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Chronic pyelonephritis and hypertensive vascu-
lar disease often coexist clinically, and a primary
and causal role in the relationship usually has
been attributed to the renal inflammatory disease.
In experimental pyelonephritis, however, where
the sequence of events and the presence of other
complicating factors can be controlled, such a
causal role has not been clearly established. A
number of investigators have noted development
of hypertension in rats with chronic pyelonephri-
tis, but this has been either mild, of low and ir-
regular incidence, or associated with unilateral
nephrectomy, or hydronephrosis, or both (1-3).
On the other hand, in our previous studies in rats,
in which renal infection was produced by a nonob-
structive technique that results in damage to the
kidney only by the inflammatory process, chronic
pyelonephritis, from any one of several different
bacterial species, has not been followed by sig-
nificant hypertension or vascular disease. Nor
have the development of renal failure or the addi-
tional insults of infection with a mixed bacterial
flora and reduction of renal mass by unilateral
nephrectomy produced hypertension in this model
(4, 5). Such animals, however, do show a greater
response than normal rats to the hypertensive in-
fluences of salt and desoxycorticosterone (6).
Similarly, Guze and Kalmanson have demon-
strated the failure of hypertension to develop in
rats with chronic nonobstructive pyelonephritis
produced by repeated injections of Enterococci
alone and with Escherichia coli (7).

Conversely, rats made chronically hypertensive
by either renal artery constriction or administra-

* Supported by grants from the Health Research and
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meetings of the Southern Section of the American Federa-
tion for Clinical Research, January, 1962.

tion of salt and desoxycorticosterone show a sig-
nificant increase in susceptibility to pyeloneplhritis
after hematogenous challenge with E. coli (6, 8,
9). These studies suggest that pyelonephritis can
be a complication rather than a cause of the vas-
cular disease, resulting from increased vulner-
ability of the hypertensive kidney to infection.

Two different mechanisms have been proposed
to explain the vulnerability of chronically hyper-
tensive rats to renal infection: 1) renal damage or
metabolic alterations occurring secondarily to
hypertension, and 2) changes in renal hemody-
namics accompanying hypertension (6). The
present investigation was designed to evaluate the
effects of hemodynamic changes alone. From
study of susceptibility to pyelonephritis during an
acute episode of elevated blood pressure, organic
changes in the kidney as a result of prolonged hy-
pertension would be unlikely. Angiotensin II and
norepinephrine were used for producing such an
acute episode. Both are powerful pressor agents.
Angiotensin is at least five to ten times more po-
tent than norepinephrine (10), and, in contrast to
norepinephrine, has a stronger effect on the vis-
ceral blood vessels. Moreover, angiotensin af-
fects primarily the arterial side of the capillary,
and has a lesser ability than norepineplhrine to
constrict veins (11, 12). Both pressor agents act
briefly, the effect of a single intravenous dose
disappearing within a few minutes.

METHODSAND MATERIALS

A. Angiotensin.1 A preliminary evaluation of the ef-
fects of angiotensin II in the rat demonstrated that in-
travenous injection of 10 ,ug into a tail vein elevated sys-
tolic blood pressures to an average of 170 + 14 mmHg
within 30 seconds of injection, with return to normal

'As synthetic valyl-5-angiotensin II, supplied by Ciba
Pharmaceutical Company, Summit, N. J.
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FIG. 1. RESPONSEOF RAT BLOOD PRESSURESTO ANG1O-

TENSIN II. Vertical bars at each interval represent

standard deviations of blood pressure response (n =10).

levels within 5 minutes (Figure 1). Blood pressures

were measured during light ether anesthesia by the tail

phonomicrophone technique, with the Infraton ampli-

fier and recorded on a direct-writing Sanborn electro-

cardiograph (8). With this technique, repeated blood

pressures can be obtained in an intact rat and without

arterial cannulation as often as every 20 to 30 seconds.

