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Abstract

Aging of the arteries is characterized by increased large artery stiffness and impaired endothelium 

dependent dilation. T cells contribute to hypertension in acute rodent models but whether they 

contribute to chronic age-related arterial dysfunction is unknown. To determine whether T cells 

directly mediate age-related arterial dysfunction, we examined large elastic artery and resistance 

artery function in young (4-6 months) and old (22-24 months) wild type mice treated with 

anti-CD3 F(ab’2) fragments to deplete T cells (150μg, i.p. every 7 days for 28 days) or isotype 

control fragments. Old mice exhibited greater numbers of T cells in both aorta and mesenteric 

vasculature when compared to young mice. Old mice treated with anti-CD3 fragments exhibited 

depletion of T cells in blood, spleen, aorta and mesenteric vasculature. Old mice also exhibited 

greater numbers of aortic and mesenteric IFN-γ and TNF-α producing T cells when compared 

to young. Old control mice exhibited greater large artery stiffness and impaired resistance artery 

endothelium dependent dilation in comparison to young mice. In old mice, large artery stiffness 

was ameliorated with anti-CD3 treatment. Anti-CD3 treated old mice also exhibited greater 

endothelium dependent dilation compared to age-matched controls. We also examined arterial 

function in young and old Rag-1−/− mice, which lack lymphocytes. Rag-1−/− mice exhibited 

blunted increases in large artery stiffness with age compared to wild type mice. Old Rag-1−/− 

mice also exhibited greater endothelium dependent dilation compared to old wild type mice. 

Collectively, these results demonstrate that T cells play an important role in age-related arterial 

dysfunction.
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INTRODUCTION:

Aging is the most predictive risk factor for cardiovascular disease (Lakatta & Levy, 2003) 

and the majority of cardiovascular diseases are diseases of the arteries. Two major hallmarks 

of arterial aging are: 1) increased large artery stiffness, and 2) impaired endothelium 

dependent dilation, primarily mediated by a loss of endothelial-derived nitric oxide (NO) 

(Gerhard et al., 1996; Lakatta & Levy, 2003; Blackwell et al., 2004; Donato et al., 

2007). Both age-related increases in large artery stiffness and impairments in endothelium 

dependent dilation are, in part, mediated by increased arterial superoxide (Blackwell et 

al., 2004; Donato et al., 2007; Trott et al., 2011; Gioscia-Ryan et al., 2018). Specifically, 

superoxide reacts with NO, generating peroxynitrite and decreasing NO bioavailability 

which can cause both impairments in endothelium dependent dilation and increased 

large artery stiffness (Fitch et al., 2001; Blackwell et al., 2004; Fleenor et al., 2012). 

Inflammation has been implicated in age-related arterial reactive oxygen species production 

and subsequent dysfunction; however, the vast majority of investigations have focused on 

inflammation of the vascular wall itself (Wang et al., 2007; Donato et al., 2008; Pierce et al., 

2009; Morgan et al., 2013). In contrast, whether cells of the immune system induce arterial 

inflammation with advancing age is less well understood.

T cells have been shown to contribute to endothelial dysfunction and large artery stiffening 

in acute rodent models of hypertension (Guzik et al., 2007; De Miguel et al., 2010; Wu 

et al., 2016; Pan et al., 2020), as well as in the development of atherosclerosis (Elhage 

et al., 2004). In contrast to these acutely induced models of rodent hypertension and 

atherosclerosis, aging is more representative of human physiology where arterial function 

declines over years rather than days or weeks. Further, large artery stiffening and endothelial 

dysfunction precede the development of frank cardiovascular diseases like hypertension and 

atherosclerosis (Liao et al., 1999; Ras et al., 2013). In this investigation, we sought to 

determine whether T cells contribute to arterial aging independent of overt cardiovascular 

disease.

There is evidence that T cell specific aging contributes to cardiovascular risk, as T cells 

with an aged phenotype are more prevalent in middle-aged humans with hypertension (Youn 

et al., 2013). Arteries from older adults also exhibit greater CCL2 (an important T cell 

recruiting chemokine) production (Wang et al., 2007; Morgan et al., 2013). Intriguingly, 

patients with rheumatoid arthritis, an autoimmune disease that features premature T cell 

aging, are at greater risk for cardiovascular disease even when controlling for traditional risk 

factors (del Rincon et al., 2001).

We have found that T cells accumulate in aorta and the mesenteric vascular arcade in old 

mice (Lesniewski et al., 2011; Trott et al., 2018). Despite these observational studies, it 

is unknown whether T cells play a direct role in age-related arterial dysfunction prior to 
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the onset of frank arterial diseases. Therefore, this investigation was designed to test the 

hypothesis that T cells directly contribute to age-related arterial dysfunction.

METHODS AND MATERIALS:

Ethical Approval and Animals:

All animal experiments conformed to the Guide and Use of Laboratory Animals and 

were approved by the University of Utah, Veteran’s Affairs Medical Center-Salt Lake City 

(VAMC-SLC) or the University of Texas at Arlington Animal Care and Use Committees. All 

experiments comply with the ethics policies of J Physiol.

Young male (4-6 month) C57BL/6 mice were obtained from Charles River Inc. and old 

(22-24 months) male C57BL/6 mice were obtained from the National Institute of Aging 

(NIA) colony maintained by Charles River Inc. For studies of genetic lymphocyte deficiency 

B6.129S7-Rag1tm1Mom/J (Rag-1−/−), male and female mice were obtained from Jackson 

Laboratories and were bred and aged at the VAMC-SLC animal facility. Male and female 

C57BL/6 mice served as controls. All mice were housed under specific pathogen free 

conditions in standard mouse cages on a 12:12 light:dark cycle with ad libitum access to 

food and water in the animal facility at either the VAMC-SLC or at University of Texas 

at Arlington. Mice were euthanized by a terminal cardiac puncture followed by secondary 

bilateral thoracotomy while under isoflurane anesthesia. Unless otherwise stated, chemicals 

were obtained from Sigma-Aldrich (St. Louis, MO).

T cell depletion:

To deplete T cells, young (n = 24) and old (n = 29) mice were treated with anti-CD3 F(ab’)2 

fragments (BioXCell catalog #BE0001-1FAB, 150μg i.p., once every 7 days, for 28 days). 

This regimen has been shown to deplete T cells both in the spleen (a major T cell reservoir) 

(Hirsch et al., 1990) and in peripheral tissues (Winer et al., 2009). Control young (n = 

24) and old (n = 28) mice were treated with a matched regimen of isotype control F(ab’)2 

fragments (BioXCell catalog #BE0091-FAB). On day 28 the mice were euthanized. Mice 

that died prior to day 28 were excluded from final analyses.

Blood Pressure:

Before commencing antibody fragment treatment and 2 to 3 days prior to euthanasia, 

conscious blood pressure was assessed non-invasively in a subset of mice using the 

tail volume pressure recording method (CODA, Kent Scientific) as described previously 

(Donato et al., 2013).

