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Background and Purpose: Dysfunction of the autonomic nervous system is associ-

ated with cardiovascular dysfunction, including metabolic syndrome and obesity.

Understanding mechanisms of neurogenic control of white adipose tissue is key to

understanding adipose physiology and pathophysiology, though there is limited

research exploring this in adipose tissue using pharmacological tools, as opposed to

genetic knockout models.

Experimental Approach: Inguinal white adipose tissue from C57BL/6J mice was used

in this study. We used immunocytochemistry to determine tissue innervation and

glycerol release assays to quantify lipolysis in adipose tissue and isolated adipocytes.

The voltage-gated Na+ channel opener veratridine was used to stimulate nervous

activity in tissue ex vivo. The role of neurotransmitters and receptors mediating

veratridine-evoked lipolysis in adipose tissue was pharmacologically characterised.

Key Results: Veratridine evoked glycerol release in white adipose tissue but not from

isolated adipocytes. This release was abolished by tetrodotoxin and propranolol.

Veratridine also induced noradrenaline release from white adipose tissue.

Veratridine- and noradrenaline-evoked glycerol release was blocked by the β2-

adrenoceptor antagonist ICI-118551 but not by the β1-adrenoceptor antagonist CGP

20712A. Purported β3-adrenoceptor antagonists L-748337 and SR59230A stimu-

lated glycerol release from tissue and from isolated adipocytes. Neither L-748337 or

SR59230A antagonised veratridine-evoked glycerol release but SR59230A antago-

nised noradrenaline-evoked glycerol release. We exclude contributions of sensory

neuropeptides and the autonomic neurotransmitters neuropeptide Y and ATP.

Conclusion and Implications: Neurogenic lipolytic responses can be measured in

white adipose tissue ex vivo using veratridine to stimulate nerve activity. The lipolytic

responses are mediated by β2-adrenoceptor activation. This study provides the first

evidence of neurogenic lipolysis in tissue ex vivo.
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1 | INTRODUCTION

Pharmacological manipulation of white adipose tissue is a growing

area of interest for the treatment of metabolic syndrome, obesity and

associated cardiovascular disease (Kusminski et al., 2016). White adi-

pose tissue is the major depot for energy storage, a critical endocrine

organ, and central to regulated whole-body energy expenditure and

appetite through the release of adipokines. Dysfunction of white

adipose tissue increases cardiovascular risk and is associated with

obesity, metabolic syndrome and ectopic deposition of fat (Kawai

et al., 2021; Koenen et al., 2021). The major cellular component of

white adipose tissue is the adipocyte, which sequesters excess dietary

glucose and fatty acids and stores them as triglycerides. During

positive energy balance, this process is stimulated by insulin,

which promotes energy storage. During negative energy balance,

triglycerides stored within adipocyte lipid droplets are subject to

hydrolysis, freeing energy in the form of fatty acids and glycerol (lipol-

ysis). Adipose tissue can also increase its energy buffering capacity

under physiological conditions through hypertrophic and hyperplastic

mechanisms.

In addition to hormonal regulation, the function of white adi-

pose tissue is also under regulation by both the autonomic and sen-

sory arms of the peripheral nervous system (Bartness et al., 2014;

Wang et al., 2022). In animal models, local sympathetic denervation

leads to the expansion of white adipose tissue (Bowers et al., 2004).

Such observations are believed to be caused by the removal

of sympathetic adrenergic activity, working primarily through

β-adrenoceptor activation stimulating lipolysis in adipocytes, though

information at the level of adipose tissue is missing. In addition, a

paradoxical situation arises in metabolic syndrome and obesity,

where white adipose tissue expands and is maintained despite

increased sympathetic nervous activity (Esler et al., 2018). The pre-

cise mechanisms underlying the development of a refractory

response to catecholamines in white adipose tissue during increased

sympathetic outflow in metabolic syndrome and obesity remain

unclear, but down-regulation of β-adrenoceptors and inflammation

have been suggested (Mowers et al., 2013; Valentine et al., 2022).

Further mechanistic understanding of how the peripheral nervous

system controls white adipose tissue and the development of appro-

priate models is therefore required.

Although numerous studies have investigated the actions of

neurotransmitters (Ali et al., 2018a) and hormones on adipocytes,

freshly isolated from either tissue or adipocyte-like cell lines, there

are limited studies that examine the consequence of increased ner-

vous activity in white adipose tissue ex vivo. This is critical to better

understand the role of the peripheral nervous system in white adi-

pose tissue physiology and to understand the action of pharmaco-

logical agents intended to manipulate adipocyte function in the

context of adipose tissue, which contains multiple cell types. Here,

we take a novel approach using the steroid alkaloid veratridine to

stimulate nervous activity in white adipose tissue ex vivo and

explore the role of sympathetic and sensory neurotransmitters in

regulating lipolysis.

2 | METHODS

2.1 | Animals

All animal care and experimental procedures complied with the UK

Animals (Scientific Procedures) Act 1986 and were approved by the Ani-

mal Welfare & Ethical Review Board of the University of East Anglia,

UK. Animal studies are reported in compliance with the ARRIVE guide-

lines (Percie du Sert et al., 2020) and with the recommendations made

by the British Journal of Pharmacology (Lilley et al., 2020).

Male mice were used in this study due to reported sexual dimor-

phic metabolic response in C57BL/6J mice (Casimiro et al., 2021) and

the influence of oestradiol cycling on white adipose tissue physiology

in mice (Saavedra-Peña et al., 2023). However, female C57BL/6J mice

were used in one set of experiments. C57BL/6J mice were used as a

model due to their use in exploring mechanisms of cardiovascular

disease and potential for genetic manipulation in follow-on studies

(Doevendans et al., 1998).

The mice used in the studies described here were provided by the

animal facility of the University of East Anglia. Male C57BL/6J mice

(8–10 weeks old) weighing 20–30 g were used in the majority of work

in this study. However, non-pregnant female C57BL/6J mice (8–10

weeks old) were used in one set of experiments, as described later.