In vivo inspection of the kidneys after i.v. injection of

10 /.&g of angiotensin demonstrated intense renal blanch-

ing punctuated by a diffuse, speckled, mottled appearance

during the period of maximal hypertension. This reached

its peak approximately 90 seconds after injection and

was followed by a stage of relative engorgement that

gradually diminished over 15 minutes.

Male albino rats of the Carworth strain weighing 250

to 400 g at the time of testing were used. They were main-

tained on rat chow and allowed tap water ad libitum.

Three groups were studied. Group I (44 rats) received

10 l&g of angiotensin in 0.5 ml of an 18-hour tryptose broth

culture of the strain of E. coli used in previous studies

(6, 8) and containing approximately 108 organisms per ml.

Group II (45 rats) received 0.5 ml of the same culture

of E. ccli without angiotensin, and Group III (16 rats)

received 10 l~g of angiotensin in 0.5 ml of sterile tryptose

broth. All inoculations were made by the tail vein.

Rats from each group were sacrificed at 1, 4, and 24

hours, 1 and 2 weeks after injection. Blood pressures

were determined on all rats within 2 days before in-

jection and on randomly selected rats shortly before

sacrifice. Immediately before sacrifice, 1.0 ml of blood

was obtained by cardiac puncture for culture. At sacri-

fice, both kidneys were removed from each rat and di-

vided through their long axis into halves. One portion

was immediately fixed in 10 per cent formaldehyde solu-

tion for subsequent histological studies; the other was

weighed before being ground to a pulp in sterile water

and sea sand. Liver and spleen tissue taken from ran-

domly selected rats of each group were treated similarly.

Pour plates were prepared from serial dilutions of tis-

sue homogenates, and numbers of E. coli per gram of tis-

sue and per milliliter of blood were calculated as de-
scribed in earlier studies (13). The heart was removed
from each animal, trimmed to the ventricles, wrapped in
parafilm, and weighed. To maintain a check on the
continued virulence of the strain of E. ccli, normal rats
were injected and subj ected to gentle renal massage
through the intact abdominal wall (13), and the inci-
dence of gross lesions and bacterial counts in the kid-
neys was noted at 1 week. Growth of E. coli after in
vitro mixture with varying concentrations of angioten-
sin was determined and was neither enhanced nor in-
hibited.

B. Norepinephrine. Blood pressure determinations dur-
ing intravenous norepinephrine injection were not read-
ily obtained by the tail phonomicrophone technique prob-
ably because, in contrast to angiotensin, this drug pro-
duces greater decrease in vascular volume in the tail
(12). With direct arterial cannulation, however, it has
been established that significant increase in blood pres-
sure occurs in rats with doses of norepinephrine as low
as 5 /Ag per kg of body weight (14). In voivo inspection of
kidneys after intravenous inj ection of 10 /Ag of norepi-
nephrine failed to demonstrate the alteration in gross ap-
pearance noted after 10 /.g of angiotensin.

With norepinephrine the same experimental design
as with angiotensin was followed, but 1- and 4-hour sac-
rifice periods were omitted. Three groups of rats
again were studied. Group I (28 rats) received 10 Ag of
norepinephrine in 0.5 ml of E. coli broth.2 Group I I
(21 rats) received 0.5 ml of E. coli only, and Group III
(4 rats) received 10 1Ag of norepinephrine in sterile tryp-
tose broth. Liver and spleen cultures were performed on
all rats sacrificed at 24 hours. Again, as a "quality
control," the incidence of kidney lesions and bacterial
counts were determined in groups of rats subjected to in-
jection of E. ccli and renal massage. Growth of E. ccli
in vitro was not altered after mixture with varying con-
centrations of norepinephrine.

RESULTS

A. Angiotensinz
Three parameters of renal infection were meas-

ured at each sacrifice period: 1) numbers of F. ccli
per gram of renal tissue, 2) incidence of gross
pyelonephritis, and 3) incidence of microscopic
pyelonephritic lesions. All organ and blood cul-
tures from Group III animals-those receiving
angiotensin only-were sterile, and the kidneys
showed no gross or microscopic lesions. Data
from Groups I and II follow.

