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Background and purpose: Serotonin modulates vascular tone both directly and 
indirectly through autonomic and sensory nerves innervating blood vessels. 
Perivascular sensory nerves release calcitonin gene-related peptide (CGRP), a 
potent vasodilator strongly implicated in migraine pathophysiology. In male rats, 
the serotonergic system inhibits CGRPergic vasodepressor responses via 
5-HT1B/1F and 5-HT7 receptors. Since both serotonergic and CGRPergic 
pathways exhibit marked sex differences, the present study investigated 
the 5-HT receptor (sub)types involved in the 5-carboxamydotryptamine (5−CT, 
5-HT1/5/7 receptor agonist) modulation of vascular CGRPergic neurotransmission 
in rats, focusing on sex-dependent differences.
Methods: Male and female Wistar rats (14–16 weeks old) were pithed and 
pretreated with an i.v. continuous infusion of hexamethonium and 
methoxamine, followed by administration of 5-HT-related drugs. Mean blood 
pressure (MBP) and heart rate (HR) were continuously recorded throughout the 
experiments. Vasodepressor CGRPergic responses were elicited by electrical 
stimulation of the sensory outflow (0.1–5 Hz) or i.v. α-CGRP (0.1–1 μg/kg).
Results: Basal MBP and HR were lower in females than in males, whereas the 
methoxamine-induced increase in MBP was greater in females. The electrically 
evoked vasodepressor responses, as well as their inhibition by 5−CT, were similar 
in both sexes. In males, the inhibitory effect of 5−CT was reproduced by 5-HT1B, 5- 
HT1F, and 5-HT7 receptor agonists (CP-93,129, LY344864, and AS-19, 
respectively) and persisted in the presence of the 5-HT5A receptor antagonist 
SB699551. In contrast, in females, 5-CT-induced inhibition was mimicked by 5- 
HT1F and 5-HT7 receptor agonists and was not affected by administration of 
SB699551. None of the other 5-HT receptor agonists (5-HT1A/1B/1D) modified the 
CGRPergic vasodilator responses in females. Only AS-19 reduced the 
vasodepressor responses elicited by exogenous α-CGRP in females.
Conclusion: 5−CT inhibits perivascular sensory CGRPergic neurotransmission in 
both male and female rats. Unlike males, where the 5−CT effect is mediated by 
prejunctional 5-HT1B/1F/7 receptors, in females, this inhibitory effect is mediated by 
prejunctional 5-HT1F and pre and/or postjunctional 5-HT7 receptors. These 
findings provide novel insights into sex-specific serotonergic modulation of 
neurovascular function.
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1 Introduction

In addition to its prominent role in the central nervous system 
(CNS), serotonin (5-hydroxytryptamine, 5-HT) participates in the 
regulation of gastrointestinal motility, endocrine function and 
cardiovascular homeostasis (Nichols and Nichols, 2008), in which 
5-HT exerts multifaceted and even biphasic effects on vascular 
function (vasoconstriction/vasodilation). This complexity is due to 
(i) the ability of 5-HT to act at multiple levels–including the heart, 
vascular endothelial and smooth muscle cells, and peripheral 
autonomic and sensory nervous systems; and (ii) the involvement 
of its multiple receptor types and subtypes (González-Hernández et al., 
2023), since seven major classes of 5-HT receptors have been identified, 
namely from 5-HT1 to 5-HT7 receptors, with a total of 14 receptor 
subtypes (Barnes et al., 2021; Feng et al., 2025; Zhang et al., 2025).

Perivascular sensory nerves, mainly C and Aδ fibers, play an 
important role in the regulation of vascular tone and the 
maintenance of blood pressure (BP) (Cuesta et al., 2014; 
González-Hernández et al., 2016; Thakore and Brain, 2017). 
These nerves release potent vasodilatory peptides, with substance 
P and calcitonin gene-related peptide (CGRP) as the principal 

mediators (González-Hernández et al., 2016; Thakore and Brain, 
2017). CGRP receptors are expressed throughout the central and 
peripheral nervous systems, including the trigeminovascular 
pathways, where their activation is strongly linked to migraine 
pathophysiology (Hay and Walker, 2017). In male pithed rats, 
electrical stimulation of perivascular sensory nerves induces 
vasodilation via CGRP release (Lozano-Cuenca et al., 2009; 
González-Hernandez et al., 2010; 2011; Cuesta et al., 2014; 
Miguel-Martínez et al., 2023). Interestingly, these non-adrenergic 
non-cholinergic (NANC) responses can be inhibited prejunctionally 
by activation of 5-HT1B/1F (González-Hernandez et al., 2010; 2011) 
and 5-HT7 (Cuesta et al., 2014) receptors.

Migraine, a highly prevalent neurovascular disorder affecting 
approximately 15% of the global population (Ferrari et al., 2022), is 
the main contributor to headache disorders, which rank as the third 
leading cause of years lived with disability globally (GBD, 
2021 Headache Collaborators, 2025). During a migraine attack, 
increased CGRP release from trigeminal sensory neurons 
promotes vasodilation, neurogenic inflammation and nociceptive 
transmission (Bonura et al., 2023; Pleş et al., 2023). Accordingly, 
pharmacological modulation of CGRP signaling represents a major 
therapeutic strategy in migraine management (Lewter et al., 2025).