Mice were housed in a specific pathogen-free, with Staphylococ-

cus aureus and Klebsiella exclusion, barriered facility with the

Disease Modelling Unit, University of East Anglia. A maximum of

five adult mice per cage were housed in Techniplast blue slimline

cages (Type 1284). Cages contained PG2 bedding (International

Product Supplies Ltd), rodent rolls and aspen wood chew blocks

(LB Biotechnology). Each cage contained a red polycarbonate mouse

hut and tunnel. All cages are prepared, sealed and then autoclaved

at 121�C for 15 min.

What is already known

• Dysfunction of the autonomic nervous syndrome is asso-

ciated with cardiovascular disease and obesity.

What does this study add

• Veratridine is identified as an experimentally useful tool

to study neurogenic responses in adipose tissue ex vivo.

What is the clinical significance

• The results provide opportunity for target validation in

cardiovascular disease and obesity.
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Most mice were bred in trios (one male and two female). Light is

provided on a 12/12-h cycle (7:00 AM–7:00 PM) with a dawn (6:30 AM)

and dusk (7:30 PM) period where lobby lights are on for an additional

30 min. Temperature was maintained at 21 ± 2�C and humidity at

55 ± 10%. Irradiated 5LF5 rodent diet and filtered water were

available ad libitum. Mice were checked daily, prior to Schedule 1 pro-

cedures, for signs of ill health. The animal facility is screened quarterly

for the full Federation of European Laboratory Animal Science

Associations (FELASA) list of organisms.

2.2 | Adipocyte isolation

Animals were humanely killed by CO2 asphyxiation followed by cer-

vical dislocation, carried out in accordance with the UK Animals

(Scientific Procedures) Act 1986. Inguinal adipose tissue was subse-

quently removed for experimentation. Pairs of inguinal white adi-

pose depots were dissected and rinsed in Hanks' balanced salt

solution (HBSS) before mincing with a scalpel blade. HBSS con-

tained (mM): 137 NaCl, 5.3 KCl, 1.3 CaCl2, 0.4 MgSO4, 1 MgCl2,

0.42 Na2HPO4, 0.44 KH2PO4, 5.5 D-glucose and 4.16 NaHCO3. Tis-

sue was digested for 30 min at 37�C in 5-ml HBSS containing

40-μg�ml�1 DNase I (Biomatik) and 0.2-mg�ml�1 type 1A collagenase

(Merck). The digest was gently inverted every 10 min to encourage

dissociation. The digest was passed through a 100-μm cell strainer

and rinsed with 50-ml HBSS before centrifugation at 50 � g for 4 min,

at room temperature (20 – 22oC). The adipocyte ‘halo’ was gently

removed and rinsed with either Dulbecco's modified Eagle's medium

(DMEM) for glycerol assays or HBSS for total RNA extraction. Adipo-

cytes were centrifuged again at 50 � g for 4 min at room temperature

(20 – 22oC).

2.3 | Glycerol release assays

The assay buffer was consisted of glucose (5 mM), phenol-red free

DMEM supplemented with 2% (w/v) fatty acid-free bovine serum

albumin and 25-mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES). For experiments involving tissue, pairs of inguinal

white adipose depots were washed in HBSS and cut into approxi-

mately 10- to 15-mg pieces; 150 μl of assay buffer was added to

each piece of tissue in 1.5-ml tubes. Reactions with assay buffer

alone were used as blanks and subtracted from all experimental

data. The amount of glycerol released was normalised to the wet

mass of tissue pieces determined before experimentation. For

experiments with isolated adipocytes, the number of adipocytes was

not determined. Instead, 50 μl of adipocytes from a given prepara-

tion was added to each well of a 96-well plate followed by 50 μl of

assay buffer. Test reactions were normalised by subtracting the

amount of glycerol produced in untreated cells for a given prepara-

tion. For all glycerol assays, antagonists or vehicle controls were

pre-incubated with tissue or cells for 30 min at room temperature

prior to starting assays. Assays were performed at 37�C for up to

3 h in a humidified environment; a 10-μl sample was removed for

quantification of free glycerol using an absorbance-based glycerol

assay kit (Merck). Absorbance was determined using an Eppendorf

6131 spectrophotometer.

2.4 | Noradrenaline outflow assay

The assay buffer was comprised of low glucose (5 mM), phenol-red

free DMEM supplemented with 2% (w/v) fatty acid-free bovine serum

albumin and 25-mM HEPES. For experiments involving tissue, pairs of

inguinal white adipose depots were washed in HBSS and cut into

approximately 10- to 15-mg pieces; 150 μl of assay buffer was added

to each piece of tissue in 1.5-ml tubes. At the end of experiments,

100 μl of medium was withdrawn, and noradrenaline was quantified

by enzyme-linked immunosorbent assay (ELISA) (Abnova). Absorbance

values for assay buffer alone were subtracted from all test

measurements. The amount of noradrenaline was normalised to the

predetermined tissue wet mass. Antagonists or vehicle controls were

pre-incubated with tissue or cells for 30 min at room temperature

prior to starting assays.

2.5 | Reverse transcription polymerase chain
reaction (RT-PCR)

Total RNA was extracted from adipose tissue or adipocytes using Tri

Reagent as previously described (Ali et al., 2018a, 2018b); 1- to 2-μg

total RNA from adipocytes or 0.5- to 1-μg total RNA for adipose tis-

sue was used for cDNA synthesis in 200-U SuperScript III (Invitrogen)

with 100-ng random hexamers (Promega). Polymerase chain reaction

(PCR) was performed using Taq Polymerase (Promega) with thermal

cycling protocol of initial denaturation at 94�C for 90 s, then 35–

40 cycles of 94�C for 30 s, 55–60�C for 30 s, 72�C for 45 s and a final

extension of 72�C for 6 min. Sequences of oligonucleotide primers

used are given in Table S1.

