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ABSTRACT
Background: Vascular changes in hypertension share common characteristics with
inflammatory wall injury. Since it is known that chronic inflammatory diseases are
frequently more prevalent in females, this study tested the hypothesis that vasculitis would
be more evident in female stroke-prone spontaneously hypertensive rats (SHRSP) than in
males. Methods: Arterial lesions were characterized in the gastrointestinal tract of
necropsied SHRSP and normotensive Wistar-Kyoto rats (WKY). Systolic blood pressure
was measured using the tail cuff method. Results: Vasculitis was present in 54% of
SHRSP (n=357). None of the WKY rats had the vascular disease (n=373). Arterial
lesions were not evident in young SHRSP (1-1.5 months of age) before the development
of high blood pressure. The earliest appearance of vasculitis in SHRSP was at ~8 months
of age after full establishment of elevated arterial pressure. Systolic blood pressures
during the maintained phase were greater than 200mmHg for SHRSP and less than
130mmHg for WKY rats (ages: 8-18 months). Within SHRSP, lesions were more
common in females, in spite of higher mean systolic pressure found in males (both
p<0.05). Of the female SHRSP, 70% (n=234) had severe micronodular vasculitis whereas
24% of male SHRSP showed lesions (age matched). Conclusion: These observations
indicate that in SHRSP: 1) inflammatory responses in arteries occur with greater
incidence compared to WKY rats; 2) there is a relationship between incidence of vascular
lesions and age, but not elevated arterial pressure; and 3) there is a higher incidence of
vasculitic lesions in females compared to males.
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INTRODUCTION1
The malignant phase of elevated arterial pressure in
the stroke-prone spontaneously hypertensive rat
(SHRSP) is characterized by necrotizing vasculitis
classified as polyarteritis nodosa (Saito, et al., 1990,
1991, 1995). This is a segmental inflammation
occurring particularly in testicular and mesenteric
arteries accompanied by destruction of the vascular
wall with polymorphonuclear and eosinophilic
leukocyte infiltration during the earlier stages of the
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disease, and mononuclear leukocyte infiltration
dominant in the later stages. In the final stage,
fibrosis and scarring of the vascular wall are
obvious. The disease causes vascular occlusion,
resulting in regional ischemia, hemorrhage and
tissue necrosis.
Interestingly, vasculitic lesions do not occur in the
Wistar Kyoto (WKY) normotensive rat and it is
known that a substantial elevation in systolic
pressure is necessary for the development of
periarteritis nodosa in the mesenteric vascular bed of
SHRSP (Saito et al., 1991).
Furthermore, little is known about sex differences in
the clinical presentation and animal models of the
disease. In most studies, vasculitis is more prevalent
in women but there is great variation with respect to
the type or classification of the vasculitis (giant cell,
periateritis nodosa, etc.) and co-morbidities (lupus,
arthritis, etc.) that complicate the inflammatory
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response (Nir-Paz, et al. 2002; Narvaez, et al. 2002;
Sadurska, et al. 2012). There is also variability
between different regional vascular beds and
variation related to vessel caliber (large, medium,
small, arteriolar). It has also been noted that the sex
divergence in human studies is most prominent
among the oldest age groups. Since it is known that
chronic inflammatory diseases are frequently more
prevalent in females (Fairweather and Rose, 2004;
Ngo et al. (2014), we hypothesized that vasculitis
would be more evident in female SHRSP than in
males. We characterized arterial lesions in the
gastrointestinal tract of necropsied SHRSP and
normotensive WKY rats. The range in age of the
animals was 4 to 72 weeks and systolic blood
pressures were measured by the tail cuff technique.
MATERIALS AND METHODS
Animals
All animal protocols were approved by the Institutional
Animal Care and Use Committee of the University of
Michigan and were performed in accordance with the
Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health (NIH).
Male and female SHRSP (n=357) and WKY rats
(n=373) were obtained from a breeding colony
maintained at the University of Michigan which was
initially derived from stock procured from the
National Institutes of Health. The rats were fed
standard rodent chow (Purina) and drinking water ad
libitum under conditions of constant temperature
(22ºC). The rats were maintained on a 12-hour lightdark cycle and housed two per cage. Systolic blood
pressure was measured in awake animals by the tail
cuff method (pneumatic transducer).
Rats were killed at various ages (4 to 72 weeks) by
exsanguination following anesthesia (sodium
pentobarbital, 50 mg/kg; i.p.).
Vasculitic lesions
Vasculitic lesions were grossly examined in the
gastrointestinal tract of necropsied animals. The
mesentery was dissected from the rats and immersed
in a physiological salt solution for examination by an
experienced observer. The presence of macroscopic
bead-like thickenings was evidence for vasculitis.
Figure 1 shows typical samples from an 18-month
old female SHRSP and an age-matched female
WKY rat.
Arteriogram
In order to provide more detailed morphological
information about the vasculitic lesions, arteriograms
were made in a subset of SHRSP and WKY rats. The
rats (n=6 for each group) were anesthetized with
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Fig. 1: Vasculitis in intestinal tract of female SHRSP and
WKY rat (18 months old). Gross inspection of the entire
intestinal tract reveals vasculitic lesions in female SHRSP
(bottom panel), whereas none exist in the WKY rat (top
panel).