Sex-related differences have been reported in several 
neurovascular (Maddahi et al., 2023; de Vries Lentsch et al., 
2021) and autonomic pathways (Dearing et al., 2022; Terol- 
Úbeda et al., 2025b). CGRP-mediated vasodilation appears to be 
influenced by female sex hormones. Plasma levels of CGRP are 
higher in women than in men, and cyclic fluctuations of ovarian 
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hormones modulate CGRP both in peripheral and CNS (Favoni 
et al., 2019). Indeed, starting during puberty, migraine occurs in 
women three to four times more often than in men, and this bias 
decreases after menopause (Russo and Hay, 2023). Accordingly, the 
Global Burden of Disease Study (2019) ranked migraine as the 
leading cause of disability among women in reproductive age 
(15–49 years) worldwide (Steiner et al., 2020; Krause et al., 2021).

Our group has recently shown that serotonergic contribution to 
cardiovascular homeostasis is also sex dependent, as demonstrated 
in its modulation of vascular sympathetic neurotransmission (Terol- 
Úbeda et al., 2025a; Terol-Úbeda et al., 2025b). Considering that 5- 
HT1 and 5-HT7 receptor families play a predominant role in the 
serotonergic inhibition of vasodepressor sensory CGRPergic 
outflow in male rats, the present study aimed to investigate the 
5-HT receptor (sub)types involved in the 5-carboxamydotryptamine 
(5−CT, 5-HT1/5/7 receptor agonist)-induced modulation of vascular 
CGRPergic neurotransmission in rats, with particular emphasis on 
sex-dependent differences.

2 Materials and methods

2.1 Compounds

Each drug and its respective supplier used in the study were: 
sodium pentobarbital (Dolethal®; Vetoquinol; Madrid, Spain); 
sodium heparin (Rovi; Madrid, Spain); atropine sulphate (Scharlab; 
Barcelona, Spain); d-tubocurarine hydrochloride, hexamethonium 
bromide and methoxamine hydrochloride (Merck Life Science 
S.L.U.; Madrid, Spain); 5−CT maleate, 8-OH-DPAT, AS-19, α- 
CGRP, CP-93,129 dihydrochloride, GR127935 hydrochloride, 
LY344864 hydrochloride, SB258719 hydrochloride, SB699551 and 
sumatriptan succinate (Tocris Bioscience; Bristol, UK).

All these compounds were dissolved in saline at the 
experimentation time, except AS-19 (dissolved in ethanol 5% (EtOH)).

2.2 Animal preparation and study design

Male (n = 40) and female (n = 75) Wistar rats (14–16 weeks old, 
250 ± 25 g) were obtained and housed in the animal facility of the 
University of Salamanca until the time of experimentation. Animals 
were co-housed in groups of up to five per cage under controlled 
environmental conditions (22 °C ± 2 °C, 50% humidity, 12-hour 
light/dark cycle) and had unrestricted access to food and water.

Rats were anaesthetised with pentobarbital (60 mg/kg) via 
intraperitoneal injection. Once withdrawal reflexes were no 
longer present, a cannula was placed in the trachea and the 
animals were pithed by inserting a stainless-steel rod through the 
right orbital sinus and foramen magnum and down into the spinal 
cord, as previously established (Cuesta et al., 2014; Terol-Úbeda 
et al., 2025a; Terol-Úbeda et al., 2025b). Then, rats were artificially 
ventilated with room air (50 strokes/min, 100 mL air/100 g) and 
catheters were placed in (i) jugular and femoral veins, for the 
continuous perfusion of agonists (methoxamine followed by 5- 
HT receptor agonists) and i.v. administration of 5-HT receptors 
antagonists; and (ii) the left carotid artery, coupled to a pressure 
transducer and connected to an e-corder 410 amplifier, for 
recording mean BP (MBP; mmHg) and heart rate (HR; beats/ 

min, bpm) using ChartTM (v5.5.11; eDAQ) and LabChartTM (v7.2; 
ADInstruments) software. Coagulation of the blood was avoided by 
the i.v. injection of heparin (1000 IU/kg) and cholinergic effects were 
blocked with atropine (1 mg/kg i.v.).

At this point, rats were divided into two main sets (Figure 1), in 
order to study the effect produced by the continuous infusion of 5-HT 
agonists on the vasodepressor responses induced by (i) electrical 
stimulation of perivascular sensory outflow (set 1; n = 95) or (ii) i.v. 
administration of exogenous α-CGRP (set 2; n = 20). The 
vasodepressor stimulus-response curves (S-R curves) and dose- 
response curves (D-R curves) induced by electrical stimulation and 
exogenous α-CGRP, respectively, were completed in about 50 min 
with no significant changes in baseline MBP and HR. As previously 
reported (Cuesta et al., 2014; Miguel-Martínez et al., 2023), only one 
S-R curve or D-R curve was performed per animal as tachyphylaxis of 
the CGRPergic vasodepressor responses was observed when eliciting a 
second S-R or D-R curve, and the time lapse between the different 
stimulation frequencies (0.1, 0.5, 1 and 5 Hz) or α-CGRP doses (0.1, 
0.3 and 1 μg/kg) was approximately 5 min, when MBP had returned to 
baseline values after vasodepressor responses.

