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Abstract

Cold stress (CS), triggers significant autonomic and hemodynamic disturbances, mediated in part by transient receptor potential (TRP) channels. This study 
investigates the distinct contributions of TRPM8 and TRPV1 in autonomic cardiovascular regulation during CS. Conscious male Sprague-Dawley rats were 
administered AMTB (TRPM8 antagonist) or capsazepine (CPZ; TRPV1 antagonist), while controls received either normal saline (NS) or dimethyl sulfoxide 
(DMSO). Hemodynamic parameters, including systolic blood pressure (SBP), heart rate (HR), and core temperature (ToC), were continuously monitored. Spectral 
analyses of blood pressure variability (BPV), and heart rate variability (HRV), were used to assess autonomic modulation. AMTB administration led to ToC 
declines and altered sympathetic activity, while CPZ attenuated cold-induced pressor (CIP) and tachycardic (CIT) responses, improved baroreflex sensitivity, 
and shifted autonomic balance toward parasympathetic dominance. The findings highlight TRPM8’s role in sensory-driven thermoregulation and TRPV1’s 
broader function in baroreflex and autonomic stability. This study provides novel insights into the interplay between TRPM8 and TRPV1 in somato-sympathetic 
reflex modulation and suggests potential therapeutic applications for managing cold-induced cardiovascular dysfunctions. 

Highlights

TRPM8 and TRPV1 modulate pain and autonomic responses during cold stress. 

Cold exposure triggers nociceptors and cardiovascular autonomic reflexes.

Spectral analysis reveals effects of TRPM8 and TRPV1 antagonists on cold stress.

Both antagonists attenuate pressor responses and blood pressure variability.

INTRODUCTION

Cold exposure engages thermosensitive nociceptors, 
triggering autonomic reflexes that regulate cardiovascular 
function [1-3]. TRPM8, a cold-sensitive ion channel, 
detects mild cooling and menthol, while TRPV1 mediates 
responses to noxious heat, capsaicin, and inflammation 
[4-8]. Both channels are expressed in sensory neurons 
and vascular smooth muscle cells, linking sensory input to 
vascular tone modulation [9-16].

Previous studies, including our own, demonstrated 
that cold stress induces dynamic alterations between 

vasoconstriction and vasodilation, mediated by complex 
pathways such as α2-adrenoceptors and nitric oxide 
signaling [17-19]. However, the specific contributions of 
TRPM8 and TRPV1 in autonomic regulation during cold 
stress remain incompletely understood. While TRPM8 
is primarily associated with vasoconstrictive responses, 
TRPV1 appears to play a broader role in baroreflex 
modulation and sympathetic outflow regulation [16,20].

Evidence suggests that α2-adrenoceptors participate 
in neuropathic pain, and TRPM8 and TRPV1 channels 
are critically involved in pain modulation processes [21-
27]. Additionally, TRPM8 is implicated in amplifying pain 
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sensation following nerve injury and in sensing cold pain 
with keeping a deep body temperature [7,10,28-31], 
while TRPV1 channels are essential for detecting noxious 
heat [4]. Antagonists of these channels offer potential 
therapeutic benefits for analgesia and autonomic stability.

This study employs pharmacological antagonism of 
TRPM8 and TRPV1 to elucidate their distinct roles in 
autonomic cardiovascular regulation during cold stress. 
Using telemetry-based monitoring and spectral analysis, 
we aim to provide novel insights into their physiological 
functions and potential clinical applications in managing 
cold-induced cardiovascular perturbations.

MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats (300–350 g), were 
housed in a temperature-controlled environment (23±1°C) 
with a 12-hour light/dark cycle and had ad libitum access 
to food and water. Before the experiment, the animals 
were acclimated for one week. All procedures complied 
with institutional guidelines and were approved by the 
National Defense Medical Center’s Institutional Animal 
Care and Use Committee (IACUC).

