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Abstract	

Brown	adipose	tissue	plays	an	important	role	in	thermogenesis	and	metabolism	in	response	to	

stress.	Acutely,	stress	induces	thermogenesis	by	increasing	sympathetic	tone	to	beta3	(β3)	

adrenergic	receptors	in	brown	adipose.		Chronic	stress	leads	to	the	hypertrophy	of	brown	

adipose,	a	phenomenon	termed	adaptive	thermogenesis.		Cold	exposure	and	the	associated	

sympathetic	activity	from	a	variety	of	stresses	are	also	known	to	increase	pain	in	patients	

suffering	from	painful	disorders	such	as	fibromyalgia	syndrome.	We	theorized	an	association	

between	brown	adipose	tissue	activity	and	musculoskeletal	hyperalgesia	and	tested	this	

hypothesis	in	mice.		Exposure	to	a	cold	swim	stress	enhanced	musculoskeletal	hyperalgesia,	as	

indicated	by	morphine-sensitive	decreases	in	grip	force	responses.		Stimulation	of	β3	adrenergic	

receptors	by	injection	of	BRL37344,	a	β3	adrenergic	agonist,	also	enhanced	musculoskeletal	

hyperalgesia,	consistent	with	the	activation	of	the	unique	set	of	adrenergic	receptors	located	in	

brown	adipose.		Chemical	ablation	of	interscapular	brown	adipose,	using	Rose	Bengal,	

attenuated	the	development	of	hyperalgesia	in	response	to	either	swim	stress	or	BRL37344.		

Similarly,	elimination	of	the	gene	expressing	uncoupling	protein-1	(UCP1),	the	enzyme	

responsible	for	thermogenesis,	prevented	musculoskeletal	hyperalgesia	in	response	to	a	swim	

stress,	as	documented	in	UCP1-knock	out	(UCP1-KO)	mice	compared	to	wild	type	controls.		

Together	these	data	provide	a	convergence	of	several	lines	of	evidence	suggesting	that	the	

acute	activation	of	brown	adipose	contributes	to	muscloskeletal	hyperalgesia.		However,	the	

baseline	nociceptive	sensitivity	of	UCP1-KO	mice	was	greater	than	wild	type	controls,	suggesting	
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that	a	mechanism	that	promotes	muscle	pain	is	present	that	compensates	for	the	absence	of	

UCP1.		
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1. Introduction 

 

Brown adipose tissue, white adipose tissue, and beige adipose tissue are three types of fat found 

in the mammalian body. Until about 20 years ago, it was assumed that brown adipose tissue had 

little to no importance in adult mammals despite its wide distribution throughout the body.  

Although descriptions of this tissue can be traced back to as early as 1551,[6] the study of its 

function and recognition of this organ’s significance is relatively new.  Recent studies emphasize 

the physiologic importance of brown adipose tissue. [6] The majority of beta-3 (β3) adrenergic 

receptors is located in brown adipose tissue as well as gall bladder, urinary bladder, brain, but 

they are absent in skeletal muscle.[8; 20] Both thermogenesis and metabolism rely heavily on the 

sympathetic stimulation of β3 adrenergic receptors in brown adipose tissue. [15; 21; 35]  In adult 

animals, exposure to acute cold-stress can stimulate thermogenesis through brown adipose 

tissue activity. Non-shivering thermogenesis is mediated by uncoupling protein-1 (UCP1), or 

thermogenin, which is highly concentrated in the mitochondria of brown adipocytes. [6; 14; 25; 37] 

After chronic exposure to cold or other stress, UCP1 activity increases the mass of brown 

adipose tissue by upregulating the synthesis of UCP1. [22; 27]  

 

Musculoskeletal hyperalgesia is observed in patients with fibromyalgia syndrome, a chronic pain 

disorder that is not responsive to anti-inflammatory medications.  Women are more frequently 

afflicted with fibromyalgia than men. The disease is not only characterized by widespread pain, 

but also a lower than normal body temperature, [6] and a decreased adrenal gland response of 

the hypothalamic-pituitary-adrenal (HPA) axis to stress [10] and enhanced activation of the 

sympathetic nervous system to stress [36]. Additionally, fibromyalgia sufferers exhibit a 

hyperalgesic response to norepinephrine.[24] The tactile and musculoskeletal pain experienced 

by patients with fibromyalgia is worsened by exposure to even mild daily stress and exposure to 

cold.  Transient relief of fibromyalgic musculoskeletal pain is provided by heat. [23] In addition to 

analgesic drugs, treatment of the disease includes strategies to decrease daily stress and 
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gradually increasing physical exercise. The sensitivity to stress and analgesic effect of heat 

suggests a possible link between the musculoskeletal hyperalgesia in patients with fibromyalgia 

and alterations in brown adipose tissue activity.  