2.6 | Immunocytochemistry

The Immuno-related procedures used comply with the recommenda-

tions made by the British Journal of Pharmacology. Whole-mount

immunocytochemistry methods applied were based upon those

described by Willows et al. (2021). Briefly, adipose tissue was fixed

with 4% (w/v) paraformaldehyde for 2–3 h before washing with

phosphate-buffered saline (PBS) containing 1% (v/v) Triton X-100 and

10-U�ml�1 heparin for 6–8 h. Tissue was then blocked for 48–72 h at

4�C in blocking buffer composed of PBS containing 1% (v/v) Triton

X-100, 5% (v/v) normal goat serum and 5% (v/v) bovine serum albu-

min. After blocking, tissue was flattened using glass slides and binder

clips for 90 min at 4�C. Tissue was treated with 0.1% (w/v) Sudan

black in ethanol for 20 min at room temperature to quench lipid auto-

fluorescence, followed by washing for 8 h in PBS containing 1% (v/v)

Triton X-100. Primary antibodies were diluted in blocking buffer as

follows: anti-β3-tubulin (1:500; Abcam ab41489, RRID:AB_727049)

and anti-tyrosine hydroxylase (1:250; Millipore ab152, RRID:AB_

390204). Primary antibodies were applied for 48 h rotating at 4�C and

then washed for 8 h in PBS before application of secondary

GODDARD and FOUNTAIN 3
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antibodies. Triton X-100. Secondary antibodies were diluted in block-

ing buffer as follows: goat anti-chicken Alexa 488 (1:500; Abcam

ab150173, RRID:AB_2827653) and goat anti-rabbit 647 (1:500; Invi-

trogen A-21245, RRID:AB_141775). Additional stains including

isolectin B4 (2 μg�ml�1; Invitrogen I32450) and BODIPY (20 μg�ml�1;

Invitrogen D3922) were applied during the secondary antibody step.

Tissue was washed for a further 8 h in PBS before further flattening

36–72 h prior to imaging. Tissue was imaged by confocal microscopy

using a Zeiss LSM 980 confocal microscope with Airyscan.

2.7 | Experimental design and analysis

The data and statistical analysis comply with the recommendations

of the British Journal of Pharmacology on experimental design and

analysis in pharmacology (Curtis et al., 2022). Mice were randomly

allocated to groups. The experimenter was not blinded to treat-

ments. Statistical analysis was performed on experimental groups

containing at least five animals per group. Data were checked for

normality (Shapiro–Wilk) and variance (Levene's) before one-way

analysis of variance (ANOVA) with post hoc Tukey test or Welch

ANOVA with Games–Howell post hoc analysis was conducted.

Student's t tests or Mann–Whitney U-tests were performed for

analysis between two groups. All statistical analyses were performed

using OriginPro Version 2024 software from OriginLab Corporation

(Northampton, MA, USA). Throughout the study, ‘N’ indicates the

number of biological replicates and ‘n’ the number of technical

replicates.

2.8 | Materials

Tocris Bioscience (Bristol, UK) supplied the following: BIBO3304 tri-

fluoroacetate (Cat # 2412), BIIE 0246 hydrochloride (Cat # 7377/1),

BIBN 4096 (Cat # 4561/10), A 317491 sodium salt (Cat # 6493),

ω-conotoxin GVIA (Cat # 1085), KB-R7943 mesylate (Cat # 1244),

CGP37157 (Cat # 1114), SR59230A hydrochloride (Cat # 1511), CGP

20712 dihydrochloride (Cat # 1024), ICI-118551 hydrochloride (Cat #

0821), L-748,337 (Cat # 2760), CP 96345 (Cat # 2893) and L-152,804

(Cat # 1382). Alomone Labs (Jerusalem, Israel) supplied the

ω-conotoxin MVIIC (Cat # SNX-230) and Abcam (Cambridge, UK)

supplied the following: isoprenaline hydrochloride (Cat # ab146724),

veratridine (Cat # ab120279) and tetrodotoxin (TTX) citrate (Cat #

ab120055). Merck Life Sciences (Darmstadt, Germany) supplied the

following: nifedipine (Cat # N7634-1G), L- noradrenaline hydrochlo-

ride (Cat # 74480-100MG), cilnidipine (Cat # C1493), (±)-propranolol

hydrochloride (Cat # P0884), pyridoxal phosphate-6-azo(benzene-2,4-

disulfonic acid) (PPADS) tetrasodium salt hydrate (Cat # P178), sura-

min sodium salt (Cat # S2671), DMEM—low glucose (Cat # D4947),

bovine serum albumin (Cat # A7030) and glycerol assay kit (Cat #

MAK117). Thermo Fisher Scientific (MA, USA) supplied the HEPES

(Cat # 11422497) and Abnova supplied the noradrenaline ELISA kit

(Cat KA1891).

2.9 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org and

are permanently archived in the Concise Guide to PHARMACOLOGY

2023/24 (Alexander, Christopoulos, Davenport, Kelly, Mathie, Peters,

Veale, Armstrong, Faccenda, Harding, Davies, et al., 2023; Alexander,

Fabbro, Kelly, Mathie, Peters, Veale, Armstrong, Faccenda, Harding,

Davies, Amarosi, et al., 2023; Alexander, Fabbro, Kelly, Mathie, Peters,

Veale, Armstrong, Faccenda, Harding, Davies, Annett, et al., 2023;

Alexander, Fabbro, Kelly, Mathie, Peters, Veale, Armstrong, Faccenda,

Harding, Davies, Beuve, et al., 2023; Alexander, Kelly, Mathie, Peters,

Veale, Armstrong, Buneman, Faccenda, Harding, Spedding, Cidlowski,

et al., 2023; Alexander, Mathie, Peters, Veale, Striessnig, Kelly,

Armstrong, Faccenda, Harding, Davies, Aldrich, et al., 2023).