Experimental Design

The experimental timeline is shown in Figure 1. 
Rats underwent surgical implantation of telemetric 
transmitters (TL11M2-M2-C50-PXT, DSI, Minnesota, 
USA) via the femoral artery, positioning the catheter 
in the descending aorta for continuous monitoring of 

systolic blood pressure (SBP), heart rate (HR), and core 
temperature (ToC). Transmitters were secured within the 
abdominal cavity, and the rats were allowed a two-week 
postoperative recovery period to ensure stable baseline 
recordings [17,18].

After recovery, animals were randomly assigned to one 
of four treatment groups (n = 8 per group):

1)	 Normal Saline (NS): Rats received a slow bolus 
injection of 0.9% NaCl (1.5 ml), via the tail vein over 5 
minutes, serving as a baseline reference for hemodynamic 
responses.

2)	 DMSO: Rats were administered 10% dimethyl 
sulfoxide (DMSO) in 0.9% NaCl (1.5 ml) via the tail vein 
over 5 minutes to evaluate vehicle effects.

3)	 AMTB (TRPM8 antagonist): Rats received a bolus 
injection of 1.6 mM AMTB dissolved in 10% DMSO + saline 
(1.5 ml) via the tail vein over 5 minutes. The dose (0.972 
mg) was selected based on prior studies demonstrating its 
efficacy in modulating cold-induced responses [7,8,24].

4)	 Capsazepine (CPZ, TRPV1 antagonist): Rats 
received an intraperitoneal injection of CPZ (1 mg/kg; 
0.3 mg), dissolved in 10% DMSO + saline (1.5 ml), 30 
minutes before cold stress to account for pharmacokinetic 
differences between intravenous and intraperitoneal 
administration [5,6,25,26].

Each animal underwent a 10-minute cold stress (CS) 
trial, during which their glabrous forepaws and hindpaws 
were immersed in ice water maintained at 4°C. Baseline 
measurements (PreCS), were recorded at ambient room 
temperature (23°C). Hemodynamic parameters were 
continuously recorded across PreCS, CS, and the recovery 
phase. For spectral analysis, data from minutes 3 to 8 of 
the CS phase were used to ensure stability and minimize 
artifacts from initial stress responses [17,18].

Spectral Signal Acquisition and Processing

Oscillatory blood pressure and inter-beat interval-
derived HR signals were digitized at 1 kHz using LabChart 
Pro software (ADInstruments, Sydney, Australia). Spectral 
analysis was performed using a fast Fourier transform 
(FFT) to derive the power spectral density of BPV and 
HRV in predefined frequency bands: very low frequency 
(VLF: 0.02–0.2 Hz), low frequency (LF: 0.2–0.6 Hz), and 
high frequency (HF: 0.6–3 Hz). BPV components were 
normalized and expressed as absolute power (mmHg²/
Hz), while HRV was analyzed based on inter-beat interval 
data (ms²/Hz). Cross-spectral analysis was conducted to 
evaluate BPV-HRV coherence across frequency bands, 

 

Figure 1 Timeline of experimental procedures across treatment 
groups. Following a one-week acclimation period, rats underwent 
telemetric transmitter implantation two weeks before testing. Each 
group received a designated treatment—normal saline (NS), dimethyl 
sulfoxide (DMSO), AMTB (TRPM8 antagonist), or capsazepine (CPZ, 
TRPV1 antagonist)—30 minutes before the cold stress (CS) trial. Data 
collection encompassed the pre-cold stress (PreCS), CS, and recovery 
phases.
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with K²IBI/SBP values > 0.58 indicating significant BPV-
HRV covariation.

Statistical Analysis

Data were analyzed using two-way repeated-measures 
ANOVA, with TRIAL (PreCS, CS) as the within-subject 
factor and GROUP (NS, DMSO, AMTB, CPZ) as the between-
subject factor. Tukey’s post hoc test was performed to 
identify significant inter-group differences. Correlations 
between BPV and HRV components were assessed using 
Pearson’s correlation coefficient. All statistical analyses 
were performed using SPSS 18.0 software (SPSS Inc., 
Chicago, IL, USA), with significance set at p < 0.05.