sodium pentobarbital (50 mg/kg, i.p.) and a midline
incision was made. Using a surgical magnifier, the
renal and ileal arteries were tied to obtain a more
effective injection pressure in the mesenteric vascular
bed. The colon was lifted from its attachments and a
winged infusion needle (1.0 mm) was inserted into the
abdominal aorta with the tip placed near origin of the
mesenteric artery. The aorta was clamped at the level
of the celiac trunk and the vasculature was flushed with
200 ml of saline perfusate. The portal vein was kept
open during the first 5 min of perfusion and then tied to
promote colonic venous outflow via the inferior vena
cava. Approximately 20 ml of 50% barium sulfate in
gelatin was then injected through the same needle using
an infusion pump. The barium suspension was injected
until it became visible in the arterial branches of the
intestinal serosa. Finally, the colon and arterial
branches were clamped and the tissue specimen was
explanted for radiologic investigation.
Qualitative inspection of the mesenteric vascular bed
following infusion of barium sulfate-gelatin showed
that vasculitic lesions were prominent in SHRSP and
absent in WKY rats (Figure 2).
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age) before the development of high blood pressure
(Figure 4). The earliest appearance of vasculitis in
SHRSP was at ~8 months of age after full
establishment of elevated arterial pressure (Figure 4,
top). Systolic blood pressures during the maintained
phase were greater than 200mmHg for SHRSP and
less than 130mmHg for WKY rats (ages: 4.4-8
months; Figure 4, bottom). Within SHRSP, lesions
were more common in females, in spite of higher
mean systolic pressure found in males. Of the
female SHRSP, 70% (n=234) had severe
micronodular vasculitis whereas 24% of male
SHRSP showed lesions (age matched; Figure 4, top,
p<0.05). At 16-18 months of age, systolic blood
pressures in female SHRSP converged with
measures of systolic blood pressures in male
SHRSP.

Fig. 2: Mesenteric arteriograms of female SHRSP and
WKY rat (18 months old). Qualitative inspection of the
mesenteric vascular bed following infusion of barium
sulfate-gelatin showed that vasculitic lesions were prominent
in SHRSP (bottom panel). Vasculitic lesions were not
present in the mesenteric vasculature of WKY (top panel).
Each arteriogram shows a single arterial arcade from the
jejunum of an 18 month old female rat (magnification: 18x).

