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Abstract
Objective—T and B lymphocytes are associated with atherosclerosis and aneurysms.
Angiotensin II (AngII) infusion into hypercholesterolemic mice results in augmentation of
atherosclerosis and abdominal aortic aneurysm (AAA) formation. In this study, we determined
whether total lymphocyte deficiency reduced AngII-induced vascular diseases.

Methods and Results—ApoE deficient (apoE −/−) mice were cross-bred with recombination
activating gene-1 (Rag-1) deficient mice that lack mature T and B lymphocytes. Heterozygous
littermates (Rag-1 +/−) have normal lymphocytic function and served as controls. Male and
female apoE −/− mice that were either Rag-1 +/− or −/− were fed a normal laboratory diet and
infused with either saline or AngII (1,000 ng/kg/min) subcutaneously via osmotic mini pump for
28 days. Total lymphocyte deficiency had no significant effect on body weight and systolic blood
pressure prior to and during AngII infusion. However, it was associated with decreased serum
cholesterol concentrations. AngII infusion increased atherosclerotic lesion area in Rag-1 +/− mice
compared to saline (P = 0.017 in males and P = 0.004 in females). This effect was significantly
blunted in Rag-1 −/− male (P = 0.044), but not female mice. AngII-infusion promoted increased
width of the abdominal aorta, with a greater effect in males. Despite the reduction in
atherosclerosis in males, Rag-1 deficiency had no significant effect on AngII-induced aortic
dilation in either gender.

Conclusion—T and B lymphocyte deficiency attenuates AngII-induced atherosclerosis in males
but not AAA formation in apoE −/− mice.

Keywords
angiotensin II; lymphocytes; atherosclerosis; aneurysm

© 2010 Elsevier Ireland Ltd. All rights reserved
Address for Correspondence: Alan Daugherty Saha Cardiovascular Research Center BBSRB, Room 243 University of Kentucky
Lexington, KY 40536-0509 Telephone: (859) 323-3512 Fax: (859) 257-3235 Alan.Daugherty@uky.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Atherosclerosis. Author manuscript; available in PMC 2011 August 1.

Published in final edited form as:
Atherosclerosis. 2010 August ; 211(2): 399–403. doi:10.1016/j.atherosclerosis.2010.02.034.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
Chronic subcutaneous infusion of angiotensin II (AngII) into hypercholesterolemic mice
results in augmented atherosclerotic lesion formation [1,2]. Similar to atherosclerotic tissue
formed in hypercholesterolemic mice, AngII-induced lesions are characterized by
infiltration of macrophages and T lymphocytes [1,3]. Monocyte deficiency virtually ablates
development of atherosclerotic lesions that form in hypercholesterolemic mice in the
absence and presence of AngII infusion.[4,5,6]. Total lymphocyte deficiency more modestly
reduces atherosclerosis, although this effect has gender specificity and does not occur under
conditions of severe hypercholesterolemia [7,8]. It has not been defined whether total
lymphocyte deficiency has an effect on the development of AngII-augmented
atherosclerosis.

Infusion of AngII into mice also leads to the formation of abdominal aortic aneurysms
(AAAs) [1,9]. Development of AngII-induced AAAs is characterized by pronounced
luminal expansion that is associated with complex temporal changes in cells and
extracellular matrix components [10]. Macrophages infiltrate the aortic media of the
aneurysm-prone region early in the disease process, and are prominent throughout the
disease progression. T lymphocytes are also prominent in aneurysmal tissue following
luminal dilation. Unlike atherosclerosis, B lymphocytes are also present in AngII-induced
aneurysmal disease, as occurs in the human disease [3,10,11]. Although leukocytic
infiltrates are prominent in AngII-induced aneurysmal disease, there have been no studies to
define the function of specific leukocytic cell types on aortic dilation.

In the present study, we have examined the effects of total lymphocyte deficiency on the
development of AngII-induced atherosclerosis and AAAs in apoE −/− mice. This was
achieved by developing apoE −/− mice that lacked the recombination activating gene-1
(Rag-1) gene. Rag-1 deficiency leads to an inability to perform VDJ recombination which
prevents the formation of mature T and B lymphocytes. Although total lymphocyte
deficiency reduced the size of AngII-augmented atherosclerotic lesions in males, it had no
detectable effect on development of AAAs.