RESULTS

Primary data on hemodynamic parameters and spectral 
variables are presented in Tables 1,2 and Figures 2-5, with 
supplementary information available in Figures S1-S2.

Hemodynamic Responses and Core Temperature to 
Cold Stress

During the CS trial, SBP, HR, and ToC exhibited 

Table 1: Systolic blood pressure (SBP) and heart rate (HR) across experimental groups during PreCS and CS.

Blood Pressure
NS DMSO AMTB CPZ

PreCS SBP (mmHg) 122.12±3.68 118.12±3.27 132.97±5.53a3b3 116.21±4.58c3

CS SBP (mmHg) 149.87±2.61### 140.87±2.61###a3 140.41±5.61###a1 122.84±4.56a3b3c3

Heart Rate
NS DMSO AMTB CPZ

PreCS HR (beats/min) 301.91±9.27 311.91±6.27 325.55±8.02a1

CS HR (beats/min) 478.24±11.34### 466.24±10.34### 452.96±11.46### 366.44±12.50###a3b3c3

Table 2: Power spectral density of cardiovascular variability across treatment groups.

Blood Pressure Variability
NS  DMSO AMTB CPZ

PreCS

VLF (mmHg2) 1.33±0.30 1.73±0.30 2.54±0.49a1 0.90±0.11b1c1

LF (mmHg2) 1.26±0.23 2.56±0.63a1 3.04±0.61a1 0.92±0.04b1c1

HF (mmHg2) 0.88±0.17 1.88±0.27a1 0.93±0.2b1 1.30±0.30
TP (mmHg2) 6.76±1.68 7.97±1.68 13.12±2.6a1b1 4.31±0.54b1c1

CS

VLF (mmHg2) 8.28±1.56### 10.28±1.56### 7.27±2.71# 2.52±0.43#a1b1c1

LF (mmHg2) 12.93±3.91### 12.93±2.71### 10.66±1.99# 4.69±1.24#a1b1c1

HF (mmHg2) 20.06±8.05### 20.37±5.38### 5.41±1.62#a2b2 8.01±3.31#a1b1

TP (mmHg2) 88.51±35.18### 92.71±3.82### 47.83±10.55##a1b1 29.31±9.78##a1b1

Heart Rate Variability
NS  DMSO AMTB CPZ

PreCS

VLF (ms2) 15.86±1.87 17.86±1.8 16.88±3.40 6.21±3.17a1b1c1

LF (ms2) 1.30±0.32 1.42±0.32 1.87±0.52 0.72±0.55c1

HF (ms2) 6.76±0.82 7.76±0.85 9.06±1.31 7.87±2.33
LF/HF 0.19±0.03 0.18±0.02 0.24±0.06 0.09±0.04a1b1c1

TP (ms2) 40.25±7.44 44.95±7.08 55.42±12.38 28.23±9.43c1

CS

VLF (ms2) 7.13±2.66### 7.23±2.66## 9.78±4.81 4.49±1.51
LF (ms2) 0.93±0.20 1.23±0.20 1.37±0.42 1.01±0.10
HF (ms2) 5.03±1.07 5.03±3.49 4.21±1.39 11.29±3.00a1c1

LF/HF 0.18±0.07 0.24±0.01# 0.44±0.09#a1b1 0.08±0.03a1b1c1

TP (ms2) 25.33±6.56 28.33±4.6# 24.91±6.57# 35.64±9.49

significant inter-group variations. Two-way ANOVA 
revealed significant main effects of TRIAL, GROUP, and 
their interaction on SBP and HR. As shown in Figure 2A, SBP 
was significantly lower in the DMSO group than in the NS 
group during CS (p < 0.001). AMTB-treated rats exhibited 
significantly elevated SBP during PreCS compared to 
the NS and DMSO groups (p < 0.001), while CPZ-treated 
rats showed no significant differences in baseline SBP or 
HR. However, CPZ significantly attenuated cold-induced 
pressor (CIP) and tachycardic (CIT) responses during 
CS (p < 0.001). Figure 2B illustrates that both AMTB and 
CPZ significantly reduced CIP and CIT responses relative 
to NS and DMSO, highlighting their roles in autonomic 
modulation during cold stress.