Data analysis
Data are expressed as mean ± standard error of the
mean (SEM). Statistical differences between and
within groups were determined by two-way analysis
of variance for blood pressures and chi-square test
for lesion incidence with p<0.05 considered to be
significant. The Bonferroni correction was used to
counteract multiple comparisons.
RESULTS
Macroscopic, bead-like lesions were found
exclusively in the mesenteric vascular bed of
SHRSP. The incidence of occurrence (Figure 3) was
54% for all SHRSP (n=357). None of the WKY rats
had the vascular disease (n=373). Arterial lesions
were not evident in young SHRSP (1-1.5 months of
91

Fig. 3: Systolic blood pressure and incidence of vasculitis in
SHRSP and WKY rats. Systolic blood pressures in WKY
rats (>9 months of age) were significantly lower than those
in SHRSP. The incidence of vasculitis in the intestinal tract
was greater in SHRSP; WKY rats did not develop vascular
lesions in the intestinal tract. The asterisk indicates a
statistically significant difference between SHRSP and WKY
rats (p<0.05).

DISCUSSION

This study demonstrates that macroscopic, bead-like
lesions occur frequently in the mesenteric
vasculature of SHRSP, but not WKY rats. There is a
relationship between severity of vascular lesions and
age, but not elevated arterial pressure. Finally, there
is a sex associated increase in susceptibility for
vasculitic lesions in females. Studies by other
J. Afr. Ass. Physiol. Sci. 4 (2): December, 2016
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polyarteritis nodosa, hypertension
(Sadurska, et al, 2012).

is

observed

In rats, necrotizing vasculitis has been observed
following treatment with various vasoactive
compounds such as theophylline (Collins, 1988),
endothelin receptor antagonists (Gonzalez-Fernandez
and Garcia, 2007), fenoldopam (Yukas, et al., 1985)
and selective phosphodiesterase inhibitors (PDE3 and
PDE4; Sandasky and Means, 1987; Mecklenburg, et al.,
2006; Zhang, 2008). These compounds can induce
systemic hypotension and it has been proposed that this
may lead to decreased oxygen delivery, necrosis,
enhanced endothelial permeability, protein exudation
and immigration of inflammatory cells. Considerable
evidence suggests that the renin-angiotensin system
may be involved in animal models of polyartertis
nodosa and angiotensin-converting enzyme inhibitors
prevent lesion formation (Peters, 2010).
Age
Our observations in male SHRSP are very similar to
those that have been reported in other studies (Saito,
et al., 1990, 1991, 1995). Vasculitic lesions occur in
approximately a third of all male SHRSP and the
occurrence is age-related with onset at around nine
months. This same age dependency characterizes
the incidence of vasculitis in female SHRSP, yet the
occurrence is much higher with two-thirds
developing the lesions in rats 16 months and older.
In humans, vasculitic diseases occur in the elderly
with an average onset of 72 years of age (Sadurska,
et al., 2012).
Fig. 4: Development of elevated systolic blood pressure and
incidence of vasculitis in male and female SHRSP. The
incidence of vasculitis in the intestinal tract was not evident
until SHRSP reached an age of 6-9 months (top panel).
After this age, the incidence of vasculitis in female SHRSP
was greater than in male SHRSP. Systolic blood pressures
were significantly lower in female SHRSP (bottom panel)
and vasculitis appeared to be associated with the maintained
phase of elevated blood pressure (indicated by asterisks,
p<0.05).

investigators have demonstrated that these lesions
can be categorized as polyarteritis nodosa (Saito, et
al., 1990, 1991, 1995).
In humans, polyarteritis nodosa is a multi-system,
necrotizing vaculitis in medium-sized arteries,
occurring usually at vessel bifucations (Stanson, et
al. 2001).
It commonly affects skin, joints,
peripheral nerves, testicles, the gut and the kidney.
Polyarteritis nodosa is uncommon in the pulmonary
circulation. In more than 30% of the patients with
92