2.3 Experimental protocols

Once a stable haemodynamic condition had been maintained 
for at least 10 min, baseline MBP and HR values were recorded, and 
the animals were randomly assigned to either Protocol I or Protocol 
II (Figure 1).

2.3.1 Protocol I. Electrical stimulation of the 
perivascular sensory outflow

Prior to electrical stimulation, the first set of animals received the 
following i.v. treatments: (i) a bolus administration of d-tubocurarine 
(2 mg/kg) to prevent skeletal muscle contraction during electrical 
stimulation of the spinal cord; (ii) 10 min later, a continuous 
perfusion of hexamethonium (2 mg/kg/min) to block vasopressor 
responses induced by stimulation of the preganglionic sympathetic 
vasopressor outflow; and (iii) after an additional 15 min, a 
continuous infusion of methoxamine (20 μg/kg/min) to increase 
MBP (Villalon et al., 2008; Cuesta et al., 2014; Miguel-Martínez et al., 
2023). After 25 min, baseline values of MBP and HR were assessed. 
Then, animals were distributed into four experimental groups by sex 
(groups 1–2: males; groups 3–4: females; Figure 1).

The first group (Group 1; male rats; n = 30) was divided into six 
subgroups (n = 5 each) that received the following continuous i.v. 
perfusions: (a) saline, (b) EtOH 5% (vehicles; 1 mL/h) or selective 5- 
HT receptor (sub)type agonists: (c) 5−CT (5-HT1/5/7; 0.001 μg/kg/ 
min), (d) CP-93,129 (5-HT1B; 20 μg/kg/min), (e) LY344864 (5- 
HT1F; 20 μg/kg/min), or (f) AS-19 (5-HT7; 20 μg/kg/min). After 
15 min of starting the corresponding infusion, MBP and HR were 
determined again, and the sensory CGRPergic outflow was 
electrically stimulated to elicit vasodepressor responses by 
applying 25-s trains of monophasic pulses (1 ms, 50 V) at 
increasing stimulation frequencies (0.1, 0.5, 1, and 5 Hz), as 
previously described (Cuesta et al., 2014). Once MBP returned to 
baseline, the next frequency was applied to obtain the S-R curve.

The second group (Group 2; male rats; n = 10) was pretreated 
with an i.v. bolus injection of SB699551 (5-HT5A antagonist; 
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1 mg/kg). Five minutes later, an infusion of saline (1 mL/h; n = 5) or 
5−CT (0.001 μg/kg/min; n = 5) was given; after 15 min, a S-R curve 
was constructed as described above.

The third group (Group 3; female rats; n = 35) was subdivided 
into seven subgroups (n = 5 each) comprising i.v. perfusions of: (a) 
1 mL/h saline; (b) 1 mL/h EtOH 5%; (c) 0.001 μg/kg/min 5−CT; (d) 
20 μg/kg/min 8-OH-DPAT (5-HT1A agonist); (e) 20 μg/kg/min 
sumatriptan (5-HT1B/1D agonist); (f) 20 μg/kg/min LY344864 and 
(g) 20 μg/kg/min AS-19. After 15 min, a S-R curve was obtained as 
described above.

The fourth group (Group 4; female rats; n = 20) received an i.v. 
bolus injection of SB699551 (5-HT5A antagonist; 1 mg/kg) or a 
combination of GR127935 plus SB258719 (5-HT1B/1D/1F antagonist; 
310 μg/kg; and 5-HT7 antagonist; 1 mg/kg, respectively). Five 
minutes later, an infusion of saline (1 mL/h; n = 5 each) or 
5−CT (0.001 μg/kg/min; n = 5 each) was given; after 15 min, a 
S-R curve was obtained as described above.

2.3.2 Protocol II. Administration of exogenous 
α-CGRP

In the second set of rats (Figure 1; female group; n = 20) the 
pithing rod was left in place throughout the experiment, and neither 
d-tubocurarine nor hexamethonium was administered since no 
electrical stimulation was performed. All animals on this set 
received a continuous i.v. perfusion of methoxamine (20 μg/kg/ 
min). After 25 min, when a stable haemodynamic condition was 

reached, this set was divided into four subgroups (n = 5 each) that 
received (i.v.): (i) saline (1 mL/h); (ii) EtOH 5% (1 mL/h); (iii) 
LY344864 (20 μg/kg/min); or (iv) AS-19 (20 μg/kg/min). Fifteen 
minutes later, MBP and HR were reassessed, and the vasodepressor 
responses induced by i.v. bolus administration of exogenous α- 
CGRP (0.1, 0.3 and 1 μg/kg) were examined during the infusion of 
vehicles or 5-HT agonists.