1. Numbers of E. coli per gramn of renal tissue.
Comparison of the number of E. coli per gram of
kidney and per milliliter of blood between Group I

2 Three animals in this group received only- 1.0 Itg,
and two others 5.0 l~ of norepinephrine.

180

11



INCREASEDSUSCEPTIBILITY TO PYELONEPHRITIS DURING ACUTEHYPERTENSION

and Group II rats is presented in Figure 2. Since
these data form a lognormal distribution, the
geometric means were calculated and are ex-

pressed in the figures and tables as their loga-
rithms. These means, with their appropriate
standard errors, were compared by the t test (15).
At 1 and 4 hours, both groups of rats had similar
numbers of E. coli per gram of kidney. At later
sacrifice intervals, however-24 hours, 1, and 2
weeks-, Group I rats had approximately 100
times more E. coli per gram of kidney than
Group II rats (logarithm of geometric mean:

5.768 vs 3.811 at 24 hours; 4.554 vs 2.130 at 1
week; and 3.796 vs 1.020 at 2 weeks).3 All dif-
ferences were highly significant (p < .001).
Blood levels of E. coli from both groups were

closely parallel throughout, indicating that the
greater number of bacteria grown in culture from
Group I animals was not a reflection of higher
blood levels of the organism. In fact, it appeared
that bacteria were cleared from the blood slightly
faster in Group I rats, although the difference was

not significant.
Liver and spleen cultures performed at 24 hours,

1, and 2 weeks demonstrated essentially identical
levels of E. coli per gram of tissue in both groups
(p > .05 in all instances). Preinjection blood
pressures and terminal heart weights in all groups
did not differ significantly (Table I). Presacri-

3 The percentages of kidneys in each group revealing
any bacteria on culture at these periods were 100 vs 100
at 24 hours; 96 vs 61 at 1 week (p=.005), and 88 vs 35
(p <.001) at 2 weeks. Even more striking, the percent-
ages of kidneys with bacterial counts of 10' or greater
were 96 vs 30 at 24 hours (p <.001), 63 vs 13 at 1 week
(p<.001), and 46 vs 9 at 2 weeks (p=.005). For the
values at 24 hours, it is important to note that the blood
levels of bacteria in both groups were then between 10'
and 10'.

0- K'deeys, Angoteensin . E co/i
0-a Ktdneys. E. col, aone

6 0S-_e Blood. Aaqotemnin Ecoo
0---_o Blood. E cof, alone

3- Xs

14 * _ p 001

(n)-number of kidneys examined %%

hr 4 hrs. 24 hs. Iwk. 2 wks.
Time After hnjection

FIG. 2. KIDNEY AND BLOODLEVELS OF E. coli AT SACRI-
FICE IN RATS INOCULATEDWITH ANGIOTENSIN AND E. coli
(GROUP I) AND IN RATS RECEIVING ONLY E. coli (GROUP
II).

ficial blood pressures on randomly selected rats
also were within normal limits in all three groups.

2. Gross incidence of pyelonephritis. At sacri-
fice all kidneys were carefully examined for evi-
dence of grossly detectable pyelonephritis accord-
ing to criteria previously described (4, 16). No
lesions were noted in any animal sacrificed at 1
or 4 hours. At 24 hours, small cortical lesions
were noted in 10.7 per cent of kidneys from Group
I rats; none were noted in Group II rats. At the
end of 1 week 54.2 per cent, and at 2 weeks 66.7
per cent of kidneys from Group I rats were grossly
pyelonephritic. At the same periods, only 8.3
per cent of Group II kidneys demonstrated gross
evidence of infection (Table II). By the chi
square test, significance of the difference at 24
hours was questionable (p = 0.1 >.05), but at 1
and 2 weeks it was highly significant (p =.001).
Lesions in Group I kidneys were usually multiple,
extending throughout cortex and medulla by 1

