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a b s t r a c t

The aim of the present study is to investigate whether immunoreactive (I) calcitonin gene-related pep-
tide (CGRP) content is decreased in plasma and mesenteric arteries (resistance arteries) in middle-aged
rats and if so, whether sex steroid hormones enhance I-CGRP in middle-aged female rats. We also exam-
ined whether vascular CGRP receptor components, calcitonin receptor like receptor (CRLR) and receptor
activity modifying protein 1 (RAMP1) are elevated by sex steroid hormones treatment in middle-aged
female rats. Young adult (3 months old) and middle-aged (10–12 months old) ovariectomized rats were
treated subcutaneously with estradiol-17� (E2; 2 mg), progesterone (P4; 5 mg), E2 + P4 (2 mg + 20 mg) or
placebo (control). Radioimmunoassay and Western blot analysis were performed to measure I-CGRP con-
tent and CGRP receptor components in dorsal root ganglia (DRG), in resistance arteries and in plasma.
Immunofluorescent staining methods were employed to determine cellular localization of CRLR, RAMP1

in resistance arteries. Our data demonstrated that I-CGRP content was significantly (p < 0.05) lower in the
asculature
plasma and resistance arteries of middle-aged female rats compared to young controls. Both RAMP1 and
CRLR were concentrated in vascular endothelium and the underlying smooth muscle cells. RAMP1 but
not CRLR appeared to be decreased in middle-aged rat vasculature. Chronic perfusion of sex steroid hor-
mones to ovariectomized rats: (1) significantly (p < 0.05) elevated I-CGRP in the DRG and in the plasma,
and (2) significantly elevated RAMP1 (p < 0.05) but did not alter CRLR in resistance arteries. These data
suggest that female sex steroid treatment enhances I-CGRP and its receptors, and thus regulate the blood
pressure in aged female rats.
ging is one of the determinants of blood pressure (BP) variability
nd possibly contributes to the pathogenesis of essential hyperten-
ion and cardiovascular disease. The observation that BP is low in
re-menopausal women compared to age matched men and older
omen suggested that female sex steroid hormone therapy (HT)
ight influence hypertension in post-menopausal women [10].
lthough, reports from Heart and Estrogen–Progestin Replacement
tudy (HERS), HERS2, and Women’s Health Initiative (WHI) stud-
es do not support beneficial vascular effects of HT, particularly in
lderly hypertensive women, several studies have suggested the
eneficial effects of HT on reducing cardiovascular diseases in this

opulation [9,10,37,39].

Hypertension is a multi-factorial disorder. A number of mech-
nisms have been proposed for age-related increases in BP.
iminished baroreflex compensation is responsible for the fail-
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ure to respond appropriately to rapid change in the BP, whereas
increased vascular stiffness and diminished glomerular filtration
may be responsible for the gradual increase in BP. Previous stud-
ies in spontaneous hypertensive rats (SHR) [2] and Fischer 144
aging rats demonstrated that endothelium-dependent relaxation is
reduced compared to young adult group [2]. These studies further
suggested that nitric oxide (NO) synthesis/release by endothelial
cells and thereby the activity of the nitric oxide–cyclic gunaosine
monophosphate (NO–cGMP) pathway in smooth muscle is reduced
in aging rats. In addition, recent studies demonstrated that estrogen
replacement in aged bilaterally ovariectomized (OVX) rat restored
impaired vascular relaxation and NO signaling [44]. The above stud-
ies suggest that age-related endothelial dysfunction may contribute
to the increase in arterial pressure.
The BP lowering effects of estrogen therapy (ET) has been
reported in post-menopausal women as well as in animal
models [10,39,54]. In addition, reports indicate [10,39] that pre-
menopausal women have a high cardiac output and lower total
peripheral resistance compared to men of same age, and potent

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:pgangula@mmc.edu
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Table 1
Changes of plasma estradiol-17� (E2) and progesterone (P4) concentrations in young
adult rats (3 months old) during diestrus stage of estrus cycle or persistent diestrus
middle-aged (10–12 months old) rats. Sex steroid hormone levels in plasma were
measured by radioimmunoassay. Values are mean ± SEM for 4–6 animals in each
group.