2.4 Statistical analysis and data presentation

All experimental protocols and data analysis were randomised 
and blinded. Results are presented as mean ± SEM of at least five 
experiments (n = 5). The changes in MBP (ΔMBP) by electrical 
stimulation or exogenous α-CGRP are represented as decreases in 
MBP from the baseline value. Statistical analyses were performed 
using GraphPad Prism 9.3.0 (GraphPad, USA). Normal distribution 
was determined using the Shapiro-Wilk test and homogeneity of 
variances was assessed by Brown-Forsythe test. Variations in basal 
MBP and HR before and after the corresponding treatment were 
evaluated by t-test with Welch correction. Moreover, vasodepressor 
responses obtained by electrical stimulation or exogenous α-CGRP 
in the different subgroups of animals were compared with a two-way 
ANOVA, followed by Dunnett’s (compared to control group) post 
hoc test. Post hoc tests were conducted only if F in ANOVA achieved 
P < 0.05. Statistical significance was accepted at P < 0.05. Since the 
decreases in MBP induced by electrical stimulation or i.v. α-CGRP 
in the presence of i.v. EtOH did not differ from those obtained with 

FIGURE 1 
Study design showing the number of animals used in the two main sets and their subdivisions (n = 5 each). Vasodepressor responses were obtained 
either by electrical stimulation of the perivascular sensory outflow (set 1; groups 1–2: male rats; groups 3–4: female rats) or i.v. bolus administration of 
exogenous α-CGRP (set 2: female rats). D-R curve: dose-response curve; EtOH: ethanol; S-R curve: (electrical) stimulus-response curve.
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saline, statistical comparisons were performed only versus the 
saline group.

3 Results

3.1 Systemic haemodynamic variables

After anaesthesia, basal MBP and HR in male pithed rats (n = 
40) were 64 ± 2 mmHg and 319 ± 5 bpm, respectively, whereas in 
females (n = 75) these values were significantly lower compared 
with males: 53 ± 1 mmHg and 302 ± 5 bpm, respectively (*P < 
0.05 vs. males). These variables were not modified after the i.v. 
bolus administration of atropine or d-tubocurarine (not shown), 
or during the continuous infusion of hexamethonium (69 ± 
2 mmHg and 327 ± 6 bpm in males; 54 ± 1 mmHg and 306 ± 
4 bpm in females). By contrast, methoxamine infusion (20 μg/kg/ 
min, after 25 min) substantially increased both parameters, 
reaching 184 ± 4 mmHg and 362 ± 9 bpm in males, and 183 ± 
2 mmHg and 335 ± 5 bpm in females (*P < 0.05 vs. the 
corresponding basal value) (Figure 2). Interestingly, the 
methoxamine-induced increase in MBP was significantly 
greater in females (127.9 ± 2.2 mmHg) compared with males 
(118.7 ± 3.5 mmHg) (*P < 0.05 vs. males).

During methoxamine infusion, MBP and HR were not altered 
by i.v. perfusion/bolus of 5-HT agonists/antagonists (or their 
vehicles) in either male or female pithed rats (Figure 2; Table 1). 
The only exception, observed in both sexes, was a sustained decrease 
in MBP induced by the perfusion of 5−CT (0.001 μg/kg/min) and 
AS-19 (20 μg/kg/min) (Table 1). Moreover, in female pithed rats, the 
vasodilator effect of 5−CT was reversed by pretreatment with the 

mixture of GR127935 plus SB258719 (ΔMBP: −13.2 ± 1.8 mmHg; 
*P < 0.05 vs. 5−CT, P > 0.05 vs. saline).

3.2 Vascular responses by sensory nerves 
stimulation in male and female rats

During the continuous infusion of methoxamine, which 
produced a sustained increase in vascular tone throughout the 
experiment, electrical stimulation of the perivascular sensory 
outflow (0.1–5 Hz) resulted in frequency-dependent decreases in 
MBP in male and female pithed rats (Figure 2A) (Cuesta et al., 2014). 
In all cases, these vasodepressor responses were due to selective 
systemic vasodilation, since (i) only minor variations were observed 
in HR and (ii) appeared about 10 s after the stimulus and reached a 
maximum 1 min after the stimulus has ended (Cuesta et al., 2014; 
González-Hernández et al., 2010; 2011; Figure 2).

In male pithed rats, vasodepressor responses induced by 
electrical stimulation (S-R curve) during continuous i.v. saline 
perfusion (control; 1 mL/h) were −10.4 ± 1.0, −22.0 ± 
0.9, −39.7 ± 2.0 and −81.1 ± 3.3 mmHg (Figure 3). In females, 
the corresponding values were −9.4 ± 0.8, −19.0 ± 1.5, −39.3 ± 
3.9 and −84.1 ± 0.5 mmHg (Figures 4–6), with no significant 
differences between sexes.

3.3 Effect of ethanol and 5-HT receptor 
ligands on the vasodepressor responses 
induced by electrical stimulation in male rats

In male pithed rats, the decreases in MBP due to electrical 
stimulation were not modified by i.v. infusion of EtOH 5% (1 mL/h), 
as previously reported (Cuesta et al., 2014). In contrast, continuous 

FIGURE 2 
Original experimental tracings showing mean blood pressure (MBP; mmHg), heart rate (HR; beats/min, bpm) and vasodepressor responses induced 
by (A) electrical stimulation of the perivascular CGRPergic outflow or (B) i.v. bolus administration of α-CGRP, during continuous i.v. infusion of saline (1 mL/ 
h) in female pithed rats.
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infusion of 5−CT (0.001 μg/kg/min), a selective 5-HT1/5/7 receptor 
agonist, reduced the electrically induced vasodepressor 
responses (Figure 3). This inhibitory effect was mimicked by i.v. 
infusion of CP-93,129 (5-HT1B agonist), LY344864 (5-HT1F 

agonist) and AS-19 (5-HT7 agonist), each at dose of 20 μg/kg/ 
min (Figure 3).