 

Positive associations between stress, sympathetic stimulation, increased nociception, and 

thermoregulatory changes after exposure to extreme cold or stress even exist in healthy 

individuals. [16] Musculoskeletal hyperalgesia can be induced in animal models in response to 

acute stressors, including a forced swim in rodents.[1; 28; 34; 38] Acute stress leads to increased 

sympathetic tone with an associated release of catecholamines that stimulate adrenergic 

receptors.[11; 30] Furthermore, increased sympathetic tone propagates the complex regional 

pain syndrome in which non-traumatized parts of the body experience allodynia and 

hyperalgesia.[4] In addition to allodynia and hyperalgesia, psychological stress-induced 

hyperthermia can be induced via catecholamine activation of β3 adrenergic receptors in brown 

adipose tissue.[15] An increase in brown adipose tissue mass and activity is also induced by 

chronic stress that does not involve cold-exposure. It is known that nociceptive afferent fiber and 

temperature-sensitive afferents share common neurotransmitters, such as substance P, [12] in 

collateral populations of  brown adipose tissue found throughout skeletal muscle [2], and that 

temperature and nociception share common regulatory pathways in the central nervous system . 

Whether stress-induced increases in brown adipose activity correspond temporally and are 

located in anatomically similar areas and regulated by similar neurotransmitters as those that 

influence nociception, is not known. Likewise, it is unknown if brown adipose activity influences 

pain. We posited a link between the activation of the brown adipose tissue and musculoskeletal 

hyperalgesia based on the sensitivity of this modality of pain to stress-induced hyperalgesia. The 

goal of this study was to determine whether brown adipose tissue activity contributes to the 

development of stress-induced mechanical hyperalgesia using a model that we have previously 

characterized in mice.[1] 

 

We hypothesized that stress-induced activation of brown adipose tissue contributes to the 
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development musculoskeletal hyperalgesia.  To test this hypothesis, we examined whether 

ablation of interscapular brown adipose tissue, a major depot of brown adipose in rodents, alters 

the generation of musculoskeletal hyperalgesia normally observed after stress.[1] Among its 

many effects, sympathetic activity mediates stress-induced activation of brown adipose.[35] 

There, release of catecholamines activate β3 adrenergic receptors, a subtype that is located in 

only a handful of locations in the body.[8] Based on this we further postulated that sympathetic 

activity modulates the musculoskeletal hyperalgesic effect of swim stress. To test this, we 

examined the ability of BRL37344, a drug that selectively activates β3 adrenergic receptors, that 

are densely located in brown adipose, to mimic the hyperalgesic effect of stress and the tendency 

for ablation of brown adipose to prevent this effect.  Because UCP1 is the primary enzyme 

responsible for thermogenesis, we then compared the ability of stress to induce musculoskeletal 

hyperalgesia in UCP1-KO mice to that in wild type control mice.  Together our data suggest that 

activation of brown adipose tissue contributes to musculoskeletal hyperalgesia in mice. 
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2. Materials and Methods 

  

2.1 Animals 

Adult female and male Swiss Webster mice (Harland Sprague Dawley INC, Indianapolis, MN) 

weighed 20-25 g.  UCP-1 knock out mice and their wild type littermate control C57BL/6J mice 

(The Jackson Laboratory, Bar Harbor, ME) were all female weighing 13-15 g. All mice were 

housed 3 to 5 mice per cage and allowed to acclimate for at least one week prior to use. Free 

access to water and food was allowed during acclimation and the room was maintained at a 

constant temperature of 23oC on a 12-h light-dark cycle. The estrus cycle of the female mice was 

not taken into account when comparing results. All procedures were performed according the to 

the guidelines of the International Association for the Study of Pain (IASP), the University of 

Minnesota Animal Care and Use Committee, and the Committee of Care and Use of Laboratory 

Animals of the Institute of Laboratory Animal Resources, National Research Council (DHEW 

Publication NIH 78-23, revised 1995) and approved by the University of Minnesota Institutional 

Animal Care and Use Committee. All efforts were made to minimize animal suffering, to reduce 

the number of animals used, and to utilize alternative in vivo techniques, when possible. 