Group Sex steroid hormones in plasma

Estradiol-17�
(pg/mL/kg b.w.)

Progesterone
(ng/mL/kg b.w.)

Young adult female rat
(3 months old)

231
± 29

95 ± 12

Middle-aged female rat 71 36 ± 4*

(CRLR) and receptor activity modifying protein 1 (RAMP1) protein
expressions were followed as reported previously [4]. Densitomet-
ric analyses were performed in the linear range using a Fluorchem
Analysis System (Alpha Innotech, San Leandro, CA, USA).

Table 2
Changes in plasma and mesenteric artery immunoreactive calcitonin gene-related
peptide (I-CGRP) concentrations in young adult rats (3 months old) during diestrus
stage of estrus cycle or persistent diestrus middle-aged (10–12 months old) rats.
I-CGRP in plasma and mesenteric arteries were measured by radioimmunoassay.
Values are mean ± SEM for 4–6 animals in each group.

Group Immunoreactive CGRP (I-CGRP)

Plasma (pmol/L) Mesenteric artery
(pg/mg protein)
P.R.R. Gangula et al. / Neuros

asodilator effects of estrogens (E2) have been shown in several in
ivo [11,19,40] and in vitro [11,12,36] studies. Similarly, potent vas-
ular protective effects of progesterone (P4) are also documented
n both rats [46] and human [23,51]. Taken together, these studies
uggest that decreases in hormone levels may be responsible for BP
ncrease in aged population. In addition to NO and prostaglandins,
t has been proposed that calcitonin gene-related peptide (CGRP)
s also one of the mechanisms regulating BP lowering effects of sex
teroid hormones [13,17,20].

CGRP is a potent vasodilator neuropeptide and is produced by
he tissue-specific alternative splicing of the primary transcript of
he calcitonin/CGRP gene [52]. This peptide is distributed through-
ut the central and peripheral nervous systems and is located in
reas that are involved in cardiovascular functions [3,31,53]. CGRP
s released from the never terminals, binds to its receptors on the
asculature [48,52], and reduces the BP via peripheral vasodilation
21,34]. Studies from our laboratory have been shown that both
irculatory CGRP levels [14] and receptors in vasculature [55] are
levated by E2 and P4 treatment in young adult female rats. The
xpression of CGRP in dorsal root ganglia (DRG), the prominent
ite of CGRP synthesis is regulated by female sex steroid hormones
15]. Vasodilatory effects of CGRP are significantly improved by sex
teroid hormones in both young adult [18] and aged female [17] rats.
urthermore, we have reported that P4 modulated the vasodilator
ffects of CGRP in the presence of NG-nitro-l-arginine methyl ester
l-NAME, the inhibitor of nitric oxide], indicating a NO-independent
athway [16]. Collectively, theses studies suggest that vasodilator
ffects of CGRP are modulated by sex steroid hormones in both
oung adult and aged rats. Lu et al. [28] have demonstrated that
he circulatory levels of both E2 and P4 are reduced in aged female
ats. Moreover, previous reports postulated that CGRP concentra-
ions in the circulation were elevated by HT in post-menopausal
omen [43,47]. However, it is not clear whether both dorsal root

anglia and circulatory CGRP content and its receptors are altered
n aging vasculature and if so, whether HT restores this effect. We
ypothesize that decreases in the sex steroid hormone levels in
he circulation might down-regulate the synthesis and/or release
f CGRP, and its receptors on the vasculature and develop hyper-
ension in older women. The objectives of the present study are
o investigate whether: (1) the levels of CGRP in the circulation, in
esistance blood vessels, and CGRP receptors in mesenteric arteries
re altered with aging; (2) steroid hormone treatments can modu-
ate CGRP system in aged rat model.