Pulse Wave Velocity:

Before antibody fragment treatment and one to two days prior to euthanasia, large artery 

stiffness was assessed by measuring aortic PWV as described previously (Machin et 

al., 2020). Briefly, mice were anesthetized under 2% isoflurane and maintained via nose­

cone. Mice were secured in a supine position on a heating board (~35° C) to maintain 

body temperature. Velocities were measured with 4 mm piezoelectric crystal, 20-MHz 

Doppler probes (Indus Instruments, Webster, TX, USA) at the transverse aortic arch and 
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~3 cm distal at the abdominal aorta and collected using WinDAQ Pro+ software (DataQ 

Instruments, Akron, OH, USA). Absolute pulse arrival times were indicated by the sharp 

upstroke, or foot, of each velocity waveform analyzed with WinDAQ Waveform Browser 

(DataQ Instruments). Aortic pulse-wave velocity was then calculated as the quotient of the 

separation distance, assessed to the nearest half millimeter by engineering caliper (typically 

~3 cm), and the difference in absolute arrival times.

Flow cytometry:

Following euthanasia, to remove circulating leukocytes from arteries, the chest cavity was 

opened and the right atrium was nicked. A cannula was placed in the left ventricle and the 

animals were perfused with saline + 10 U/ml of heparin at physiological pressure until the 

effluent was cleared of blood. Aortas were dissected from the aortic arch to the diaphragm 

and lymph nodes were removed. Blood vessels and perivascular tissue of the mesenteric 

vascular arcade was dissected away from the intestinal wall with care to avoid puncturing 

the wall and to exclude mesenteric lymph nodes. Perivascular adipose tissue around both 

the aorta and mesenteric vascular arcade was included as this is where arterial immune cells 

accumulate (Guzik et al., 2007; Lesniewski et al., 2011).

Following dissection, spleens, aortas, and mesenteric vascular arcades were digested using 

collagenase type I (Worthington, 450 U/ml), and DNAse (Worthington, 0.1 mg/ml) dissolved 

in DPBS buffer containing calcium and magnesium for 30 min at 37° C. The tissues 

were further dispersed using repeated pipetting and the resultant homogenate was passed 

through a 70 μm sterile filter, yielding single-cell suspensions. Dead cells were labeled 

with Tonbo Ghost Dye and excluded from analysis. Single cell suspensions were labeled 

with the following anti-mouse antibodies at a 1:100 concentration: violetfluor450-CD45, 

Tonbo #75-0454 (total leukocytes), APC-CD3, Tonbo #20-0032 (pan T cells), FITC-CD4, 

Tonbo #30-0041 (T helper cells), PE-Cy7-CD8, Tonbo #60-0081 (cytotoxic T cells), PerCP 

Cy5.5-CD44, Tonbo #65-00441 (naïve vs memory), and APC-Cy7-CD62L Tonbo #25-0621 

(central vs effector).

To assess T cell cytokine production single cell suspensions were stimulated with phorbol 

12-myristate 13-acetate (PMA, 10 ng/ml) and ionomycin (1 μg/ml) for 6 hours. During 

this incubation, protein transport out of the golgi apparatus was blocked with brefeldin 

A (10 μg/ml). Following stimulation cells were labeled with the following anti-mouse 

antibodies: PE/Dazzle-CD45, Biolegend #109846, APC-CD3, Tonbo #20-0032, FITC-CD4, 

Tonbo #30-0041 and PE-Cy5-CD8 Tonbo #55-0081. Following cell surface staining 

cells were fixed in 2% paraformaldehyde and permeablized with Intracellular Staining 

Permeabilization Wash Buffer (Biolegend). Cells were then labeled with PE-Cy7-IFN-γ, 

Tonbo #60-7311 and PerCPCy5.5-TNF-α, Biolegend #506321.

In separate experiments B cells and macrophages were assessed with violetfluor450-CD45 

(total leukocytes), APC Cy7-CD19, Biolegend #115529 (B cells), PE-CD64, Biolegend 

#139303 (macrophages), FITC-CD11c, Tonbo #35-0114 (exclusion of dendritic cells), APC­

CD206, Biolegend #141707 (M1/M2 macrophage phenotype) (Zamarron et al., 2017). Cell 

subpopulations were assessed on a 3 laser BD FACS Canto II or a 3 laser BD FACS 
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Melody. The “fluorescence minus one” technique was used to establish gating, as described 

previously (Trott et al., 2014).

Gene expression:

Gene expression for superoxide producing enzymes and superoxide dismutases was assessed 

by quantitative PCR. Following euthanasia, aortas from young and old, isotype and anti­

CD3 treated mice were dissected and perivascular adipose tissue was removed. RNA was 

extracted using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol. 

mRNA was converted into cDNA by using QuantiTect Reverse Transcription Kit (Qiagen) 

according to the manufacturer’s protocol. Quantitative PCR was performed on 96-well 

plates by using RT2 SYBR Green qPCR Master mix (Qiagen) with the Bio-Rad CFX™ 

Real-Time System. Expression of the genes was normalized to 18s and are presented as fold 

change compared to young isotype as calculated by the ΔΔCt method (Livak & Schmittgen, 

2001). The primers employed for qPCR are shown in Table 1.

Mesenteric Artery Endothelium Dependent Dilation:

To assess endothelium dependent dilation, 2nd order mesenteric arteries were gently cleared 

of adipose and connective tissue and cannulated in the stage of a pressure myograph (DMT 

Inc, Atlanta, GA, USA) in physiological saline solution. Arteries were pressurized to an 

intraluminal pressure of 68 cmH2O and allowed to equilibrate for 60 min. As mesenteric 

arteries from C57BL/6 mice exhibit a blunted myogenic response with age (Gros et al., 

2002), arteries were preconstricted using phenylephrine (≤ 2 μM). Arteries with leaks or 

ones that did not constrict at least 20% in response to phenylephrine were discarded. 

Dilation was assessed in response to increasing doses of acetylcholine (ACh,10−9-10−4 M), 

two minutes per dose. To determine the contribution of NO, the ACh dose response was 

performed in the presence of L-NAME (0.1 mM) (Durrant et al., 2009; Lesniewski et al., 

2009). Superoxide-mediated suppression of endothelium dependent dilation was assessed 

by repeating the ACh concentration response curves in the presence of the superoxide 

dismutase mimetic, TEMPOL (1 mM). Endothelium independent dilation was assessed by 

dose response to sodium nitroprusside (SNP, 10−9-10−3 M), two minutes per dose (Muller­

Delp et al., 2002; Durrant et al., 2009). Vessel diameters were measured by MyoView 

software (DMT, Inc., Atlanta, GA, USA) and the maximal diameter during the last minute of 

each dose was recorded, consistent with previous methods (Muller-Delp et al., 2002; Durrant 

et al., 2009; Lesniewski et al., 2009; Trott et al., 2009; Donato et al., 2012). Maximal 

artery passive diameter was assessed after incubation in Ca2+ free physiological saline for 

30 minutes. All dose–response data are presented as percent of possible dilation, calculated 

as [(Ddose – DB)/(DP - DB)] x 100, where Ddose is the measured diameter for a given dose, 

DB is baseline tone/preconstricted diameter before an intervention was started, and DP is 

maximal passive diameter. Baseline tone was calculated as (DB/DP) x 100.

Statistical Analyses:

Personnel were blinded to the treatment group until after data collection was complete. 

