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Abstract 

 

Background 

Apart from their well-known peripheral cardiovascular effects, emerging evidence indicates 

that estrogen acts as a modulator in the brain to regulate cardiovascular functions. The 

underlying mechanisms of estrogen in central cardiovascular regulation, however, are poorly 

understood. The present study investigated the cardiovascular effects of 17β-estradiol (E2β) 

in the rostral ventrolateral medulla (RVLM), where sympathetic premotor neurons are located, 

and delineated the engagement of nitric oxide (NO) in E2β-induced cardiovascular responses. 

Methods 

In male Sprague-Dawley rats maintained under propofol anesthesia, the changes of blood 

pressure, heart rate and sympathetic vasomotor tone after microinjection bilaterally into the 

RVLM of a synthetic estrogen, E2β were examined for at least 120 min. The involvement of 

ERα and/or ERβ subtypes was determined by microinjection of selective ERα or ERβ agonist 

into bilateral RVLM. Different NO synthase (NOS) inhibitors were used to evaluate the 

involvement of differential of NOS isoforms in the cardiovascular effects of E2β. 

Results 

Bilateral microinjection of E2β (0.5, 1, or 5 pmol) into the RVLM dose-dependently 

decreased systemic arterial pressure (SAP) and the power density of the vasomotor 

components of SAP signals, our experimental index for sympathetic neurogenic vasomotor 

tone. These cardiovascular depressive effects of E2β (1 pmol) were abolished by co-injection 

of ER antagonist ICI 182780 (0.25 or 0.5 pmol), but not a transcription inhibitor actinomycin 

D (10 nmol). Like E2β, microinjection bilaterally into the RVLM of a selective ERβ agonist 

2,3-bis(4-hydroxyphenyl) propionitrile (DPN, 1, 2, or 5 pmol) induced significant decreases 

in these hemodynamic parameters in a dose-dependent manner. In contrast, the selective ERα 

agonist 1,3,5-tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole (5 pmol) did not influence the 

same cardiovascular parameters. Co-administration bilaterally into the RVLM of NOS 

inhibitor N
G
-nitro-L-arginine methyl ester (5 nmol) or selective inducible NOS (iNOS) 

inhibitor S-methylisothiourea (25 pmol), but not selective neuronal NOS inhibitor 
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7-nitroindazole (0.5 pmol) or endothelial NOS inhibitor N5-(1-Iminoethyl)-L-ornithine (2.5 

pmol), significantly attenuated the cardiovascular depressive effects elicited by DPN (2 

pmol). 

Conclusions 

Our results indicate that E2β in the RVLM elicited short-term cardiovascular depressive 

effects via an ERβ-dependent nontranscriptional mechanism. These vasodepressor effects of 

E2β are likely to be mediated by the iNOS-derived NO in the RVLM. 
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Background 

 

Most known biological effects of estrogen, a major female gonadal steroid, are mediated by 

binding of the hormone to estrogen receptor (ER) subtypes, ERα and ERβ [1]. The ERs 

belong to a member of the nuclear hormone family of intracellular receptors that function as 

ligand-dependent transcriptional coactivators [1]. Upon binding to nuclear ERs, estrogen and 

ER forms a complex to bind at specific response elements in the promoters of target genes 

where it regulates gene transcription through direct interactions with DNA or other 

transcriptional machinery proteins [1,2]. This transcriptional mode of action is responsible for 

the well defined, long-lasting cellular responses of estrogen. 

Recent studies have demonstrated that activated ER may promote physiological functions 

via nontranscriptional mechanisms [1,3,4]. In the heart and vasculature, the nongenomic 

mechanisms underlie estrogen-induced short-term arterial vasodilation [4,5], inhibition of 

atherosclerotic lesions [4,6] and amelioration of ischemia/reperfusion-induced cardiac injury 

[7]. These estrogen-triggered rapid cardiovascular responses are thought to be mediated via 

direct activation by the hormone of the cellular membrane rather than intracellular receptors 

[3,4,8]. 

Apart from their well-known peripheral cardiovascular effects, emerging evidence 

indicates that estrogen acts as a modulator in the brain to regulate cardiovascular functions 

[9-14]. Intracerebroventricular injection of estrogen increases systemic arterial pressure (SAP) 

and sympathetic nerve activity in female rats [9]. In estrogen-replaced ovariectomized female 

rats [12],
 
but not in male rats [11], peripheral injection of estrogen decreases baseline 

sympathetic tone and SAP, which are antagonized by central injection of the selective ER 

antagonist [11,12]. Within the brain stem, both ER mRNA [15] and protein [16,17] are 

distributed in neurons of the rostral ventrolateral medulla (RVLM), where sympathetic 

premotor neurons for the maintenance of basal vasomotor tone are located [18], making this 

nucleus a candidate substrate to subserve the central cardiovascular regulatory actions of 

estrogen. Only a few studies [13,14] reported the cardiovascular regulatory actions of 

estrogen in the RVLM. Moreover, the underlying mechanisms mediating central 
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cardiovascular effects of estrogen are not fully understood. The present study was therefore 

undertaken to evaluate the hypothesis that estrogen in the RVLM participates in neural 

regulation of cardiovascular functions via ERβ-dependent mechanisms that entail activation 

of nitric oxide (NO) signaling. 