Blood pressure
Studies by Saito, et al. (1990, 1991, 1995) indicated
that vasculitic lesions are associated with elevated
arterial pressure in male SHRSP. They subdivided
aged, male SHRSP (12-19.5 months) into two
groups according to the presence and absence of
vasculitis. Male SHRSP with vasculitic lesions had
higher systolic blood pressures than SHRSP with no
lesions. We made a similar subdivision in our rats,
but did not see this association (data not shown).
Further, female SHRSP had lower systolic blood
pressures than males, yet the females had a greater
incidence of vasculitis. Thus, our study does not
support the notion that vasculitic lesions are worse in
animals that have the highest systolic blood
pressures. Interestingly, vascuitis is not associated
with elevated arterial pressure in the human
population (Leenhardt et al, 1984). It is known that
the development of vasculitic lesions in renal arteries
causes renal ischemia leading to renal injury and
hypertension in humans (Sadurska, et al, 2012).
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Sex differences
In our studies on SHRSP, there is a sex associated
increase in the incidence of vasculitic lesions in
females.
This has not been reported in the
spontaneously hypertensive rat (SHR) where male
rats had an incidence of 83% and females had an
incidence of only 17% [paired for blood pressure
level (>180 mmHg) (Suzuki, et al. 1979)]. The
reason for this difference is unclear but we speculate
that it may be related to salt sensitivity. The SHR is
relatively salt resistant, whereas the SHRSP is
markedly susceptible (Griffin, et al. 2001). With
respect to sex differences, in female F2 progeny of
SHRSP and WKY rats, blood pressure is strongly
linked with the MITR244 locus on chromosome 3
after salt loading and there is no association in male
F2 progeny (Matsumoto, et al. 1995).
Vasculitc lesions in experimental rodent models of
renal mineralocorticoid hypertension occur at greater
frequency when the rats are placed on a high sodium
diet (Kempner et al., 1955; Race and Peschel, 1954).
Although the rats in this study were not placed on a
high sodium diet, commercial rodent diets contain
more sodium than the rats need (Martus, et al.,
2005).
Dietary sodium does induce immune
activation and target organ damage in hypertensive
humans independent of any blood pressure effect
(Yilmaz, et al. 2012). In cultured human endothelial
cells, elevation of extracellular sodium within the
physiological range is accompanied by vascular
changes that facilitate development of cardiovascular
disease (Dmitrieva et al. 2015). Finally, dietary salt
drives autoimmune disease by activation of
pathogenic immune cells (Kleinewietfeld, et al. 2013;
Wu, et al. 2013; Yosef, et al. 2013).

SUMMARY AND CONCLUSION
This study demonstrates the occurrence of vasculitis
(polyarteritis nodosa) in the mesenteric vasculature
of SHRSP, but not WKY rats.
There is a
relationship between incidence of vascular lesions
and age, but not elevated arterial pressure. Although
the exact cause of polyarteritis nodosa is unknown,
there is a sex associated increase in incidence for
vasculitic lesions in females that we speculate that it
might be linked to salt-sensitivity.
ACKNOWLEDGEMENTS
The authors recognize the intellectual and technical
contributions of Dr. Pentti T. Jokelainen
(Department of Cell and Developmental Biology,
University of Michigan) to this study. This work
was supported by the National Institutes of Health
(HL-18575) and the American Heart Association
(15GRNT25700451).

