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Abstract 33 

Alpha-adrenergic receptors are crucial regulators of vascular hemodynamics and 34 

essential pharmacological targets for cardiovascular diseases. With aging, there is an 35 

increase in sympathetic activation, which could contribute to the progression of aging-36 

associated cardiovascular dysfunction, including stroke. Nevertheless, there is little 37 

information directly associating adrenergic receptor dysfunction in the blood vessels of 38 

aged females. This study determined the role of a-adrenergic receptors in carotid 39 

dysfunction of senescent female mice (accelerated-senescence prone, SAMP8), 40 

compared to a non-senescent (accelerated-senescence prone, SAMR1). 41 

Vasoconstriction to phenylephrine (Phe) were markedly increased in common carotid 42 

artery of SAMP8 (AUC: 527±53) compared to SAMR1 (AUC: 334±30, p= 0.006). There 43 

were no changes in vascular responses to the vasoconstrictor agent U46619 or the 44 

vasodilators acetylcholine (ACh) and sodium nitroprusside (NPS). Hyperactivity to Phe 45 

in female SAMP8 was reduced by cyclooxygenase-1 and cyclooxygenase-2 inhibition 46 

and associated with augmented ratio of TXA2/PGI2 release (SAMR1: 1.1±0.1 vs. 47 

SAMP8: 2.1±0.3, p= 0.007). However, no changes in cyclooxygenase expression were 48 

seen in SAMP8 carotids. Selective a1A receptor antagonism markedly reduced 49 

maximal contraction, while a1D antagonism induced a minor shift in Phe contraction in 50 

SAMP8 carotids. Ligand binding analysis revealed a 3-fold increase of α-adrenergic 51 

receptor density in smooth muscle cells (VSMC) of SAMP8 versus SAMR1. Phe rapidly 52 

increased intracellular calcium (iCa+2) in VSMC via the a1A receptor, with a higher 53 

peak in VSMC from SAMP8,. In conclusion, senescence intensifies vasoconstriction 54 

mediated by a1A-adrenergic signaling in the carotid of female mice by mechanisms 55 

involving increased iCa+2 and release of cyclooxygenase-derived prostanoids. 56 
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Introduction  62 

Vascular dysfunction and the associated risk of Cardiovascular Diseases (CVD) 63 

increase with age in both men and women, although sex-associated differences exist 64 

regarding their incidence and severity of CVD. Cardiovascular diseases are less 65 

frequent in women at younger ages; however, they become more prevalent with aging 66 

(El Khoudary, Aggarwal et al. 2020). Since the elderly population is growing worldwide, 67 

elucidating the mechanisms of aging- and sex-associated vascular dysfunction is 68 

critical for better direct pharmacological and lifestyle interventions to prevent 69 

cardiovascular risk in both sexes. 70 

In the central nervous system, vascular aging induces functional and structural 71 

alterations of the brain circulation, contributing to the pathogenesis of cognitive 72 

impairment, Alzheimer’s disease, eye disease (e.g., glaucoma), and stroke (Niccoli and 73 

Partridge 2012). Epidemiological studies have suggested that women have worse 74 

outcomes in neurovascular disease than age-matched men. Strokes are more severe 75 

and show higher case fatality at one month among women (Appelros, Stegmayr et al. 76 

2009). Moreover, women might have a higher burden of small vessel disease in the 77 

brain that could contribute to faster cognitive decline (Levine, Gross et al. 2021).  78 

Classically, vascular dysfunction during aging is attributed to arterial stiffness or 79 

increased pulse wave velocity of large arteries (Ogola, Abshire et al. 2022), and 80 

endothelial dysfunction, in association with increased in reactive oxygen species (ROS) 81 

generation and quenching of nitric oxide (NO) bioavailability (Liguori, Russo et al. 82 

2018). Moreover, an imbalance of COX-derived vasoconstrictor and vasodilator 83 

metabolites has also been implicated as an essential factor in the pathophysiology of 84 

vascular aging  (Tang and Vanhoutte 2008). In addition to endothelial dysfunction, 85 

increased resting sympathetic nerve activity has also been described with aging and 86 

pointed out as a crucial factor in the pathophysiology of hypertension and heart failure 87 

in the elderly (Esler, Thompson et al. 1995, Balasubramanian, Hall et al. 2019). 88 

Sympathetic fibers innervate peripheral and cerebral vasculature, and sympathetic 89 

discharge is a crucial regulator of vasomotor tone and homeostasis in several tissues, 90 

including the brain (Willie, Tzeng et al. 2014). Nonetheless, there is little information on 91 

how aging changes sympathetic signaling in the cerebrovascular circulation, and even 92 

less is known about how this effect would influence female cerebrovascular health. 93 

Therefore, further investigation into how aging affects the mechanisms of sympathetic 94 

vasoconstriction in females is warranted. 95 

To address our knowledge about the influence of aging on adrenergic signaling 96 

in the cerebral vasculature, we used the senescence-accelerated to study of vascular 97 

aging (Novella, Dantas et al. 2010, Novella, Dantas et al. 2013, Onetti, Jiménez-Altayó 98 
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et al. 2013) and age-associated cognitive diseases (Miyamoto 1997, Cosín-Tomás, 99 

Álvarez-López et al. 2018). This mouse model displays a spontaneous age-related 100 

deterioration of learning and memory compared to the control senescence-accelerated 101 

mouse resistant (SAMR1) strain (Butterfield and Poon 2005). In the vascular system, 102 

ovariectomized SAMP8 females present vascular morphological alterations and 103 

endothelial dysfunction (Novella, Dantas et al. 2010), and many of these abnormalities 104 

which are not improved by estrogen treatment (Costa, Jiménez-Altayó et al. 2019).  105 

The brain vasculature consists of a dense network of arterioles that receive 106 

most of its supply from the carotid arteries system, which carry approximately 70% of 107 

the total cerebral blood flow (Willie, Tzeng et al. 2014). The cephalic circulation, 108 

mediated by the carotid artery, is an essential vascular bed to maintain adequate blood 109 

supply to the brain and prevent ischemia and tissue hypoxia. Therefore, the present 110 

study aims to determine the responses and mechanisms of α1-adrenergic subtypes 111 

activation in the carotid artery of females in non-senescent (SAMR1) and senescent 112 