 

 

Methods 

 

Animals 

Experiments were carried out in adult male Sprague-Dawley rats (250-300 g, n=126) 

purchased from the Experimental Animal Center of the National Science Council (Taipei, 

Taiwan). The male rats were chosen in this study to avoid possible confounding"influence 

from differing circulating estrogen levels in cycling female rats. All rats were kept under 

conditions of constant temperature (23±0.5°C) with a standard 12h light-dark cycle 

(08:00-20:00) and free access to standard laboratory rat chow (Purina) and tap water. They 

were allowed to acclimatize for at least 7 days before experimental manipulations. All 

experiment procedures were conducted in compliance with the guidelines of our institutional 

animal care committee. All efforts were made to reduce the numbers of animals used and to 

minimize animal suffering during the experiment. 

 

General animal preparation 

The
 
preparatory surgery including intubation of the trachea and cannulation of the femoral 

artery and both femoral veins was performed under an induction dose of pentobarbital 

sodium (50 mg/kg, i.p.) [19,20]. During recording session, the anesthetic maintenance of the 

animals was achieved by an intravenous infusion of propofol (Zeneca Pharmaceuticals, 

Macclesfield, UK) at 20-30 mg/kg/h. This management scheme [21] provides satisfactory 

anesthetic maintenance while preserving the capacity of neural control of cardiovascular 

functions. The same management scheme also has no significant effect in increasing 

respiratory resistance [22] or airway mucus secretion [23]. Animals also received 
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neuromuscular blockade with intravenous infusion of pancuronium (2 mg/kg/h＞ via the 

femoral vein. Pulsatile and mean SAP (MSAP), as well as heart rate (HR), was recorded on a 

polygraph (Gould RS3400, Valley View, OH, USA). Animals were ventilated mechanically 

by the use of a small rodent ventilator (Harvard 683, South Natik, MA, USA) to maintain an 

end-tidal CO2 within 4.0-4.5%, as monitored by a capnograph (Datex Normocap, Helsinki, 

Finland). This procedure was conducted to minimize possible confounding cardiovascular 

changes secondary to respiratory perturbation. The head of the animal was thereafter fixed to 

a stereotaxic headholder (Kopf 1430, Tujunga, CA, USA), and the rest of the body was 

placed on a thermostatically controlled pad to maintain rectal temperature of 37ｕ0.5°C. All 

data were collected from animals with a steady baseline MSAP above 90 mmHg throughout 

the recording period. 

 

Recording and power spectral analysis of SAP signals 

The SAP signals recorded from the femoral artery were simultaneously subject to on-line 

power spectral analysis as detailed previously [21,24]. We were particularly interested in the 

very low-frequency (0-0.25 Hz) and low-frequency (0.25-0.8 Hz) components of the SAP 

spectrum. These spectral components of SAP signals were reported to take origin from the 

RVLM [25] and their power density reflect the prevailing sympathetic neurogenic vasomotor 

tone [19-21,26].
 
The power densities of these two spectral components were displayed during 

the experiment, alongside SAP, MSAP and HR, in an online and real-time manner. 

 

Microinjection of test agents into the RVLM 

Microinjection bilaterally of test agents into the functionally identified RVLM sites were 

performed stereotaxically and sequentially with a glass micropipette (external tip diameter: 

50-80 µm) connected to a 0.5-µl Hamilton microsyringe (Reno, NV, USA). A total volume of 

50 nl was delivered to each side over 1-2 min to allow for complete diffusion of the injected 

solution. The time between injections from one side of the RVLM to the other was 5-6 min. 

The stereotaxic coordinates for the RVLM were 4.5 to 5.0 mm posterior to lambda, 1.8 to 

2.1 mm lateral to midline, and 8.0 to 8.5 mm below the dorsal surface of the cerebellum. 
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These coordinates were selected to cover the ventrolateral medulla in which both ER mRNA 

[15] and protein [16,17] are distributed, and where functionally identified sympathetic 

premotor neurons are located [18].  

At the beginning of each experiment, the functional location of RVLM neurons on either 

side was established by monitoring a transient pressor response (15-25 mmHg) after 

microinjection of L-glutamate (1 nmol, Sigma Chemical). Subsequent microinjections of test 

agents were delivered to the identified pressor loci 20 min after the completion of glutamate 

application. This time lag was introduced to ensure complete recovery from the 

glutamate-induced pressor response before microinjection bilaterally into the RVLM of test 

agents or vehicle0"

All microinjection solutions contained 1% Evans blue to aid in subsequent histological 

verification of the injection site. Possible volume effect of microinjection was controlled by 

injecting the same amount of artificial cerebrospinal fluid (aCSF, pH 7.4) of the following 

composition (in mM): 126 NaCl, 2.5 KCl, 2 CaCl2, 1–2 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, 

and 10 D-glucose. To avoid confounding effects of drug interactions, each animal received 

only one treatment of synthetic estrogen, selective ERα, ERβ agonist or vehicle, given alone 

or in combination with one test agent. 