REFERENCES
Collins JJ, Elwell MR, Lamb JC, Manus AG, Heath JE,
Makovec GT. (1988): Subchronic toxicity of orally
administered (gavage and dosed-feed) theophylline in
Fischer 344 rats and B6C3F1 mice. Fundam Appl
Toxicol 11: 472–84.
Dmitrieva NI, Burg MB. (2015): Elevated sodium and
dehydration stimulate inflammatory signaling in
endothelial cells and promote atherosclerosis. PLoS
One 2015 Jun 4;10(6):e0128870.
Fairweather D, Rose NR.
(2004): Women and
autoimmune diseases. Emerging Infectious Diseases
10:2005-2011.
Gonzalez-Fernandez MA, Garcia Consuegra I. (2007):
Polyarteritis nodosa resistant to conventional
treatment in a pediatric patient. Ann Pharmacother
41:885-890.
Female sex is a factor in 80% to 90% of cases of
Griffin KA, Churchill PC, Picken M, Webb RC, Kurtz
Takayasu arteritis, with age at onset usually between 10
TW, Bidani AK. (2001): Differential salt-sensitivity
and 40 years.
Takayasu arteritis differs from
in the pathogenesis of renal damage in SHR and
polyarteritis nodosa in that it affects large arteries
stroke prone SHR. Am J Hypertension 14 (Pt 1):311(aorta) with massive intimal fibrosis and affects young
320.
to middle age women. It is chronic and of unknown
Kempner W, Peschel E, Black-Schaffer B. (1955):
cause. Temporal arteritis associated with polymyalgia
Effect of diet on experimental hypertension and on
rheumatica has been reported to be of greater incidence
the development of polyarteris nodosa in rats.
in women and required a longer duration of treatment
Circ Res 3:73-78.
(Narvaez et al. 2002).
Kleinewietfeld M, Manzel A, Titze J, Kvakan H, Yosef
N, Linker RA, Dominik N, Muller DN, Hafler DA.
The increased incidence among female SHRSP
(2013): Sodium chloride drives authoimmune disease
implies a relationship with sex hormones or reflects
by the induction of pathogenic TH17 cells. Nature
the general finding that inflammatory diseases occur
496: 518-522.
with greater incidence in females (Fairweater and
Leenhardt A, Guillevin L, Bletry O, Godeau P. (1984):
Rose, 2004; Ngo 2014). In humans, the disorder is
Arterial hypertension in periarteritis nodosa. 37 case
more likely to be present in men between the ages of
reports. Archives des maladies du coeur et des
40 and 50 years (Stanson, et al. 2001).
vaisseaux 77:197-202.
Luzina IG, Handwerger BS. (2000): Lessons from
93
J. Afr. Ass. Physiol. Sci. 4 (2): December, 2016
Richey and Webb

Vasculitis in stroke-prone hypertensive rats
animal models of vasculitis. Current Rheumatol Rep
2:369-375.
Martus W, Kim D, Garvin JL, Beierwaltes. (2005):
Commercial rodent diets contain more sodium tha
rats need. Am J Physiol 288:F428-F431.
Matsumoto C,Nara Y, Ikeda K, Nabika T, Sawamura
M, Yamori Y.
(1995): A new locus on
chromosome 3 strongly linked with salt-sensitive
high blood pressure in female F2 from SHRSP and
WKY rats.
Clin Exp Pharmacol Physiology
22:S2-S3.
Mecklenburg L, Heuser A, Juengling T, Kohler M,
Foell R, Ockert D, Tuch K, Bode G. (2006):
Mesenteritis precedes vasculitis in the rat mesentery
after subacute administration of a phosphodiesterase
type 4 inhibitor. Toxicol Lett 163: 54–64.
Narvaez J, Nolla-Sole JM, Valverde-Garcia J, RoigEscofet D. (2002): Sex differences in temporal
arteritis and polymyalgia rheumatica. J Rheumatol
29:3212-325.
Ngo ST, Steyn FJ, McCombe PA. (2014): Gender
differences in autoimmune disease.
Frontiers
Neuroendocrinol 35:347-369.
Nir-Paz R, Gross A, Chajek-Shaul T. (2002): Sex
differences in giant cell arteritis. J Rheumatol
29:1219-1223.
Ogata J, Fujishima M, Tamaki K, Nakatomi Y,
Ishitsuka T, Omae T.
(19982): Stroke-prone
spontaneously hypertensive rats as an experimental
model of malignant hypertension: a pathological
study. Virchows Archiv Arch (Pathol Anat) 394:
195-205.
Peters BS, Kuttler B, Beineke A, Lorenz G, Thiele A,
Nicolai O, Rettig R, Mullins JJ, Peters J. (2010): The
renin–angiotensin system as a primary cause of
polyarteritis nodosa in rats. J Cell Mol Med 14:13181327.
Race GJ, Peschel E.
(1954): Pathogenesis of
polyarteritis nodosa in hypertensive rats. Circ Res
2:483-487.
Sadurska E, Jaawniak R, Majewski M, CzekajskaChehab E. (2012): Takayasu arteritis as a cause of
arterial hypertension. Case report and literature
review. Eur J Pediatrics 171:863-869.
Saito N, Kawamura H. (1999): The incidence and
development of periarteritis nodosa in testicular
arterioles and mesenteric arteries of spontaneously
hypertensive rats. Hypertension Res 22:105-122.
Stanson AW, Friese JL, Johnson CM, McKusick MA,
Breen, JF, Sabater EA, Andrews, JC. (2001):
Polyarteritis Nodosa: Spectrum of Angiographic
Findings. Radiographics 21:151-159.
Suzuki T, Oboshi S, Sato R. (1979): Periarteritis
nodosa in spontaneously hypertensive rats - incidence
and distribution. Acta Pathol Jap 29:697-703.
94