MATERIAL AND METHODS
Mice and Diet

Rag-1 −/− (stock # 002216) and apoE −/− mice (stock # 002052) on C57BL/6 background
(N10) were purchased from the Jackson Laboratory (Bar Harbor). Rag-1 −/− females were
bred to apoE−/− males with subsequent breeding to develop littermates of Rag-1 +/− and −/
− x apoE −/− mice. Rag-1 +/− mice are immunocompetent. All mice were maintained in a
barrier facility and fed a normal laboratory diet. No mice developed any immunological or
infectious disorders. All study procedures were approved by the University of Kentucky
Institutional Animal Care and Use Committee.

Mouse Genotyping and Phenotyping
Mouse genotypes were determined by PCR. DNA was isolated from tail snip samples of
mice using DNeasy tissue kits (Qiagen). Rag-1 genotyping used the following primers: 5'-
ACTCAATTCTGACTCAACG, 5'-AACAGATGTCACAGGACG, and 5'-
AGAAAGTATCCATCATGGC. The PCR cycle was: 35 cycles − 95°C for 1 min, 49.5°C
for 1 min, 72°C for 2 min, and 1 elongation cycle of 72°C for 7 min. The wild type and
disrupted alleles generated amplicons of 1.1 kb and 425 bp, respectively. Spleen sections
were analyzed by immunostaining for mature T and B lymphocytes to verify phenotype as
described previously [10]. ApoE genotypes were defined by PCR as described previously.
[12]
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AngII Infusion and Blood Pressure Measurement
Saline or AngII (1,000 ng/kg/min; Bachem) was infused into 8–10 week old male and
female mice subcutaneously via Alzet osmotic minipumps (Model 2004, Durect Corp) for
28 days as described previously [1]. Systolic blood pressure (SBP) was measured on
conscious mice for 5 consecutive days prior to and the last week during AngII infusion using
a Visitech tail cuff system, as described previously [13].

Serum Total Cholesterol Measurement
Serum total cholesterol concentrations were evaluated in individual serum samples with a
commercially available enzymatic-based kit (Wako Chemical) [8].

Quantification of Atherosclerosis and Aneurysm
Areas of atherosclerotic lesions covering the aortic arch and thorax were measured by en
face methods as described previously [14]. AAAs were quantified as described previously
[13]. Briefly, aortas were pinned and suprarenal aortic diameters were measured using
Image-Pro software. AAA incidence was defined as a 50% increase in external aortic
diameter.

Statistics
Continuous data are summarized as mean ± SEM. Two-way ANOVA with follow-up
pairwise comparisons (t tests) were used to examine body weight and serum total cholesterol
concentration. Because the usual assumptions for two-way ANOVA were questionable with
the atherosclerosis and abdominal aortic diameter data, we analyzed these data using the
nonparametric Kruskal Wallis procedure with follow-up pairwise comparisons (Z tests). A
repeated measures ANOVA was performed to evaluate blood pressure data. Fisher's exact
test was used to determine differences between groups in the incidence of AAA. Analyses
were performed using SigmaStat 3.5 or SAS 9.2 software. The specific test used is indicated
in the Table and Figure legends. Results with P < 0.05 were deemed statistically significant.

EXPERIMENTAL RESULTS
Rag-1 Deficiency on Characteristics of ApoE −/− Mice Prior to and During AngII infusions

Total lymphocyte deficiency had no significant effect on body weights in both male and
female mice (Table 1). AngII-infused Rag-1 −/− mice had lower serum total cholesterol
concentration compared to Rag-1 +/− mice in both males and females (P = 0.004 and P <
0.001, respectively).

Rag-1 deficiency had no significant effect on SBP at baseline in both male and female mice
compared to controls. Chronic AngII infusion (1,000 ng/kg/min) increased systolic blood
pressure in Rag-1 +/− mice similar to Rag-1 −/− mice in both males and females (Fig. 1A
and B, P < 0.001 for both genotypes and genders). There were no significant differences in
the increase of SBP between Rag-1 +/− and −/− mice during AngII infusion in both males
and females.