 

Preparation of test agents 

The test agents were used in this study included 17β-estradiol-3-sulphate sodium (E2β; 

Sigma–Aldrich, St. Louis, MO, USA); a selective ERα agonisv, 

1,3,5-tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole (PPT; Tocris Cookson Inc., Bristol, UK); 

a selective"ERβ agonist, 2,3-bis(4-hydroxyphenyl) propionitrile (DPN; Tocris Cookson); 

17α-estradiol (E2α; Sigma–Aldrich); a nonspecific ER antagonist, ICI 182780 (Tocris 

Cookson); a selective ERα antagonist, methyl-piperidino-pyrazole (MPP; Tocris Cookson); a 

selective ERβ antagonist, R,R-tetrahydrochrysene (R,R-THC; Tocris Cookson); a 

nonselective NO"synthase (NOS)"inhibitor, N
G
-nitro-L-arginine methyl ester (L-NAME; 

Sigma–Aldrich); a selective inducible NOS (iNOS) inhibitor, S-methylisothiourea (SMT; 

Tocris Cookson); a selective neuronal NOS (nNOS) inhibitor, 7-nitroindazole (7-NI; Tocris 
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Cookson); a selective endothelial NOS (eNOS) inhibitor, N5-(1-Iminoethyl)-L-ornithine 

(L-NIO; Tocris Cookson); or a transcription inhibitor, actinomycin D (AMD; Tocris 

Cookson). The dose and treatment scheme were adopted from our preliminary experiments 

and previous studies [20,26], which used the same test agents for the same purpose as in this 

study. Moreover, to avoid confounding cardiovascular effects evoked by individual test agent, 

we purposely selected dose that did not alter the baseline circulatory parameters when 

microinjected alone into the bilateral RVLM. The dose of each antagonist or inhibitor used in 

this study, nonetheless, has been shown in our pilot studies to significantly inhibit 

cardiovascular responses induced by its specific ligand."All test agents were dissolved in 

aCSF at pH 7.4, with the exception of ICI 182780 and 7-NI, which used, respectively, 5% 

dimethyl sulfoxide (DMSO) or 3% methanol as the solvent. Control experiments showed that 

these vehicles had no significant effect on baseline MSAP or HR during the 120 min 

observation period. 

 

Brain histology 

At the conclusion of each experiment, the animal was killed by an overdose of pentobarbital 

sodium, and the brain stem was removed from animals and fixed in 30% sucrose in 10% 

formaldehyde–saline solution for at least 72 h. Histological verification of the location of 

microinjection sites was carried out on frozen 25-µm sections of the medulla oblongata 

stained with 1% Neutral red.
 

 

Statistical analysis 

All values are expressed as mean ± SEM. The two-way
 
analysis of variance (ANOVA) with 

repeated measures was used to assess group difference in the effect of various treatments on 

time course of changes in MSAP, HR or power density of vasomotor components of SAP 

spectrum. This was followed by the Scheffé multiple-range
 
test for post hoc assessment of 

individual means. The maximal changes in the hemodynamic parameters were evaluated with 

paired t-test. P < 0.05 was considered statistically significant. 
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Results 

 

Cardiovascular effects of microinjection bilaterally into the RVLM of E2β 

Compared to aCSF treatment, microinjection bilaterally into the functionally identified 

pressor region of RVLM of E2β (0.5, 1, or 5 pmol) resulted in significant and dose-dependent 

decreases in MSAP and power density of vasomotor components of SAP spectrum, our 

experimental index for sympathetic neurogenic vasomotor outflow [19-21,24], without 

apparent effect on HR (Fig. 1). The cardiovascular depressive responses of E2β commenced 

approximately 30 min, and lasted for at least 120 min posttreatment. Duration of 

cardiovascular depressive responses of E2β (0.5, 1, or 5 pmol) was dose dependent. At a 

lower dose (0.5 pmol), E2β promoted vasodepressor responses that lasted for approximately 

150 min postinjection, whereas at higher doses (1 or 5 pmol) E2β produced cardiovascular 

depressive responses that sustained more than 3-4 hrs postinjection. Microinjection bilaterally 

into the RVLM of the inactive isomer of estrogen, E2α (5 pmol), on the other hand, did not 

affect basal hemodynamic parameters (Fig. 1). Microinjection of E2β (5 pmol) into the 

ventrolateral medullary areas adjacent to, but outside the confine of RVLM, e.g., spinal 

trigeminal nucleus or lateral paragigantocellular nucleus, also elicited minimal effects on 

those cardiovascular parameters (data not shown). In addition, intravenous injection of a high 

dose (5 pmol) E2β did not affect baseline MSAP, HR or power density of vasomotor 

components of SAP spectrum (MSAP: -3.2±1.6 mmHg; HR: +4.3±0.8 bpm; SAP spectrum: 

-0.6±0.5 mmHg
2
, n=3).  

 

Effects of ER antagonist on the E2β-induced cardiovascular depressive responses 

Co-administration bilaterally into the RVLM of a nonspecific ER antagonist, ICI 182780 

(0.25 or 0.5 pmol) attenuated the cardiovascular depressive responses of E2β (1 pmol) (Fig. 2) 

in a dose-related manner. At high dose (0.5 pmol), ICI 182780 almost completely reversed 

the E2β-induced hypotension and the decrease in sympathetic vasomotor tone. Comparable 

results were obtained in animals that received ICI 182780 delivered at 20 min before E2β 

microinjection (data not shown). In addition, co-administration bilaterally into the RVLM of 



 10 

a specific ERβ antagonist R,R-THC (50 pmol), but not a specific ERα antagonist MPP (1 

nmol), attenuated the vasodepressor responses induced by E2β (1 pmol) (maximal decrease in 

MSAP: E2β alone: -48.6±6.3 mmHg vs. E2β+R,R-THC: -18±6.1 mmHg, n=4, P<0.05; 

maximal decrease in MSAP: E2β alone: -48.6±6.3 mmHg vs. E2β+MPP: -50.3±5.4 mmHg, 

n=4, P>0.05). Microinjection bilaterally into the RVLM of ICI 182780 (0.25 or 0.5 pmol), 

R,R-THC (50 pmol) or MPP (1 nmol) alone, on the other hand, had no discernible effect on 

baseline MSAP, HR or power density of vasomotor components of SAP spectrum (Table 1). 

