of hypertension in each group of rats. Except in
the SI-acute group (sacrificed 10 days after operation), the severitv of
hypertension is positively correlated with cardiac hvpertrophy (heart
weight/body weight) (P < 0.001 for the SI chronic group; P < 0.04
for USI group).

Gross Pathologic Findings

At the time of sacrifice 10 days after operation, the kidnevs of many
rats in the SI-acute group showed gray, wedge-shaped subcapsular areas
of infarction involving as much as 12 mm of continuous cortical surface
on cross section (Fig 4). In the SI-chronic and USI groups sacrificed 4-8
months after operation, depressed gray-white scars with dvstrophic cal-
cification of renal parenchyma were frequently observed, and often the
renal capsule adhered firmlv to the cortex. No such lesions were noted
in control animals. In animals of the SI-acute and SI-chronic groups, in-
farcts in the left kidney tended to be more extensive than in the right.

A curious finding was the frequent absence of obvious infarcts or other
lesions when the kidnevs of hypertensive rats of the USI, SI-acute and
SI-chronic groups were grossly inspected at necropsy. The kidneys of 17
rats in the SI-chronic group with moderate hvpertension ( average svs-
tolic pressure after operation: 150-170 mmHg) and with up to 12 Sepha-
dex emboli per histologic section, appeared grossly normal at necropsy
with a nonadherent capsule and without noticeable scars. Eight of these
animals had sustained hypertension until the time of sacrifice.

All uninephrectomized rats showed hypertrophy of the remaining kid-
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Table 5—Cardiac Hypertrophy and Blood Pressure

Mean heart wt

Mean systolicBP ——— X 10*%
after operation Mean body wt Mean heart wt*
Group (mmHg) (£SD) (g = SD) No. of rats
U, SG, SS, SL 110-130 309+39 1.340+.151 28
and TL{
Sl-chronic 110-130 328+-41 1.333+.167 13
Sl-chronic 131-150 342442 1.403+.154 21
Sl-chronic 151-190 495+135 1.713+.270 14
Sl-acute 110-130 344455 0.920+.136 3
Sl-acute 131-150 37562 1.096+.168 6
Sl-acute 151-150 361463 1.023+.093 5
usi 110-130 306148 1.149+-.243 14
usl 131-150 319+-38 1.120+.159 4
usl 151-190 482+92 1.790-+.206 3

* Lower heart weights in Sl-acute group reflect the younger age of these rats at time of
sacrifice.
t The 2 hypertensive TL rats are not included in this table.

ney. In all TL rats, the left kidney, which had had its main blood supply
interrupted, was a shrunken, calcified mass at necropsy and defied ordi-
nary microtomy. With a magnifying glass, vascularity of the superficial
renal cortex could be discerned in some cases, probably the result of
collateral capsular circulation.

In 10 rats of the USI and SI-chronic groups, the presence of propa-
gating arterial thrombi provided evidence of embolic occlusion of part of
the mesenteric arterial circulation. However, this situation did not result
in grossly visible intestinal infarcts or in intestinal perforation.

Small calcified infarcts were occasionally observed in one adrenal,
usually the left. Bilateral infarction or complete necrosis of either adre-
nal was not observed.

Microscopic Observations

In the SI-acute group sacrificed 10 days after operation and in those
rats that died a few days after operation, numerous well-demarcated
wedge-shaped areas of atrophic parenchyma with incomplete or com-
plete infarction were frequently observed in the superficial renal cortex
(Fig 4). These areas often consisted of a central dead zone with necrot-
ic glomeruli and tubules which exhibited pale-staining cvtoplasm and
loss of nuclei, and a marginal zone, similar to that described by Alex-
ander et al,* where the cytoplasm of tubule cells was more eosinophilic
and where there was a greater number of persisting nuclei (Fig 5). In
the USI and SI-chronic groups sacrificed 3-8 months after operation,
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these atrophic areas, which had developed extensive interstitial fibrosis,
were less sharply set off from intervening areas of more normal paren-
chyma, except in cases where dystrophic calcification of old infarcts
was found (Fig6).