To assess group differences in immune cell and gene expression outcomes, a two-way 

ANOVA was employed using age and antibody fragment treatment as fixed factors. In cases 

where a significant age x treatment interaction occurred, we employed Tukey’s post hoc 
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tests to determine group differences. For experiments that compare young and old mice, 

an independent samples T test was employed. To assess group differences in PWV, heart 

rate, blood pressure, endothelium dependent dilation and endothelium independent dilation, 

a repeated measures ANOVA was employed using time or dose and group as factors. In 

cases where a significant time or dose x group interaction occurred, we employed either 

Sidak’s (2 groups) or Tukey’s (more than 2 groups) post hoc tests to determine group 

differences and/or main effects of dose. To compare PWV across the lifespan, slopes were 

compared using linear regression. Sample size (n) is the number of individual animals per 

group unless otherwise noted in the figure legend. Statistics were calculated using Graphpad 

Prism versions 8 and 9. Data are reported as mean ± standard deviation. P values ≤ 0.05 

were considered statistically significant.

RESULTS:

Efficacy of T cell depletion

We employed anti-CD3 F(ab’)2 fragments to deplete T cells in young (4-6 months) and old 

(22-24 months) C57BL/6 mice. Out of 105 total mice randomized to isotype or anti-CD3 

treatment, 3 young isotype, 2 young anti-CD3, 5 old isotype and 4 old anti-CD3 died during 

the 28 day treatment period. We examined total T cells (CD3) as well as CD4 and CD8 T 

cells in the blood and spleen using flow cytometry after 28 days of treatment with anti-CD3 

F(ab’)2 fragments or isotype control fragments. In concert with previous reports (Hirsch et 

al., 1990), we found lower proportions of CD3 T cells in blood and spleen of both young 

and old anti-CD3 treated animals (Figure 1A & B). We also observed inverted CD4-to-CD8 

ratios in old animals; this inverted ratio was not altered by T cell depletion (Figure 1A & B).

Effects of T cell depletion on large elastic arteries

We next assessed aortic immune cell accumulation. Aortas from old mice exhibited greater 

total immune cell (CD45) accumulation when compared to young (Figure 2A). Anti-CD3 

treatment did not alter aortic total immune cell accumulation in either young or old mice. 

T cells comprised a smaller percentage of total immune cells with both age and anti-CD3 

treatment (Figure 2C). Old mice exhibited greater total aortic T cell (CD3) accumulation 

(Figure 2B & D). The increase in total aortic CD3 cell numbers was primarily driven by an 

increase in CD8 T cells (Figure 2B & D). Similar to blood and spleen ratios, the CD4:CD8 

ratio was lower in aortas from old mice and not affected by anti-CD3 treatment (Figure 

2E). Anti-CD3 treatment resulted in fewer aortic total, CD4 and CD8 T cells in both young 

and old mice when compared to controls (Figure 2B-D). In old mice, aortic CD8 effector 

memory (CD44hi/CD62Llo) cells made up a greater proportion of CD8 cells and were 

greater in number compared to young mice (Figure 2F & G). Anti-CD3 treatment resulted in 

blunted CD8 effector memory cell numbers (Figure 2F & G).

To determine whether T cell depletion might alter aortic recruitment and/or retention of 

other immune cells types, we also assessed aortic B cells and macrophages. Aortas from old 

mice exhibited greater B cell and macrophage numbers than young controls (Figure 2H & 

I); anti-CD3 treatment did not significantly alter aortic macrophage or B cell accumulation. 
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There was also no alteration in M1/M2 macrophage phenotype with either age or anti-CD3 

treatment (Figure 2J).

We next sought to determine whether the inflammatory phenotype of arterial T cells is 

altered with age. We found that aging resulted in a greater proportion of aortic CD4 

and CD8 T cells that produced interferon (IFN)-γ and greater total number of CD8 

IFN-γ producing cells (Figure 3A-C). We also observed a greater proportion of CD8 T 

cells producing tumor necrosis factor (TNF)-α in aortas of old mice (Figure 3D-F). The 

proportions and numbers of aortic CD4 T cells producing TNF-α were not altered (Figure 

3D-F).

To determine whether T cells play a role in large artery stiffening, we assessed aortic pulse 

wave velocity (PWV) before and after anti-CD3 treatment. Before anti-CD3 treatment, old 

mice exhibited elevated PWV when compared to young mice (Figure 4A). There was an 

effect of time but not treatment on PWV in young mice (Figure 4B). In old mice, anti-CD3 

treatment significantly decreased PWV when compared to old controls (Figure 4C). Heart 

rates during measurement of PWV were similar between old anti-CD3 treated mice (475 ± 

55 beats per min (BPM) pre vs. 451 ± 55 BPM post, n = 12) and old controls (465 ± 40 

BPM pre vs. 456 ± 96 BPM post, n = 13) as assessed by repeated measures ANOVA, (time 

effect p = 0.219, treatment effect p = 0.892, interaction p = 0.580; data are mean ± SD). 

Neither old mice treated with anti-CD3 fragments (117 ± 20 mmHg pre vs 125 ± 35 mmHg 

post, n = 14) nor old controls (132 ± 19 mmHg pre, vs. 140 ± 21 mmHg post n = 14), 

exhibited altered systolic tail cuff blood pressure as assessed by repeated measures ANOVA 

(time effect p = 0.748, treatment effect p = 0.143, interaction p = 0.900; data are mean ± 

SD).

As superoxide anion plays a role in large artery stiffening, we examined aortic gene 

expression of enzymes responsible for superoxide production (Xanthine Oxidase, Xo and 

NADPH Oxidase, Nox2) and superoxide scavenging (Superoxide Dismutase, Sod1, Sod2 
and Sod3). We found that Xo gene expression was not altered with age or anti-CD3 

treatment (Figure 4D). Old mice exhibited greater Nox2 gene expression compared to young 

regardless of anti-CD3 treatment (Figure 4D). Anti-CD3 treatment resulted in greater gene 

expression of Sod1, Sod2 and Sod3 regardless of age group (Figure 4D).

Effects of T cell depletion on the mesenteric arcade

We next assessed immune cell accumulation in the mesenteric vascular arcade. Similar to 

aorta, total immune cell (CD45) accumulation was greater in the mesenteric arcade of old 

mice compared to young (Figure 5A). There was no effect of anti-CD3 treatment on total 

immune cell accumulation (Figure 5A). The proportion of CD3 cells in the mesenteric 

arcade was not altered with age but was blunted with anti-CD3 treatment (Figure 5B). The 

mesenteric vascular arcade of old mice exhibited greater pan T (CD3) cell counts compared 

to young mice (Figures 5C). Anti-CD3 treatment resulted in lower CD3 cell counts in the 

mesenteric arcade of older mice (Figure 5B & C). To determine whether age-related T cell 

accumulation is related to mesenteric adipose mass, we assessed mesenteric arcade mass 

(primarily adipose) and found that it was not altered with age but was blunted with anti-CD3 

treatment (Figure 5D). When normalized to mesenteric mass, the age-related accumulation 
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of T cell is preserved. However, anti-CD3 treatment did not result in lower mesenteric T cell 

numbers when normalized to tissue mass (Figure 5E). We next assessed the subtype of T 

cells in the mesentery and found that aging resulted in greater accumulation of CD8 T cells 

in the mesentery and, that despite depleting pan T cells (Figure 5C), anti-CD3 treatment did 

not result in significant blunting of CD4 (p = 0.094) or CD8 (p = 0.124) cells separately 

(Figures 5 F & G). Similar to blood, spleen and aorta, CD4:CD8 ratios were blunted in 

the mesenteric arcade of older animals, and these ratios were not altered by anti-CD3 

treatment (Figure 5H). We next assessed CD8 effector memory (CD44hi/CD62Llo) cells 

in the mesenteric arcade. These cells were almost completely absent in young animals 

(Figure 5I &J). Old mice exhibited both a greater proportion and number of mesenteric CD8 

effector memory cells, and the age-related accumulation of CD8 effector memory cells was 

ameliorated by anti-CD3 treatment (Figure 5I &J).