Suzuki T, Oboshi S, Sato R. (1979): Periarteritis
nodosa in hypertensive rats: morphology of the
arterial lesions with special reference to the initial
changes. Acta Pathol Jpn 29: 835-864.
Saito N, Okada T, Moriki T, Nishiyama S,
Matsubayashi K. (1990): Long-term drinking of
MgCl2 solution and arterial lesions in female SHRSP.
Ann NY Acad Sci 598: 527-529.
Saito N, Okada T, Moriki T, Matsubayashi K, Ozawa
T. (1991): Periarteritis nodosa in the mesenteric
artery of stroke-prone spontaneously hypertensive
rats. J Jpn Atheroscler Soc 19: 277-285.
Saito N, Okada T, Nishiyama S.
(1991): The
relationship between periarteritis nodosa and blood
pressure in stroke-prone spontaneously hypertensive
rats. Jpn Heart J 32: 537-539.
Saito N, Okada T, Shirota M, Yagyu K, Takatsuji H,
Nishiyama S, Enzan H. (1995): Changes in various
tissues in the arterial wall of spontaneously
hypertensive rats. Clin Exp Pharmacol Physiol
22(Suppl 1):5126-5127.
Sandusky GE, Means JR.
(1987): Acute and
subchronic toxicology of LY-195115 in rats and
dogs. Toxicol Lett 38: 177–86.
Wolak T, Szendro G, Golcman L, Paran E. (2005):
Malignant hypertension as a presenting symptom of
Takayasu arteritis. Mayo Clin Proc 78:231-236.
Wu C, Yosef N, Thalhamer T, Zhu C, Xiao S, Kishi Y,
Regey A, Kuchroo VK. (2013): Induction of
pathogenic TH17 cells by inducible salt-sensing
kinase SGK1. Nature 496: 513-517.
Yilmaz R, Akoglu H, Altun B, Yildirim T, Arici M,
Erdem Y. (2012): Dietary salt intake is related to
inflammation and albuminuria in primary
hypertensive patients. Eur J Clin Nutrition 66: 12141218.
Yosef N, Alex K. Shalek AK, Jellert T. Gaublomme
JT, Jin H, Lee Y, Awasthi A, Wu C, Karwacz K,
Xiao S, Jorgolli M, Gennert D, Satija R, Shakya A,
Lu DY, Trombetta JJ, Pillai MR, Ratcliffe PJ,
Coleman ML, Bix M, Tantin D, Park H, Kuchroo
VK, Regev A. (2013): Dynamic regulatory network
controlling TH17 cell differentiation. Nature 496:
461-470.
Yuhas EM, Morgan DG, Arena E, Lewis HB. (1985):
Arterial medial necrosis and hemorrhage induced in
rats by intravenous infusion of fenoldopam mesylate,
a dopaminergic vasodilator. Am J Pathol 119:83–91,
1985.
Zhang J, Snyder RD, Herman EH, Knapton A, Honchel
R, Miller T, Espandiari P, Goodsaid FM, Rosenblum
IY, Hanig JP, Sistare FD, Weaver JI. (2008):
Histopathology of vascular injury in Sprague-Dawley
rats treated with phosphodiesterase IV Inhibitor SCH
351591 or SCH 534385. Toxicol Pathol 36: 827-839.

J. Afr. Ass. Physiol. Sci. 4 (2): December, 2016

Richey and Webb