Young adult (3 months old) non-pregnant or middle-aged
10–12 months old) rats were purchased from Harlan Sprague Daw-
ey (Houston, TX, USA) and housed in a climatic controlled room

ith a 12L:12D schedule. Animals received an ad libitum supply of
at chow and water. All procedures were approved by the Animal
are and Use Committee of the University of Texas Medical Branch,
alveston, TX, USA.

Groups of 4–6 young adult or middle-aged female rats were
ither left intact (ovary-intact) or bilaterally ovariectomized while
nder ketamine (45 mg/kg b.w.; Fort Dodge Laboratory, Fort Dodge,

A) and xylazine (5 mg/kg b.w.; Burns Veterinary Supplies, New
ork, NY) anesthesia. Seven days after OVX, animals were implanted
c (per kg body weight) with 21-day release of E2 (2 mg), P4
20 mg), E2 + P4 (2 mg + 20 mg), or placebo (control). These doses
ere shown to achieve physiological concentrations in the circula-

ion in both young adult and aged rats [4]. After 7 days of treatment
10–11 a.m.) blood was collected into heparin zed tubes from the
ena cava immediately following exposure to CO2 in an inhalation

hamber. Blood was then centrifuged at 1600 × g for 15 min at 4 ◦C,
nd plasma was collected and stored at −70 ◦C until used. Dorsal
oot ganglia and mesenteric arteries from both young adult and
iddle-aged rats were removed immediately, quickly frozen in liq-

id nitrogen and stored at −70 ◦C until used. On the experimental
(10–12 months old) ± 4*

* p < 0.05 compared to young adult group.

day the young adults were in diestrus, and middle-aged rats were
at persistent diestrus stage. The stage of estrus cycle was assessed
by examining cells in a vaginal flush using light microscopy.

Plasma was processed for the measurement of E2 (pg/mL/kg
b.w.) and P4 (ng/mL/kg b.w.) using specific 125I label for E2
or P4, respectively, by radioimmunoassay (RIA) method as per
instructions provided by supplier (Diagnostic Systems Laboratories,
Webster, TX, USA).

The extraction of I-CGRP from plasma, dorsal root ganglia and
mesenteric arteries were followed as published earlier [14,43,47].
Briefly, acidified plasma supernatants were pooled and passed
through Sep-Pak C18 cartridges (Waters Associates, Milford, MA,
USA) primed with 100% acetonitrile. The elutes were vacuum-dried
and stored at −70 ◦C for measurement of I-CGRP by RIA using CGRP
RIA Kit (Phoenix Pharmaceuticals Inc., Belmont, CA, USA). The dried
elute was reconstituted in a small amount (15–30 �L) of 0.1% TFA
over a period of 30 min at 4 ◦C. The CGRP content in plasma was
expressed as pmol/L.

Dorsal root ganglia and mesenteric arteries (pg/mg) I-CGRP con-
tent was calculated from total protein in the supernatant, which was
measured by BCA Kit (Pierce, Rockford, IL, USA). Equal amounts of
protein were used in duplicate to determine I-CGRP levels.

I-CGRP was measured by radioimmunoassay utilizing a rabbit
antiserum raised against synthetic human �-CGRP conjugated to
bovine albumin. The sensitivity was 32 pg/tube and the intra-assay
and inter-assay variations were 5% and 10%, respectively, and the
cross-reactivity for the antibody used was 100% and 35.5% for rat
�-CGRP and human �-CGRP, respectively.

Mesenteric arteries were thawed on ice before homogeniza-
tion. Experimental protocols for calcitonin receptor like receptor
Young adult female rat
(3 months old)

14.0 ± 0.2 390 ± 23

Middle-aged female rat
(10–12 months old)

10 ± 0.1* 202 ± 12*

* p < 0.05 compared to young adult group.
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Fig. 1. Effects of estradiol-17� (E2), progesterone (P4) either alone or in combination
on the dorsal root ganglia (DRG) immunoreactive calcitonin gene-related peptide (I-
CGRP) in middle-aged (10–12 months old) female rats. After 1 week of ovariectomy,
animals were implanted subcutaneously (per kilogram body weight) with 21-day
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elease of either E2 (2 mg), P4 (20 mg), E2 + P4 (2 mg + 20 mg), or placebo (control)
ellets and blood was collected after 7 days of treatment for the measurement of

-CGRP levels in the DRG by radioimmunoassay method. Data were mean ± SEM for
–6 animals in each group. *p < 0.05 compared with control group.