 

2.2 Drugs and chemicals 

 (R*, R*)-[4-[2-[[2-(3-Chlorophenyl)-2-hydroxyethyl]amino]propyl]phenoxy]acetic acid sodium 

hydrate (BRL37344), a β3 adrenergic agonist, was obtained from Tocris Bioscience (Minneapolis, 

MN), dissolved in Nanopure water (pH 4.0-4.5) and administered subcutaneously (s.c.) at a dose 

of 1 mg/kg and later doses of 3 mg/kg and 10 mg/kg in the UCP1 knock-out mice experiments. 

[29] The primary metabolite of BRL37344 induces increased energy expenditure in brown 

adipose tissue of mice.[7] Morphine sulfate, a μ-type opioid receptor agonist, was purchased from 

Mallinckrodt (St. Louis, MO). Morphine was diluted in saline (pH 5.0) and injected intraperitoneally 

(i.p.) at a dose of 10 mg/kg that has strong antinociceptive effects in preliminary studies 

employing the thermal tail flick assay in water maintained at either 49oC or 53oC.  
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2.3 Partial ablation of brown adipose tissue 

Rose Bengal dye was obtained from Sigma-Aldrich (St. Louis, MO) and injected at a dose of 10 

mg/kg into the vascular system by an intracardiac stick while mice were anesthetized using 

isoflurane. The area of the interscapular brown adipose tissue was then exposed, isolated and 

exposed to an intense light source for 10 min using a Fiber Optic Illuminator from Cole-Parmer 

(Vernon Hills, IL).  The high intensity lamp (150 watt quartz halogen lamp with fiber optic diameter 

of 0.3 mm and light intensity set at 50%) is reported to induce the local generation of Rose 

Bengal free radicals that cause a local degeneration of tissue resulting in a partial ablation where 

illuminated.[42] Sham mice were injected with dye and the brown adipose tissue isolated 

surgically, but not exposed to the high intensity illumination.  

 

2.3 Forced swim    

A forced swim was used as a form of acute stress as this has previously been found to influence 

mechanical nociception. [31-33; 38; 39]  Each mouse was placed, individually, into a 2-L beaker 

(diameter: 15 cm, height: 20 cm) containing 18 cm of water that was maintained at 26oC. This 

depth was sufficient that mice could not touch their feet or tail to the bottom.  Grip-force was 

evaluated after a 15-min swim and at various time intervals thereafter to establish the time-course 

of the resulting hyperalgesia, as we have described previously.[1] Forced swim were repeated 

daily and the grip force values after each swim were routinely compared to other control groups 

or, where indicated, to their baseline measurements. 

 

 

2.3 Grip-force assay 

Forelimb grip force was measured using a force transducer as previously described in rats [18] 

and in mice.[17] The grip force apparatus consists of a force transducer connected to a wire 

mesh grid (12 x 7 cm2 outer diameter with a 0.5 cm2 wire grid) approximately 30 cm above the 

bench top. During testing, each mouse was held by the base of its tail and gently passed in a 
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horizontal direction over the wire grid until it grasped the grid with its forepaws. The force exerted 

by the forelimbs of each mouse when pulling on the grid was recorded by the force transducer. 

Grip force data are expressed in terms of grams (g).  Two grip force measurements were 

obtained at each time point and the average of these measurements was used to represent each 

mouse’s forelimb grip force at a particular time. Mice were familiarized with the grip force 

measurement procedure for three days prior to the experiment. On the third day, grip force 

measurements obtained prior to each intervention were used as baseline values for each animal.  

 

2.3 Weighing of BAT 

In a subset of mice, both experimental animals and controls were sacrificed after manipulations 

and their interscapular brown adipose depot removed and weighed.  

 

2.3 Tail Flick Assay 

While animals were manually restrained, the tail was submerged in a water bath maintained at a 

temperature of 49° to 51°C. The withdrawal latency was defined as the time for the animal to 

withdraw its tail from the water. To avoid tissue damage, a cut-off time of 15 sec was used. 
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3. Results 

 

3.1 Relationship of brown adipose tissue to swim-induced hyperalgesia  

To assess the influence of stress on musculoskeletal hyperalgesia, grip force responses were 

measured immediately after a 15-min forced swim at 26oC. To differentiate between responses to 

thermogenesis (acute stress) and adaptive thermogenesis (chronic stress), the same mice were 

subjected to the forced swim and grip force measurements each day for 15 days.  Grip force 

responses of mice subjected to the swim were lower than in the unstressed control group (Figure 

1) when compared on the first day as well as on each day throughout the 15-day study (Figure 

2A). Over this two-week period, decreases in grip force were maximal on day three and persisted 

until day 15.  