The i.v. pretreatment with the selective 5-HT5A receptor subtype 
antagonist, SB699551 (1 mg/kg), did not affect the vasodepressor 
responses induced by electrical stimulation in male rats (data not 
shown). Furthermore, the inhibitory effect of 5−CT (0.001 μg/kg/ 
min) on these responses was not altered by pretreatment with 
SB699551 (Figure 3).

TABLE 1 Changes in mean blood pressure (ΔMBP; mmHg) and heart rate (ΔHR; bpm) 15 min after starting saline or 5-HT agonist perfusion in pithed rats under 
methoxamine infusion (20 μg/kg/min).

Wistar Rat Treatment Dose (µg/kg/min) ΔMBP (mmHg) ΔHR (bpm)

Males Saline 1 mL/h 2.3 ± 5.7 13.0 ± 1.5

EtOH 5% 1 mL/h −3.8 ± 0.6 6.8 ± 2.5

5-CT 0.001 −38.2 ± 2.9* 5.6 ± 4.6

AS-19 20 −47.8 ± 14.1* 11.3 ± 13.5

CP-93,129 20 −14.1 ± 5.4 18.0 ± 3.1

LY344864 20 −1.2 ± 2.8 7.7 ± 4.3

Females Saline 1 mL/h −0.4 ± 0.3 5.6 ± 3.2

EtOH 5% 1 mL/h −5.6 ± 3.9 7.7 ± 7.9

5-CT 0.001 −36.7 ± 6.8* 7.0 ± 3.5

AS-19 20 −44.0 ± 5.6* 15.3 ± 1.8

8-OH-DPAT 20 −2.3 ± 3.9 7.4 ± 4.5

Sumatriptan 20 −0.3 ± 2.0 3.6 ± 6.0

LY344864 20 −7.2 ± 4.1 6.7 ± 7.5

All values are expressed as mean ± SEM (n = 5). Data were analysed by t-test with Welch correction. *P < 0.05 vs. baseline. bpm: beats/min.

FIGURE 3 
Effect of continuous i.v. perfusion of saline (1 mL/h; control), 5−CT (0.001 µg/kg/min), CP-93,129 (20 µg/kg/min), LY344864 (20 µg/kg/min), 5−CT 
(0.001 µg/kg/min) in the presence of SB699551 (1 mg/kg i.v.) or AS-19 (20 µg/kg/min) (n = 5 each) on the vasodepressor responses induced by electrical 
stimulation of the CGRPergic outflow in male rats. Data were analysed by two-way ANOVA followed by Dunnett’s post hoc test. All values are expressed as 
mean ± SEM. *P < 0.05 vs. saline. ΔMBP: changes in mean blood pressure.
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3.4 Effect of ethanol and 5-HT receptor 
type/subtype agonists on the electrically 
induced vasodepressor responses in 
female rats

Continuous infusion of EtOH 5% (1 mL/h) did not affect the 
vasodepressor responses induced by electrical stimulation in female 

pithed rats (Figure 4). In contrast, i.v. perfusion of 5−CT (5-HT1/5/7 

agonist; 0.001 μg/kg/min) and AS-19 (5-HT7 agonist; 20 μg/kg/min) 
inhibited the vascular CGRPergic outflow (Figure 4).

To investigate the involvement of 5-HT1 receptor subtypes 
in this inhibitory effect, the agonists tested (all at 20 μg/kg/ 
min) were: 8-OH-DPAT (5-HT1A agonist), sumatriptan 
(5-HT1B/1D agonist) and LY344864 (5-HT1F agonist). Only 

FIGURE 4 
Effect of continuous i.v. perfusion of saline (1 mL/h; control), ethanol 5% (EtOH, 1 mL/h), 5−CT (0.001 µg/kg/min) or AS-19 (20 µg/kg/min) (n = 5 each) 
on the vasodepressor responses induced by electrical stimulation of the CGRPergic outflow in female rats. Data were analysed by two-way ANOVA 
followed by Dunnett’s post hoc test. All values are expressed as mean ± SEM. *P < 0.05 vs. saline. ΔMBP: changes in mean blood pressure.

FIGURE 5 
Effect of continuous i.v. perfusion of saline (1 mL/h; control), 8-OH-DPAT, sumatriptan or LY344864 (20 µg/kg/min and n = 5 each) on the 
vasodepressor responses induced by electrical stimulation of the CGRPergic outflow in female rats. Data were analysed by two-way ANOVA followed by 
Dunnett’s post hoc test. All values are expressed as mean ± SEM. *P < 0.05 vs. saline. ΔMBP: changes in mean blood pressure.
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LY344864 significantly reduced the electrically induced 
vasodepressor responses, whereas 8-OH-DPAT and 
sumatriptan had no effect (Figure 5).

3.5 Influence of 5-HT receptor antagonists 
on 5-CT-induced vascular sensory- 
inhibition in female rats

During an i.v. infusion of the vehicle of 5−CT (saline; 1 mL/ 
h), the electrically induced vasodepressor responses in females 
receiving i.v. pretreatment with (i) SB699551 (5-HT5A 

antagonist; 1 mg/kg) or (ii) a combination of GR127935 plus 
SB258719 (5-HT1B/1D/1F antagonist; 310 μg/kg; and 5-HT7 

antagonist; 1 mg/kg, respectively) remained unaltered (data 
not shown). The 5-CT-induced sensory inhibition was (i) 
unaffected by SB699551 (1 mg/kg) and (ii) abolished by the 
mixture of GR127935 plus SB258719 (310 μg/kg and 1 mg/kg, 
respectively) (Figure 6).