Young adult or middle-aged female rat mesenteric arteries were
xed in BOUIN’s fixative [8]. After a routine tissue processing pro-
edure of dehydration in ascending grades of ethanol, cleaning in
ylene, and infiltration with paraffin, the tissue were embedded in

araffin. Sections (5 �M thick) were rinsed with 3% normal goat
erum and Triton x-100 for 30 min at room temperature and then
ncubated with avidin–biotin blocking buffer to reduce non-specific
taining. The primary polyclonal antibody for CRLR and RAMP1 in

ig. 2. Effects of estradiol-17� (E2), progesterone (P4) either alone or in combination
n the plasma immunoreactive calcitonin gene-related peptide (I-CGRP) concentra-
ions in young adult (A, 3 months old) or in middle-aged (B, 10–12 months old)
emale rats. After 1 week of ovariectomy, animals were implanted subcutaneously
per kilogram body weight) with 21-day release of either E2 (2 mg), P4 (20 mg), E2 + P4

2 mg + 20 mg), or placebo (control) pellets and blood was collected after 7 days
f treatment for the measurement of I-CGRP levels in the circulation by radioim-
unoassay method. Data were mean ± SEM for 4–6 animals in each group. *p < 0.05

ompared with control group.
Letters 454 (2009) 118–123

1% normal goat serum was applied to the slides and incubated
overnight in the cold room (4 ◦C). After being washed with PBS,
the slides were incubated with the fluorescence-conjugated sec-
ondary antibody Alexa Fluor 594 (Molecular Probes, Eugene, OR,
USA) at room temperature for 4 h. The slides were then rinsed
with PBS, mounted using 4′,6-diamidino-2-phenylindole (Vector
Laboratories; Burlingame, CA, USA), covered with coverships, and
viewed under an Olympus microscope (Olympus Optical, Tokyo,
Japan).

Results are expressed as the mean ± SEM. Data were analyzed for
statistical differences with the Student’s t-test or one-way ANOVA
followed by the Bonferroni t-test to verify differences between
individual groups. Differences were considered to be significant if
p < 0.05 (n = 4–6).

Results show that plasma levels of E2 (pg/mL/kg b.w.) are signif-
icantly (p < 0.05) decreased in middle-aged female rats (71 ± 4.0)
compared to the young adult group (231 ± 29) (Table 1). Sim-
ilarly, the plasma levels of P4 (ng/mL/kg b.w.) in young adult
circulation were greater (95 ± 12) compared to middle-aged group
(36 ± 4) (Table 1). The levels of I-CGRP in middle-aged rat circu-
lation (pmol/L) were significantly (p < 0.05) reduced (10.0 ± 0.1)
compared to young adult group (14.0 ± 0.2) (Table 2). Similarly, sig-
nificant decreases in mesenteric I-CGRP content (pg/mg protein)
were observed in middle-aged rats (202 ± 12) compared to young
adult group (390 ± 23).

We observed that DRG I-CGRP levels (pg/mg tissue) were signif-
icantly (p < 0.05) elevated in E (600 ± 40), P (780 ± 30) and E + P
2 4 2 4
(800 ± 40) treated young adult OVX rats compared to placebo (con-
trol) treated (400 + 20) group (Fig. 1).