3 | RESULTS

An immunocytochemical study of the inguinal fat pad in whole-mount

revealed three distinct modes of innervation within the tissue

(Figure 1). The first mode was is the presence of large nerve bundles

tracking through the tissue, indicated by the pan-neuronal marker

β-tubulin III (Figure 1a). Nerve axons were both sympathetic (positive

for tyrosine hydroxylase), and non-sympathetic (negative for tyrosine

hydroxylase; Figure 1a). The second mode was perivascular innerva-

tion. Small calibre blood vessels (2.7- to 5.2-μm diameter; N = 4,

n = 118) were readily detectable through positive staining with iso-

lectin B4 (Figure 1b). β-Tubulin III staining was not readily detectable

for small calibre vessels, revealing a general lack of innervation

(Figure 1b). Medium (10.1- to 30.9-μm diameter; N = 4, n = 53)

(Figure 1c) and large (49.2- to 141-μm diameter; N = 7, n = 14)

(Figure 1d) calibre blood vessels were not stained with isolectin B4

but were detectable via their autofluorescence. In contrast to small

calibre blood vessels, medium and large blood vessels were supplied

by nerves, with clear β-tubulin III-positive structures tracking along

vessels (Figure 1c,d). The innervation of both medium- and large-

calibre blood vessels was sympathetic, as indicated by tyrosine

hydroxylase positivity, but with occasional examples of β-tubulin III-

positive tyrosine hydroxylase-negative nerves (Figure 1c,d). The third

mode was innervation of parenchyma, away from blood vessels, and

of individual adipocytes. We observed nerve-like structures positive

for β-tubulin III and tyrosine hydroxylase that tracked across adipo-

cytes and traced routes in between adipocytes (Figure 1e). Some

β-tubulin III-positive cells were found away from blood vessels

(Figure 1f) and, on occasion, formed lattice-like structures around indi-

vidual cells (Figure 1g). These results suggest that there is innervation

of medium and large blood vessels perfusing white adipose tissue, but

that some axons also project away from vascular structures and

appear to innervate adipocytes by passing in close proximity and also

forming lattices around individual cells.

In white adipose tissue, robust lipolytic responses were evoked

by the non-selective β-adrenoceptor agonist isoprenaline and the

4 GODDARD and FOUNTAIN
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sympathetic neurotransmitter noradrenaline (Figure 2a). Noradrena-

line evoked glycerol release from adipose tissue in a concentration-

dependent fashion with a half-maximal concentration of 2.4 ± 1.4 μM

(N = 5) (Figure 2b). The release of glycerol in response to noradrena-

line was time-dependent over the 3-h period tested, significantly

increasing glycerol release at 2 and 3 h compared to the basal level of

glycerol release from the tissue (Figure 2c). In a strategy to evoke neu-

rogenic responses in white adipose tissue, we employed veratridine, a

plant natural product known to inhibit inactivation of voltage-gated

Na+ channels. Application of 100-μM veratridine stimulated robust

release of glycerol from adipose tissue, to a level equivalent to the

half-maximal response to noradrenaline (Figure 2d). The response to

veratridine was concentration-dependent (Figure 2e) and time-

dependent, significantly increasing glycerol release from 1-h exposure

compared to the basal level of glycerol release from the tissue

(Figure 2f). Importantly, the response to veratridine was abolished by

TTX (Figure 2g), revealing a dependency upon voltage-gated Na+

channels. TTX had no effect on basal release of glycerol in adipose tis-

sue (Figure 2h). To explore sexual dimorphism in the responsivity to

veratridine, we also undertook experiments using inguinal fat pads

from female mice. In these experiments, the amount of glycerol

released following stimulation with noradrenaline and veratridine was

not significantly different from male mice (N = 5). The amount of

glycerol released in response to noradrenaline and veratridine in

female mice was also not significantly different (Figure S1).

As there is evidence that white adipocytes can express some

types of voltage channels (Fedorenko et al., 2020; Zhai et al., 2020),

but no reports of voltage-gated Na+ channels, we considered it

important to confirm that veratridine did not act directly on white adi-

pocytes to stimulate glycerol release. To investigate this, we used a

purified preparation of white adipocytes isolated from the inguinal fat

pad. We confirmed the purity of adipocytes in this preparation by RT-

PCR analysis using primer sets to identify non-adipocyte cell types

known to present in white adipose tissue, often referred to as the

stromal vascular fraction (SVF). The SVF markers included for the vas-

culature: PDGF receptors, smooth muscle actin, lymphatic vessel

endothelial hyaluronan receptor 1 (Lyve-1), platelet endothelial cell

adhesion (Pecam-1) and CD146; for immune cells: lymphocyte com-

mon antigen CD45, CD8 and CD14; and for neurons: β3-tubulin.

Perilipin-1 was used as an adipocyte marker. SVF and adipocyte

markers were all detectable by RT-PCR using cDNA from whole adi-

pose tissue (Figure 3a). Perilipin-1 but no SVF markers were detect-

able in freshly isolated adipocyte preparations (Figure 3b), confirming

the purity of the adipocyte preparation. Noradrenaline elicited robust

glycerol release in adipocytes, but veratridine did not (Figure 3c).

These data indicate that adipocytes are not the target for veratridine

in white adipose tissue, and we suggest that the target is nerves sup-

plying the tissue (Figure 1). To this end, we probed the contribution of

different neurotransmitters to the glycerol release mediated by verat-

ridine, in white adipose tissue.

F IGURE 1 Modes of innervation in white adipose tissue. Representative whole-mount confocal microscopy images of inguinal white adipose
tissue showing different types of nerve supply in the tissue.. (a) Large nerve bundles labelled with β-tubulin III (green) and tyrosine hydroxylase
(red). (b) Small calibre blood vessels without innervation, labelled with isolectin B4 (red). Nerve bundle shown labelled with β-tubulin III (green).
(c) Medium and (d) large blood vessels detectable by autofluorescence (green), innervated by tyrosine hydroxylase-positive (red) nerves (β-tubulin
III; green). (e) Innervation (β-tubulin III; green) of adipose tissue parenchyma. Adipocytes visual in bright-field image. (f) Nerves in adipose tissue
(β-tubulin III; green) not associated with blood vessels (isolectin B4; red). (g) Example of tyrosine hydroxylase (red) nerves (β-tubulin III; green)
showing lattice-like structure around an individual adipocyte. Scale bars are 100 μm.
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We next probed some general mechanisms associated with neu-

rotransmitter release to further understand the mechanism of veratri-

dine action. ω-Conotoxin GVIA, selective for N-type voltage-gated

Ca2+ channels, had no apparent effect on either veratridine-evoked

glycerol release or the basal rate of glycerol release (Figure 4a).