We also assessed macrophage and B cell accumulation in the mesenteric vascular arcade. 

There was an effect of age, but no treatment effect on mesenteric B cell accumulation 

(Figure 5K). Similarly, mesenteric arcades from old mice had greater macrophage numbers 

compared to those from young, but there was no effect of anti-CD3 treatment on 

macrophage accumulation (Figure 5L). Macrophage M1/M2 phenotype was not altered with 

age or anti-CD3 treatment (Figure 5M).

We assessed T cell cytokine production in cells from the mesentery and found that aging did 

not alter the proportions of T cells producing either IFN-γ or TNF-α (Figure 6A & B, D & 

E). In contrast, mesenteries from old mice exhibited greater absolute numbers of CD4 and 

CD8, IFN-γ and TNF-α producing cells (Figure 6A & C, D & F).

Following antibody fragment treatment, we assessed endothelium dependent dilation in 2nd 

order mesenteric arteries. Arteriolar diameter did not differ with age or anti-CD3 treatment, 

nor did initial constrictor tone prior to ACh dose responses (Table 2). We found that old 

isotype control mice exhibited significantly blunted dilation (maximal dilation of 32.8 ± 

14.4) in response to ACh compared to young isotype control mice (maximal dilation of 

62.7 ± 20.2, p = 0.001, as compared by independent samples T test, data are means ± SD) 

(Figure 7A & B). Anti-CD3 treatment did not alter endothelium dependent dilation in young 

mice (Figure 7A), but old anti-CD3 treated mice exhibited greater endothelium dependent 

dilation compared to old controls (Figure 7B). Arteries from old mice exhibited blunted 

preconstriction prior to SNP dose responses (Table 2) but neither age nor treatment effected 

endothelium independent dilation (Figure 7C).

We next sought to determine whether the improvements in endothelium dependent dilation 

observed in old anti-CD3 treated mice were dependent on NO. Endothelium dependent 

dilation in the presence of the NO synthase inhibitor, L-NAME, was blunted in old anti-CD3 

treated mice compared to dilation in the absence of L-NAME; whereas L-NAME did not 

alter endothelium dependent dilation in old isotype controls (Figure 8A). These observations 

indicate that old anti-CD3 treated mice exhibit greater NO bioavailability compared to 

old isotype controls. In young isotype control mice, L-NAME blunted dilation; however, 

although an overall effect of L-NAME was not observed in young anti-CD3 treated mice, 

following the observation of a significant dose x group interaction, post hoc tests indicated 
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that L-NAME blunted dilation at the 10−4 M dose (p = 0.032, compared to in the absence 

of L-NAME) in young anti-CD3 treated arteries (Figure 8D). To determine whether T 

cells contribute to arteriolar superoxide, we assessed endothelium dependent dilation in 

the presence of the superoxide scavenger TEMPOL. TEMPOL improved endothelium 

dependent dilation in arteries from old isotype controls, but not old anti-CD3 treated 

mice (Figure 8B). TEMPOL did not alter dilation in arteries from young animals (Figure 

8E). To determine whether the scavenging of superoxide improved NO bioavailability, we 

performed ACh dose responses in the presence of TEMPOL & L-NAME. The combination 

of TEMPOL & L-NAME abolished the TEMPOL induced improvements in dilation in 

arteries from the old isotype control mice (Figure 8C). The combination of TEMPOL 

& L-NAME did not alter endothelium dependent dilation in arteries from young mice 

(Figure 8F). No group differences in initial tone were observed prior to dose responses with 

L-NAME, TEMPOL or L-NAME & TEMPOL (Table 2).

Arterial Function in mice with genetic deletion of lymphocytes

We also assessed arterial function in B6.129S7-Rag1tm1Mom/J (Rag-1−/−) mice, which lack 

recombinase activating gene and cannot generate T or B cells, and compared these measures 

to age-matched C57BL/6 wild type mice. We first assessed PWV in Rag-1−/− mice and wild 

type mice every 3 months from 3 months up to 24 months of age. PWV increased with 

age in both strains but this increase was blunted in Rag-1−/− mice compared to wild type 

mice (Figure 9A). We next assessed endothelium dependent dilation in 2nd order mesenteric 

arteries from young (4-6 months) and old (22-24 months) C57BL/6 and Rag-1−/− mice. 

Artery diameter was greater with age but there was no strain difference. (Table 3). Arteries 

from Rag-1−/− mice exhibited blunted preconstriction compared to wild type (Table 3). In 

young mice, there were no strain differences evident in endothelium dependent dilation 

(Figure 9B). When comparing old wild type and old Rag-1−/− mice, we did not observe a 

significant group difference but there was a significant group x dose interaction and post hoc 
tests revealed significantly greater dilation in arteries from old Rag-1−/− mice at the 10−5 

M (p = 0.004 vs. old wild type) and 10−4 M (p = 0.003 vs. old wild type) doses of ACh 

(Figure 9C). To assess NO bioavailability, we performed ACh dose responses in the presence 

of L-NAME. We found that L-NAME blunted dilation in arteries from both young and old 

Rag-1−/− mice (Figure 9D), indicating preserved NO bioavailability with age. Endothelium 

independent dilation was not affected by age or strain (Figure 8E).

DISCUSSION:

The principal findings of this investigation are as follows: 1) Aging results in increased T 

cell accumulation in both the aorta and mesenteric vasculature. 2) Aging results in greater 

numbers of proinflammatory cytokine producing T cells in both the aorta and mesenteric 

vasculature. 3) Anti-CD3 treatment results in T cell depletion in the blood and spleen as 

well as aortic and mesenteric vascular arcade T cell depletion. 4) T cell depletion decreased 

age-related large artery stiffness in old mice. 5) Old mice treated with anti-CD3 fragments 

exhibited greater endothelium dependent dilation and NO bioavailability compared to old 

controls. 6) Rag-1−/− mice, which lack lymphocytes, exhibited blunted increases in large 

artery stiffness over the lifespan as well as greater endothelium dependent dilation at old 
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age compared to wild type mice. The observations that aging is associated with greater 

CD8 proinflammatory arterial T cell accumulation, that depletion of T cells improve arterial 

function in old mice, and that mice that lack T cells exhibit enhanced arterial function 

with age collectively suggest that T cells directly act as a mediator of cell non-autonomous 

arterial aging.