3.6 Effect of ethanol and selective 5-HT 
agonists on the vasodepressor responses 
induced by i.v. administration of α-CGRP in 
female rats

The i.v. administration of exogenous α-CGRP (0.1–1 μg/kg) 
caused dose-dependent decreases in MBP with minor changes in HR 
(Figure 2B; Table 2). Neither EtOH 5% (1 mL/h) nor LY344864 
(5-HT1F agonist; 20 μg/kg/min) modified these vasodepressor 
responses (Table 2). In contrast, AS-19 (5-HT7 agonist; 20 μg/kg/ 
min) significantly reduced the i.v. CGRP-induced vasodepressor 
responses (Table 2).

4 Discussion

The maintenance of BP depends on the dynamic balance 
between peripheral vascular tone and cardiac output, which are 
regulated by neuronal, humoral and local mechanisms. In this sense, 
the serotonergic system modulates vascular sympathetic and sensory 
neurotransmission, and both are influenced by sex steroid hormones 
(Cuesta et al., 2014; Allais et al., 2020; García-Pedraza et al., 2021; 
2022; Fernández-González et al., 2022; 2023; 2024; González- 
Hernández et al., 2023; Terol-Úbeda et al., 2025a; 2025b). In the 
present study, we show for the first time that peripheral 5-HT 
receptors modulate perivascular sensory CGRPergic outflow in 
female rats. Prejunctional 5-HT1F receptors and pre and/or 
postjunctional 5-HT7 receptors inhibited the perivascular 
CGRPergic neurotransmission. These findings extend previous 
evidence on serotonergic modulation of vascular function and 
support the existence of sex-dependent mechanisms in 
cardiovascular regulation.

There is strong evidence that BP regulation is influenced by 
biological effects of sex chromosomes, sex hormones and 
reproductive events (Gerdts et al., 2022). During the fertile 
period, females have lower BP than age-matched males, mainly 
due to the reproductive hormone oestradiol, which downregulates 
vascular sympathetic nerve activity, attenuates calcium signaling in 
vascular, renal and cardiac cells, and controls the synthesis of potent 
vasoconstrictors, such as angiotensin II (Gerdts et al., 2022). In 
accordance with this, and as previously demonstrated (Terol-Úbeda 
et al., 2025b), in our experimental model of 14–16-week-old female 
(cycling period) anaesthetised pithed rats (with no central influence 
on BP), MBP and HR were significantly lower (around 10 mmHg 
and 10 bpm, respectively) compared with male rats.

FIGURE 6 
Effect of continuous i.v. perfusion of 5−CT (0.001 µg/kg/min) alone or in the presence of SB699551 (1 mg/kg i.v.) or a cocktail of GR127935 (310 µg/kg 
i.v.) + SB258719 (1 mg/kg i.v.) on the vasodepressor responses induced by electrical stimulation of the CGRPergic outflow in female rats. Data were 
analysed by two-way ANOVA followed by Dunnett’s post hoc test. All values are expressed as mean ± SEM. *P < 0.05 vs. saline; #P < 0.05 vs. 5−CT alone. 
ΔMBP: changes in mean blood pressure.
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As previously established in pithed rats to induce vasodepressor 
responses, MBP was sustainedly elevated by a methoxamine 
infusion. Methoxamine enhances peripheral vascular resistance 
via α1-adrenoreceptor activation, while the increase in HR is 
mediated through cardiac α1-adrenoreceptor activation 
(González-Hernández et al., 2011; Cuesta et al., 2014). In this 
context, the methoxamine-induced increase in MBP was higher 
in female than in male rats. In line with these findings, previous 
evidence indicates sex-dependent differences in α- and β-adrenergic 
responsiveness across several vascular territories (Passmore et al., 
2005; Alexandre et al., 2017; Sherwood et al., 2017), which may 
contribute to the enhanced pressor effect observed in females.

It is noteworthy that, in both male and female rats, the attenuation 
of the methoxamine-induced increase in MBP produced by the 
infusion of 5−CT (0.001 μg/kg/min) or AS-19 (20 μg/kg/min) 
likely reflects the activation of vasorelaxant 5-HT1/5/7 or 5-HT7 

receptors, respectively, leading to a long-lasting vasodilation. 
Previous studies from our group demonstrated 5-HT7 receptor- 
mediated vasodilation in male pithed rats under comparable 
experimental conditions (Cuesta et al., 2014). Similarly, intravenous 
infusion of 5−CT decreased MBP in both male (García-Pedraza et al., 
2021) and female (Terol-Úbeda et al., 2025b) pithed rats without 
methoxamine. In addition, several pharmacological observations 
support the involvement of 5-HT7 receptors in the vasodilator 
effect of 5−CT in female rats: (i) 5-CT-induced vasodilation 
was abolished by pretreatment with GR127935 plus SB258719 
(5-HT1B/1D/1F and 5-HT7 receptor antagonist, respectively); (ii) 
selective activation of 5-HT1B/1D and 5-HT1F receptors did not 
modify the MBP values during methoxamine infusion; and (iii) 
blockade of 5-HT5A receptors failed to affect 5-CT-induced 
vasodilation. Together, these findings support that the vasodilator 
effect of 5−CT in female rats is mainly mediated by 5-HT7 receptors, 
as previously shown in males (Cuesta et al., 2014).