ω-Conotoxin MVIIC, which blocks N-type and P/Q-type voltage-

gated Ca2+ channels, also had no obvious effect on veratridine-

evoked glycerol release or the basal rate of glycerol release

F IGURE 2 Veratridine evokes neurogenic lipolysis in white adipose tissue. (a) Adrenoceptor agonists - isoprenaline and noradrenaline -
stimulate glycerol release in white adipose tissue (N = 5). (b) Concentration–response relationship for noradrenaline-evoked glycerol release
(N = 5). (c) Time dependency of noradrenaline at half-maximal concentration to stimulate glycerol release over basal glycerol release (N = 5). (d)
Glycerol release stimulated by veratridine compared to a half-maximal concentration of noradrenaline (N = 5). (e) Veratridine stimulates glycerol
release in a concentration-dependent fashion (N = 5). (f) Time dependency of veratridine at maximal concentration to stimulate glycerol release
over basal glycerol release (N = 5). (g) Tetrodotoxin abolishes veratridine-evoked glycerol release (3 h; N = 6). (h) Tetrodotoxin has no effect on
basal glycerol release (N = 5). Tissue was pre-incubated with antagonists for 30 min at room temperature prior to stimulation. Glycerol released is
expressed as μM�mg�1 wet tissue. All responses are measured after 3 h unless otherwise stated. *P < 0.05, **P < 0.01, ***P < 0.001, significantly
different from vehicle control or between test and control groups for (c) and (f ). #P < 0.05, ###P < 0.001, significantly different as indicated; NS,
no significance between compared groups.

F IGURE 3 Veratridine does not stimulate glycerol release in isolated white adipocytes. RT-PCR analysis of stromal vascular fraction (SVF)
markers in (a) white adipose tissue and (b) isolated white adipocytes. SVF markers—vasculature: platelet-derived growth factor receptor (PDGFR),
smooth muscle actin (SMA), lymphatic vessel endothelial hyaluronan receptor 1 (Lyve-1), platelet endothelial cell adhesion (Pecam-1) and CD146;
immune cells: lymphocyte common antigen, CD45, CD8 and CD14; neurons: β3-tubulin. Perilipin-1 was used as an adipocyte marker. GADPH is
positive control. (c) Glycerol release experiments in isolated white adipocytes stimulated with noradrenaline or veratridine (N = 5). Basal glycerol
release measured in untreated cells is subtracted from all test measurements. **P < 0.01. ‘+/�’ refers to the presence or absence of reverse
transcriptase. Gels are representative of three biological repeats.
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(Figure 4b). We also investigated the contribution of voltage-gated

Ca2+ channels using small-molecule inhibitors, namely, cilnidipine

(N-type and L-type) and nifedipine (L-type), and found that neither

had any apparent effect on veratridine-evoked glycerol release or the

basal rate of glycerol release (Figure 4c,d). The apparent lack of contri-

bution of voltage-gated Ca2+ led us to investigate whether reverse

Na+/Ca2+ or mitochondrial Na+/Ca2+ exchangers using the antago-

nists KB-R7943 and CGP37157, respectively, as both exchangers

have previously been implicated in neurotransmitter release.

However, neither KB-R7943 nor CGP37157 had any apparent effect

on veratridine-mediated glycerol release or basal glycerol release

(Figure 4e,f), suggesting no involvement of Na+/Ca2+ exchange.

We next investigated the dependency of veratridine-mediated

glycerol release of sympathetic and sensory neurotransmitters. We

investigated sensory neurotransmitters as our immunocytochemical

studies revealed that tyrosine hydroxylase-positive and tyrosine

hydroxylase-negative neurons innervate white adipose (Figure 1), and

previous work has suggested that sensory neuropeptides can regulate

lipolysis in white adipose. However, neither the selective natural killer

(NK) receptor (for substance P) antagonist CP 96345 (Figure 5a) nor

the selective CGRP receptor antagonist BIBN 4096 (olcegepant)

(Figure 5b) had any effect on veratridine-mediated glycerol release or

basal glycerol release. We also probed the contribution of the sympa-

thetic neurotransmitters neuropeptide Y (NPY), ATP and noradrena-

line. NPY receptors were investigated by selectively antagonising Y1,

Y2 or Y5 receptors with BIBO3304, BIIE 0246 or L-152804, respec-

tively. Neither BIBO3304 (Figure 5c), BIIE 0246 (Figure 5d) nor

L-152804 (Figure 5e) had any effect on basal glycerol release or

veratridine-mediated glycerol release, excluding a contribution of NPY

in these experiments. We employed the broad-spectrum purinergic

receptor antagonists PPADS and suramin to explore the contribution

of ATP. Both PPADS (Figure 5f) and suramin (Figure 5g) had no effect

on veratridine-mediated glycerol release or basal glycerol release.

Next, we investigated the involvement of β-adrenoceptors for

noradrenaline in the veratridine-mediated glycerol release (Figure 6).