TABLE I

Blood pressure, heart weight, and bacterial counts in liver and spleen

Group I: angiotensin +E. coli Group II: E. coli only Group III: angiotensin only

Systolic E. coli per g Systolic E. coli per g Systolic E. coli per g
Sacrificial blood Heart blood Heart blood Heart

period pressure weight Spleen Liver pressure weight Spleen Liver pressure weight Spleen Liver

mmHg mg/ log geom. mean mmHg mg/ log geom. mean mmHg mg/ log geom. mean
100 ml 100 ml 100 ml

1 Hour 90 250 110 249 120 275
4 Hours 115 262 110 243 105 261

24 Hours 108 268 6.909 6.379 112 256 7.010 6.144 118 263 0 0
1 Week 107 271 3.274 0 115 261 2.752 2.037 111 254 0 0
2 Weeks 106 247 0 0 114 251 0.319 0 105 244 0 0
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TABLE II

Effect of angiotensin on percentage of kidneys
with pyelonephritic lesions*

Gross Microscopic

Sacrificial Group Group Group Group
period I II p I II p

24 Hours 10.7 0 .1 -.05 28.5 0 .002
1 Week 54.2 8.3 .001 66.5 8.3 <.001
2 Weeks 66.7 8.3 <.001 70.5 8.3 <.001

* Group I: angiotensin +E. coli. Group II: E. coli alone.

week and progressing to early stages of resolu-
tion by 2 weeks. In contrast, the few lesions ob-
served in Group II kidneys were always singular
and localized primarily in the renal cortex.

3. Incidence of microscopic pyelonephritis. Mi-
croscopic examination of all kidneys confirmed
that the gross lesions observed were typical pyelo-
nephritic lesions, similar to those demonstrated in
previous experiments and again in this study
when intravenous injection and gentle renal mas-

sage produced infection. The incidence of micro-
scopic pyelonephritis in both groups also is tabu-
lated in Table II. As with gross observation, no

pyelonephritic lesions or other significant pathol-
ogy was noted at 1 or 4 hours, but at 24 hours 28.5
per cent of Group I kidneys showed microscopic
lesions. No evidence of pyelonephritis was dem-
onstrated in Group II at this time (p =.002). At
1 week 66.5 per cent, and at 2 weeks 70.5 per

cent of Group I kidneys had microscopic evidence
of pyelonephritis, whereas the incidence in Group
II kidneys at both periods was 8.3 per cent (p <
.001).

As indicated in Table II, the microscopic exami-
nation at 24 hours revealed lesions in Group I
kidneys not grossly detectable at this early stage
of infection, clearly demonstrating that significant
differences between the groups in the incidence of
pyelonephritis existed as early as 24 hours after

injection. These early lesions, located in both
cortex and medulla, consisted of accumulations of
bacteria surrounded by polymorphonuclear cells.
The data also show that microscopic evidence of
pyelonephritis was present in Group I when gross

evidence was lacking at 1 and 2 weeks, in con-

trast to Group II, where gross and microscopic
incidences of pyelonephritis were identical at all
periods. Furthermore, as expected from the
gross appearance of the lesions at 1 and 2 weeks,
the histological data indicated that the rare lesions
in Group II kidneys were small and showed mini-
mal extension through the kidney parenchyma.
whereas lesions in Group I presented the typical
wedge-shaped appearance described in previous
studies (13, 16).

B. Norepinephrine
All organ and blood cultures from Group III

rats-those receiving only norepinephrine-were
sterile, and the kidneys demonstrated no patho-
logic changes. Data from Groups I and II follow.

1. Numbers of E. coli per gram of renal tissue.
The number of E. coli per gram of kidney and per

milliliter of blood in Groups I and II are set forth
in Table III. (Data for animals sacrificed at 1
and 2 weeks were combined and considered as a

10-day period for simplicity of presentation, since
the results were essentially the same at both pe-
riods.) At 24 hours and 10 days, Group I rats had
significantly higher levels of E. coli per gram of
renal tissue than Group II rats.4 In contrast to
the angiotensin study, the difference was only ten-

4As in the angiotensin experiments, all kidneys in
both groups showed some bacteria at 24 hours, when bac-
teremia was still present. At 10 days, the percentages
infected were 67 in Group I vs 27 in Group II (p <.01).
Percentages with bacterial counts of 10' or greater were

85 vs 35 at 24 hours (p<.01) and 17 vs 0 at 10 days
(p =.05).