The persistence of Sephadex in the tissues and the evident resistance
of these particles to resorption in situ in the animal is remarkable. In both
the acute and chronic groups of rats, there was a striking lack of cellular
infiltrative inflammatory response around the Sephadex beads lodged in
the renal arterioles. The Sephadex particles were usually round and uni-
formly stained, with smooth, sharply demarcated edges, even in animals
sacrificed 8 months after operation (Fig 7). Glomeruli with Sephadex
particles lodged in afferent arterioles or in glomerular capillaries were
still identifiable after 8 months (Fig 8). Complete fibrous obliteration of
such glomeruli was seldom seen, although epithelial crescents and thick-
ening and reduplication of the capsular basement membrane were fre-
quently observed. In some cases in which Sephadex particles occluded
afferent arterioles, there was focal necrosis of glomerular tufts, yet glo-
meruli containing a Sephadex embolus within a glomerular capillary
often showed only minimal changes, with good perfusion of other por-
tions of these glomeruli, as evidenced by the presence of red blood cells
and/or iron-dextran tracer in capillary loops (Fig9). The presence of the
iron-dextran tracer in glomerular capillary loops was demonstrated with
the Prussian blue reaction and by electron microscopy. The electron-
dense, iron-dextran particles, 20-100 A in greatest diameter, were
obvious in perfused capillaries (Fig 10).

Interlobular and arcuate arterioles occluded by Sephadex beads
developed striking medial and intimal hypertrophy and periadventitial
fibrosis which greatly increased the apparent size of the vessels and,
together with ischemic atrophy of the intervening parenchyma, gave the
appearance of an unusual concentration of large arterioles in a small
area (Fig 11).

In the SI-chronic and USI rats with sustained hypertension, there was
marked thickening of the walls of afferent renal arterioles, and dis-
continuity and reduplication of the inner elastic lamina of larger
arterioles together with medial and intimal thickening and marked nar-
rowing of the arteriolar lumina (Fig 12). Tubular atrophy and inter-
stitial fibrosis were prominent. Some tubules became markedly dilated
(Fig 1 and 11) and many contained “colloid” casts. Glomerular base-
ment membranes were irregularly thickened, and there was diffuse
glomerular fibrosis, which in some areas completely obliterated glomeru-
lar tufts. Interstitial lymphocytic infiltration of renal parenchyma similar
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to that seen in chronic pyelonephritis was observed in some rats (Fig
7 and 12).

Medial and intimal thickening of arterioles in organs other than the
kidneys, often with associated reduplication and discontinuity of the
inner elastic lamina, was observed in the heart, pancreas and periadrenal
fat of 12 hypertensive rats (Fig 13 and 14). Evidence of myocardial
necrosis and pulmonary edema was noted in a few hypertensive rats, with
necrosis of cardiac muscle fibers, scarring in the myocardium and
edema fluid and “heart-failure” cells in pulmonary alveoli.

In sections stained with Perls’ stain for ferric iron and lightly counter-
stained with basic fuchsin, iron-dextran injected intravenously at the
time of sacrifice could be seen in many kinds of vessels, including many
glomerular tufts. A mixture of apparently unperfused and perfused
cortical glomeruli was found in control animals as well as in animals of
the Sl-acute, SI-chronic, and USI groups. However, “unperfused”
glomeruli, which did not contain iron-positive material, were more
numerous in animals of the latter three groups, and in these animals
obstructing Sephadex emboli were frequently observed in unperfused
areas.