In contrast, co-administration bilaterally into the RVLM of a transcription inhibitor AMD (10 

nmol), did not affect the cardiovascular depressive response of E2β (1 pmol) (maximal 

decrease in MSAP: E2β alone: -46.8±5.3 mmHg vs. E2β+AMD: -52±6.5 mmHg, n=6, 

P>0.05). 

 

Cardiovascular effects of microinjection bilaterally into the RVLM of ERα or ERβ agonist 

To decipher the role of ERα and/or ERβ subtypes in E2β-induced cardiovascular depressive 

responses, we evaluated the cardiovascular effects of the selective ERα or ERβ agonist in the 

RVLM. Similar to effects induced by E2β, microinjection bilaterally into the RVLM of ERβ 

agonist DPN (1, 2 or 5 pmol) promoted hypotension and reduction in sympathetic vasomotor 

tone in a dose-related manner (Fig. 3). In contrast, the same doses of DPN (2 or 5 pmol) 

microinjected outside the confine of RVLM (e.g., spinal trigeminal nucleus or lateral 

paragigantocellular nucleus) caused a minimal alteration in the same cardiovascular 

parameters (data not shown). In a separate series of experiments, microinjection bilaterally 

into the RVLM of ERα agonist PPT (5 pmol) did not affect basal hemodynamic parameters 

(Fig. 3). Similarly, intravenous injection of DPN (5 pmol) did not affect the baseline MSAP, 

HR or power density of vasomotor components of SAP spectrum (MSAP: -4.1±1.2 mmHg; 

HR: +4.4±1.1 bpm; SAP spectrum: -0.7±0.5 mmHg
2
, n = 3). 

 

Effects of NOS inhibitor on the ERβ agonist-induced cardiovascular depressive effects 

Compared with the aCSF or 3% MeOH controls, co-administration of the nonselective NOS 

inhibitor, L-NAME (5 nmol) significantly attenuated hypotension and reduction in power 
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density of vasomotor components of SAP spectrum promoted by microinjection bilaterally 

into the RVLM of DPN (2 pmol) (Fig. 4). Of the three isoforms of NOS, we found that only 

the iNOS inhibitor SMT (25 pmol), but not the nNOS inhibitor 7-NI (0.5 pmol) or the eNOS 

inhibitor L-NIO (2.5 pmol), appreciably attenuated the DPN-induced cardiovascular 

depressive responses (Fig. 4). Microinjection into bilateral RVLM of L-NAME (5 nmol), 

SMT (25 pmol), 7-NI (0.5 pmol), or L-NIO (2.5 pmol) alone had no significant effect on 

baseline MSAP, HR or power density of vasomotor components of SAP spectrum (Table 1). 

 

Microinjection sites 

Histological verification of locations of micropipette tips in the ventrolateral medulla 

confirmed that all observations were made from animals that received local administration of 

the test agents within the anatomic confines of the RVLM (Fig. 5). For the purpose of clarity, 

Fig. 5 only summarizes the location of sites where microinjection of E2β (5 pmol) and DPN 

(5 pmol) elicited significant (P<0.05) inhibitory effects on the MSAP and power density of 

vasomotor components of SAP spectrum. 

 

 

Discussion 

 

To the best of our knowledge, the present study is the first demonstration of an active role of 

ERβ at the RVLM in central cardiovascular regulation. We found that E2β and ERβ agonist 

dose-dependently decreased MSAP and power density of vasomotor components of SAP 

spectrum, whereas ERα agonist did not change these hemodynamic parameters. We further 

demonstrated that the iNOS-derived NO in the RVLM is involved in the ERβ-dependent 

cardiovascular depressive effects. 

Accumulative evidence indicates estrogen as an active hormone in central cardiovascular 

regulation [9-14] via activation of the ERα and ERβ [1]. Within the brain stem, ERα and ERβ 

mRNA [15] as well as protein [16,17]
 
are expressed in the RVLM. Function of these RVLM 
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neurons expressing ERs, however, is not fully understood. One major finding of the present 

study is the identification of a short-term vasodepressor effect of estrogen in the RVLM. A 

lower dose (0.5 pmol) of E2β promoted acute vasodepressor responses that lasted for 150 min 

postinjection, whereas at higher doses (1 or 5 pmol) E2β produced similar effects that 

sustained more than 3-4 hrs postinjection. It has been reported that direct microinjection of 

the same steroid hormone (0.5 µM) into the RVLM produces a short-term (<60 min) 

hypotension [13]. These results suggest that the duration of short-term vasodepressor effects 

of E2β in the RVLM is manifested in a dose-dependent manner. Long-term (>24 hrs) 

cardiovascular effect of E2β in the RVLM and the involvement of nongenomic and/or 

genomic signaling mechanisms, however, await further investigation. In addition, we 

demonstrated that these cardiovascular regulatory effects of the female steroids are nucleus 

specific, since application of E2β or its agonist, DPN, to areas outside the confines of the 

RVLM did not influence the baseline hemodynamics. More importantly, we found that high 

dose E2β or DPN promoted cardiovascular depression only when they were microinjected 

into the bilateral RVLM but not intravenously. These findings confirmed that the E2β- and 

DPN-induced cardiovascular depressive responses are not caused by leakage of these test 

agents from the injection site in the brain to the peripheral circulation. 