We assessed T cell accumulation and phenotype in both the aorta and mesenteric vascular 

arcade of old mice. We have previously observed increased T cell accumulation in the 

perivascular space of both the aorta and mesenteric vascular arcade (Lesniewski et al., 2011; 

Trott et al., 2018). In the present investigation, we extend this observation by examining 

T cell phenotype. We observed an inverted CD4:CD8 ratio in blood and spleen, consistent 

with others observations in both rodents and humans (Callahan et al., 1993; Strindhall et 

al., 2013). In older adults, inverted CD4:CD8 ratios are associated with mortality (Wikby 

et al., 1998). In this investigation, we found an inverted CD4:CD8 with age in the aorta 

and mesentery. Notably, CD8 cells, in particular effector memory cells, accounted for much 

of the age-related increase in arterial T cell accumulation in both aorta and mesentery. 

CD8 Effector memory cells accumulate with age and inappropriately produce inflammatory 

mediators (Goronzy & Weyand, 2019). CD8 T cells are also the critical subset of T cells 

in angiotensin II-induced hypertension in young mice (Trott et al., 2014). Combined, these 

observations suggest that CD8 T cells contribute to age-related arterial dysfunction, more so 

than CD4 T cells.

In addition to a greater number of total and CD8 cells in both the aorta and mesenteric 

arcade, we also found greater numbers of CD8 T cells that produce the inflammatory 

cytokines IFN-γ and TNF-α in the aorta, and greater numbers of CD4 and CD8 cells 

that produce both IFN-γ and TNF-α in the mesenteric vasculature. In the aorta, greater 

inflammatory cell numbers are partially due to greater aortic T cell numbers and partially 

due to a larger proportion of cells that produce inflammatory cytokines. In contrast, in 

the mesenteric vasculature, aging did not alter the phenotype of accumulating T cells 

and total T cell trafficking appears to explain the increased numbers of IFN-γ and TNF-

α producing cells. Other investigations have established that thoracic aortic perivascular 

adipose (examined in this investigation) exhibits a brown adipose tissue phenotype; whereas, 

the abdominal aorta and mesenteric perivascular adipose tissue exhibits a white adipose 

phenotype (Padilla et al., 2013; Restini et al., 2018; Watts et al., 2020). Whether these 

differences in adipose phenotype underlie the different age-related phenotypes of T cells 

accumulating around the aorta and within the mesenteric arcade, and whether brown and 

white adipose interact to regulate arterial immune cell accumulation with advanced age is 

unknown and warrants future investigation.

Whether T cells from old animals exhibit intrinsic defects in trafficking and inappropriately 

home to the artery, or whether the old artery actively recruits these cells is largely unknown. 

We and others have shown that arteries from old mice and humans exhibit greater production 

of CCL2 and CXCL10, both important T cell recruiting chemokines (Wang et al., 2007; 

Donato et al., 2008; Wang et al., 2011; Song et al., 2012; Trott et al., 2017). In addition, fat 

associated lymphoid clusters (FALCs) develop in the mesenteric and visceral adipose with 

age (Lumeng et al., 2011; Camell et al., 2019). These FALCs contain large numbers of T 

Trott et al. Page 10

J Physiol. Author manuscript; available in PMC 2022 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells, so it is possible that aging results in expansion of lymphoid tissue and/or breakdown 

of lymphoid capsules and release of immune cells in the perivascular adipose. In this study, 

we found that both young and old anti-CD3 treated mice exhibited lower mesenteric adipose 

mass compared to controls. This observation suggests that the relationship between T cell 

accumulation and adipose mass may be bidirectional. Overall, the mechanisms driving 

age-related arterial T cell accumulation and in particular, whether this accumulation is 

primarily driven by the artery, the perivascular adipose or the T cells themselves is yet to be 

elucidated.

In light of our previous observations that T cell accumulation is greater in old arteries 

compared to young (Lesniewski et al., 2011; Trott et al., 2018) we sought to determine 

whether T cells play a direct role in age-related arterial dysfunction. To accomplish this we 

employed an anti-CD3 treatment previously used to deplete T cells in the spleen (Hirsch et 

al., 1990), as well as in the visceral adipose (Winer et al., 2009). In the present investigation, 

similar to others, we found that treatment with anti-CD3 F(ab’)2 fragments depleted T 

cells in the spleen. In the aorta, anti-CD3 treatment resulted in blunted total, CD4, and 

CD8 numbers in both young and old mice. In the mesenteric vascular arcade, anti-CD3 

treatment resulted in lower total T cell numbers. We also sought to determine whether anti­

CD3 treatment might alter recruitment and retention of arterial B cells and macrophages, 

two cell types that have also been shown to contribute to arterial dysfunction in acute 

hypertension models (Wenzel et al., 2011; Chan et al., 2015). We found that age, but not 

anti-CD3 treatment, altered B cell and macrophage numbers in both the aorta and mesenteric 

vasculature. These results indicate that our T cell depletion regimen was effective in the 

spleen, blood, and arteries. These data also indicate that T cells do not play a critical role in 

recruitment or retention of other immune cell types to the aged artery.

Increased arterial stiffness that occurs with age (Vaitkevicius et al., 1993; Lakatta & Levy, 

2003) contributes to increased pulse pressure, systolic blood pressure and to the subsequent 

increased risk for cardiovascular disease, in particular cerebrovascular disease and heart 

failure (Shirwany & Zou, 2010; Ben-Shlomo et al., 2014). In the present investigation, 

we found that large artery stiffness is greater with advanced age and that depletion of T 

cells significantly ameliorated age-related arterial stiffening. Consistent with our finding that 

aging results in greater numbers of aortic TNF-α and IFN-γ producing T cells, there is 

evidence that both cytokines play a role in aortic stiffness. TNF-α antagonists consistently 

lower large artery stiffness in rheumatoid arthritis patients (Vlachopoulos et al., 2018) and 

TNF-α derived from the perivascular adipose has been shown to mediate aortic stiffening in 

a rodent model of metabolic syndrome (DeVallance et al., 2018). T cell derived IFN-γ has 

been shown to mediate increased aortic stiffening in a mouse model of transplant rejection 

(Zhou et al., 2015) and IFN-γ mediates end organ (including aortic) damage in Angiotensin 

II treated mice (Pan et al., 2020). Exercise, which lowers age-related large artery stiffening 

in both rodents and humans (Vaitkevicius et al., 1993; Fleenor et al., 2010), also ameliorates 

age-related increases in aortic TNF-α and IFN-γ (Lesniewski et al., 2011). Combined with 

our findings in the current investigation, these data suggest that T cell derived TNF-α and 