In hypertensive SI-acute animals, iron-dextran was sometimes diffusely
spread throughout extensively infarcted areas. Elsewhere in the kidneys
of these animals, iron-dextran could be seen in the intima and media
of small arterioles and venules, suggesting abnormal permeability of
these vessels. Penetration of iron-dextran into intima and media of
arterioles and venules also occurred in the pancreas and in other organs
of the SI-acute rats, but was most striking in the kidneys. The musculo-
elastic branch pads seen jutting into the lumen at sites of branching
of interlobular and arcuate arterioles in SI-acute rats contained a great
deal of iron-positive material, suggesting that these pads were more
permeable than other areas of the vessel wall (Fig 4). Attention has
recently been drawn to enlargement of these branch pads in experimental
hypertension produced in rats by chronic ingestion of salt.” Iron-positive
material was not demonstrated in the walls of vessels of rats in other
groups, which may indicate that abnormal vascular permeability in
hypertensive rats is more marked at 10 days than it is several months
after operation.

Discussion
The findings demonstrate that both severity and duration of micro-

embolic renovascular hypertension are positively correlated with the
number of embolic particles in the renal circulation. A plot of average
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svstolic pressure versus average number of embolic particles encountered
in cross sections of kidneys in this experiment bears a marked resemb-
lance to a plot of blood pressure versus “renal contraction” secondary to
narrowing of one renal artery, published bv Swales and Blake.® There
is similar scatter and nonlmearlty in both plots. This suggests that
“renal contraction” and “average number of embolic particles observed”
are different indices of the same basic parameter, perhaps renal ischemia.

While sustained hypertension after embolic renal infarction in experi-
mental animals has been described by other authors,'3* Alexander et al 2
observed only transient elevations in blood pressure in a careful study
of embolic renal disease in rabbits. Most cases of embolic renal infarc-
tion in man are recognized only at autopsy,” which makes it difficult to
relate the embolic event to the clinical course of hypertension. In those
few reports in which the embolic event was recognized clinically, and in
which accurate blood pressure records were kept, hypertension was
usually transient,®* although several patients have been described who
were markedly hypertensive up to the time of death 1-3% months after
the embolic episode.**1

Arnold et al ** have attributed the variable hypertensive response in
patients with renal infarction in part to inherent individual differences
in vascular response, but have pointed out that this in itself is not a
sufficient explanation. The present studv, which demonstrates that the
severity and duration of the hvpertenswe state is a function of the num-
ber of embolic particles, suggests that embolic renovascular hyperten-
sion mav be either transient or sustained, depending on the magnitude
of the embolic shower.

The fact that only 2 of the 12 TL rats became hypertensive supports
the thesis that sudden complete ischemic necrosis of one kidney does
not cause hypertension.’® The hvpertension observed in 2 TL rats was
possibly due to the presence of collateral circulation from the renal
capsule which kept the superficial cortex viable, though ischemic, and
allowed for revascularization.

The positive correlation between elevated serum urea nitrogen and
elevated blood pressure—with some exceptions—suggests that impaired
renal function and hvpertension are related, but that the former is not
the direct cause of the latter.

No significant difference between the range of hvpertensive response
of uninephrectomized and non-uninephrectomized rats was found in
these experiments. If a difference did exist, it must have been obscured
by the variable responses within each group or by the high mortality in
the USI group. Dahl and co-workers '® have developed inbred lines of
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Sprague-Dawley rats with markedly different susceptibilities to Gold-
blatt clamp or salt-induced hypertension. It is possible that simi-
lar genetic variation in susceptibility to renovascular microembolic
hypertension exists. While the CFE-SD rats used in the present study
are similar to each other in many ways, possible differences in the re-
sponses of uninephrectomized and non-uninephrectomized rats could be
elucidated more clearly with littermates or with very highly inbred
groups of rats.

It is noteworthy that in the present study little cellular inflammatory
reponse to the Sephadex particles was observed in histologic sections.
Dixon et al " have described pulmonary “Sephadex granulomas™ with
multinucleate giant cells, epithelial cells, histiocytes, lymphocytes and
plasma cells after intravenous injections of Sephadex G-25.