The non-selective β-adrenoceptor antagonist propranolol abolished

the response to veratridine, suggesting that β-adrenoceptor activity is

essential for veratridine-mediated glycerol release in white adipose

tissue (Figure 6a). Propranolol had no effect on basal glycerol release

(Figure 6a). We employed selective antagonists of β1-, β2- and

β3-adrenoceptor subtypes, as all have previously been detected in

white adipose tissue. The β1-adrenoceptor selective antagonist CGP

F IGURE 4 Veratridine-evoked glycerol release is insensitive to inhibition of voltage-gated Ca2+ channels or Na+/Ca2+-exchangers in white
adipose tissue. (a) Peptide voltage-gated Ca2+ channel antagonists Ω-conotoxin GVIA (CTX-GVIA) or (b) Ω-conotoxin MVIIC (CTX-MVIIC) have
no effect on basal glycerol release or veratridine-evoked glycerol release (N = 3–4). Small-molecule voltage-gated Ca2+ channel antagonists
(c) cilnidipine and (d) nifedipine have no effect on basal glycerol release or veratridine-evoked glycerol release (3 h; N = 3). (e) Reverse-mode
Na+/Ca2+-exchanger antagonist KB-R7943 or (f) mitochondrial Na+/Ca2+-exchanger antagonist GP37157 has no effect on basal glycerol release
or veratridine-evoked glycerol release (N = 3). All responses are measured after 3 h. Glycerol released is expressed as μM�mg�1 wet tissue. Tissue
was pre-incubated with antagonists for 30 min at room temperature prior to stimulation.
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F IGURE 5 No contribution of sensory nerve peptides neurotransmitters or sympathetic nerve neurotransmitters neuropeptide Y or ATP to
veratridine-evoked glycerol release in white adipose tissue. (a) NK1 receptor selective antagonist CP 96345 or (b) calcitonin gene-related peptide
1 receptor selective antagonist BIBN 4096 BS has no effect on basal glycerol release or veratridine-evoked glycerol release (N = 5). Antagonism
of neuropeptide Y signalling through (c) Y1 receptors with BIBO3304, (d) Y2 receptors with BIIE 0246 or (e) Y5 receptors with L-152804 had no
effect on basal glycerol release or veratridine-evoked glycerol release (N = 5). Inhibition of purinergic signalling with broad-spectrum antagonists
(f) PPADS or (g) suramin had no effect on basal glycerol release or veratridine-evoked glycerol release (N = 5). ***P < 0.001, significantly different
from vehicle control or between test and control groups for (c) and (f). #P < 0.05, ###P < 0.001, significantly different as indicated; NS, no
significance between compared groups. All responses are measured after 3 h. Glycerol released is expressed as μM�mg�1 wet tissue. Tissue was
pre-incubated with antagonists for 30 min at room temperature prior to stimulation.

F IGURE 6 The β2-adrenoceptors but not β1-adrenoceptors contribute to veratridine-evoked glycerol release in white adipose tissue.
(a) Abolition of veratridine-evoked glycerol release by non-selective β-adrenergic receptor antagonist propranolol (N = 5). No effect of β1-
adrenoceptor selective antagonist CGP 20712 on (b) veratridine-evoked (N = 7) or (c) noradrenaline-evoked glycerol release in white adipose
tissue (N = 5). (d) CGP 20712 did not inhibit noradrenaline-evoked glycerol release in isolated white adipocytes (N = 5). Selective antagonism of
β2-adrenoceptors with ICI-118551 inhibits (e) veratridine-evoked glycerol release and (f) noradrenaline-evoked glycerol release in white adipose
tissue (N = 5). (g) ICI-118551 did not inhibit noradrenaline-evoked glycerol release in isolated white adipocytes (N = 5). *P < 0.05, **P < 0.01,
***P < 0.001, significantly different from vehicle control. ##P < 0.01, ###P < 0.001, significantly different as indicated; NS, no significance between
compared groups. All responses are measured after 3 h. Glycerol released is expressed as μM�mg�1 wet tissue. For adipocytes, glycerol release is
expressed as μM, and basal glycerol release from untreated cells is subtracted from all test measurements. Tissue and cells were pre-incubated
with antagonists for 30 min at room temperature prior to stimulation.
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20712A did not inhibit the response to veratridine nor have any

effect on basal glycerol release (Figure 6b). Glycerol release in

response to noradrenaline was also insensitive to CGP 20712A

(Figure 6c). CGP 20712A did not inhibit noradrenaline -evoked glyc-

erol release in isolated adipocytes (Figure 6d). The β2-adrenoceptor

selective antagonist ICI-118551 significantly inhibited both glycerol

release in response to veratridine (Figure 6e) and to noradrenaline

(Figure 6f), but was without effect on basal glycerol release.

ICI-118551 did not inhibit noradrenaline -evoked glycerol release in

isolated adipocytes (Figure 6g).

The β3-adrenoceptor selective antagonist L748337 had an

unexpected effect on glycerol release in white adipose tissue.