Rag-1 Deficiency Attenuated AngII-induced Atherosclerotic Lesion Formation in Male Mice
Atherosclerotic lesion size was quantified on the intimal surface of arches and thoracic
regions of aortas. Abdominal segments were excluded because of the occurrence of AAAs
by AngII infusion. Lesions were either absent or extremely small in mice infused with saline
for 28 days. AngII increased aortic atherosclerotic lesions in both male and female Rag-1 +/
− mice (P = 0.017 and P = 0.004, respectively), which was significantly reduced in males (P
= 0.044), but not in female Rag-1 −/− mice (Fig. 2A and B). Also, AngII infusion failed to
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significantly increase the size of atherosclerotic lesions in male Rag-1 −/− mice, but did in
female mice (P = 0.021).

Rag-1 Deficiency Had no Significant Effect on AngII-induced AAAs
AAAs were not detected in saline-infused mice of both genotypes and genders. During
AngII infusion, 4 Rag-1 +/− and 3 Rag-1 −/− male, and 1 Rag-1+/− and 1 Rag-1 −/−
female mice died due to rupture of the aneurysm-prone aortic region. AngII increased the
maximal external diameters of suprarenal aortas in Rag-1 +/− male mice (0.88 ± 0.04 versus
1.94 ± 0.15 mm, saline and AngII-infused, respectively; P < 0.001), while female mice had a
more modest increase (0.90 ± 0.05 versus 1.58 ± 0.20, saline and AngII-infused,
respectively; P = 0.008). For both genders, Rag-1 deficiency had no significant effect on
maximal external diameters of the suprarenal region compared to heterozygous mice (Fig.
3A and B). AAA incidence in male mice was 84% and 69% in Rag-1 +/− and −/−,
respectively (not statistically significant). Furthermore, AAA incidence in females was not
significantly different between Rag-1 +/− and −/−.

DISCUSSION
Many groups have consistently demonstrated that chronic subcutaneous Angll infusion into
hypercholesterolemic mice augments atherosclerosis and leads to AAA development [15].
The effects of AngII on atherosclerosis have no gender specificity, while males have a
greater susceptibility to developing AAAs [16,17]. The arterial tissue in both vascular
diseases is characterized by accumulation of lymphocytes. Consistent with studies in
modestly hypercholesterolemic mice, in the present study, Angll augmented atherosclerosis
was attenuated in males by total lymphocyte deficiency [7]. However, total lymphocyte
deficiency had no detectable effect on the development of Angll-induced AAAs.

Angll has well known vasoconstrictor properties and a sufficient rate of infusion increases
blood pressure. It has been consistently demonstrated that infusion rates of 1,000 ng/kg/min
or above lead to persistent increases in systolic blood pressure in conscious
hypercholesterolemic mice [1,9,18,19]. However, this increased blood pressure, per se, is
not directly responsible for the profound development of Angll-induced vascular pathology
[20]. This has been demonstrated most directly by infusing hypercholesterolemic mice with
norepinephrine to promote similar increases in systolic blood pressure to Angll-infused mice
[2]. In contrast to Angll infusion, norepinephrine infusion had only a minor effect in
augmenting atherosclerosis and did not lead to AAA formation [2,21]. In the present study,
we observed no significant effect of Rag-1 deficiency on systolic blood pressure, either prior
to AngII infusion, or during the 28 day interval of infusion. In contrast, a recent report has
demonstrated Rag-1 deficiency had no significant effect on basal systolic blood pressure, but
attenuated Angll-induced increases [22]. Strain differences do not account for the
differences since most of the Angll infusions into hypercholesterolemic mice have been
performed using the C57BL/6 strain; as were the studies of Guzik et al [22]. A difference in
the experimental designs is the use of normo- versus hypercholesterolemic apoE −/− mice.
Increased plasma cholesterol concentrations have well characterized effects on vascular
contractility and relaxation [23,24]. Further studies will be needed to determine whether
plasma cholesterol concentrations and characteristics of lipoproteins may explain the
divergent results.