(SAMP8) mouse. In this study, we hypothesized that isolated carotid arteries from 113 

senescent SAMP8 females present augmented specific α1-adrenergic responses 114 

compared to non-senescent SAMR1. SAMR1. 115 

 116 

Material and Methods  117 

 118 

Animal Models 119 

Female senescence-accelerated mouse-prone 8 (SAMP8, n=42) and 120 

senescence-accelerated mouse resistant (SAMR1, n =42) were obtained from the 121 

breeding stock of the Pharmacology Department at the Biomedical Sciences Institute 122 

of the University of Sao Paulo (ICB-USP), and the Parc Scientific of Barcelona. Mice 123 

were maintained according to institutional guidelines (constant room temperature of 124 

22°C, 12-hour light/dark cycles, 60% humidity, and standard mice chow and water ad 125 

libitum). All the procedures used in this study were approved and performed following 126 

the guidelines of the Ethics Committee of the Ribeirao Preto Medical School, University 127 

of Sao Paulo (number 267/2018) and the Ethics Committee of the University of 128 

Barcelona (Comitè Ètic d'Experimentació Animal — CEEA protocols: 134/12 and 129 

583/14), following the Guide for the Care and Use of Laboratory Animals, published by 130 

the National Institutes of Health (NIH Publication No. 85-23, Revised 1996). Mice were 131 

used at 6-9 months of age and during the estrus phase of physiological oestrous. The 132 

oestrous cycle was determined by cell characterization in the vaginal smear. After 133 

euthanasia, carotid arteries were isolated for functional analysis, and abdominal fat, 134 

gastrocnemius muscle, and uterus were harvested for phenotypic analysis. 135 
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 136 

Measurement of Sex Hormones  137 

Blood was collected from the vena cava into heparin-containing tubes after 138 

isoflurane euthanasia (5%). Blood was centrifugated at 10,000 g for 30 minutes (min), 139 

and 4°C, and the supernatant was stored at –80°C until the experiments were 140 

performed. Plasma levels of estrogen (#10006315), progesterone (#582601), and 141 

testosterone (#582701) were determined by commercially available competitive ELISA 142 

assays (Cayman Europe) following the manufacturer's instructions. 143 

 144 

Determination of Arterial Blood Pressure  145 

The indirect tail-cuff method was used to measure systolic blood pressure. After 146 

an initial adaptation process (preheated at 40°C for 5 min), systolic blood pressure was 147 

recorded and calculated as the average of 3 consecutive measurements. 148 

 149 

Novel Object Recognition (NOR) test 150 

The NOR test determined cognitive function in SAMP8 (6 and 9 months of age) 151 

and SAMR1 (9 months) as described (Gomes and Grace 2017). Each animal was 152 

placed in the center of a circular arena (D60 cm x H60 cm) and allowed to explore it for 153 

10 minutes for habituation. The next day, the NOR test was conducted in the same 154 

arena. Animals were subjected to 2 trials separated by 1 hour (h). During the first trial 155 

(acquisition trial, T1), mice were placed in the arena containing two identical objects for 156 

5 minutes. For the second trial (retention trial, T2), one of the objects presented in T1 157 

was replaced by an unknown (novel) object. Animals were then placed back in the 158 

arena for 5 minutes. Object exploration was defined as the animal facing the object at 159 

approximately 2 cm distance while watching, licking, sniffing, or touching it with the 160 

forepaws. Recognition memory was assessed using the discrimination index, 161 

corresponding to the difference between the time exploring the novel and the familiar 162 

object, corrected for the total time exploring both objects [discrimination index = (novel 163 

− familiar/ novel + familiar)]. 164 

 165 

Senescence Assay 166 

Cellular senescence in mice vascular tissue was determined by β-167 

galactosidase activity using a cellular senescence activity kit (Cell Biolabs, Inc 168 

#CBA231)), according to the manufacturer’s instructions. Briefly, pulverized aortic 169 

tissue from SAMR1 and SAMP8 was incubated with 100μL of extraction buffer for 5 170 

min under gentle shaking. Equal amounts of protein lysate (50 µg) were used to 171 

quantify the β-galactosidase staining. β-Galactosidase Assay Reagent was added to 172 
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the samples for 30 minutes at 37o C. After this period, the reaction was stopped by 173 

adding 100 µl of β-Galactosidase Assay Stop Solution to each sample. The 174 

fluorescence was read at 360 nm excitation and 465 nm emission using a plate reader 175 

immediately after incubation in a FlexStation® fluorimeter coupled to the SoftMax® Pro 176 

software (Molecular Devices, Sunnyvale, CA, United States). Total protein was 177 

quantified by the Bradford method (Biorad), and 18 months old C57Bl/6 mice lung was 178 

used as a positive control.  179 

 180 

Vascular Reactivity Studies  181 

The common carotid arteries were dissected from anesthetized (Isoflurane – 4-182 

5% induction; 1.5-2% maintenance) 8 months-old SAMP8 and SAMR1 mice and 183 

cleaned from perivascular fat tissue and vagal innervation in ice-cold physiological salt 184 

solution (PSS) [(in mM: NaCl 130; NaHCO3 14.9, KCl 4.7, KH2PO4 1.18, MgSO4 1.17; 185 

CaCl2.2H2O 1.56, EDTA 0.026 and glucose 5.5]. Carotid segments of 2 mm length with 186 

and without an intact endothelium were mounted in isometric wire myograph chambers 187 

filled with PSS warmed to 37 °C and aerated with 95% O2 and 5% CO2. After a 30-188 

minute equilibration period and basal tension normalization, the common carotid 189 

segments were exposed three times (10 minutes intervals) to the receptor-independent 190 

depolarizing agent KCl (60 mM) until the contraction reached a stable plateau 191 

(~15 min) as previously described (Costa, Jiménez-Altayó et al. 2019, Proudman, Pupo 192 

et al. 2020). Endothelial integrity was tested by administration of a single concentration 193 

of acetylcholine (10-6 M) after a contraction induced by phenylephrine (Phe, 10-6 M). 194 