L748337 alone stimulated glycerol release to a level comparable to

that of veratridine (Figure 7a) and a half-maximal concentration of

noradrenaline (Figure 7b). The stimulating effects of L748337 in com-

bination with veratridine or noradrenaline had no greater effect than

veratridine or noradrenaline alone (Figure 7a,b). L748337 did not

antagonise glycerol release stimulated by veratridine or noradrenaline

(Figure 7a,b). The lipolytic effect of L748337 was not antagonised by

propranolol (Figure 7c). To investigate whether the stimulatory effect

of L748337 was directly upon adipocytes or dependent upon another

cell type present in white adipose tissue, we conducted further

experiments in freshly isolated adipocytes. In these experiments,

L748337 again stimulated glycerol release to a level comparable to a

half-maximal concentration of noradrenaline (Figure 7d). L748337 did

not antagonise glycerol release stimulated by noradrenaline in isolated

adipocytes (Figure 7d). Another β3-adrenoceptor antagonist

SR59230A was also tested. In these experiments, SR59230A also has

lipolytic effects in adipose tissue (Figure 7e) but could not antagonise

veratridine-mediated glycerol release (Figure 7e). SR59230A at 10 μM

did partly inhibit noradrenaline-mediated glycerol release in adipose

tissue (Figure 7f). SR59230A also had a direct lipolytic effect in iso-

lated adipocytes (Figure 7g). These data suggest that two chemically

distinct β3-adrenoceptor antagonists stimulated lipolysis in mouse

white adipose tissue and freshly isolated white adipocytes. Finally, to

link the glycerol release with β-adrenoceptor activity and the mecha-

nism of action of veratridine, we sought direct evidence that veratri-

dine can stimulate noradrenaline release in white adipose tissue. In

experiments to measure adipose tissue outflow of noradrenaline upon

veratridine stimulation, we observed time-dependent release of

noradrenaline into the medium (Figure 8a). Noradrenaline release was

not observed in unchallenged control tissue (Figure 8b). Importantly,

and as observed for glycerol release, TTX abolished the ability of

veratridine to stimulate noradrenaline release (Figure 8b). Taken

F IGURE 7 Selective β3-adrenoceptor antagonists stimulate glycerol release in white adipose tissue and isolated white adipocytes.
(a) Selective β3-adrenoceptor antagonist L-748337 stimulates glycerol release in white adipose tissue but does not inhibit veratridine-evoked
glycerol release (N = 5). (b) L-748337 does not inhibit noradrenaline-evoked glycerol release in white adipose tissue (N = 5). (c) L-
748337-stimulated glycerol release is not antagonised by non-selective β-receptor antagonist propranolol (N = 5). (d) L-748337 stimulates
glycerol release in isolated white adipocytes but does not inhibit norepinephrine-evoked glycerol release (N = 5). (e) Selective β3-adrenoceptor
antagonist SR59230A stimulates glycerol release in white adipose tissue but does not inhibit veratridine-evoked glycerol release (N = 5). (f)
SR59230A inhibits noradrenaline-evoked glycerol release in white adipose tissue (N = 5). (g) SR59230A stimulates glycerol release in isolated
adipocytes but does not inhibit noradrenaline-evoked release (N = 5). *P < 0.05, **P < 0.01, ***P < 0.001, significantly different from vehicle
control. ###P < 0.001, significantly different as indicated; NS, no significance between compared groups. All responses are measured after 3 h.
Glycerol released is expressed as μM�mg�1 wet tissue. For adipocytes, glycerol release is expressed as μM, and basal glycerol release from
untreated cells is subtracted from all test measurements. Tissue and cells were pre-incubated with antagonists for 30 min at room temperature
prior to stimulation.
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together, these data support a mechanism of action whereby veratri-

dine stimulates sympathetic nerve activity in white adipose tissue,

causing the release of noradrenaline, which subsequently stimulates

lipolysis through activation of β2-adrenoceptors.

4 | DISCUSSION

Our immunocytochemistry data support innervation of white adipose

tissue including that of the medium and large blood vessels that

perfuse it and of the adipocytes themselves. Veratridine is a plant-

derived alkaloid widely used as an opener of voltage-gated sodium

channels, sustaining channel opening by inhibiting channel inactiva-

tion (Zhang et al., 2018). Veratridine therefore increases nervous

activity by promoting membrane depolarisation and action potential

firing. Veratridine is known to stimulate catecholamine secretion from

adrenal chromaffin cells (Nemoto et al., 2013) and elicits bursting

activity (Otoom & Alkadhi, 2000) and calcium responses in neurons

(Mohammed et al., 2017). We observed that the effect of veratridine

was completely reversed by TTX, suggesting that activation of

TTX-sensitive, voltage-gated, Na+ channels underpins the observed

glycerol release in white adipose tissue. The cellular target of veratri-

dine in white adipose tissue is highly likely to be neurons, as its

effects on glycerol release were absent in isolated adipocytes and

abolished by propranolol. TTX-sensitive voltage-gated Na+ channels

are well documented in sensory neurons (Pinto et al., 2008) but are

also functional in sympathetic neurons (Kim et al., 2024; Minett

et al., 2012). Our data exclude involvement of sensory neuropeptides

in the response to veratridine and therefore no obvious role of sen-

sory neurons, although they were present in the adipose tissue. We

propose therefore that the action of veratridine is to evoke release of

neurotransmitters from sympathetic nerves that act upon adipocytes

to stimulate lipolysis. Action potential stimulation of neurotransmitter

release in neurons is associated with external Ca2+-dependent and

independent mechanisms (Adam-Vizi, 1992). Our study reveals that

adipose tissue ex vivo releases glycerol when unstimulated, suggest-

ing a basal rate of lipolysis. This is consistent with our previous

studies of human adipocytes (Ali et al., 2018a), which also exhibit

basal lipolysis. Basal lipolysis is increased in hypertrophic adipocytes,

in models of diet-induced obesity (Wueest et al., 2009). Our data

reveal that basal lipolysis was insensitive to TTX, which suggests that

neuronal activity did not mediate basal lipolysis. This would be consis-

tent with our finding that isolated adipocytes exhibited basal lipolysis

(Ali et al., 2018a). The lack of effect of propranolol and sensory neuro-

peptide receptor antagonists on basal lipolysis also supports no role

of nervous activity. The pharmacology of veratridine-evoked glycerol

release suggests no involvement of voltage-gated Ca2+ channels or

Ca2+/Na+-exchange mechanisms, as described in previous studies of

regulated neurotransmitter release (Parnis et al., 2013; Parpura

et al., 2011). Our suggestion that the action of veratridine is indepen-

dent of Ca2+ is supported by a number of studies using brain slices,

where veratridine stimulates neurotransmitter release, independent

of Ca2+ but blocked by TTX (Cunningham & Neal, 1981; Liang &

Rutledge, 1983). However, some studies do suggest a contribution of

voltage-gated Ca2+ channels to veratridine-evoked neurotransmitter

release (Dobrev et al., 1998). Further studies have suggested that

veratridine-evoked Na+ influx and depolarisation trigger neurotrans-

mitter release without requirement for extracellular Ca2+ (Levi

et al., 1980). A feasible explanation for the Ca2+-independent effect

of veratridine is via neuronal swelling demonstrated previously in

brain slice preparations using veratridine (Rungta et al., 2015), as Na+

influx-induced swelling can trigger exocytosis in a Ca2+-independent

fashion (Fedorovich et al., 2005).

Though ATP and NPY are released by sympathetic nerves as co-

transmitters with noradrenaline (Gonzalez-Montelongo et al., 2023;

Gonzalez-Montelongo & Fountain, 2021), we exclude a contribution

of both to stimulated or basal lipolysis in this preparation. We have

previously described a role for purinergic signalling in controlling lipol-

ysis in human adipocytes and intracellular Ca2+ responses in human

adipose-derived mesenchymal stromal cells (Ali et al., 2018a, 2018b).