AMTB significantly lowered ToC during CS (p < 
0.01), reinforcing the role of TRPM8 in cold-induced 
thermoregulation (Figure 3).

Spectral Analysis of Autonomic Modulation

Cold stress induced BPV and HRV changes across all 
frequency bands (Table 2, Figure 4). Two-way ANOVA 
revealed significant effects of TRIAL, GROUP, and their 
interaction on BPV and HRV frequency bands.
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To further assess cold-induced BPV changes 
(CIVLFBPV, CILFBPV, and CIHFBPV), CS and PreCS values 
were compared across groups. Both AMTB and CPZ 
significantly reduced these parameters (p < 0.001, Figure 
4B), indicating their potential to mitigate cold-induced 
hemodynamic disturbances.

Baroreflex Sensitivity and Autonomic Stability

Correlation analysis revealed that CPZ reversed the 
negative BPV-HRV relationships observed in the NS 
and DMSO groups (Figure S1). CPZ restored positive 
correlations between BPV and HRV parameters, suggesting 

Figure S1 Correlation between spectral power components of blood pressure variability (BPV) and heart rate variability (HRV) during cold stress 
(CS). (A) Correlation between very low-frequency BPV (VLF, mmHg²) and HRV (VLF, ms²). (B) Correlation between low-frequency BPV (LF, mmHg²) 
and HRV (LF, ms²) across treatment groups.

Figure S2 Correlation between systolic blood pressure (SBP) 
and inter-beat interval (IBI) oscillations across frequency bands. 
Correlation analysis was performed using peak coherence values 
(K²IBI/SBP) for the different treatment groups throughout the 
experiment. Frequency bands analyzed include very low-frequency 
(VLF), low-frequency (LF), and high-frequency (HF). Abbreviations: 
SBP, systolic blood pressure; IBI, inter-beat interval; K²IBI/SBP, peak 
coherence value.

Figure 2 Hemodynamic responses during PreCS and CS across treatment 
groups. (A) Systolic blood pressure (SBP) and heart rate (HR) changes. 
Statistical significance is indicated for comparisons between PreCS and CS 
phases (*p < 0.05, **p < 0.01, ***p < 0.001) and between groups (#p < 0.05, ##p 
< 0.01, ###p < 0.001). (B) Cold-induced pressor (CIP) and tachycardia (CIT) 
responses, calculated by comparing PreCS and CS values (*p < 0.05, **p < 0.01, 
***p < 0.001). CPZ significantly attenuated CIP and CIT during CS (p < 0.001). 
Data are presented as mean ± SEM. Abbreviation: ∆, difference.
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Figure 3 Core temperature (ToC) responses across treatment groups during PreCS and CS. Data are expressed as mean ± SEM, with significant 
differences indicated by *p < 0.05, **p < 0.01. AMTB administration led to a reduction in ToC.

Figure 4 Spectral analysis of blood pressure variability (BPV) and heart rate variability (HRV) during PreCS and CS. (A) Power spectral density 
of BPV and HRV across very low-frequency (VLF), low-frequency (LF), and high-frequency (HF) bands. (B) Cold-induced BPV changes (∆) across 
frequency bands, denoted as CIVLFBPV, CILFBPV, and CIHFBPV. CPZ reduced LF and VLF BPV components, suggesting diminished sympathetic 
activity, while AMTB modulated LFBPV during baseline conditions. Abbreviations: CIVLFBPV, cold-induced very low-frequency BPV; CILFBPV, cold-
induced low-frequency BPV; CIHFBPV, cold-induced high-frequency BPV.
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improved baroreflex sensitivity. Furthermore, BPV-HRV 
coherence was evaluated using peak coherence values 
(K²IBI/SBP) across frequency bands (Figure S2). In the LF 
region during both PreCS and CS phases, AMTB exhibited 
higher coherence than DMSO and CPZ. However, CPZ 
showed lower coherence values than AMTB, suggesting 
a reduction in sympathetic dominance and enhanced 
cardiovascular stability (Figure S2).