There are only a limited data from in vivo studies to demonstrate the role of estrogen in 

central cardiovascular regulation. Consistent with our observation, a previous study [13]
 

reported that direct microinjection of E2β into the RVLM elicits significant decreases in SAP 

and sympathetic nerve activity in male rats, suggesting that estrogen participate in central 

cardiovascular
 
regulation by acting directly on the RVLM. At receptor level, we found that 

the cardiovascular depressive effects of E2β are mediated via activation of the ERβ in the 

RVLM. The nonselective ER antagonist ICI 182780, at the dose that did not by itself alter the 

baseline circulatory parameters implying that endogenous estrogen may not exerts a tonic 

effect on the cardiovascular responses at the level of the RVLM, whereas this antagonist 

almost completely reversed the cardiovascular depressive effects by E2β. Furthermore, we 

also demonstrate that the cardiovascular depressive effects induced by selective ERβ agonist 
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DPN, but not the selective ERα agonist PPT, are similar to that induced by E2β. We also 

employed specific ERα or ERβ antagonist to demonstrate engagement of ERβ but not ERα in 

the E2β-mediated vasodepressor effects in the RVLM. These results suggest that E2β in the 

RVLM induces vasodepressor effects mainly via the ERβ-mediated mechanisms. This 

suggestion is supported by the study that in the isolated RVLM neurons, E2β possesses rapid 

inhibitory effect on the voltage-gated Ca
++

 currents, which is mimicked by the ERβ-selective 

but not the ERα-selective agonist [17]. Additionally, ERβ knockout mice exhibit sustained 

hypertension and abnormal vascular function indicating an essential role for ERβ in the 

regulation of vascular function and blood pressure [27]. Anatomically, the distribution of 

ERβ-immunoreactivity in the RVLM neurons is prominent in the extra-nuclear sites than that 

of ERα, particularly on plasma membranes [17]. The observed short-term hypotension and 

reduction in sympathetic vasomotor tone, which occurred approximately 30 min after 

microinjection of E2β or ERβ agonist into
 
the RVLM, may therefore mediated by a 

nongenomic signaling mechanism. In support of this suggestion, we found that transcription 

inhibitor, AMD, did not affect the E2β-induced short-term vasodepressor response. The rapid 

nongenomic actions of estrogen in both cardiac [7,28] and vascular [4,5] systems are 

mediated directly by ERs located in or close to the cellular membrane rather than the nuclear 

sites [3,4,8]. Cellular mechanism underling the ERβ-mediated short-term cardiovascular 

effect in the RVLM, however, awaits further investigation. 

Another major contribution of this study is to demonstrate the involvement of NO in 

cardiovascular depression induced by activation of ERβ in the RVLM. NO is a 

well-established neuromodulator for central cardiovascular regulation in the RVLM 

[26,29-34]. Microinjection of the NO precursor or donor into the RVLM reportedly produces 

prominent depressor effects and reduced sympathetic nerve activity [26,29-31]. In the present 

study we found that the ERβ agonist-induced cardiovascular depressive responses were 

attenuated by co-administration of the nonselective NOS inhibitor, L-NAME. These results 

indicate that NO is engaged in cardiovascular depression induced by activation of ERβ and 

further imply that cardiovascular depressive responses of estrogen may be mediated via an 
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interaction between estrogen and NO signals in the RVLM. This suggestion is supported by 

the study that estrogen alters the NOS expression via activation of ERβ in the hypothalamic 

paraventricular nucleus [35]. In addition, estrogen replacement in ovariectomized rats reduces 

arterial pressure responses to psychological stress by increasing NO production in brain stem 

and hypothalamus [36]. Intracarotid injection of estrogen inhibits spontaneous electrical 

activity of RVLM neurons via the activation of NO-dependent signaling pathway [37].
 
Of the 

three isoforms of NOS that have been identified in the RVLM, we found that NO derived 

from iNOS may play a major role in the ERβ-dependent cardiovascular depression. The 

iNOS-derived NO in the RVLM has been reported to elicit sympathoinhibition and 

vasodepressor effects [26,33,34]. A negative result of 7-NI or L-NIO, on the other hand, 

implies a minor role of nNOS and eNOS in the ERβ-dependent cardiovascular depression in 

the RVLM. At a lower dose than those used in the present study, 7-NI or L-NIO has been 

reported to selective inhibit the nNOS-derived NO in the hypothalamic paraventricular 

nucleus [38] or L-arginine-induced NO synthesis in the vascular endothelium [39]. We noted 

that L-NAME or iNOS inhibition did not completely attenuate the cardiovascular depressive 

responses induced by ERβ agonist. The involvement of NO-independent alternative pathways 

in the cardiovascular depressive effects of E2β in the RVLM, therefore, awaits further 

investigation. 

To avoid confounding cardiovascular effects caused by differing levels of circulating 

estrogen through various stages in cycling female rats, we purposely selected male animals in 

the present study. In addition, a number of previous studies on the rapid cardiovascular 

effects of estrogen in the RVLM [13] or other central autonomic nuclei [13,40] were done in 

male rats. PPT and DPN are reported to be a useful experimental tool to study the differences 

in structure and biological functions of ERα and ERβ [17,41,42]. The selectivity of 

nonsteroidal estrogen, PPT and DPN as respective ERα and ERβ agonist has been 

documented [17,41,42]. PPT and DPN exhibits a relative high selectivity toward ERα and 

ERβ, respectively, when compared with some phytoestrogens such as genistein and 

coumestrol [43]. We also realize that this study was conducted under an anesthetic condition 
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that may be a major confounding factor to the observed cardiovascular responses. This 

possibility, however, is deem unlikely since we demonstrated previously [19,20] that the 

anesthetic maintenance scheme (i.e., propofol at 20-30 mg/kg/h) used in this study has no 

discernible effect on the sympathetic vasomotor outflow from the RVLM, and hence baseline 

MSAP and HR [21]. 

