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a b s t r a c t

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
(1000 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 atheroscle-

rotic 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 pro-
moted 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

ice.
formation in apoE −/− m

. Introduction

Chronic subcutaneous infusion of angiotensin II (AngII) into
ypercholesterolemic mice results in augmented atherosclerotic

esion formation [1,2]. Similar to atherosclerotic tissue formed
n hypercholesterolemic mice, AngII-induced lesions are charac-
erized by infiltration of macrophages and T lymphocytes [1,3].

onocyte deficiency virtually ablates development of atheroscle-
otic lesions that form in hypercholesterolemic mice in the absence

nd presence of AngII infusion [4–6]. Total lymphocyte deficiency
ore modestly reduces atherosclerosis, although this effect has

ender specificity and does not occur under conditions of severe
ypercholesterolemia [7,8]. It has not been defined whether total
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lymphocyte deficiency has an effect on the development of AngII-
augmented atherosclerosis.

Infusion of AngII into mice also leads to the formation of abdom-
inal 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 extracel-
lular 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 lympho-
cytes 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

http://www.sciencedirect.com/science/journal/00219150
http://www.elsevier.com/locate/atherosclerosis
mailto:Alan.Daugherty@uky.edu
dx.doi.org/10.1016/j.atherosclerosis.2010.02.034
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Table 1
Effects of AngII infusion into apoE −/− mice that were either Rag-1 +/− or −/−.

Infusion Rag-1 genotype Male Female

n Body weight (g) Cholesterol (mg/dl) n Body weight (g) Cholesterol (mg/dl)

Saline +/− 6 31.7 ± 1.2 291 ± 17 5 23.6 ± 1.0 194 ± 16
−/− 5 30.8 ± 0.5 265 ± 19 4 22.6 ± 0.4 152 ± 14

AngII +/− 16 29.3 ± 0.5 334 ± 20 18 23.2 ± 0.4 291 ± 19**

−/− 15 29.4 ± 0.8 256 ± 19* 19 22.8 ± 0.4 219 ± 12***

Body weight and serum cholesterol concentrations were measured at the end of the study. Values are represented as mean ± SEM. Statistical analyses were performed by
t

g
f
a
t
n

2

2

o
L
m
+
p
n
i
U
t

2

l
k
5
A
f
o
a
a
v
w

2

w
m
p
s
A
o

2

v
b

wo-way ANOVA.
* Denotes P = 0.004 for comparison of versus Rag-1 +/− treated with AngII.

** Denotes P = 0.003 for comparison of versus saline in Rag-1 +/−.
*** Denotes P < 0.001 for comparison of versus Rag-1 +/− infused with AngII.

ene-1 (Rag-1) gene. Rag-1 deficiency leads to an inability to per-
orm VDJ recombination which prevents the formation of mature T
nd B lymphocytes. Although total lymphocyte deficiency reduced
he size of AngII-augmented atherosclerotic lesions in males, it had
o detectable effect on development of AAAs.

. Material and methods

.1. Mice and diet

Rag-1 −/− (stock # 002216) and apoE −/− mice (stock # 002052)
n C57BL/6 background (N10) were purchased from the Jackson
aboratory (Bar Harbor). Rag-1 −/− females were bred to apoE−/−
ales with subsequent breeding to develop littermates of Rag-1

/− and −/− x apoE −/− mice. Rag-1 +/− mice are immunocom-
etent. All mice were maintained in a barrier facility and fed a
ormal laboratory diet. No mice developed any immunological or

nfectious disorders. All study procedures were approved by the
niversity of Kentucky Institutional Animal Care and Use Commit-

ee.

.2. Mouse genotyping and phenotyping

Mouse genotypes were determined by PCR. DNA was iso-
ated from tail snip samples of mice using DNeasy tissue
its (Qiagen). Rag-1 genotyping used the following primers:
′-ACTCAATTCTGACTCAACG, 5′-AACAGATGTCACAGGACG, and 5′-
GAAAGTATCCATCATGGC. The PCR cycle was: 35 cycles – 95 ◦C

or 1 min, 49.5 ◦C for 1 min, 72 ◦C for 2 min, and 1 elongation cycle
f 72 ◦C for 7 min. The wild type and disrupted alleles generated
mplicons of 1.1 kb and 425 bp, respectively. Spleen sections were
nalyzed by immunostaining for mature T and B lymphocytes to
erify phenotype as described previously [10]. ApoE genotypes
ere defined by PCR as described previously [12]

.3. AngII infusion and blood pressure measurement

Saline or AngII (1000 ng/kg/min; Bachem) was infused into 8–10
eek old male and female mice subcutaneously via Alzet osmotic
inipumps (Model 2004, Durect Corp) for 28 days as described

reviously [1]. Systolic blood pressure (SBP) was measured on con-
cious mice for 5 consecutive days prior to and the last week during
ngII infusion using a Visitech tail cuff system, as described previ-
usly [13].
.4. Serum total cholesterol measurement

Serum total cholesterol concentrations were evaluated in indi-
idual serum samples with a commercially available enzymatic-
ased kit (Wako Chemical) [8].
2.5. Quantification of atherosclerosis and aneurysm

Areas of atherosclerotic lesions covering the aortic arch and tho-
rax 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.