Endothelium-intact arteries exhibited60-80% of maximal relaxation, while endothelium-195 

denuded arteries displayed less than 5% of relaxation. After washout and return to a 196 

stable baseline, arterial segments were exposed to increasing concentrations of 197 

phenylephrine (10-9 - 10-5 M, Sigma Aldrich P6126) and U46619 (10-9 - 10-5 M, 198 

Tocris1923), as well as the vasodilator agents acetylcholine (ACh: 10-9-10-5 M, Sigma 199 

Aldrich A6625) and sodium nitroprusside (SNP, 10-9 - 10-5 M). The contribution of the 200 

endothelium-derived factors to the vascular responses was determined by incubating 201 

carotid segments with one of the following inhibitors: (1) non-selective nitric oxide 202 

synthase (NOS) inhibitor Nω-nitro-L-arginine methyl ester (L-NAME; 10−4 M); (2) 203 

superoxide anion (O2
−) scavenger (Tempol, 10−5 M); (3) non-selective COX inhibitor 204 

(Indomethacin, 10−6 M); (4) selective COX-1 inhibitor (SC560, 10−5 M); or (5) selective 205 

COX-2 inhibitor (NS398, 10−6 M). The contribution of specific alpha-adrenergic 206 

receptors to Phe-induced contraction was determined by treating arteries with an α-1A 207 

adrenergic antagonist (5 methyl-urapidil 10-8 – 10-6 M) and an α-1D adrenergic 208 

antagonist (BMY 7378 10-8 – 10-6 M). Treatments with inhibitors and antagonists were 209 
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done for 30 min before the Phe concentration-effect curve and the drugs were kept 210 

throughout the protocol. 211 

Contractions to Phe and U46619 are shown as a percentage (%) of the 212 

contractile response induced by 60 mM KCl and relaxations to ACh, and SNP are 213 

expressed as the percentage (%) of contraction to U46619 (10-7 M ~50% Rmax). The 214 

area under the concentration-response curve (AUC), maximal response (Emax), and 215 

half maximal effective concentration (EC50) were used to measure cumulative 216 

responses induced by agonists in the presence of vehicle or specific drugs/inhibitors. 217 

 218 

Measurement of prostaglandin production by aortic rings 219 

At the end of each protocol evaluating vascular reactivity to Phe, the Krebs 220 

medium was removed from the myograph chambers and left for 30 min at room 221 

temperature to allow the conversion of thromboxane A2 (TXA2) and prostacyclin (PGI2) 222 

to their breakdown products: TXB2 and 6-keto PGF-1α, respectively. Samples were 223 

then frozen at − 80°C. A commercial enzyme immunoassay kit determined levels of 224 

TXB2, 6-keto PGF-1α, and PGF2α (Cayman Europe, TXA2#10004023 and PGI2 225 

#501100) following the manufacturer's instructions. 226 

 227 

⍺-adrenergic Receptor Binding Assay 228 

As previously described (Proudman, Pupo et al. 2020), binding experiments 229 

were performed in VSMCs from aortas of 8-10 months old SAMR1 and SAMP8. An 230 

equal number of cells (80,000) were seeded per well in 6-well culture plates and 231 

incubated with cold binding buffer (25 mM Tris-HCl pH 7.4, with 5 mM MgCl2, 0.1% 232 

BSA, and 100 μg/mL bacitracin). Cells were incubated with 0.5 nM 7-methoxy-3H 233 

Prazosin (PerkinElmer) for approximately 16 h at 4ºC. Cells were then washed twice 234 

with cold wash buffer and lysed by adding lysis buffer (48% urea, 2% NONIDET P-40, 235 

3 M acetic acid). Cell lysates were transferred to scintillation tubes, and after the 236 

addition of scintillation liquid (PerkinElmer) and vigorous mixing, the radioactivity was 237 

measured using the Tri-Carb 20100TR liquid scintillation counter (PerkinElmer). Non-238 

specific binding was obtained by radioactivity measurement in cells treated with 100 239 

µM Oxymetazoline. Total protein from lysates was quantified by the Bradford method 240 

(Biorad). Specific binding was determined by total biding subtracted from non-specific 241 

binding, which was calculated (GraphPad Software Inc, San Diego, CA, USA) to be 242 

expressed as fmol of ⍺-adrenergic receptor/ mg of protein. 243 

 244 

Ca2+ measurement in Vascular Smooth Muscle Cells. 245 
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VSMCs were isolated from the aortas of 8 months-old female SAMR1 and 246 

SAMP8. Cultures were maintained in Dulbecco's modified Eagle's medium (Gibco-247 

BRL, USA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen, USA). At the 248 

fourth passage, cells were plated in pretreated black-walled, clear-bottomed 96-well 249 

polystyrene plates (Corning, NY, United States) at a density of 40,000 cells/well in 250 

Dulbecco’s Modified Eagle Medium (DMEM ) with 20% FBS and incubated for 24 251 

hours at 37°C in a 5% CO2. Cytosolic-free calcium (Ca2+) was measured using the cell-252 

permeant Fluo-4 acetoxymethyl ester probe (Invitrogen, UK #14201). Following 24 h, 253 

the medium was replaced with  ~430 µM Fluo-4 solution in DMEM and incubated in the 254 

dark for 45 min at 37°C. After washouts and a 15 min equilibration period, basal 255 

fluorescence was acquired at 494/506 nm excitation/emission using the 256 

FlexStation® fluorimeter coupled to SoftMax® Pro software (Molecular Devices, 257 

Sunnyvale, CA, United States). After this period, the VSMCs were stimulated with 258 

phenylephrine 10-7 M, and the fluorescence was analyzed for 160 seconds. Ionomycin 259 

calcium salt (Tocris, #1704) was used as a positive control. Inhibition of adrenergic 260 

receptor 1a was performed in the presence of monoclonal rabbit IgG anti-1a antibody 261 