NPY knockout mice have reduced adiposity (Park et al., 2014), though

whether this occurs due to loss of central or peripheral NPY activity is

not clear. Studies in mouse epididymal white adipocytes have shown

that NPY addition suppresses basal lipolysis and stimulates lipolysis in

F IGURE 8 Veratridine stimulates
noradrenaline outflow in white adipose
tissue. (a) Veratridine stimulates time-
dependent release of noradrenaline from
white adipose tissue, compared to tissue
treated with vehicle control (control) (N = 5).
(b) Release of noradrenaline measured 3 h
after veratridine treatment is abolished by
tetrodotoxin (TTX) (N = 5). Control is treated

with the vehicle alone. In all experiments, the
amount of noradrenaline detectable in
medium is normalised to the mass of adipose
tissue. ***P < 0.001, significantly different
from vehicle control. Tissue was pre-
incubated with antagonists for 30 min at
room temperature prior to stimulation.
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response to some receptor ligands (Bradley et al., 2005). Our study

does, however, fully support a contribution of β-adrenoceptor signal-

ling in veratridine- and noradrenaline-evoked glycerol release. The

response to veratridine was abolished by propranolol, in concentra-

tions shown to fully antagonise mouse β1-, β2- and β3-adrenoceptors

(Nahmias et al., 1991; Popp et al., 2004). The selective β1-

adrenoceptor antagonist CGP 20712A (Dooley et al., 1986) did not

block veratridine- or noradrenaline-evoked glycerol release. Our study

is in disagreement with the study of Louis et al. (2000) who investi-

gated the contribution of β-adrenoceptor subtype to lipolysis in rat

isolated epididymal white adipocytes. In another study (Collins

et al., 1994), the authors suggested that the contribution of β1-

adrenoceptors to lipolysis may be dependent upon the concentration

of noradrenaline. In our experiments, we used an approximate EC50

value of noradrenaline and it is possible that β1-adrenoceptors do con-

tribute to noradrenaline-evoked lipolysis in tissue and adipocytes at

lower concentrations of noradrenaline. The β1-adrenoceptor antago-

nist CGP 20712 blocked isoprenaline-induced glycerol release in pri-

mary epididymal fat adipocytes from high-fat diet-fed mice (Li

et al., 2015). Our finding that β2-adrenoceptors were involved in stim-

ulated lipolysis in mouse adipose tissue is novel but consistent with

observations in human adipocytes (Hoffstedt et al., 1995). Interest-

ingly, we found that β2-adrenoceptors did contribute to

noradrenaline-evoked glycerol release in adipose tissue, but not in iso-

lated adipocytes. In our study, 10-μM ICI-118551 was required to

observe inhibition in adipose tissue, though we only tested up to

1-μM ICI-118551 in an effort to mimic the effect observed on

veratridine-evoked glycerol release in tissue. The difference in sensi-

tivity of glycerol release responses to ICI-118551 could be reflective

of a graded contribution of β-adrenoceptor subtypes to noradrenaline

concentrations in tissue (Louis et al., 2000). Via either veratridine-

stimulated release or exogenous noradrenaline application, noradrena-

line exposure of adipocytes in whole tissue is likely differ significantly

from that in preparations of isolated cells, due to active

noradrenaline-scavenging mechanisms known to be present in

adipose tissue (Ryuid & Buettner, 2019), which includes vascular cell

types (Horvath et al., 2003).

L748337 and SR59230A were both developed as selective

β3-adrenoceptor antagonists, though their β3-selectivity has been

questioned (Hoffmann et al., 2004; Schena & Caplan, 2019). In

rodents, β3-adrenoceptors have been ascribed roles in thermogenesis

in brown adipocytes and lipolysis in white adipocytes, though the role

of β3-adrenoceptors in human adipocytes appears less important. Our

experiments revealed that both L748337 and SR59230A stimulated

lipolysis in mouse inguinal white adipose tissue and in adipocytes iso-

lated from this tissue. This observation is intriguing but perhaps not

unexpected, as several studies indicate that the L748337 and

SR59230A have partial agonist activity (Sato et al., 2007, 2008). In

CHO-K1 expressing the human or mouse β3-adrenoceptor, both

ligands stimulated phosphorylation of p38 MAP kinase (Sato

et al., 2007, 2008), a response reversed by Pertussis toxin suggesting

involvement of Gi G-protein-dependent signalling. Promiscuous cou-

pling of β3-adrenoceptors to Gi-dependent pathways in adipocytes

has been demonstrated (Robidoux et al., 2006; Soeder et al., 1999),

and p38 MAP kinase signalling drives lipolysis (El-Merahbi

et al., 2020). However, in this study, the effect of both L748337 and

SR59230A on basal lipolysis made it difficult to determine whether

β3-adrenoceptors were involved in veratridine-mediated glycerol

release or not. SR59230A could antagonise the lipolytic response to

noradrenaline in adipose tissue, suggesting that β3-adrenoceptor acti-

vation could stimulate lipolysis in murine inguinal white adipose

tissue.

The pharmacological differences observed in our study compared

to others may be due to a number of factors including differences in

the pharmacology of anatomically distinct white adipose tissue sites

in rodents (Chusyd et al., 2016) or the involvement of distinct recep-

tor subtypes at different levels of nervous activity. A more refined

experimental control of nervous activity in white adipose tissue may

allow for a more graded approach and assessment of the contribution

of adipocyte receptors at different levels of nervous activity, poten-

tially through optogenetics or a direct electrical stimulation approach.

An experimental ability to grade sympathetic nerve activity will be

important when modelling sympathetic hyperactivity associated with

metabolic syndrome.

The amounts of tissue required for the assays described in this

study are relatively small, with multiple samples available from a single

mouse when white inguinal adipose is studied. This provides an

opportunity to limit animal usage for ex vivo studies compared to

studies using isolated adipocytes, which in general require larger

amounts of tissue and potential pooling of tissue from several

animals. The findings of this study are not clinically relevant regarding

the use of veratridine to drive lipolysis, as veratridine is likely to

produce adverse neurotoxic effects in vivo. However, the model pro-

vides an opportunity to validate novel pharmacological agents

designed to manipulate the control of white adipose tissue by the ner-

vous system.

In summary, our study showed that pharmacological activation of

sympathetic nerves in white adipose tissue with veratridine can be

used to study neurogenic lipolysis in adipose tissue ex vivo. We reveal

the mechanism of veratridine action is sensitive to TTX but insensitive

to antagonists of voltage-gated Ca2+ channels and Na+/Ca2+

exchangers. The lipolytic response of white adipose tissue to sympa-

thetic nerve activation was solely through β-adrenoceptors, specifi-

cally via activation of β2-adrenoceptors.
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