DISCUSSION

The relevant mechanisms of the somatic-sympathetic 
neuroaxis in cold-induced nociception and cardiovascular 
responses are illustrated in Figure 5. TRPM8 and TRPV1 
interact at multiple levels of the autonomic regulatory 
pathway, including primary sensory afferents, spinal 
cord pain-autonomic circuits, descending bulbospinal 
sympathetic neurons, and vascular smooth muscle 
regulation. This integrated framework highlights 
the intricate role of TRP channels in cardiovascular 
homeostasis under cold stress.

This study elucidates the distinct yet interrelated 
roles of TRPM8 and TRPV1 in autonomic cardiovascular 
regulation during cold stress. TRPM8 antagonism 
primarily influenced thermoregulation and sympathetic 
activity, whereas TRPV1 antagonism had broader effects 
on baroreflex function and autonomic stability. These 
findings enhance our understanding of how sensory-

driven mechanisms integrate with autonomic circuits to 
modulate cardiovascular responses.

DMSO as a Solvent Control

Since this study is based on systemic peripheral drug 
administration, neither AMTB nor CPZ is expected to 
cross the blood-brain barrier and directly affect central 
TRP channels. Therefore, our analysis focuses on the 
primary sensory neurons and vascular smooth muscle 
cells as potential target sites for these antagonists 
[10,14,30,31,37,38].

Dimethyl sulfoxide (DMSO), was used as a solvent 
control due to its high solubility for lipophilic compounds 
like AMTB and CPZ. Importantly, DMSO has known 
pharmacological effects, including mild vasodilation and 
anti-inflammatory properties, which could influence 
cardiovascular dynamics. Previous studies have indicated 
that DMSO may exert modest hemodynamic effects, 
including altering blood pressure variability and vascular 
tone [39]. Thus, its use as a control group ensures that 
observed effects of AMTB and CPZ are attributable to TRP 
channel modulation rather than solvent-related influences. 
The significant differences observed between the DMSO 
and TRPM8/TRPV1 antagonist groups further support the 
specificity of TRP channel involvement in cardiovascular 
regulation.

TRPM8-Mediated Thermoregulation and Sympathetic 
Control

TRPM8 inhibition led to significant reductions in core 
body temperature and modifications in sympathetic tone, 
supporting its role as a primary sensor of mild cooling 
and its involvement in thermoregulatory vasoconstriction 
[7,9-12]. The observed decrease in temperature of the 
core (ToC) following AMTB administration suggests 
that TRPM8 plays a critical role in the thermoregulatory 
response to cold, particularly by modulating cutaneous 
vasoconstriction and metabolic heat production. This 
aligns with findings that TRPM8 activation is associated 
with cold-induced vasoconstriction and sympathetic 
excitation, processes essential for maintaining core 
temperature homeostasis [7,10,28-31]. However, its 
impact on baroreflex function was comparatively less 
pronounced than TRPV1 antagonism, suggesting a more 
localized effect within peripheral thermosensory circuits. 
The reduction in ToC further supports the hypothesis 
that TRPM8 modulates cold sensation primarily through 
afferent pathways influencing thermoregulatory and 
autonomic reflex arcs [22,31].