Under the presence of hexamethonium (to block autonomic 
outflow) and methoxamine, electrical stimulation of perivascular 
sensory CGRPergic nerves elicited frequency-dependent 
vasodepressor responses in both male and female rats, without 
significant variations in HR. Similarly, decreases in MBP induced 
by intravenous administration of exogenous α-CGRP in female rats 
were dose-dependent, as previously described in males (Cuesta et al., 
2014). The inhibition of the electrically induced vasodepressor 
responses by the 5-HT1/5/7 receptor agonist 5−CT, observed in 
both male and female rats, demonstrates that the serotonergic 
system modulates perivascular sensory CGRPergic 
neurotransmission. In male rats, this 5-CT-mediated inhibition is 

consistent with previous findings showing that activation of 
prejunctional 5-HT1B/1F and 5-HT7 receptors reduces CGRP 
release from perivascular sensory nerves (González-Hernández 
et al., 2010; 2011; Cuesta et al., 2014). At the prejunctional level, 
5-HT can modulate the release of autonomic and sensory 
neurotransmitters, including noradrenaline, acetylcholine and 
CGRP, facilitating hypertensive or hypotensive effects (Marichal- 
Cancino et al., 2020; Fernández-González et al., 2022; 2023; 2024; 
González-Hernández et al., 2023; Terol-Ubeda et al., 2025a; Terol- 
Ubeda et al., 2025b). In both male and female rats, 5−CT inhibits the 
vasoconstriction induced by sympathetic stimulation, involving 
5-HT1D/1A receptor subtypes in males whereas in females only 
5-HT1D receptors are implicated (Morán et al., 1994; García 
et al., 2005; García-Pedraza et al., 2013; García-Pedraza et al., 
2021; Terol-Úbeda et al., 2025a; Terol-Úbeda et al., 2025b).

Given this sex-dependent serotonergic regulation of vascular 
function, it is plausible that hormonal influences contribute to 
differences in 5-HT-mediated modulation of perivascular sensory 
neurotransmission. Oestrogens regulate the gene expression of 
5-HT receptors, promote 5-HT synthesis by increasing 
tryptophan hydroxylase activity, and reduce 5-HT degradation 
and reuptake through modulation of monoamine oxidases and 
the 5-HT reuptake transporter, respectively (Nappi et al., 2022). 
Moreover, oestrogen, 5-HT and CGRP receptors coexist within the 
trigeminovascular system (Aggarwal et al., 2012), supporting a 
functional link between serotonergic and CGRPergic pathways in 
migraine pathophysiology, a female-predominant disorder. Women 
experience more frequent, longer, and severe migraine attacks than 
men, and although serotonergic antimigraine drugs have 
demonstrated clinical efficacy in both sexes, most trials lack 
sufficient statistical power to assess potential sex-related 
differences in therapeutic response (Elgendy et al., 2019; de Vries 
et al., 2020). These considerations guided the present investigation to 
identify the 5-HT receptor (sub)types involved in the 5-CT-induced 
inhibition of perivascular sensory CGRPergic outflow in female rats.

The receptor (sub)types involved in the 5-CT-induced 
inhibition of perivascular CGRPergic outflow were first 
confirmed in male rats, and the role of 5-HT5A receptors was 
explored, as their contribution had not been previously 
investigated. Activation of 5-HT1B, 5-HT1F, and 5-HT7 receptors, 
using the selective agonists CP-93,129, LY344864, and AS-19, 
respectively, inhibited the vasodepressor responses induced by 
sensory CGRPergic stimulation, as previously described 
(González-Hernandez et al., 2010; 2011; Cuesta et al., 2014). 
Although 5-HT5A receptors were excluded in the present study, 

TABLE 2 Effect of continuous i.v. infusion of ethanol 5% (EtOH, 1 mL/h), LY344864 and AS-19 (20 μg/kg/min each 5-HT agonist) on the vasodepressor 
responses induced by i.v. administration of α-CGRP (0.1, 0.3 and 1 μg/kg) in female pithed rats.

Treatment α-CGRP 0.1 μg/kg α-CGRP 0.3 μg/kg α-CGRP 1.0 μg/kg

Control (saline) −17.4 ± 0.7 −37.9 ± 0.8 −71.7 ± 3.8

EtOH 5% −17.1 ± 0.3 −36.8 ± 0.8 −72.7 ± 0.5

LY344864 −19.9 ± 1.6 −41.2 ± 1.0 −78.7 ± 3.7

AS-19 −10.2 ± 1.2* −19.1 ± 2.3* −38.1 ± 5.4*

Measurement ΔMBP (mmHg)