The fact that most of the Sephadex particles were observed in vessels
of the outer renal cortex and that almost none were found in the medulla
is consistent with the heterogeneity of renal blood flow demonstrated by
Thorburn et al *® and recently confirmed by McNay and Abe.®?° In the
experiments of the latter two investigators, the renal medulla of dogs
received less than 1.3% of total renal blood flow. These investigators
and others ** have demonstrated that the distribution in the kidney of
radioactive plastic microspheres, up to 35 p in size, is a good measure of
relative blood flow in different zones of the renal cortex and medulla.

The observation that uninephrectomized rats, with half the normal
functioning renal mass could withstand only half as many Sephadex
particles as normal rats suggests that immediate postinjection mortality
is related both to the number of emboli injected into the renal circula-
tion and to the amount of functioning renal tissue originally present.
Koletsky, Pavlicko and Rivera-Velez* found that in rats one kidney
could be subjected to severe renal ischemia by reducing renal artery
pressure to 20-30 mmHg as long as the other kidney was kept in situ.
Uninephrectomized rats, in contrast, could tolerate only a moderate
reduction in renal arterial pressure, to levels of not less than 60 mmHg,
without becoming uremic.

The presence of well-perfused and poorly-perfused glomeruli existing
side by side in the renal cortex of normal rats, as demonstrated by the
presence or absence of iron-dextran tracer within the glomerular capil-
laries may simply reflect a normal variation in blood flow in neighboring
arterial territories in the kidney, of the sort recently postulated by
Bradley.”® Alternatively, it may be a consequence of vascular spasm
with resulting patchy ischemia produced by the injection of the hyper-
osmolar, acidic (pH 5.2-6.0) iron-dextran solution into the circulation.
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The observation that arterial and arteriolar walls in acutely hyper-
tensive rats sacrificed 10 days after operation were permeable to iron-
dextran particles confirms the abnormal vascular permeability in acute
hypertension found by others **** who used different vascular tracers.
Abnormal permeability of arteriolar branch pads, observed in this study,
has not been described previously.

The fact that chronic microembolic renovascular hypertension can
exist in rats in the absence of grossly evident renal scars raises the
possibility that in man atherosclerotic embolic renal disease with secon-
dary hypertension may, at times, be confused with benign nephrosclerosis
secondary to essential hypertension. In one large autopsy series, the
incidence of cholesterol-atheromatous emboli observed in the kidney
(presumably from atherosclerotic plaques in the aorta) in males over
50 years of age was 4.7%.* Although the ultimate fate of such emboli
is uncertain, there is evidence that, unlike Sephadex emboli which re-
main intact in vessels, cholesterol emboli may be extruded through vessel
walls,? or disappear altogether.® The traces of such emboli could easily
be overlooked in routine autopsy or biopsy sections *** or be confused
with polyarteritis,? and it is possible, therefore, that cholesterol emboliza-
tion to the kidney is a more common event than is generally appreciated.

Moore et al'** feel that cholesterol emboli are a relatively
late complication of aortic atherosclerosis, but that renal platelet emboli
discharged from the surface of atherosclerotic plaques in the aorta oc-
cur earlier and much more frequently. These platelet emboli, analogous
to the “white plugs” sometimes seen in the fundi of patients with
transient retinal ischemia,** are seldom seen in autopsy or kidney biopsy
sections, but the previous presence of such emboli in the renal circula-
tion could account for both the hypertension and the fine cortical scar-
ring of the kidneys frequently observed in patients with advanced
aortic atherosclerosis.’

It is difficult to ascribe most cases of “essential hypertension” to
microembolic phenomona, but it seems probable that microembolic
renovascular disease plays a significant role in the pathogenesis of
unexplained hypertension in some patients with severe aortic
atherosclerosis. In the experiments here reported, a single large shower
of emboli resulted in a rapid rise in blood pressure over a period of a few
days. Recurrent embolic showers of smaller magnitude might result in
the more gradual rise in blood pressure characteristic of essential hyper-
tension in man.
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Fig 1—A midsagittal section of a kidney from an animal sacrificed 10 days after Sephadex
was injected. Even at this low magnification, the darkly staining Sephadex practicles (arrow),
dilated tubules, and subcapsular infarcts may be readily seen (PAS, X 10).