TRPV1 and Its Role in Baroreflex and Autonomic 

Figure 5 Diagram illustrating TRPM8, TRPV1, and α2-adrenoceptor integration 
within the somato-sympathetic neuroaxis during cold- and pain-induced 
cardiovascular modulation. The schematic highlights sensory afferent pathways, 
second-order neurons, spinal pain and autonomic circuits, and efferent systems. 
Sensory afferents (blue lines: sympathetic; yellow lines: somatic) are depicted 
on the left, while efferent motor fibers appear on the right. Sympathetic 
neurons originating from the rostral ventrolateral medulla (RVLM) and locus 
coeruleus (LC) project to the spinal intermediolateral column (IML) and dorsal 
horn pain circuits. The purple line represents IML neurons synapsing onto 
sympathetic preganglionic neurons, which extend to the heart and vasculature 
via sympathetic ganglia. The brown line denotes anterior horn motor neurons 
projecting to skeletal muscles.
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Stability

TRPV1 inhibition with CPZ significantly attenuated 
cold-induced hemodynamic disturbances, reducing 
blood pressure and heart rate fluctuations while 
restoring baroreflex sensitivity. The observed increase 
in baroreflex gain highlights TRPV1’s pivotal role 
in autonomic integration, consistent with studies 
demonstrating its involvement in cardiovascular reflex 
arcs [4,11,13,15,16,21,40]. Furthermore, the ability of CPZ 
to counteract negative BPV-HRV correlations suggests its 
potential as a therapeutic target for baroreflex dysfunction-
related disorders.

Comparative Implications of TRPM8 and TRPV1 
Antagonism

Both TRPM8 and TRPV1, similar to α2-adrenergic 
receptors [27], play key roles in thermal pain regulation. 
The co-expression of TRPV1 and α2-adrenoceptors in 
primary sensory neurons contributes to pain modulation 
[21]. Similarly, TRPM8 activity can be modulated by 
α2a-adrenergic receptor activation [19], suggesting that 
these channels are critical components of both sensory 
processing and autonomic responses, particularly in 
cardiovascular regulation during cold stress.

The differential effects of TRPM8 and TRPV1 antagonists 
reveal their distinct yet complementary roles in autonomic 
regulation. TRPM8 primarily mediates peripheral sensory-
driven vascular and thermoregulatory responses, while 
TRPV1 exerts broader effects on baroreflex modulation 
and systemic autonomic adjustments [3,9,10,12,15,16,23]. 
These findings align with the functional organization of 
TRP channels in nociceptive and autonomic pathways, 
where TRPM8 channels primarily function as peripheral 
cold sensors, while TRPV1 integrates systemic reflex 
responses [4].

Limitations and Future Directions

Although our findings provide new insights, 
certain limitations should be acknowledged. First, the 
pharmacokinetics of AMTB and CPZ were not directly 
assessed, necessitating further studies incorporating 
pharmacokinetic profiling to optimize dosing regimens. 
Second, our systemic drug administration approach 
precludes precise localization of TRP channel effects, 
highlighting the need for selective, tissue-targeted delivery 
methods in future research.

Further investigations should explore the interactions 
between TRP channels and other autonomic regulatory 
pathways, including α2-adrenoceptor signaling and 
nitric oxide-mediated vascular modulation [17-19]. The 

application of advanced imaging techniques could help 
elucidate regional hemodynamic changes, thereby refining 
our understanding of TRPM8 and TRPV1 functions in cold 
stress responses.

CONCLUSION

Our study implicates that TRPM8 and TRPV1 
play distinct yet interconnected roles in modulating 
cardiovascular responses to cold stress. TRPM8 primarily 
mediates thermosensory-driven sympathetic responses, 
while TRPV1 governs baroreflex function and autonomic 
homeostasis. These findings provide mechanistic insights 
into sensory-autonomic integration and suggest potential 
therapeutic strategies for managing cold-induced 
autonomic dysfunctions. Future research should further 
clarify the interplay between TRP channels and autonomic 
regulatory networks to enhance translational applications 
in clinical settings.
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