In conclusion, our results demonstrate that the E2β in the RVLM elicited short-term 

non-genomic cardiovascular inhibitory effects via activation of ERβ. Furthermore, NO 

derived from iNOS may contribute to central vasodepressor effects after activation of ERβ in 

the RVLM. 

 

Competing interests  

 

None 

 

Authors' contributions  

 

CDS participated in experimental conception and design, performed animal and 

pharmacological experiments, acquisition of data, the statistical analysis and interpretation of 

data, and was also involved in drafting and revising the manuscript and have given final 

approval of the version to be published. 

 

Author read and approved the final manuscript. 



 16 

Acknowledgements 

 

This study was supported by Tajen research grants 96059 from the Tajen University, Pingtung, 

Taiwan, Republic of China. 

 

References 

 

1. Levin ER: Cell localization, physiology, and nongenomic actions of estrogen 

receptors. J Appl Physiol 2001, 91:1860-1867. 

2. Truss M, Beato M: Steroid hormone receptors: interaction with deoxyribonucleic 

acid and transcription factors. Endocr Rev 1993, 14:459-479. 

3. Kelly MJ, Levin ER: Rapid actions of plasma membrane estrogen receptors. Trends 

Endocrinol Metab 2001, 12:152-156. 

4. Simoncini T, Fornari L, Mannella P, Varone G, Caruso A, Liao JK, Genazzani AR: Novel 

non-transcriptional mechanisms for estrogen receptor signaling in the 

cardiovascular system. Interaction of estrogen receptor alpha with 

phosphatidylinositol 3-OH kinase. Steroids 2002, 67:935-939. 

5. Guo X, Razandi M, Pedram A, Kassab G, Levin ER: Estrogen induces vascular wall 

dilation: mediation through kinase signaling to nitric oxide and estrogen receptors 

alpha and beta. J Biol Chem 2005, 280:19704-19710. 

6. Nathan L, Pervin S, Singh R, Rosenfeld M, Chaudhuri G: Estradiol inhibits leukocyte 

adhesion and transendothelial migration in rabbits in vivo: possible mechanisms 

for gender differences in atherosclerosis. Circ Res 1999, 85:377-385. 

7. Node K, Kitakaze M, Kosaka H, Minamino T, Funaya H, Hori M: Amelioration of 

ischemia- and reperfusion-induced myocardial injury by 17beta-estradiol: role of 



 17 

nitric oxide and calcium-activated potassium channels. Circulation 1997, 

96:1953-1963. 

8. Cornil CA, Ball GF, Balthazart J: Functional significance of the rapid regulation of 

brain estrogen action: where do the estrogens come from? Brain Res 2006, 

1126:2-26. 

9. Takahashi H, Ashizawa H, Takeda KU, Yoneda S, Yoshimura M, Ijichi H: Central 

vasopressor responses to conjugated estrogens in rats may be mediated via a 

renin-angiotensin system in the brain. J Pharmacol Exp Ther 1982, 222:726-730. 

10. Mohamed MK, El-Mas MM, Abdel-Rahman AA: Estrogen enhancement of 

baroreflex sensitivity is centrally mediated. Am J Physiol 1999, 276:R1030-R1037. 

11. Saleh TM, Connell BJ: Centrally mediated effect of 17beta-estradiol on 

parasympathetic tone in male rats. Am J Physiol 1999, 276:R474-R481. 

12. Saleh TM, Connell BJ: 17beta-estradiol modulates baroreflex sensitivity and 

autonomic tone of female rats. J Auton Nerv Syst 2000, 80:148-161. 

13. Saleh MC, Connell BJ, Saleh TM: Medullary and intrathecal injections of 

17beta-estradiol in male rats. Brain Res 2000, 867:200-209. 

14. Saleh MC, Connell BJ, Saleh TM: Autonomic and cardiovascular reflex responses to 

central estrogen injection in ovariectomized female rats. Brain Res 2000, 

879:105-114. 

15. Shughrue PJ, Lane MV, Merchenthaler I: Comparative distribution of estrogen 

receptor-alpha and -beta mRNA in the rat central nervous system. J Comp Neurol 

1997, 388:507-525. 

16. Shughrue PJ, Merchenthaler I: Distribution of estrogen receptor beta 

immunoreactivity in the rat central nervous system. J Comp Neurol 2001, 436:64-81. 

17. Wang G, Drake CT, Rozenblit M, Zhou P, Alves SE, Herrick SP, Hayashi S, Warrier S, 

Iadecola C, Milner TA: Evidence that estrogen directly and indirectly modulates C1 



 18 

adrenergic bulbospinal neurons in the rostral ventrolateral medulla. Brain Res 2006, 

1094:163-178. 

18. Ross CA, Ruggiero DA, Park DH, Joh TH, Sved AF, Fernandez-Pardal J, Saavedra JM, 

Reis DJ: Tonic vasomotor control by the rostral ventrolateral medulla: effect of 

electrical or chemical stimulation of the area containing C1 adrenaline neurons on 

arterial pressure, heart rate, and plasma catecholamines and vasopressin. J 

Neurosci 1984, 4:474-494. 

19. Shih CD, Au LC, Chan JYH: Differential role of leptin receptors at the hypothalamic 

paraventricular nucleus in tonic regulation of food intake and cardiovascular 

functions. J Biomed Sci 2003, 10:367-378. 