(Abcam #ab137123). A non-specific IgG antibody was used as a negative control in 262 

this set of experiments. 263 

 264 

Quantitative real-time PCR (qPCR) 265 

mRNA expression of the subtypes of alpha-adrenergic receptors ADRA1A 266 

(OMIM: 104221) and ADRA1D (OMIM: 104219) were quantified by Sybr green-based 267 

quantitative real-time (q)PCR, as previously described (Jiménez-Altayó, Onetti et al. 268 

2013). The mouse-specific primer sequences were:  269 

COX1 (NM_008969.3) Forward: 5’-GAGCCGTGAGATGGGTGGGAGGG-3’, Reverse: 5’-270 

TGGATGTGCAATGCCAACGGCT-3’; and COX2 (NM_011198.3) Forward: 5’-271 

GTCAGGACTCTGCTCACGAAGGAAC-3’, Reverse: 5’-ACAGCTCGGAAGAGCATCGCAG-3’. 272 

qPCR reactions were set following the manufacturer's conditions (Applied Biosystems-273 

Thermo Fisher). Ct values obtained for each gene were normalized to Ct of 274 

housekeeping gene ACTB (ΔCt) and converted to the linear form using the term 2-ΔCt. 275 

Data were expressed as 2−ΔΔCt relative to the average of SAMR1 expression. 276 

 277 

Statistical analysis  278 

Data are expressed as mean ± SEM. For analysis of vascular reactivity, 279 

individual concentration-effect curves were plotted on a sigmoidal curve by non-linear 280 

regression analysis. The extra sum-of-squares F determined the differences in the fit of 281 

concentration-response curves in all groups. The area under the curve (AUC) and pD2 282 
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(negative logarithm of the EC50 values - concentration that produces 50% of the 283 

maximum response) were calculated for individual contractile or relaxing concentration-284 

response curves and expressed as arbitrary units. The contribution of different 285 

endothelium-derived factors to Phe-induced contractions was calculated by subtracting 286 

the AUC for Phe curves in the presence of inhibitors from the AUC for control Phe 287 

curves (ΔChange). Brown Forsythe and Welch ANOVA compared means across three 288 

(or more) independent variables, followed by Dunnett's T3 posthoc analysis for multiple 289 

comparisons. The comparison of means across SAMR1 vs. SAMP8 and Basal vs. 290 

treatments was performed by unpaired T-test with Welch’s correction. In the cognitive 291 

test (NOR), all the data were subjected to tests to verify the homogeneity of variances 292 

(Bartlett’s test) and if they followed a normal distribution (Shapiro–Wilk test). Those that 293 

met these parameters were subjected to parametric analysis (One-Way ANOVA 294 

followed by Tukey’s post-test). The statistical analysis was carried out using the Prism 295 

9 software (GraphPad Software Inc., San Diego, CA, USA), and statistical significance 296 

was accepted at p < 0.05. 297 

 298 

Results 299 

 300 

Basic Parameters analyses  301 

Senescent SAMP8 display a distinct metabolic profile, with increased abdominal 302 

obesity, decreased lean mass and increased body weight in comparison to SAMR1 303 

(Table 1, Supplementary Figure S1). The groups had similar levels of estrogen, 304 

testosterone, and progesterone (Table 1). Interestingly, despite showing similar 305 

hormone levels, the uterine weight was decreased in SAMP8 compared to SAMR1, 306 

and female SAMP8 spent less time in estrus than SAMR1 (Table 1, Supplementary 307 

Figure S1). There were no differences in blood pressure levels between SAMR1 and 308 

SAMP8 (Table 1).  309 

Cognitive function was determined by the NOR test (Supplementary Figure 310 

S2A). During the habituation session, there were no differences in locomotor activity 311 

between the groups (Supplementary Figure S2B). Although there was no difference 312 

between the exploration of the familiar objects placed on the right or left side of the 313 

arena during the training trial, SAMP8 (both at 6 and 9 months of age) spent more time 314 

exploring the objects than SAMR1 (Supplementary Figure S2C), indicating a lack of 315 

spatial preference. In the retention trial, a greater exploration of the novel object was 316 

observed in 9 months-old (9M) SAMR1 (t22= 4.260, p<0.0003) and 6 months-old (6M) 317 

SAMP8 (t22= 4.830, p<0.0002), but not in 9M SAMP8 (t22= 1.264, p>0.05) 318 

(Supplementary Figure S2D). These findings were reflected in the discrimination 319 
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index (Supplementary Figure S2E), showing a lower cognitive function in SAMP8 at 9 320 

months compared to younger SAMP8 (6 months) and its respective non-senescent 321 

control SAMR1 at 9 months. In addition to cognition, the arteries of 8 months-old 322 

SAMP8, early state of lower cognition, presented signs of senescence in arteries as 323 

determined by increased β-galactosidase activity compared to SAMR1 324 

(Supplementary Figure S3) (Supplementary Figure S3), and for the next sets of 325 

experiments, SAMP8 and SAMR1 were tested at 8-months of age. 326 

 327 

Vascular reactivity in the carotid artery 328 

In carotid arteries of 8 months-old female SAMP8, the contractile responses to 329 

Phe were markedly increased compared to age-matched SAMR1, as demonstrated by 330 

the greater AUC and maximal contraction in vessels with (Figure 1A, Supplementary 331 

Table S1) or without endothelium (Supplementary Figure S4, Supplementary Table 332 

S1). On the other hand, there were no differences in the contractile responses to 333 

U46619 (Figure 1C) or in the vasodilation to ACh (Figure 1D) and SNP (Figure 1E) in 334 

the common carotid rings of the SAMR1 and SAMP8 groups.  335 

Next, we sought to elucidate the mechanisms involved in the Phe 336 

hypersensitivity found in the common carotid artery of SAMP8. We analyzed the 337 

contribution of the main endothelium-derived factors to the contractile response to Phe. 338 

Non-selective inhibition of NO production with L-NAME increased the vasoconstrictor 339 

responses to Phe in carotids of both SAMR1 (Figure 2A) and SAMP8 (Figure 2B). In 340 

addition, scavenging of superoxide anion (O2
-) with tempol decreased Phe contractions 341 

in common carotids from SAMP8 (Figure 2D), but did not affect the contractions in the 342 

carotid of SAMR1 (Figure 2C). Carotid arteries were initially treated with the non-343 

specific inhibitor of cyclooxygenases (COX) indomethacin, to determine the 344 

contribution of COX-derived prostanoids to the regulation of Phe-induced contractions 345 

in SAMP8. Indomethacin decreased Phe contraction in carotid arteries of SAMP8 346 