 

Rectal temperatures of mice taken immediately following the grip force assay indicate decreased 

core body temperatures due to exposure to the swim (Figure 2B).  The lowest value was on day 

one in response to the first forced swim, after which the ability to defend against the cold 

improved during the remaining daily swims.   

 

Increases in the mass of brown adipose have been associated with increased thermogenic 

activity brought about by the process of adaptive thermogenesis.[15] To determine whether a 

daily swim for two weeks was sufficient to initiate this process, experimental and control groups 

were sacrificed on day 15, 24 h after the last swim, and their interscapular brown adipose 

extracted and weighed.  This depot of tissue was heavier in mice exposed to a daily swim than in 

unstressed control mice (Figure 2C).  

 

3.2 Effect of a β3 adrenergic agonist on mechanical hyperalgesia 

Based on the high density of β3 adrenergic receptors in brown adipose and their absence in 

muscle, we postulated that β3 adrenergic activity is sufficient to increase pain and that activation 
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of these sites would mimic the hyperalgesic effect of stress on musculoskeletal nociception. To 

determine the effect of β3 adrenergic receptor activity on musculoskeletal nociceptive responses, 

BRL37344 was injected s.c. at a dose of 1 mg/kg, a dose that was sufficient to increase rectal 

temperatures 15 min after its injection (Figure 3C).  Grip force responses were measured before 

as well as 60 min (Figure 3A) and 24 h (Figure 3B) after the first (Figure 1) and after each of the 

remaining 14 daily injections (Figure 3B).  At 60 min after the first injection, BRL37344 signficantly 

decreased grip force responses compared to their baseline values (paired Student’s t-test) while 

saline did not.  However, there was no difference between the first three daily responses in the 

BRL37344 group and saline-injected controls (Figure 3A), suggesting that the stress of the 

injections was sufficient to influence grip force measures. When measured 24 h after each daily 

injection, grip force responses of the group injected with BRL37344 were still decreased on days 

1-5 whereas vehicle-injected control mice were no longer affected (Figure 3B).  After the first 

week of testing, habituation to this effect of BRL37344 developed as there was no longer a 

difference between grip force values of BRL37344-injected mice compared to vehicle-injected 

controls 24 h after their injection.  No such tolerance developed to the ability of BRL37344 to 

increase rectal temperatures 15 min after its injection (Figure 3C). 

 

To confirm that the dose of BRL37344 was sufficient to stimulate β3 adrenergic receptors in 

brown adipose, we removed and weighed the interscapular brown adipose depot 24 h after the 

final injection of BRL37344 or vehicle. This depot was heavier in mice injected with BRL37344 

than in vehicle-injected controls (Figure 3D), consistent with hypertrophy secondary to chronically 

increased tissue activation and adaptive thermogenesis. 

 

3.3 Confirmation that decreases in grip force reflect hyperalgesia  

To confirm that decreases in grip force values produced by an adrenergic agonist were due to 

mechanical hyperalgesia and not musculoskeletal weakness, groups exhibiting decreases in grip 

force were then injected with 1 mg/kg of BRL37344 for 3 days, 3 mg/kg for 3 days and 10 mg/kg 

for 2 days.  After confirming that the BRL37344-injected mice were hyperalgesic at this time, as 
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reflected by a significant decrease in grip force responses (Figure 4), they were injected i.p. with 

either saline or 10 mg/kg of morphine and retested 30 min later, a morphine-challenge previously 

used to test swim stress-induced hyperalgesia. [1] The decrease in grip force 4 h after the last 

injection of BRL37344 was reversed by injection of morphine but not saline.  Control mice that 

were not injected with BRL37344 were unaffected by morphine, consistent with the inability of 

morphine to enhance grip force responses above those of normal healthy mice. Together these 

data confirm that, like stress-induced hyperalgesia,[1] BRL37344-induced decreases in grip force 

responses reflect musculoskeletal hyperalgesia rather than weakness. 