Fig 2—Three spheres lodged in an interlobular
artery in an animal sacrificed 10 days after op-
eration (PAS, X 180).

Fig 3—A Sephadex particle (arrow)
caught in an arcuate artery where the
latter branches into interlobular ar-
teries. On the original slide, it could
be seen that the hypertrophic mus-
culoelastic branch pad and the intima
of the interlobular artery stained
heavily for iron, indicating permeabil-
ity to iron-dextran. The glomerulus in
the upper left-hand corner is totally
unperfused. The rat from which this
section was taken had an average
systolic pressure of 164 mmHg after
operation, and was sacrificed on the
tenth postoperative day. (Perls’ stain
for ferric iron lightly counterstained
with basic fuchsin, X 180).

Fig 4—Acute infarcts in an ani-
mal that died 4 days after Sepha-
dex was injected (H&E, X 4).




Fig 5—Microscopic detail of an acute infarct in an animal that died 6 days after Sephadex
was injected, showing the central dead zone, the marginal zone, and the zone of relatively
intact parenchyma in which a Sephadex sphere is seen. (PAS, X 100). Fig 6—Exten-
sive old infarcts with dystrophic calcification in a hypertensive rat (average systolic pres-
sure, 180 mmHg) sacrificed 3 months after injection (H&E, x 30). Fig 7—Intact
Sephadex particle in a renal arteriole 8 months after injection. There is a moderate amount
of chronic inflammatory infiltration around the arteriole and within it is an organized,
recanalized thrombus (Weigert—Van Gieson stain, X 180).



Fig 8—Glomerulus with its
afferent arteriole partially oc-
cluded by an unusual poly-
hedral Sephadex particle. Epi-
thelial crescent and reduplica-
tion of the capsular basement
membrane are seen here 8
months after operation (PAS,
X 380).

Fig 9—Glomerulus shows well-preserved architecture and good perfusion
of capillary loops with red cells despite the presence of a Sephadex sphere
within a capillary in a hypertensive rat (average systolic pressure, 148
mmHg) sacrificed 5 months after injection. Perfusion of such glomeruli was
also demonstrated with iron-dextran. An interlobular arteriole, obstructed
by a Sephadex microembolus, is seen at the lower left (PAS, x 180).



Fig 10—Dense particles (mi-
cellar ferric hydroxide) of
iron-dextran within a perfused
loop of a glomerular capillary
from a moderately hyperten-
sive rat (average systolic pres-
sure, 148 mmHg) sacrificed
4 months after injection. Most
of the very dense particles
measure between 20 and 100
A in greatest diameter (stained
with uranyl acetate and lead
citrate, x 8000).

Fig 11—Dilated atrophic tubules (one with cast) in a markedly hypertensive
rat (average systolic pressure, 190 mmHg) sacrificed 4 months after Seph-
adex was injected. Note four patent arterioles with thickened walls and
a larger arteriole occluded by a Sephadex bead (PAS, x 380).



Fig 12—Medial hypertrophy and reduplication of the inner elastic lamina in renal
arteriole of a hypertensive rat of the Sl-chronic group (average systolic pressure, 164
mmHg) sacrificed 8 months after operation. There is a prominent round-cell infiltrate
at the upper left (Weigert—Van Gieson, X 180).

Fig 13—Medial and intimal proliferation of a large pancreatic arteriole. Same hyper-
tensive rat as that in Fig 12 (Weigert—Van Gieson, X 380).






Fig 14—Intimal and medial thickening with reduplication of the inner elastic
membrane of a small arteriole in the pancreas of the same hypertensive rat as
that in Fig 11 (Weigert—Van Gieson, X 750).