(Figure 2F), but not in SAMR1 arteries (Figure 2E). The relative contribution of each 347 

endothelium-derived factor (NO, O2
- or prostanoids) was analyzed by calculating the Δ 348 

Change in the AUC (Figure 2G). This analysis showed an equal contribution of NO to 349 

the contractile responses to Phe in the arteries of SAMR1 and SAMP8. However, Δ 350 

Change in the AUC after COX inhibition was significantly increased in the SAMP8 351 

group, suggesting a contribution of COX-derived vasoconstrictor metabolites to the 352 

vascular hyperreactivity to Phe in female SAMP8. No differences in the Δ Change in 353 

the AUC after tempol treatment were observed between the groups (Figure 2G). 354 

The specific role of COX isoenzymes in Phe contractions was then determined 355 

by incubating SAMR1 and SAMP8 carotids with the selective inhibitors of COX-1 356 
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(SC560) and COX-2 (NS398). Following the indomethacin response pattern, selective 357 

COX-1 and COX-2 inhibition did not modify Phe-induced contractions in vessels of 358 

SAMR1 (Figure 3A; Figure 3B). On the other hand, in SAMP8, the inhibition of COX-1 359 

and COX-2 decreased Phe-induced vasoconstriction (Figure 3C; Figure 3D), 360 

suggesting increased production of COX-derived vasoconstrictor prostanoids in the 361 

carotid arteries of senescent mice. Prostanoid release from the common carotid artery 362 

was determined in the Krebs solution collected after concentration-response curves to 363 

Phe. In carotids from SAMP8, the release of PGI2 was decreased by ~2-fold compared 364 

to SAMR1 arteries (Figure 3E). Although the release of TXA2 by Phe was similar 365 

between the groups (Figure 3F), the TXA2/PGI2 ratio was two times higher in SAMP8 366 

than in SAMR1 (Figure 3G), which could favor the more pronounced vasoconstriction 367 

in SAMP8 carotid arteries. Despite the differences in COX pathway activation, there 368 

were no changes in the expression of COX-1 (Figure 3H) or COX-2 (Figure 3I) in the 369 

common carotid of SAMP8 versus SAMR1.  370 

 371 

Role of 1 adrenergic receptor in the vascular hyperreactivity to Phe in SAMP8 372 

 In another set of experiments, carotids were treated with selective antagonists 373 

of 1A (5methyl-urapidl) and 1D (BMY7378) receptors to determine the role of the 374 

alpha adrenoceptors’ subtypes in the vascular hyperreactivity to Phe in SAMP8. 375 

Different concentrations of both antagonists were tested in the common carotid of 376 

SAMR1 to establish the antagonist concentration used in the studies (Figure 4A, 377 

Figure 4B). In arteries of SAMR1, the addition of 10-7 M of the 1A (Figure 4C) or 1D 378 

(Figure 4D) antagonists right-shifted the concentration-dependent curves to Phe, 379 

showing that both receptors contribute to Phe-induced contraction. However, in the 380 

carotid of SAMP8, 1A antagonism blunted the maximal contraction to Phe (Figure 4E), 381 

while 1D antagonism induced a minor shift in Phe contraction (Figure 4F). The density 382 

of ⍺1-adrenergic receptor was analyzed in primary VSMC cultures of female SAMR1 383 

and SAMP8 . A single concentration of [3H]-Prazosin was used to generate association 384 

binding in the absence [total biding] or in the presence of 100 µM Oxymetazoline [for 385 

non-specific biding] (Figure 4G). Following normalization of [3H]-Prazosin counts [cpm] 386 

with the amount of protein in each sample, we observed a marked increase in the 387 

affinity of ⍺1-adrenoreceptor in VSMC of SAMP8 (Figure 4H), suggesting a higher 388 

density of the receptor.  389 

 Continuing the studies of ⍺1-adrenoreceptor activity in VSMC of SAMR1 and 390 

SAMP8, we determined changes in intracellular Ca+2 (iCa+2) following activation of ⍺1 391 

receptor with 10-7 M Phe (Figure 5A). Although Phe induced a rapid increase of iCa+2 392 
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in both groups, the peak of iCa+2 was significantly higher in VSMC from SAMP8 than in 393 

SAMR1 VSMC (Figure 5B, Figure 5E). Blockade of the 1a receptor with a 394 

monoclonal antibody augmented Phe-induced iCa+2 in VSMCs from SAMR1 (Figure 395 

5C, Figure 5E), while it decreased iCa+2 in cells from SAMP8 (Figure 5D, Figure 5E). 396 

 397 

Discussion  398 

This study shows that the conductance artery carotid from senescence females 399 

present higher levels of adrenergic receptors and hyperactivity in response to alpha-400 

adrenergic receptor stimulation. At the beginning of senescence in the female SAMP8 401 

model [as established in our previous studies (Novella, Dantas et al. 2010)], there are 402 

increased constrictor responses to Phe in the carotid arteries mediated by α1A-403 

adrenoceptor that in turn increase Ca+2 influx. In addition, this study observed changes 404 

in prostanoid unbalance under Phe stimulus in the carotid of SAMP8 than SAMR1, that 405 

impact Phe-induced vasoconstriction.  To the best of our knowledge, no study has 406 

described the specific alpha adrenergic subtype mechanisms in the carotid arteries of 407 

senescent females at the functional and molecular levels. So far, only a few functional 408 

studies on aging-associated sympathetic hyperactivity have focused on the carotid 409 

vascular bed(de Oliveira, Campos-Mello et al. 1998, Omar, Abbas et al. 2013, Credeur, 410 

Holwerda et al. 2014). 411 

Senescence, per se, is known to cause a series of alterations in the 412 

endogenous mechanisms that control cellular function leading to a subsequent 413 

increase in organ dysfunction and the risk of cardiovascular disease. A correlation 414 

between senescence and vascular dysfunction has been extensively described in men 415 

and women and has been primarily associated with decreased NO-mediated 416 

vasodilation (Sverdlov, Ngo et al. 2014) and platelets-derived NO (Goubareva, 417 