All values are expressed as mean ± SEM (n = 5). Data were analysed by two-way ANOVA followed by Dunnett’s post hoc test. *P < 0.05 vs. control. ΔMBP: changes in mean blood pressure.
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given that 5−CT maintained its inhibitory action in the presence of 
the 5-HT5A receptor antagonist SB699551, these receptors have been 
implicated in autonomic cardiovascular regulation, particularly in 
the inhibition of cardioaccelerator sympathetic outflow under 
specific experimental conditions in male rats (García-Pedraza 
et al., 2018; García-Pedraza et al., 2020). In female rats, the 
inhibitory effect of 5−CT on the vasodepressor responses induced 
by CGRPergic stimulation was reproduced by 5-HT1F and 5-HT7 

receptor agonists (LY344864 and AS-19, respectively), whereas 
neither 5-HT1A nor 5-HT1B/1D receptor agonists (8-OH-DPAT 
and sumatriptan, respectively) modified the electrically induced 
vasodilations. As in males, 5-HT5A receptors were unlikely to 
contribute to the 5-CT-mediated inhibition of the vasodepressor 
sensory CGRPergic drive, as this effect persisted after 
SB699551 administration. Consistent with this, previous studies 
reported no role for 5-HT5A receptors in the serotonergic 
modulation of vascular sympathetic outflow in female rats 
(Terol-Úbeda et al., 2025b). The participation of 5-HT1F and 5- 
HT7 receptors in females was further confirmed using a mixture of 
GR127935 plus SB258719, which completely reversed the 5-CT- 
induced inhibition of perivascular sensory CGRPergic outflow. 
Altogether, these results highlight the sex-dependent serotonergic 
inhibition of perivascular sensory CGRPergic innervation, as in 
male rats 5-HT1F and 5-HT7, but also 5-HT1B, receptors were 
involved as inhibitors of neurovascular CGRPergic drive 
(González-Hernández et al., 2010; González-Hernández et al., 
2011; Cuesta et al., 2014).

To clarify the nature of the 5-HT receptors involved in the 
inhibition of CGRPergic vascular responses in female rats, we 
determined whether LY344864 or AS-19 modified the 
vasodepressor responses to exogenous α-CGRP. Although other 
effects (as altered vascular responsiveness to CGRP) cannot be fully 
excluded, we conclude that 5-HT1F receptor-mediated inhibition 
was prejunctional in nature, whereas 5-HT7 receptors were pre and/ 
or postjunctional in nature, since AS-19 also decreased the 
vasodepressor responses induced by exogenous α-CGRP. The 
latter differs from results in male rats, where 5-HT7 receptors 
implicated in serotonergic inhibition of perivascular sensory 
CGRPergic outflow were purely prejunctional (Cuesta et al., 2014).

Although previous studies have reported sex-related differences 
in the serotonergic modulation of vascular sympathetic 
neurotransmission, affecting both the receptor (sub)types 
involved and their pre and/or postjunctional localization (Terol- 
Úbeda et al., 2025b), evidence of sexual dimorphism in peripheral 5- 
HT1 and 5-HT7 receptor function has remained limited (Spies et al., 
2020). The present findings in female rats further illustrate the 
complexity of the serotonergic system, revealing a novel peripheral, 
sex-dependent mechanism in the modulation of perivascular 
CGRPergic responses. Sexual dimorphism influences not only the 
5-HT receptors involved in the inhibition of the vasodepressor 
responses induced by sensory CGRPergic stimulation, but also 
the nature of these receptors.

Some limitations of the present study should be considered. 
Experiments were performed under pithed condition, thus excluding 
any influence of the CNS on cardiovascular regulation, and therefore 
the central component of migraine is not studied. The experimental 
design did not allow determination of the mechanisms underlying 
tachyphylaxis of the CGRPergic vasodepressor responses. Moreover, 

sensory nerve activity was not recorded directly; instead, electrically 
evoked CGRP release in the systemic vasculature was inferred from 
the magnitude of the vasodepressor responses (Cuesta et al., 2014). 
Additionally, this study did not assess ovarian hormones or the 
estrous cycle stage of female rats, since we only considered animals of 
reproductive age. Anyhow, our present results contribute to a better 
understanding of sex-related differences in basic cardiovascular 
pharmacology, a fundamental aspect for developing effective 
therapeutic strategies for both women and men with 
cardiovascular diseases (CVD). As several antimigraine therapies, 
including triptans and ditans, target serotonergic and CGRP-related 
pathways (Viticchi et al., 2022; Kalkman et al., 2023), and patients 
with migraine exhibit a higher incidence of CVD (Linstra et al., 2017; 
Rajendran et al., 2023), clarifying sex-specific serotonergic- 
CGRPergic interactions is essential to improve therapeutic efficacy 
and minimize cardiovascular adverse effects. Given that CVD remain 
the leading cause of death among women worldwide (Vervoort et al., 
2024), and migraine represents a major vascular risk factor in 
females, our findings reinforce the importance of conducting 
preclinical pharmacological studies in both male and female 
animal models to better predict sex-specific cardiovascular responses.

In conclusion, the present study demonstrates that 5−CT inhibits 
perivascular sensory CGRPergic neurotransmission in both male and 
female rats. Unlike males, where the 5−CT effect is mediated by 
prejunctional 5-HT1B/1F/7 receptors, in cycling-age female rats this 
inhibitory effect involves prejunctional 5-HT1F and pre and/or 
postjunctional 5-HT7 receptors. These findings reveal a sex- 
dependent serotonergic modulation of vascular CGRPergic function, 
highlighting its potential relevance in neurovascular pharmacology.
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