TABLE III

Effect of norepinephrine on localization of pyelonephritis*

E. coli per gram
Kidneys - Kidneys with gross

examined Kidney Blood lesions

Sacrificial Group Group Group Group Group Group Group Group
period I II I II p I II p I II p

no. no. log geom. mean log geom. mean % %
24 Hours 20 20 4.534 3.845 <.001 3.447 3.460 >.05 5.0 0 >.05
10 Days 36 22 2.512 0.914 <.01 0 0 30.6 4.5 .015

* Group I: E. coli+norepinephrine. Group II: E. coli alone.
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fold. Blood levels of E. coli were virtually identi-
cal in both groups at 24 hours and were negative
by 1 week. Liver and spleen cultures performed
at the 24-hour sacrifice period, terminal heart
weights, and preinjection blood pressures again
showed no differences between the groups
(Table IV).

2. Gross incidence of pyelonephritis. Table "_
III also indicates that at 24 hours, 5 per cent of _ Hi 4 Cq
Group I kidneys had gross lesions, whereas none
of Group II kidneys had lesions. This difference 3
was not significant. At the later sacrifice inter- X -
vals, 30.6 per cent of kidneys from Group I rats
demonstrated gross pyelonephritis, in contrast to
only 4.5 per cent of kidneys from Group II rats X
(p =.015). Only single lesions were observed in
Group I kidneys, in contrast to the multiple re-
nal lesions observed in the kidneys of Group I
rats in the angiotensin study. 4

Zto
3. Incidence of microscopic pyelonephritis. The

gross lesions observed were verified as typical
pyelonephritic lesions by microscopic examina-
tion of all kidneys. The incidence of microscopic
and gross lesions were similar at all sacrifice > E| "
periods.

C. Results in rats receiving massage c)

Rats who received E. coli and renal massage to
serve as a check on the virulence of the organism
showed a high incidence of pyelonephritis, as in

previous studies (9, 12). The data from these
animals have been combined from both experi-
ments in Table V. The rats sacrificed at 1 week
accompanied the angiotensin study, and those at
24 hours and 10 days, the norepinephrine study.
These data again confirm the ability of renal mas-
sage to localize infection in the kidney. They $
also indicate that some variation in incidence of

- Cd W

infection, even after massage, may occur, so that Z Z 1,
the type of careful control used in this study is
necesary for each experiment. 70 = ::Z

DISCUSSION

The data indicate that a brief period of angio-
tensin-induced hypertension is accompanied by a A I

marked increase in susceptibility to pyelonephri-
tis. Similar results were noted, but to a lesser
degree, with norepinephrine. Although changes
in renal hemodynamics resulting from elevation
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TABLE V

Summary of data in rats receiving E. coli and renal massage

Systolic E. coli per gram Renal lesions
Sacrificial No. of blood Heart

period rats pressure weight Kidney Blood Gross Microscopic

mmHg mg/100 ml log geom. mean % %
24 Hours 5 118 284 7.548 4.127 0 60

1 Week 5 112 245 5.543 0 80 80
10 Days 8 103 264 5.640 0 94 94

of blood pressure have been suggested in an earlier
publication, renal damage secondary to hyperten-
sion was considered the most probable cause of
the impaired resistance to pyelonephritis noted in
chronically hypertensive rats (6). This explana-
tion seems unlikely in the present study, since
the duration of elevated blood pressure was much
too brief to result in secondary damage, at least
of sufficient degree to be detectable histologically.

Although the role of angiotensin in aldosterone
production (17-19), the effect of aldosterone on

potassium excretion (18, 19), and the increase in
susceptibility to pyelonephritis in potassium-de-
pleted rats all seem clearly established (20), such
a chain of events to account for the present find-
ings seems improbable. The duration of angio-
tensin effect was brief. Moreover, angiotensin
appears to have insignificant steroidogenic potency
in the rat (21). Finally, increased susceptibility
to pyelonephritis with potassium depletion ap-

pears to depend on the production of tubular dam-
age, which requires prolonged deprivation of this
electrolyte (20, 22). In addition, the enhance-
ment of susceptibility by norepinephrine could
not be explained on the basis of electrolyte change.