20. Shih CD, Chuang YC: Nitric oxide and GABA mediate bi-directional cardiovascular 

effects of orexin in the nucleus tractus solitarii of rats. Neuroscience 2007, 

149:625-635. 

21. Yang CH, Shyr MH, Kuo TBJ, Tan PPC, Chan SHH: Effects of propofol on 

nociceptive response and power spectra of electroencephalographic and systemic 

arterial pressure signals in the rat: correlation with plasma concentration. J 

Pharmacol Exp Ther 1995, 275:1568-1574. 

22. Wu RSC, Wu KC, Sum DCW, Bishop MJ: Comparative effects of thiopentone and 

propofol on respiratory resistance after tracheal intubation. Br J Anaesth 1996, 

77:735-738. 

23. Padda GS, Kishioka C, Rubin BK: Propofol and methohexital have no significant 

effect on mucus secretion or clearance in the anesthetized dog. Crit Care Med 2001, 

29:1045-1048. 

24. Kuo, TBJ, Chan SHH: Continuous, on-line, real-time spectral analysis of systemic 

arterial pressure signals. Am J Physiol 1993, 264:H2208-H2213. 



 19 

25. Kuo, TBJ, Yang CCH, Chan SHH: Selective activation of vasomotor component of 

SAP spectrum by nucleus reticularis ventrolateralis in rats. Am J Physiol 1997, 

272:H485-H492. 

26. Chan SHH, Wang LL, Wang SH, Chan JYH: Differential cardiovascular responses to 

blockade of nNOS or iNOS in rostral ventrolateral medulla of the rat. Br J 

Pharmacol 2001, 133:606-614. 

27. Zhu Y, Bian Z, Lu P, Karas RH, Bao L, Cox D, Hodgin J, Shaul PW, Thoren P, Smithies 

O, Gustafsson JA, Mendelsohn ME: Abnormal vascular function and hypertension in 

mice deficient in estrogen receptor beta. Science 2002, 295:505-508. 

28. Yu HP, Hsieh YC, Suzuki T, Choudhry MA, Schwacha MG, Bland KI, Chaudry IH: The 

PI3K/Akt pathway mediates the nongenomic cardioprotective effects of estrogen 

following trauma-hemorrhage. Ann Surg 2007, 245:971-977. 

29. Zanzinger J, Czachurski J, Seller H: Inhibition of basal and reflex-mediated 

sympathetic activity in the RVLM by nitric oxide. Am J Physiol 1995, 

268:R958-R962. 

30. Tseng CJ, Liu HY, Lin HC, Ger LP, Tung CS, Yen MH: Cardiovascular effects of 

nitric oxide in the brain stem nuclei of rats. Hypertension 1996, 27:36-42. 

31. Kagiyama S, Tsuchihashi T, Abe I, Fujishima M: Cardiovascular effects of nitric oxide 

in the rostral ventrolateral medulla of rats. Brain Res 1997, 757:155-158. 

32. Kishi T, Hirooka Y, Sakai K, Shigematsu H, Shimokawa H, Takeshita A: 

Overexpression of eNOS in the RVLM causes hypotension and bradycardia via 

GABA release. Hypertension 2001, 38:896-901. 

33. Chang AY, Chan JYH, Chan SHH: Differential distribution of nitric oxide synthase 

isoforms in the rostral ventrolateral medulla of the rat. J Biomed Sci 2003, 

10:285-291. 



 20 

34. Martins-Pinge MC, Garcia MRL, Zoccal DB, Crestani CC, Pinge-Filho P: Differential 

influence of iNOS and nNOS inhibitors on rostral ventrolateral medullary 

mediated cardiovascular control in conscious rats. Auton Neurosci 2007, 131:65-69. 

35. Gingerich S, Krukoff TL: Estrogen modulates endothelial and neuronal nitric oxide 

synthase expression via an estrogen receptor beta-dependent mechanism in 

hypothalamic slice cultures. Endocrinology 2005, 146:2933-2941. 

36. Cherney A, Edgell H, Krukoff TL: NO mediates effects of estrogen on central 

regulation of blood pressure in restrained, ovariectomized rats. Am J Physiol 2003, 

285:R842-R849. 

37. Wang S, He RR: Effects of intracarotid injection of 17beta-estradiol on electrical 

activity of rostral ventrolateral medullary neurons in male rats. Acta Physiol Sin 

2002, 54:47-54. 

38. Xu Y, Krukoff TL: Decrease in arterial pressure induced by adrenomedullin in the 

hypothalamic paraventricular nucleus is mediated by nitric oxide and GABA. 

Regul Pept 2004, 119:21-30. 

39. Rees DD, Palmer RM, Schulz R, Hodson HF, Moncada S: Characterization of three 

inhibitors of endothelial nitric oxide synthase in vitro and in vivo. Br J Pharmacol 

1990, 101:746-752. 

40. Saleh TM, Connell BJ: Central nuclei mediating estrogen-induced changes in 

autonomic tone and baroreceptor reflex in male rats. Brain Res 2003, 961:190-200. 

41. Stauffer SR, Coletta CJ, Tedesco R, Nishiguchi G, Carlson K, Sun J, Katzenellenbogen 

BS, Katzenellenbogen JA: Pyrazole ligands: structure-affinity/activity relationships 

and estrogen receptor-α-selective agonists. J Med Chem 2000, 43:4934–4947. 