Gkaliagkousi et al. 2007). However, as reviewed by Barros et al. 2021, the 418 

physiological mechanisms that control vascular function during senescence differ in 419 

males and females (Barros PR 2021).  420 

The female senescence-accelerated mouse prone is an experimental model 421 

that exhibits characteristics of senescence-associated dysfunction, including cognitive 422 

(Miyamoto 1997) and vascular alterations (Novella, Dantas et al. 2013). In addition, 423 

reproductive senescence in this model is associated with ovarian decline characterized 424 

by periods of constant estrus cycle and lack of ovulation (Felicio, Nelson et al. 1984). 425 

Despite not exhibiting changes in sex hormone levels, female SAMP8  spend more 426 

time in diestrus than estrus (Novella, Dantas et al. 2013) at younger ages (Han, 427 

Hosokawa et al. 1998) in comparison to SAMR1. In association with estrus cycle 428 

dysregulation, we observed a reduction in uterine weight, increased abdominal fat, and 429 
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decreased gastrocnemius mass in SAMP8 compared to SAMR1 mice. These 430 

characteristics are similar to those seen in post-menopause women (Takahashi and 431 

Johnson 2015). 432 

In this study, we found that vasoconstriction induced by the α-adrenergic agent 433 

Phe was the only response modified in the carotid arteries of SAMP8 at 8 months. 434 

There were no differences in the contractile responses to U46619 or vasodilation to 435 

ACh or NPS in the carotids of SAMP8 compared to SAMR1. In previous studies, we 436 

observed changes in vascular reactivity to the vasoconstrictor agent U46619 and to the 437 

endothelium-dependent vasodilator ACh in the aorta of female SAMP8 (Novella, 438 

Dantas et al. 2010, Novella, Dantas et al. 2013, Onetti, Jiménez-Altayó et al. 2013), 439 

suggesting a different mechanism in carotid and aorta dysfunction.  440 

Differences in functional responses among the vascular beds may be related to 441 

their diverse origin and structures. In preliminary studies in female SAMP8, vascular 442 

reactivity in the descending thoracic aorta (developed from the somites). In contrast, in 443 

the present study, vasoactive responses were determined in the common carotid 444 

arteries that are branches of the brachiocephalic artery deriving from ascending aortic 445 

arch (whose origin is in the neural crest (Majesky 2007)]. A detailed study on the 446 

structural, genetic, and functional heterogeneity of VSMCs of a unique aorta 447 

demonstrated that cells from different embryonic origins are functionally distinct 448 

(Pfaltzgraff, Shelton et al. 2014). Therefore, the existence of a fingerprint of vascular 449 

function and dysfunction in each vascular bed is recognized, which must depend on 450 

the origin and environment in which the vessel is surrounded. 451 

Different intrinsic mechanisms have been described to contribute to altered 452 

vascular responses in senescent vessels. The aorta of female SAMP8 presented an 453 

earlier, faster, and time-dependent decrease in NO and increased oxidants levels 454 

compared to SAMR1 (Novella, Dantas et al. 2010, Novella, Dantas et al. 2013, Onetti, 455 

Jiménez-Altayó et al. 2013), which may contribute to the observed aortic dysfunction. 456 

Yet, unlike other models of senescence or vascular beds in the same model, COX-457 

derived metabolites were the only endothelium-derived factors modified in SAMP8 458 

carotid arteries. Changes in Phe-induced contractions in female SAMP8 were 459 

associated with an increased ratio of the release of vasoconstrictors over vasodilator 460 

prostanoids. The higher TXA2/PGI2 ratio after Phe stimulation in the carotids of SAMP8 461 

may favor the greater vasoconstriction observed. However, granting that the imbalance 462 

in prostanoid biosynthesis justifies the existence of vascular dysfunction in carotid 463 

arteries of SAMP8, this result does not explain why this dysfunction is unique to Phe 464 

responses, as there is no difference in the responses to other vasoactive agents, such 465 

as the vasoconstrictor U46619, a TXA2 analog, or the endothelium-dependent 466 
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vasodilator ACh. A possible contribution of alternative pathways, such as the EDHF, 467 

could also provide a transitory compensatory response in the common carotid at this 468 

age-range. This hypothesis has not, however, been tested by us or other groups to 469 

date. 470 

Chronic overactivity of the sympathetic nervous system is a hallmark of aging 471 

and contributes to developing several aging-associated diseases, including 472 

cardiovascular diseases (Balasubramanian, Hall et al. 2019). Over the last few 473 

decades, the neuronal mechanisms contributing to sympathetic overactivity were 474 

studied in detail only with limited success under pathophysiological conditions. 475 

Moreover, most studies present a more neurological than vascular approach 476 

(Balasubramanian, Hall et al. 2019).  477 

The α-adrenergic signaling pathway is one of the central regulators of 478 

cerebrovascular tone and cerebral blood flow, and α-adrenergic vascular responses 479 

change with age, although not equally in the different vascular territories within the 480 

brain vasculature(Frost, Keable et al. 2020). In our study, we showed that vascular 481 

dysfunction of carotid arteries at early stages of senescence in female SAMP8 is 482 

associated with hyperactivity in response to adrenergic signaling in the vascular 483 

smooth muscle, rather than only endothelial dysfunction (Novella, Dantas et al. 2013). 484 

Increased Phe-induced contraction was observed in endothelium-intact and 485 

endothelium-denuded carotid arteries. We also observed a marked increase in binding 486 

affinity to ⍺1-adrenoreceptor that was paralleled by ⍺1A-mediated increased Ca2+ influx 487 

in vascular smooth muscle cells isolated from SAMP8. Our results and a few other 488 

studies in this field show that sympathetic regulation of cerebral circulation during aging 489 

is not a direct and uniform process and may vary depending on the vascular bed and 490 

pathophysiological conditions.  491 

With aging, cognitive impairment results from nonvascular processes and 492 

vascular dysfunction (Kara, Gordon et al. 2023). In the present study, we observed that 493 

the onset of carotid vascular dysfunction is associated with impairments in cognitive 494 

function, reflected by the lower discrimination index observed in senescent females (9-495 

months-old SAMP8) in the NOR test. Most studies on the vascular mechanisms of 496 

cognitive impairment are related to small vessel diseases that manifest as 497 

dysregulated neurovascular coupling and blood-brain barrier dysfunction (Fouda, 498 