IFN-γ play a critical role in the development of large artery stiffness with age.
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To gain insight into how T cells and pro-inflammatory cytokines mediate increased 

aortic stiffening we examined aortic gene expression for enzymes responsible for reactive 

oxygen species production and scavenging. Arterial reactive oxygen species, in particular 

superoxide, have been shown to play a major role in age-related aortic stiffness (Fleenor et 

al., 2012; Gioscia-Ryan et al., 2018). We found that aging resulted in greater aortic Nox2 
gene expression that was not altered by anti-CD3 treatment. We also found that aortic gene 

expression for the cytosolic (Sod1), mitochondrial (Sod2) and extracellular (Sod3) isoforms 

of superoxide dismutase were greater in mice treated with anti-CD3 fragments. This 

observation suggests that proinflammatory T cells restrain antioxidant gene expression in the 

arterial wall. Literature suggests that TNF-α blunts, but IFN-γ enhances Sod3 expression 

in cultured vascular smooth muscle cells (Strålin & Marklund, 2000). Furthermore, IFN-γ 
directly impairs endothelium dependent relaxation in young mouse aortic rings via increases 

in arterial superoxide (Mikolajczyk et al., 2016). Middle aged (9 month) p22phox transgenic 

mice that generate increased arterial reactive oxygen species, demonstrate increased large 

artery stiffness and aortic collagen deposition, and these processes are dependent on the 

presence of arterial T cells (Wu et al., 2016). Collectively, these data support the concept 

that proinflammatory T cells of the artery play an important role in the regulation of reactive 

oxygen species and age-related increases in aortic stiffness.

Aortic stiffness is regulated by both biochemical processes (i.e. a balance of reactive oxygen 

species and NO) and mechanical properties of the aorta driven by a balance of structural 

proteins such as collagen and elastin. Further, there is interplay between these biochemical 

and mechanical factors that govern overall aortic stiffness (Lakatta & Levy, 2003; Wang 

et al., 2020). A limitation of the present study is that we did not complement our in vivo 
aortic stiffness measures with ex vivo assessments of the elastic modulus of the aorta or 

with assessment of collagen and elastin protein content so we cannot precisely delineate the 

mechanisms by which T cells contribute to aortic stiffness with advancing age.

In addition to improvements in large artery stiffness with anti-CD3 treatment, we observed 

that old anti-CD3 treated mice also exhibited greater endothelium dependent dilation in 

the mesenteric arteries compared to old controls. This has systemic impact as the relative 

state of vascular tone in the mesenteric arteries is a determining factor in total peripheral 

resistance and, therefore can influence blood pressure. The improvements in mesenteric 

artery endothelium dependent dilation with T cell depletion appear to be due to greater 

NO bioavailability mediated by lower arteriolar superoxide. T cell derived cytokines have 

been shown to blunt endothelium dependent dilation through reactive oxygen species 

(Zhang et al., 2006), and our group has previously shown that TNF-α directly impairs 

NO bioavailability in visceral adipose arteries from young mice (Donato et al., 2012). In 

addition, T cell derived IFN-γ impairs endothelium dependent dilation in the skeletal muscle 

microcirculation of hypercholesterolemic mice (Stokes et al., 2007). Together these data 

suggest that chronic IFN-γ and TNF-α release from T cells in the old mesenteric vascular 

arcade contributes to age-related impairments in NO bioavailability and endothelial function.

Finally, we observed that Rag-1−/− mice, which lack lymphocytes due to genetic 

impairments in T cell receptor and antibody recombination, exhibit blunted increases in 

aortic stiffness from 3-24 months of age and preserved endothelium dependent dilation in 
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mesenteric arteries with age in comparison to wild type mice. Similarly, when crossed with 

Rag-1−/− mice, p22phox transgenic mice, which generate greater arterial reactive oxygen 

species, exhibited blunted increases in aortic stiffness from age 3-9 months compared to 

mice on a wild type background (Wu et al., 2016). This observation supports the concept 

that there is a bi-directional relationship between T cells and arterial reactive oxygen 

species. It should be noted that Rag-1−/− mice lack both T and B cells and so a role for 

the absence of B cells in the preservation of arterial function in old Rag-1−/− mice cannot be 

completely ruled out. To provide insight into the potential role of other immune cell types, 

we observed that aging resulted in greater aortic and mesenteric B cell and macrophage 

accumulation in wild type mice in agreement with our previous findings (Trott et al., 2018). 

In anti-CD3 treated wild type mice we found no alterations in aortic and mesenteric B 

cell or macrophage accumulation indicating that improvements in arterial function are not 

dependent on B cells or macrophages. These observations underscore the concept that T 

cells per se play a critical role in arterial aging.

Complementary to our findings, there is indirect evidence in humans that aging T cells 

play a role in arterial dysfunction. Patients with rheumatoid arthritis, a T cell mediated 

autoimmune disease, exhibit increased risk for cardiovascular disease independent of 

traditional risk factors (del Rincon et al., 2001). In addition, hypertension (Youn et al., 

2013) and large artery stiffness (Yu et al., 2017) are associated with increased circulating 

pro-inflammatory CD8+ T cells with a phenotype consistent with aged T cells. Global T cell 

depletion, as employed in this study, is not feasible as a treatment strategy for cardiovascular 

disease due to increased risk of infectious disease in older adults. However, results from 

the CANTOS trial provide initial proof-of-concept that targeting inflammation, specifically 

IL-1β, can reduce cardiovascular events (Ridker et al., 2017). Identifying the subtype of T 

cells responsible for arterial dysfunction, the mechanisms by which these cells are recruited 

to the artery, and the mechanisms by which T cells interact with the various cell types of the 

artery (i.e. endothelial, smooth muscle, fibroblast, perivascular adipose) all have potential to 

lead to novel therapeutic targets to preserve cardiovascular health in the elderly.

In summary, in this report we show that aging results in increased accumulation of IFN-γ 
and TNF-α producing T cells in both the aorta and mesenteric vasculature. Anti-CD3 

treatment resulted in blunted T cell numbers in both aorta and mesentery, reversed large 

artery stiffness and resulted in greater endothelium dependent dilation in old mice. In 

concert with the data from anti-CD3 treated mice, we found that mice with lifelong genetic 

deletion of lymphocytes exhibited blunted increases in large artery stiffness and preserved 

mesenteric arteriolar endothelium dependent dilation with age. This investigation provides 

evidence that T cells can mediate arterial dysfunction in absence of supraphysiological 

stimuli (i.e. Angiotensin II) or genetic models (i.e. deletion of ApoE or Ldlr) of 

atherosclerosis. Collectively, these results indicate that T cells are major contributors to 

both large elastic artery and resistance arteriolar dysfunction with age.
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KEY POINTS:

Increased large artery stiffness and impaired endothelium dependent dilation occur with 

advanced age.

We sought to determine whether T cells mechanistically contribute to age-related arterial 

dysfunction.

We found that old mice exhibited greater proinflammatory T cell accumulation around 

both the aorta and mesenteric arteries.