As shown in Fig. 2A, plasma I-CGRP levels (pmol/L) were signifi-
cantly (p < 0.05) elevated in E2 (16.1 ± 1.6), P4 (15.4 ± 0.9) and E2 + P4

Fig. 3. Effects of estradiol-17� (E2), progesterone (P4) either alone or in combina-
tion on calcitonin gene-related peptide receptor component protein expression in
middle-aged (10–12 months old) ovariectomized (OVX) rat mesenteric arteries. The
OVX animals were implanted subcutaneously (per kilogram body weight) with 21-
day release of either E2 (2 mg), P4 (20 mg), E2 + P4 (2 mg + 20 mg), or placebo (control)
pellets and mesenteric arteries were collected after 7 days for Western blot analysis.
Densitometric analysis for CRLR (58 kDa) (A) and RAMP1 (14 kDa); (B) are presented
in the bar graph. The bars represent mean ± SEM (n = 4–6). Groups with asterisk at
the top of the bars differ significantly (p < 0.05) from placebo (control).
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Fig. 4. Immunofluorescent localization of CGRP receptor components; CRLR [A1 (left), A2 (right)] and RAMP1 [B1 (left), B2 (right)] in female rat mesenteric arteries. Sections
(×100) from young adult during diestrus (left panel; 2 and 3 months old) stage and middle-aged during persistent diestrus (right panel; 10–12 months old) stage were used.
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, endothelium; SMC, smooth muscle cells. None of the sections examined showed
right)].

15.6 ± 0.7) treated young adult OVX rats compared to placebo (con-
rol) treated (12.5 + 1.0) group. Similar trends were also observed
n circulatory I-CGRP levels in the aged-OVX female rats upon E2
11.2 ± 1.0), P4 (13.7 ± 2.2) or E2 + P4 (12.8 ± 0.7) treatments com-
ared to the control group (9.8 ± 0.3) (Fig. 2B).

Densitometric analysis revealed that the receptor protein
xpression for CRLR in aged rat mesenteric arteries did not change
n the presence of these hormones (Fig. 3A). However, the protein
xpression for RAMP1 was substantially elevated by treatment with
2, P4 either alone or in combination compared to control group
Fig. 3B).

Using immunofluorescent staining, we found that both CRLR
Panel A) and RAMP1 (Panel B) were present in resistance arter-
es, with staining localized to both endothelium and underlying
mooth muscle cells. These results further show that staining for
AMP1 (Panel B, right), but not CRLR (Panel A, right) appeared to
e decreased in middle-aged female rats compared to young adults
CRLR, left panel A; RAMP1, left panel B) (Fig. 4).

The present study confirmed the previous reports that cir-
ulatory levels of sex steroid hormones decreased in both

ost-menopausal women [43,47] as well as in aged rats [28] com-
ared to pre-menopausal women and young adult rats, respectively
Table 1). We hypothesized that decreases in circulatory hormone
oncentrations might reduce the CGRP levels as well, therefore
ncrease the BP in aged population. In this study, we found that
ve immunostaining when primary antibody was omitted (−antibody) [C1 (left), C2

both plasma and resistance artery I-CGRP levels are significantly
(p < 0.05) decreased in ovary-intact middle-aged rats compared to
young adult animals (Table 2). Previous studies demonstrated that
the levels of I-CGRP in mesenteric (resistance) and femoral arter-
ies are lower in older male rats than in young adults [25]. CGRP
immunoreactivity was decreased at the lumbar 4 to 5 levels of
the dorsal horn of the spinal cord in aged male rats [1]. How-
ever, none of these studies, except our current findings, addressed
whether decreases in circulatory levels of E2 and P4 influence the
CGRP levels in middle-aged female rats. These studies together
with our current findings suggest that CGRP synthesis in DRG in
middle-aged rats may be decreased; therefore the levels of this
peptide were reduced in both mesenteric vasculature and in the
circulation.

It has been well-documented that HT is known to decrease BP in
post-menopausal women [10,39], SHR [45,49] and in young adult
OVX rats [54]. The pathways by which hormones interact with
the vascular physiology are not completely understood. Our recent
studies demonstrated the BP lowering effects of CGRP are ampli-
fied in the presence of hormones in both OVX young adult [17] and

aged female rats [18]. We postulated that sex steroid hormone ele-
vate the synthesis and/or release of treatment of I-CGRP into the
circulation and therefore decreased the BP. In the current study,
we observed that sex steroid hormone pellets (this concentration
was shown to achieve physiological levels in the rat circulation)
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4], significantly (p < 0.05) elevated I-CGRP levels in middle-aged
emale rat DRG (Fig. 1). These studies provide additional evidence
hat steroid hormones increase CGRP synthesis both in young adult
nd in the aged population.