Fagan et al. 2019, Kara, Gordon et al. 2023). Nonetheless, we cannot minimize the 499 

role of conductance arteries in microvascular dysfunction. Studies have suggested that 500 

carotid artery dysfunction, such as stenosis, is an independent risk factor for cognitive 501 

impairment and cardiovascular disease (Pettigrew, Thomas et al. 2000, Dutra 2012, 502 

Zhong, Cruickshanks et al. 2012, Heller and Hines 2017, Wang, Liu et al. 2017). 503 
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Although the carotid arteries do not have direct contact with the brain, they are 504 

essential suppliers of blood to the brain via the circle of Willis and key controllers of 505 

cerebral blood flow (for review (Dutra 2012). Moreover, it is well-established that 506 

changes in vascular contractility and elasticity of conductance vessels (including 507 

carotid arteries) modify the pattern of flow and pulsatility towards smaller vessels, 508 

modifying their vascular tone. In a prospective and community-based study, Mitchell et 509 

al. 2011 (Mitchell, van Buchem et al. 2011) described that reduced wave reflection at 510 

the interface between the carotid and aorta leads to the transmission of excessive flow 511 

pulsatility into the brain, microvascular structural brain damage and lower scores in 512 

various cognitive domains. In addition, this study showed that changes in carotid pulse 513 

pressure were associated with lower memory scores in this population. In the present 514 

study, despite the parallelism of the alpha-adrenergic hyperactivity in the common 515 

carotid with cognitive decline in senescent female mice, we are aware that our results 516 

do not directly test the contribution of changes in carotid adrenergic reactivity to 517 

cognition decline. Nonetheless, this study provides new insights into potential 518 

mechanisms for vascular-associated cognitive impairment during aging. 519 

 520 

Conclusion 521 

The present study provides evidence of increased α1A-adrenoceptor signaling, 522 

linked to a functional impairment of common carotid of the female murine model of 523 

senescence (SAMP8). Increased alpha adrenergic reactivity of the common carotid 524 

artery during senescence is paralleled with cognitive decline in senescent females and 525 

may represent a potential mechanism for cognitive dysfunction with aging. Although 526 

our results do not provide direct evidence to associated carotid dysfunction with 527 

cognitive impairment, it furnishes the rational for the design of further experiments to 528 

determine the mechanisms of vascular senescence in cerebral dysfunction. 529 
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Tables 685 

 686 

Table 1. Basic parameters of 8-months-old SAMR1 and SAMP8 female mice 687 

 SAMR1 SAMP8 

Body Weight (g) 25.8± 0.4 30.6±0.7* 

Abdominal fat (mg tissue / cm tíbia) 0.19±0.05 0.42±0.03* 

Gastrocnemius dry (mg tissue/cm tíbia) 0.029±0.002 0.0016±0.002* 

Uterus dry (mg tissue/cm tíbia) 0.023±0.003 0.010±0.001* 

Tail cuff blood pressure (mmHg) 113±3 107±7 

Estrogen (pg / mL) 9.25±2.5 7.04±1.13 

Progesterone (pg / mL) 68.35±45 72.97±86 

Testosterone (ng / ml) 6.65±13.3 6.85±4.5 

Results are expressed as mean ± SEM of 5 animals/group. Statistical significance was 688 

calculated by unpaired T-test with Welch’s correction.  * p<0.05 vs. SAMR1 689 

  690 
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Figures Legends 691 

 692 

Figure 1 – Senescence induced changes in adrenergic vasocontraction. 693 

Cumulative concentration-response curves to phenylephrine (Phe) (A), U46619 (B), 694 

acetylcholine (ACh) (C), and sodium nitroprusside (SNP) (D) in endothelium-intact 695 

common carotid artery from 8-months old SAMR1 and SAMP8 females. Inset graphs 696 

are mean ± SEM of the area under the curve calculated from each concentration-697 

response curve (n = 6-11 mice/group). Statistical significance was calculated by the 698 

extra sum-of-squares F (fit of concentration-response curves) and T-test with Welch’s 699 

correction (AUC). P-values and comparisons are expressed on top of Box & Whiskers 700 

plots and by the curves. Significance is considered when p < 0.05. 701 

 702 

Figure 2 – Impact of senescence on endothelium-derived factors and Phe 703 

contraction. Cumulative concentration-response curves to phenylephrine (Phe) in 704 

endothelium-intact common carotid artery from 8-months old SAMR1 and SAMP8 705 

females. The role of NO, O2- and prostanoids in Phe-induced contraction was 706 

assessed by treatment with L-NAME (A and B), tempol (C and D), and indomethacin 707 

(E and F). Inset graphs are mean ± SEM of the area under the curve calculated from 708 

each concentration-response curve (n = 6-12 mice/group). (G) represent the delta 709 

difference in the AUC of basal vs. treated arteries. Statistical significance was 710 

calculated by the extra sum-of-squares F (fit of concentration-response curves) and T-711 

test with Welch’s correction (AUC). P-values and comparisons are expressed on top of 712 

Box & Whiskers plots and by the curves. Significance is considered when p < 0.05. 713 

 714 

Figure 3 – Impact of senescence on COX-mediated signaling pathway. Cumulative 715 

concentration-response curves to phenylephrine (Phe) in endothelium-intact common 716 

carotid artery from 8-months old SAMR1 and SAMP8 females. The role of COX-1- and 717 

COX-2- derived prostanoids to Phe-induced contraction was assessed by treatment 718 

with selective COX-1 (A and C) or COX-2 (B and D) inhibitors. Inset graphs are mean 719 

± SEM of the area under the curve calculated from each concentration-response curve 720 