42. Meyers MJ, Sun J, Carlson KE, Marriner GA, Katzenellenbogen BS, Katzenellenbogen 

JA: Estrogen receptor-β potency-selective ligands: structure-activity relationship 

studies of diarylpropionitriles and their acetylene and polar analogues. J Med Chem 

2001, 44:4230–4251. 



 21 

43. Kuiper GG, Carlsson B, Grandien K, Enmark E, Haggblad J, Nilsson S, Gustafsson JA: 

Comparison of the ligand binding specificity and transcript tissue distribution of 

estrogen receptors α and β. Endocrinology 1997, 138:863–870. 

 

Figures Legends 

 

Figure 1. Cardiovascular effects after microinjection bilaterally into the RVLM of E2β. 

Time-course of the changes in mean systemic arterial pressure (MSAP), heart rate (HR) and 

total power density of vasomotor components (0-0.8 Hz) of systemic arterial pressure (SAP) 

spectrum in anaesthetized rats that received microinjection bilaterally into the rostral 

ventrolateral medulla (RVLM, at time 0) of artificial cerebrospinal fluid (aCSF), 

17β-estradiol (E2β, 0.5, 1 or 5 pmol), or 17α-estradiol (E2α, 5 pmol). Values are presented as 

meanｕS.E.M., n=6-8 animals per experimental group. *P<0.05 versus corresponding aCSF 

group in the Scheffé multiple range test. 

 

Figure 2. Effects of ER antagonist on the E2β-induced cardiovascular depressive 

responses. Time-course of the changes in MSAP and total power density of vasomotor 

components (0-0.8 Hz) of SAP spectrum in anaesthetized rats that received microinjection 

bilaterally into the RVLM (at time 0) of aCSF, or E2β (1 pmol) given together with ICI 

182780 (ICI, 0.25 or 0.5 pmol) or 5 % DMSO. Values are presented as meanｕS.E.M., n=6-8 

animals per experimental group. *P<0.05 versus corresponding aCSF group, and 
#
P<0.05 

versus corresponding E2β+DMSO group in the Scheffé multiple range test. 

 

Figure 3. Cardiovascular effects after microinjection bilaterally into the RVLM of ERα 

or ERβ agonist. Time-course of the changes in MSAP, HR and total power density of 

vasomotor components (0-0.8 Hz) of SAP spectrum in anaesthetized rats that received 

microinjection bilaterally into the RVLM (at time 0) of aCSF, DPN (1, 2 or 5 pmol), or PPT 

(5 pmol). Values are presented as meanｕS.E.M., n=6-8 animals per experimental group. 
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*P<0.05 versus corresponding aCSF group in the Scheffé multiple range test. 

 

Figure 4. Effects of NOS inhibitor on the ERβ agonist-induced cardiovascular 

depressive effects. Time-course of the changes in MSAP and total power density of 

vasomotor components (0-0.8 Hz) of SAP spectrum in anaesthetized rats that received 

microinjection bilaterally into the RVLM (at time 0) of aCSF, 3% methanol (MeOH), or DPN 

(2 pmol) given together with L-NAME (5 nmol), SMT (25 pmol), 7-NI (0.5 pmol), L-NIO 

(2.5 pmol) or 3% MeOH. Values are meanｕS.E.M., n=6-7 animals per experimental group. 

*P<0.05 versus corresponding MeOH group, and 
#
P<0.05 versus corresponding 

DPN+MeOH group in the Scheffé multiple range test. Data on aCSF are not shown because 

they in essence duplicated those by 3% MeOH. 

 

Figure 5. Microinjection sites of E2β and DPN in the RVLM. Diagrammatic 

representations of two rostral-caudal levels of the RVLM (dotted line areas) with reference to 

the lambda illustrating the location of sites where bilateral microinjection of E2β (black circle, 

5 pmol) and DPN (亟,5 pmol) elicited significant inhibitory or minimal effects (black square, 

non-RVLM microinjection sites) on the MSAP and power density of vasomotor components 

of SAP spectrum. Numbers on right side indicate distance from the lambda. For the purpose 

of clarity, approximately 20% of the total microinjection sites are included and are presented 

on both side of the diagram. ION, inferior olivary nucleus; NA, nucleus ambiguous; NTS, 

nucleus tractus solitarii; RVLM, rostral ventrolateral medulla; V, nucleus of the spinal 

trigeminal nerve; py, pyramidal tract. 
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Tables 

 

Table 1. Effects of test agents on baseline MSAP, HR and power density of vasomotor 

components of SAP spectrum 

Maximal changes in 

Treatment MSAP 

(mmHg) 

HR 

(bpm) 

Power Density 

(mmHg
2
) 

aCSF +3.3+0.4 +4.9+0.6 +0.7+0.5 

ICI 182780 (0.25 pmol) +3.3+0.6 +5.5+0.8 +0.7+0.5 

ICI 182780 (0.5 pmol) +2.5+0.5 +3.5+0.8 +0.6+0.6 

R,R-THC (50 pmol) +6.4+0.6 +6.5+1.0 +0.8+0.4 

MPP (1 nmol) +6.1+0.8 +6.6+0.8 +0.9+0.7 

L-NAME (5 nmol) +3.8+0.6 +5.6+0.6 +0.9+0.6 

SMT (25 pmol) +3.7+0.8 +5.3+0.8 +0.7+0.5 

7-NI (0.5 pmol) -2.7+0.8 -3.3+0.5 -0.6+0.8 

L-NIO (2.5 pmol) -1.9+0.8 -3.6+0.7 -1.0+0.6 

Values are meanｕS.E.M., n=6-7 animals per experimental group. No significant difference 

was detected among groups in the paired t-test. 
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