In the present study, we observed that treatment with E2
p < 0.07), P4, and E2 + P4 treatments significantly (p < 0.05) elevated
lasma levels of I-CGRP in middle-aged (10–12 months old) female
Fig. 2B) rats similar to that of young adult group (Fig. 2A). In

preliminary study, we have noticed that E2 treatment signifi-
antly (p < 0.01) elevated plasma I-CGRP content in older (16–18
onths old) female rats (40 ± 2) compared to either intact or OVX

10 ± 0.08) control groups. Additional studies are warranted to eval-
ate dose- and age-dependent effects of sex steroids on I-CGRP
ontent in DRG, mesenteric vasculature and in the circulation.
revious studies demonstrated that HT elevates I-CGRP levels in cir-
ulation of post-menopausal women compared to pre-menopausal
tate [43,47]. Collectively, these data suggest that HT increases both
RG and circulatory I-CGRP levels independent of age and thus
aintain the vascular tone.
CRLR forms a high-affinity receptor for CGRP when co-expressed

ith RAMP1 [32]. In turn, RAMP1 acts as a chaperone protein, is
equired for correct routing of CRLR to the cell surface, and con-
ributes to the pharmacological specificity of CRLR. Because the
asodilator sensitivity to CGRP and I-CGRP levels in circulation
re elevated by female sex steroid hormone treatment, we next
xamined whether the protein expression of CRLR and RAMP1 are
odulated by these hormones. We found that RAMP1 (Fig. 3B) but

ot CRLR (Fig. 3A) protein in mesenteric vessels were elevated by
4 either alone or in combination with E2 in middle-aged female
ats. However, the expression of RAMP1 was substantially (p < 0.07)
ut not significantly elevated by E2 treatment in middle-aged
emale rats. Furthermore, data obtained from immunofluorescent
taining shows that RAMP1 but not CRLR expression appeared to be
ecreased in middle-aged rat vasculature (Fig. 4). Additional studies
re required to demonstrate the age- and dose-dependent effects
f sex steroid hormones on vascular CGRP receptors expression.

Coronary heart disease (CHD) is the leading cause of death in
omen in the United States. The risk for coronary heart disease

s much higher in African–American (AA) women than in Cau-
asians [5–7] due to, at least in part, to lower levels of circulating
ex hormones in AA women [24,29,33]. Previous studies demon-
trated only the changes in circulatory I-CGRP with or without
ormone therapy in post-menopausal women [16,28]. However,
hese studies have not discussed whether racial/ethnic differences
re exist with I-CGRP, CGRP receptor components, vasodilator
esponses to CGRP, in parallel with circulatory estrogens and if
o whether this system is altered with hormone therapy. Our
ong-term goal is to test the hypothesis that the CGRP system is
he mechanism involved in vasoprotection due to circulating sex
ormones, and that appropriate HT, may lead to successful protec-
ion against CHD in post-menopausal women. Although, reports
rom Heart and Estrogen–Progestin Replacement Study, HERS2,
nd Women’s Health Initiative studies do not support beneficial
ascular effects of HT, these studies [37,39] together with recent
merging and national register study [9,22,26,27,30,35,41,42,50]
ould not rule out the possibility that depend upon the CV
ondition and/or age, other formulations of oral estrogens, phy-
estrogens and progesterone’s and/or transdermal estradiol with
rogesterone at physiological doses may provide a different
isk–benefit profile. The above studies also suggest that early
nitiation of therapy would be beneficial and not harmful. There-

ore, the future studies will be focused on (1) to investigate
ose, route, type of hormone regimen and (2) duration of ET
nd/or HT that lower the risk for CHD by stimulating endoge-
ous vasoactive hormones such as CGRP in post-menopausal
omen.

[
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