Pharmacologic depletion or genetic deletion of T cells in old mice resulted in ameliorated 

large artery stiffness and greater endothelium dependent dilation compared to mice with 

T cells intact.
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Figure 1: anti-CD3 F(ab’)2 Fragment treatment results in depletion of T cells in the blood and 
spleen.
Blood (100 μL) from young isotype (n = 10), young anti-CD3 (n = 10), old isotype (n = 

9), old anti-CD3 mice (n = 10) mice was directly stained. Spleens from young isotype (n 

= 11-14), young anti-CD3 (n = 8-11), old isotype (n = 15-17), old anti-CD3 mice (n = 

18-19) were enzymatically digested and passed through a cell strainer and then stained for 

CD45 (total leukocytes), CD3 (pan T cells), CD4 and CD8. Percentages of CD3+ cells and 

CD4-to-CD8 ratio in (A) blood and (B) spleen were assessed by flow cytometry. A two-way 

ANOVA was employed to assess the effects of age and anti-CD3 treatment, p values for age, 

treatment and the age x treatment interaction are inset on each panel. Data are shown as 

mean ± standard deviation, n represents the number of independent animals in each group.
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Figure 2: Aortic T cell accumulation with age and anti-CD3 F(ab’)2 Fragment treatment.
Single cell suspensions of thoracic aortas from young isotype (n = 7-12), young anti-CD3 

(n = 9-11), old isotype (n = 8-14), old anti-CD3 mice (n = 10-19) were stained with 

antibodies against CD45 (total leukocytes), CD3 (pan T cells), CD4, CD8, CD44 (memory) 

and CD62L (central vs. effector). (A) Number of total leukocytes per aorta. (B) Sample 

aortic CD4 and CD8 flow cytometry plot. (C) Aortic pan, CD4 and CD8 T cell counts. 

(D) Percentage of CD3 cells out of total aortic immune cells. (E) Aortic CD4:CD8 ratio. 

(F) Sample aortic naïve (CD44lo) vs memory (CD44hi) flow cytometry plots. (G) Aortic 

CD8 effector memory T cell proportion and counts. To assess aortic macrophage and 

B cell accumulation, thoracic aorta single cell suspensions were stained for CD45 (total 

leukocytes), CD19 (B cells), CD64 (macrophages), CD11c (exclusion of dendritic cells) and 

CD206 (M1/M2 macrophage phenotype. (H) Aortic B cell counts. (I) Aortic macrophage 

counts. (J) macrophage M1:M2 ratio. A two-way ANOVA was employed to assess the 

effects of age and anti-CD3 treatment, p values for age, treatment and the age x treatment 

interaction are inset on each panel. When a significant age x treatment interaction occurred 

Tukey’s post hoc test was employed to determine group differences. Significant post hoc test 

p values are included on the panel with a horizontal line indicating the group comparison. 

Data are shown as mean ± standard deviation, n represents the number of independent 

animals in each group.
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Figure 3: Aging results in an enhanced proinflammatory phenotype of aortic accumulating T 
cells.
Single cell suspensions of thoracic aortas from young (n = 6) and old (n = 8) mice were 

activated in vitro and stained for CD45 (total leukocytes), CD3 (pan T cells), CD4, CD8, 

interferon (IFN)-γ and tumor necrosis factor (TNF)-α. (A) Sample IFN-γ flow cytometry 

plots. (B) Proportion and (C) number of IFN-γ producing T cells. (D) Sample TNF-α 
flow cytometry plots. (E) Proportion and (F) number of TNF-α producing T cells. Group 

differences were assessed with an independent samples T test, p values are included on the 

panel with a horizontal line indicating the group comparison. Data are shown as mean ± 

standard deviation, n represents the number of independent animals in each group.
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Figure 4: T cell depletion reverses age-related increases in large artery stiffness.
Aortic pulse wave velocity (PWV) was assessed in young (n = 19) and old (n = 25) (A) 
before anti-CD3 treatment and an independent samples T test was used to assess group 

differences. p values are included on the panel with a horizontal line indicating the group 

comparison. PWV was assessed before and after anti-CD3 F(ab’)2 fragment treatment in (B) 
young (n = 10 per group) and (C) old mice (n = 12-13 per group). A repeated measures 

ANOVA was used to assess the effect of time, treatment and time x treatment interaction, 

with p values inset on each panel. When a significant age x treatment interaction occurred 

Sidak’s post hoc test was employed to determine group differences. Significant post hoc 
test p values are included on the panel with a vertical line indicating the group comparison. 

(D) Gene expression of Nox2, Xanthine Oxidase (Xo), Superoxide Dismutase isoforms 

1-3 (Sod1, 2 & 3) from aortas of young isotype (n = 7), young anti-CD3 (n = 7) old 

isotype (n = 5) and old anti-CD3 treated (n = 5) mice. Gene expression data are expressed 

as fold change compared to young isotype calculated using the ΔΔCt method. Two-way 

ANOVA was employed to assess the effects of age and anti-CD3 treatment. p values for age, 

treatment and the age x treatment interaction are inset on each panel. Data are shown as 

mean ± standard deviation, n represents the number of independent animals in each group.
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Figure 5: Mesenteric T cell accumulation with age and anti-CD3 F(ab’)2 Fragment treatment.
Single cell suspensions of the mesenteric vascular arcade from young isotype (n = 8-14), 

young anti-CD3 (n = 10-12), old isotype (n = 9-21) and old anti-CD3 mice (n = 7-11) 

(excluding lymph nodes) were stained for CD45 (total leukocytes), CD3 (pan T cells), CD4, 

CD8, CD44 (memory) and CD62L (central vs. effector). (A) Number of total leukocytes 

per mesentery. (B) Proportion of CD3 cells out of all mesenteric leukocytes. (C) Mesenteric 

CD3 cell counts. (D) Mesenteric arcade mass. (E) Mesenteric CD3 cell counts normalized 

to tissue mass. (F) Sample CD4 and CD8 flow cytometry plot. (G) Mesenteric CD4 (left) 

and CD8 (right) T cell counts. (H) Mesenteric CD4:CD8 ratio. (I) Sample mesenteric 

naïve (CD44lo) vs memory (CD44hi) flow cytometry plots. (J) Proportion of mesenteric 

(left) and counts (right) of CD8 CD44hi/CD62Llo effector memory T cell counts. To 

assess mesenteric macrophage and B cell accumulation, mesenteric single cell suspensions 

were stained for CD45 (total leukocytes), CD19 (B cells), CD64 (macrophages), CD11c 

(exclusion of dendritic cells) and CD206 (M1/M2 macrophage phenotype. (K) mesenteric 

B cell counts. (L) mesenteric macrophage counts. (M) macrophage M1:M2 ratio. Two-way 

ANOVA was employed to assess the effects of age and anti-CD3 treatment. p values for age, 

treatment and the age x treatment interaction are inset on each panel. When a significant 

age x treatment interaction occurred Tukey’s post hoc test was employed to determine group 

differences. Significant post hoc test p values are included on the panel with a horizontal line 

indicating the group comparison. Data are shown as mean ± standard deviation, n represents 

the number of independent animals in each group.
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Figure 6: Aging results in an enhanced proinflammatory phenotype of mesenteric accumulating 
T cells.
To assess cytokine production, mesenteric single cell suspensions from young (n = 6) and 

old (n = 8) mice were activated in vitro. Cells were then stained for CD45 (total leukocytes), 

CD3 (pan T cells), CD4, CD8, interferon (IFN)-γ and tumor necrosis factor (TNF)-α. (A) 
Sample IFN-γ flow cytometry plots. (B) Proportion and (C) number of IFN-γ producing T 

cells. (D) Sample TNF-α flow cytometry plots. (E) Proportion and (F) number of TNF-α 
producing T cells. Group differences were assessed with an independent samples T test. p 

values are included on the panel with a horizontal line indicating the group comparison. 