2.6. 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 concentra-
tion. Because the usual assumptions for two-way ANOVA were
questionable with the atherosclerosis and abdominal aortic diam-
eter 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 pres-
sure 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.

3. Experimental results

3.1. 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 (1000 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.

3.2. Rag-1 deficiency attenuated AngII-induced atherosclerotic
lesion formation in male mice
Atherosclerotic lesion size was quantified on the intimal sur-
face 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
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Fig. 1. Total lymphocyte deficiency had no significant effect on basal or AngII-
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Fig. 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 were
either Rag-1 +/− or −/− in male (A) and female groups (B). The area for each individ-
nduced systolic blood pressure. Systolic blood pressure was determined from the
ean of measurements for 5 consecutive days prior to and the last week during AngII

nfusion in male (A) and female groups (B). Histobars represent means and bars are
EMs. Statistical analyses were performed by ANOVA with repeated measures.

n both male and female Rag-1 +/− mice (P = 0.017 and P = 0.004,
espectively), which was significantly reduced in males (P = 0.044),
ut not in female Rag-1 −/− mice (Fig. 2A and B). Also, AngII infusion
ailed to significantly increase the size of atherosclerotic lesions in

ale Rag-1 −/− mice, but did in female mice (P = 0.021).

.3. Rag-1 deficiency had no significant effect on AngII-induced
AAs

AAAs were not detected in saline-infused mice of both geno-
ypes 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

o rupture of the aneurysm-prone aortic region. AngII increased
he maximal external diameters of suprarenal aortas in Rag-1 +/−

ale mice (0.88 ± 0.04 versus 1.94 ± 0.15 mm, saline and AngII-
nfused, respectively; P < 0.001), while female mice had a more

odest increase (0.90 ± 0.05 versus 1.58 ± 0.20, saline and AngII-
nfused, respectively; P = 0.008). For both genders, Rag-1 deficiency
ad no significant effect on maximal external diameters of the
uprarenal region compared to heterozygous mice (Fig. 3A and B).
AA incidence in male mice was 84% and 69% in Rag-1 +/− and
/−, respectively (not statistically significant). Furthermore, AAA

ncidence in females was not significantly different between Rag-1
/− and −/−.
. Discussion

Many groups have consistently demonstrated that chronic
ubcutaneous Angll infusion into hypercholesterolemic mice aug-
ual 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.

ments 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 defi-
ciency [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 1000 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 sys-
tolic blood pressure to Angll-infused mice [2]. In contrast to Angll
infusion, norepinephrine infusion had only a minor effect in aug-
menting 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 infu-
sion, or during the 28 day interval of infusion. In contrast, a recent
report has demonstrated Rag-1 deficiency had no significant effect
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Fig. 3. Total lymphocyte deficiency had no significant effect on the size and inci-
dence of AngII-induced AAAs. Size was measured as maximal diameter of suprarenal
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ortas in male (A) and female mice (B). The diameter for each individual mouse is
epresented by circle or inverted triangle; diamonds represent means, and bars are
EMs. Statistical analyses were performed by Kruskal Wallis with follow-up Z test.

n basal systolic blood pressure, but attenuated Angll-induced
ncreases [22]. Strain differences do not account for the differences
ince most of the Angll infusions into hypercholesterolemic mice
ave been performed using the C57BL/6 strain; as were the stud-

es of Guzik et al. [22]. A difference in the experimental designs
s the use of normo- versus hypercholesterolemic apoE −/− mice.
ncreased plasma cholesterol concentrations have well character-
zed effects on vascular contractility and relaxation [23,24]. Further
tudies will be needed to determine whether plasma cholesterol
oncentrations and characteristics of lipoproteins may explain the
ivergent results.

Several studies have determined the effects of total lymphocyte
eficiency, either in Rag-1 or Rag-2 deficiency, on atheroscle-
osis development in hypercholesterolemic mice. These studies
ave demonstrated that total lymphocyte deficiency reduced
ypercholesterolemia-induced atherosclerosis in both apoE −/−
nd LDL receptor −/− mice, with a more profound effect in
ales [7,25–27]. However, this protective effect is either tran-

ient or lost in apoE −/− or LDL receptor −/− mice when they
re rendered severely hypercholesterolemic by feeding saturated
at-enriched diets [7,8,27]. In the present study, apoE −/− mice
ere fed a normal laboratory diet and infused with AngII. Simi-

ar to the previous studies in modest hypercholesterolemic states,
otal lymphocyte deficiency only significantly reduced the size

f atherosclerotic lesions in males [7]. A modest reduction in
lasma cholesterol concentrations may contribute to the reduced
therosclerosis [26]. Current studies indicate that mechanisms
f hypercholesterolemia-induced atherosclerosis are the same as
sis 211 (2010) 399–403

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 [28–30].

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 lym-
phocytes have been detected in aneurysmal tissue of AngII-infused
mice [10]. Despite the presence of these cells in aneurysmal tis-
sue 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 stud-
ies 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 defi-
ciency 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 lympho-
cyte deficiency due to Rag-1 deficiency had no detectable effect
on development of AngII-induced AAAs in apoE −/− mice. Fur-
thermore, 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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