Several studies have determined the effects of total lymphocyte deficiency, either in Rag-1
or Rag-2 deficiency, on atherosclerosis development in hypercholesterolemic mice. These
studies have demonstrated that total lymphocyte deficiency reduced hypercholesterolemia-
induced atherosclerosis in both apoE −/ and LDL receptor −/− mice, with a more profound
effect in males [7,25,26,27]. However, this protective effect is either transient or lost in apoE
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−/− or LDL receptor −/− mice when they are rendered severely hypercholesterolemic by
feeding saturated fat-enriched diets [7,8,27]. In the present study, apoE −/− mice were fed a
normal laboratory diet and infused with AngII. Similar to the previous studies in modest
hypercholesterolemic states, total lymphocyte deficiency only significantly reduced the size
of atherosclerotic lesions in males [7]. A modest reduction in plasma cholesterol
concentrations may contribute to the reduced atherosclerosis [26]. Current studies indicate
that mechanisms of hypercholesterolemia induced atherosclerosis are the same as those of
AngII augmented disease. Indeed, previous studies have demonstrated that inhibition of the
renin angiotensin system by pharmacological or genetic approaches, profoundly reduces
atherosclerosis in hypercholesterolemic mice [28,29,30].

Many studies have demonstrated that AngII infusion into mice leads to AAA development,
which is more prevalent in males as confirmed in the current study [1,9,16,17,19]. Both T
and B lymphocytes have been detected in aneurysmal tissue of AngII-infused mice [10].
Despite the presence of these cells in aneurysmal tissue of wild type mice, their total
absence had no significant effect on the incidence or maximal diameter of AAAs in either
gender. Interferon gamma is a major cytokine released by T lymphocytes and its deficiency
augments AngII-induced AAAs [31]. However, interferon gamma is released from several
cell types other than T lymphocytes, including natural killer cells, macrophages, and smooth
muscle cells. Therefore, the combination of these studies is consistent with this previously
described effect of interferon gamma on AngII-induced AAAs not being attributable to
release of this cytokine from lymphocytes. While total lymphocyte deficiency had no
detectable effect on the development of AngII-induced AAAs during a 28 day interval, this
does not preclude a possible role for these cell types in subsequent progression. Also, our
study was not powered to detect small effect sizes, so our negative results should not be
interpreted as definitively ruling out minor effects of total lymphocyte deficiency. It should
be noted that Rag-1 deficiency also influences other non lymphocytic leukocyte populations,
such as macrophages and NK cells [32,33]. Therefore, while Rag-1 deficiency has the direct
effect of inhibiting development of mature lymphocytes, there may also be indirect effects
on other types of leukocytes.

In conclusion, these studies demonstrate that total lymphocyte deficiency due to Rag-1
deficiency had no detectable effect on development of AngII-induced AAAs in apoE −/−
mice. Furthermore, this study provides another illustration of the disparate mechanisms in
the formation of AngII-induced atherosclerosis compared to AAAs [17,31,34].
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Figure 1. Total lymphocyte deficiency had no significant effect on basal or AngII-induced
systolic blood pressure
Systolic blood pressure was determined from the mean of measurements for 5 consecutive
days prior to and the last week during AngII infusion in male (A) and female groups (B).
Histobars represent means and bars are SEMs. Statistical analyses were performed by
ANOVA with repeated measures.
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Figure 2. Total lymphocyte deficiency reduced AngII-induced atherosclerosis in male mice
The percent area of grossly discernable atherosclerotic lesions was measured in the arch and
thoracic regions of aortas recovered from apoE −/− mice that are either Rag-1 +/− or −/− in
male (A) and female groups (B). The area for each individual mouse is represented by circle
or inverted triangle; diamonds represent means and bars represent SEMs. Statistical analyses
were performed by Kruskal Wallis with follow up Z test.
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Figure 3. Total lymphocyte deficiency had no significant effect on the size and incidence of
AngII-induced AAAs
Size was measured as maximal diameter of suprarenal aortas in male (A) and female mice
(B). The diameter for each individual mouse is represented by circle or inverted triangle;
diamonds represent means, and bars are SEMs. Statistical analyses were performed by
Kruskal Wallis with follow up Z test.
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