Data are shown as mean ± standard deviation, n represents the number of independent 

animals in each group.
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Figure 7: T cell depletion results in augmented endothelium dependent dilation in mesenteric 
arteries from old mice.
Endothelium dependent dilation was assessed in 2nd order mesenteric arteries from (A) 
young Isotype control, young anti-CD3, (B) old isotype control and old anti-CD3 mice in 

response to increasing doses of acetylcholine. (C) Endothelium independent dilation was 

assessed in 2nd order mesenteric arteries in from young Isotype control, young anti-CD3, 

old isotype control and old anti-CD3 mice in response to increasing doses of sodium 

nitroprusside. Dose response curve data are expressed as means ± standard deviation. A 

repeated measures ANOVA was used to assess the effect of dose, treatment and dose x 

treatment interaction, with p values inset on each panel. n sizes are in parentheses next to the 

corresponding group in each panel legend and represents the number of independent animals 

in each group.

Trott et al. Page 26

J Physiol. Author manuscript; available in PMC 2022 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8: T cell depletion results in augmented nitric oxide bioavailability in mesenteric arteries 
from old mice.
Endothelium dependent dilation in response to increasing doses of acetylcholine was 

assessed in 2nd order mesenteric arteries from old isotype control or old mice treated with 

anti-CD3 F(ab)’2 fragments in the presence or absence of (A) L-NAME, (B) TEMPOL and 

(C) TEMPOL & L-NAME. Endothelium dependent dilation was also assessed in arteries 

from young isotype control mice or young mice treated with anti-CD3 F(ab)’2 fragments 

in the presence or absence of (D) L-NAME, (E) TEMPOL and (F) TEMPOL & L-NAME. 

Dose response curve data are expressed as means ± standard deviation. A repeated measures 

ANOVA was used to assess the effect of dose, group and dose x group interaction, with 

p values inset on each panel. In the case of a significant group effect, Tukey’s post hoc 
test was used to compare groups with comparison p values indicated on the legend of each 

figure panel. In the case of a significant dose x group interaction, Tukey’s post hoc test was 

employed to assess significant main effects of dose with p values reported in the text. n sizes 

are in parentheses next to the corresponding group in each panel legend and represents the 

number of independent animals in each group.
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Figure 9: Arterial function is preserved in a genetic model of lymphocyte deficiency
(A) Aortic pulse wave velocity (PWV) was assessed every three months in wild type 

and Rag-1−/− mice (n = 4-24 mice per age, PWV was assessed in some mice of both 

strains at multiple ages). Endothelium dependent dilation in response to increasing doses 

of acetylcholine was assessed in 2nd order mesenteric arteries from (B) young wild type 

(WT) and Rag-1−/− and (C) old WT and Rag-1−/− mice. (D) Endothelium dependent dilation 

in response to increasing doses of acetylcholine was assessed in 2nd order mesenteric 

arteries from young and old Rag-1−/− mice in the presence and absence of L-NAME. (E) 
Endothelium independent dilation was assessed in 2nd order mesenteric arteries from young 

WT and Rag-1−/− and old WT and Rag-1−/− in response to increasing doses of sodium 

nitroprusside. Dose response curve data are expressed as means ± SD. A repeated measures 

ANOVA was used to assess the effect of dose, group and dose x group interaction, with 

p values inset on each panel. In the case of a significant group effect, Tukey’s post hoc 
test was used to compare groups with comparison p values indicated on the group names 

on figure panel. In the case of a significant dose x group interaction, Sidak’s (2 groups) 

or Tukey’s post hoc test (more than 2 groups) was employed to assess significant main 

effects of dose with p values reported in the text. n sizes are in parentheses next to the 

corresponding group in each panel for panels B-E, in these panels, n represents the number 

of independent animals in each group.
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Table 1.

Primers used for qPCR

Primer Forward (5’-3’) Reverse (5’-3’)

Xo GAATGGCAAAAAGGTGGTGGA AGCAACATGATGCAAGGAGC

Nox2 CGCATGCCTTTGAGTGGTTT ACGCCTATTGTGGTGTTAGGG

Sod1 AACCAGTTGTGTTGTCAGGAC CCACCATGTTTCTTAGAGTGAGG

Sod2 CAGACCTGCCTTACGACTATGG CTCGGTGGCGTTGAGATTGTT

Sod3 CCTTCTTGTTCTACGGCTTGC TCGCCTATCTTCTCAACCAGG

18s TAGAGGGACAAGTGGCGTTC CGCTGAGCCAGTCAGTGT
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Table 2.

Characteristics of mesenteric arteries from isotype and anti-CD3 treated C57BL/6 mice

Maximal diameter, μm

Young
Isotype

Young
anti-
CD3

Old
Isotype

Old anti-
CD3

Age
effect p
value

Treatment
effect p
value

Interaction
p value

204 ± 25, 18 216 ± 31, 19 213 ± 34, 17 223 ± 28, 23 0.287 0.137 0.905

Acetylcholine Responses

Pretreatment Initial tone, %

None 52 ± 16, 9 47 ± 20, 6 44 ± 19, 10 46 ± 18, 13 0.514 0.828 0.580

L-NAME 58 ± 18, 9 54 ± 15, 6 50 ± 20, 15 48 ± 22, 12 0.392 0.715 0.927

TEMPOL 54 ± 17, 10 50 ± 13, 12 48 ± 16, 7 54 ± 12, 9 0.854 0.840 0.296

TEMPOL & L-NAME 63 ± 15, 10 56 ± 12, 11 60 ± 19, 7 56 ± 17, 8 0.701 0.116 0.408

Sodium Nitroprusside Responses

Initial tone, %

None 62 ± 13, 10 65 ± 15, 7 41 ± 9, 9 45 ± 17, 16 0.001 0.527 0.956

Data are presented as mean ± standard deviation, n. Two-way ANOVA was employed to assess the effects of age and anti-CD3 treatment and 
interaction. n represents the number of independent animals in each group.
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Table 3.

Characteristics of mesenteric arteries from young and old Wild type and Rag-1−/− mice

Maximal diameter, μm

Young
Wild type

Young
Rag-1−/−

Old Wild
Type

Old Rag-1−/− Age
effect
p
value

Strain
effect
p
value

Interaction
p value

190 ± 23, 6 209 ± 34, 9 224 ± 38, 13 225 ± 36, 15 0.034 0.387 0.429

Acetylcholine Responses

Pretreatment Initial tone, %

None 62 ± 14, 6 47 ± 16, 9 59 ± 11, 13 58 ± 3, 15 0.216 0.031 0.041

L-NAME -- 55 ± 21, 6 -- 64 ± 2, 15 0.200 0.622 0.548

Sodium Nitroprusside Responses

Initial tone, %

None 66 ± 13, 6 56 ± 16, 9 55 ± 25, 3 65 ± 3, 14 0.845 0.887 0.064

Data are presented as mean ± standard deviation, n. Two-way ANOVA was employed to assess the effects of age and anti-CD3 treatment and 
interaction. n represents the number of independent animals in each group.
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