(n = 6-11 mice/group). The levels of prostacyclin (E), thromboxane A2 (F), and the ratio 721 

of release (G) were determined after concentration-response curves to Phe. The 722 

expression of mRNA of COX-1 (H) and COX-2 (I) was determined in the common 723 

carotid of SAMR1 and SAMP8. Statistical significance was calculated by the extra 724 

sum-of-squares F (fit of concentration-response curves) and T-test with Welch’s 725 

correction (AUC). P-values and comparisons are expressed on top of Box & Whiskers 726 

plots and by the curves. Significance is considered when p < 0.05. 727 
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 728 

Figure 4 – Role of senescence on 1-adrenergic receptor-mediated contraction.  729 

Cumulative concentration-response curves to phenylephrine (Phe) in endothelium-730 

intact common carotid artery from 8-months old SAMR1 and SAMP8 females. The 731 

contribution of specific alpha-adrenergic receptors to Phe-induced contraction was 732 

determined by pre-treatment of arteries with α-1A adrenergic antagonist (5 methyl-733 

urapidil, n =8) and α-1D adrenergic antagonist (BMY 7378, n=8). The antagonist 734 

concentrations of 5 methyl-urapidil (A) and BMY 7378 (B) to be used in the studies 735 

concertation were tested in the common carotid of SAMR1 and then tested as a single 736 

concentration (10-7M) in the common carotid of SAMR1 (C and D) and SAMP8 (E and 737 

F). The density of 1-adrenergic receptors was determined in the primary culture of 738 

VSMC from SAMR1 and SAMP8 (G) and normalized by the amount of protein (H). 739 

Statistical significance was calculated by the extra sum-of-squares F (fit of 740 

concentration-response curves) and T-test with Welch’s correction (receptor density 741 

and EC50). P-values and comparisons are expressed on top of Box & Whiskers plots 742 

and by the curves. Significance is considered when p < 0.05. 743 

 744 

Figure 5 - Senescence increases intracellular free calcium via the ɑ1A-adrenergic 745 

receptor. Schematic representation of protocol for determining intracellular free 746 

calcium (iCa+2) in response to Phe (10-7 M) in VSMCs of SAMR1 and SAMP8 female 747 

mice (A). Time-course of iCa+2 in response to Phe stimuli (10-7 M) in VSMC of SAMR1 748 

and SAMP8, and in response to Ionomycin, as a positive control (B). Time-course of 749 

iCa+2 in the absence and the presence of ɑ1A antibody in VSMC of SMAR1 (C) and 750 

SAMP8 (D). (E) Box & Whiskers plots show the differences in the AUC of iCa+2 time-751 

course in all groups (n=4 individual sample/group). Statistical significance was 752 

calculated by Brown Forsythe and Welch ANOVA, followed by Dunnett’s T3 post hoc 753 

analysis. P-values and comparisons are expressed on top of Box & Whiskers plots. 754 

Significance is considered when p < 0.05. 755 
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Figure S1 - Representative image of adipose tissue, gastrocnemius, and uterus from SAMR and 
SAMP8 mice at 8 months old. Duration of estrus cycle (days) in SAMR1 (n=5) and SAMP8 (n=5) 
female mice. The estrous cycle phase was determined daily by vaginal smears during a 7- day 
period. Statistical significance was calculated by unpaired T-test with Welch’s correction. p-
values and comparisons are expressed on top of bar graphs. Significance is considered when p 
< 0.05. 
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Figure S2 – Cognitive function in SAMP8. A discrimination index design indicates cognitive 
dysfunction in females SAMR1 and SAMP8 (A). The discrimination index was determined in 9-
month SAMR1 (SAMR1 9M, n=12), 6-month SAMP8 (SAMP8 6M, n=9), and 8-month SAMP8 
(SAMP8 9M, n=12). After habituation (B) and training (C) sessions, cognition capacity was 
determined by the time spent in a familiar object vs a novel object (D) and calculated as 
discrimination index (E). Box & Whiskers plots represent the mean ± SEM from independent 
experiments. Statistical significance was calculated by Brown Forsythe and Welch ANOVA, 
followed by Dunnett's T3 post hoc analysis. P-values and comparisons are expressed on top of 
Box & Whiskers plots. Significance is considered when p < 0.05. 
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Figure S3 - Values of relative absorbance of β-galactosidade activity normalized by the amount 
of protein. Liver from C57/Blc6 with 12 months was used as a positive control. Box & Whiskers 
plots represent the variation (median + interquartile range) of independent set of data 
(n=5/group). Statistical significance was calculated by Brown Forsythe and Welch ANOVA, 
followed by Dunnett’s T3 post hoc analysis. p-values and comparisons are expressed on top of 
bar graphs. Significance is considered when p < 0.05. 
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Figure S4 – Senescence-induced changes in adrenergic vasocontraction in carotid 
arteries without endothelium. Cumulative concentration-response curves to phenylephrine 
(Phe) in endothelium-denuded common carotid artery from 8-months old SAMR1 (n=8) and 
SAMP8 (n=8) females. Inset box plots are the variation (median + interquartile range) of the 
area under the curve calculated from each concentration-response curve. Statistical significance 
was calculated by the extra sum-of-squares F (fit of concentration-response curves) and T-test 
with Welch’s correction (AUC). P-values and comparisons are expressed on top of bar graphs 
and by the curves. Significance is considered when p < 0.05. 
 
 
 
Supplementary Table S1 – Potency (pD2) and maximal effect (Emax) to Phenylephrine in carotid 
rings with (E+) and without (E-) endothelium from SAMR1 and SAMP8 mice. 
 Mean + (95% CI) 

p Value SAMR1 SAMP8 
pD2 E+ 6.7 (6.38 – 7.02) 6.8 (6.54 – 7.12) 0.5079 
pD2 E- 7.1 (6.87 – 7.32) 6.7 (6.24 – 7.24) 0.1586 
Emax E+ 81.1 (77.7 – 84.6) 108.9 (101.5 -116.3) 0.0001 
Emax E- 147.2 (142.6 -151.8) 191.8 (179.1 – 204.5) 0.0001 

Values are mean with 95% CI. Significance is considered when p < 0.05. 
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