A hemodynamic mechanism for altered sus-

ceptibility is supported by studies of the effect
of angiotensin on renal blood flow. Barer (10)
noted that in the anesthesized cat, renal blood flow
is reduced by both intravenous and intra-arterial
injection of angiotensin and that the time course

of flow reduction was usually similar to that of the
blood pressure changes. During angiotensin in-
fusion studies in man, other investigators have
regularly observed an increased intraglomerular
pressure and reduced renal blood flow (23).

In rats, infusion of angiotensin reduces renal
blood flow and increases vascular resistance; in-
deed, the kidney is the only organ in this spe-

cies that consistently demonstrates a diminished

flow, whereas in the brain, heart, and lungs it
may be unchanged or even increased (24). This
was demonstrated clearly in our studies by the
direct observation of the blanching of the kidney
at the height of blood pressure elevation. A pe-
riod of engorgement followed this episode of
blanching.

It seems clear, therefore, that angiotensin has
a profound effect on renal blood flow. Norepi-
nephrine acts similarly on the kidney, but to a
lesser extent, as indicated both by our observa-
tions that blanching of the kidney was not seen
grossly with 10 jug of norepinephrine and by evi-
dence that its effect is more generalized and pro-
portionately greater than that of angiotensin in
peripheral areas such as muscle (11, 12). De-
creased renal flow and increased resistance with
norepinephrine have been shown by Mehrizi and
Hamilton to result in a delayed transit time of
blood through the kidney (25). Angiotensin,
with its even more marked hemodynamic effects
on the kidney, presumably would produce a simi-
lar delay in transit time. This was suggested
visually in the present study by the period of en-
gorgement observed after the initial blanching
after angiotensin injection. Other possible con-
sequences of the acute hemodynamic changes 'that
might play a role are anoxic injury to vascular
epithelium that could permit escape of bacteria to
interstitial sites and increased hydrostatic forces
that might influence bacterial transudation. In
any case, these various mechanisms could result
in "trapping" of bacteria in the kidney for a long
enough period to allow them to begin to propagate
and establish infection.

Although no differences in numbers of bacteria
per gram of kidney were demonstrated at 1 or
4 hours after inoculation, or long after return of
grossly normal appearance of the kidney in the
rats receiving the E. coli-angiotensin mixture, the
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bacteremia then present may have obscured small
differences in renal bacterial counts. By 24
hours, when bacteremia had decreased in intensity,
a difference was clearly demonstrated. Indeed,
the slightly more rapid clearance of bacteria from
the blood in the animals with E. coli-angiotensin
would favor the concept of renal trapping, as does
the demonstration that norepinephrine, which ob-
viously disturbed renal hemodynamics less, had
lesser effects on altering renal bacterial levels and
susceptibility to infection.

This study has demonstrated that a change in
renal blood flow, rather than elevation of blood
pressure itself, has enhanced vulnerability of the
rat kidney to infection. However, inasmuch as
this type of renal vascular change usually is as-
sociated with a pressor stimulus, the findings have
pertinence to hypertensive states. Moreover, that
endogenously available vasoconstrictor materials
can result in increased vulnerability to renal in-
fection is an observation that alone has implica-
tions in the pathogenesis of hematogenous pyelo-
nephritis.

SUMMARY

An acute episode of hypertension was pro-
duced in rats by intravenous injections of angio-
tensin or norepinephrine. In rats that received
E. coli with the vasoconstrictor agent, pyelonephri-
tis was exhibited to a significantly greater extent
than in rats challenged with E. coli only. The
short duration of the hypertension produced indi-
cates that alterations in renal blood flow may be
the important factor in the previously observed
vulnerability of hypertensive rats to pyelonephritis.
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