 

3.4 Effect of Rose Bengal ablation of interscapular brown adipose on hyperalgesia 

To determine whether activation of brown adipose tissue is necessary for the increased 

mechanical hyperalgesia observed after a forced swim, the brown adipose of 12 mice was 

partially ablated using injection of Rose Bengal followed by illumination of the interscapular brown 

adipose depot, as described in methods.[42]  Sham-operated controls were similarly injected but 

not illuminated.  Two weeks later, when exposed to the first forced swim, mice whose 

interscapular brown adipose was ablated exhibited stronger grip force responses immediately 

after the swim than did sham-operated controls (Figure 1).  When tested daily, these differences 

persisted for the first 5 days of the two-week study (Figure 5A). 

 

To determine if it is the activation of β3 adrenergic receptors that are located in brown adipose 

tissue that is necessary for the development of mechanical hyperalgesia in response to 

BRL37344 (as opposed to β3 adrenergic receptors elsewhere in the body), interscapular brown 

adipose depots were similarly ablated in one group of mice while those in the other group were 

sham-operated and served as controls.  All animals were then injected s.c. daily for 15 days with 

BRL37344 and grip force measured before as well as 60 min and 24 h later.  Baseline grip force 

values were unaffected by prior ablation when compared with sham-ablated mice. However, mice 

with chemically ablated brown adipose depots exhibited no decrease in their mean grip force 

values 60 min after injection of BRL36344 while sham-operated mice were significantly 
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hyperalgesic when compared to their corresponding baseline control values (Figure 1) and 24 h 

(data not shown). These differences in response to BRL37344 persisted and were even greater 

throughout the remaining two weeks of daily injections and testing (Figure 5B).  

 

Success of chemical ablation on intrascapular brown adipose tissue was confirmed by measuring 

the weight of this depot at the end of the study. Although daily swim and daily injection of mice 

with BRL37344 each increased the weight of interscapular brown adipose in the first studies 

(Figures 2 and 3), the interscapular brown adipose depot of mice whose tissue was chemically 

ablated using Rose Bengal weighed less than that of mice whose interscapular brown adipose 

was not ablated, whether the mice were exposed to daily swims (Figure 5C) or daily injection of 

BRL37344 (Figure 5D). 

 

3.5. Comparison of body weight and temperature of UCP1-KO and wild type (WT) mice 

To examine the necessity of uncoupling protein-1 (UCP1) activity in brown adipose tissue on the 

development of musculoskeletal hyperalgesia, we compared swim stress-induced hyperalgesia in 

UCP1-KO mice to those of UCP1-replete wild type (WT) controls.  The average rectal 

temperature of UCP1-KO mice did not differ from WT controls when taken at the outset of the 

study (Figure 6B Baseline), consistent with the inactivity of brown adipose activity during 

thermoregulation at rest.  However, temperatures of UCP-KO mice taken immediately after the 

first swim at 26°C were lower than WT controls, indicating a greater ability of mice with UCP1 to 

defend against the cold than those whose brown adipose function is deficient by the deletion of 

the UCP1 gene (Figure 6B after swim). UCP1-KO mice did not differ from WT controls in their 

body weight on the first day of the study (Figure 6A) and both WT and UCP1-KO mice became 

heavier, increasing their weight to a similar degree over the course of the 21-testing.   

 

When evaluated immediately after a forced swim, grip force values of WT mice decreased 

significantly when compared to their pre-swim values on that day (Figure 1), in agreement with 

our results in Swiss Webster mice (Figure 1).[1] In contrast, grip force responses of UCP1-KO 
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mice to a forced swim were not significantly different than those of WT controls and not 

significantly different when compared to their own pre-swim baseline values.  In a similar fashion, 

injection of UCP1-KO and WT mice with BRL37344 resulted in significantly different responses in 

the grip force assay between the groups. 

 

Because UCP1 plays a role in thermoregulation during a challenge of cold or stress, we 

questioned whether nociceptive measures that are sensitive to body temperature, like the tail flick 

latency, might also be impacted by a deficiency of UCP1.  In contrast to grip force values, tail flick 

latencies did not differ between UCP1-KO and WT mice. 
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4. Discussion 

 

Based on overlapping patterns of innervation of thermal regulatory and nociceptive pathways as 

well as on the high sensitivities of both body temperature and of pain to stress, we theorized that 

a relationship may exist between brown adipose activity and stress-induced increases in the 

intensity of musculoskeletal pain.[15; 21; 24] The present study supports this hypothesis as 

musculoskeletal hyperalgesia produced by swim stress and replicated by β3 adrenergic receptor 

activity, is attenuated by ablation of a large depot of brown adipose tissue and by the elimination 

of UCP1 gene expression in UCP1-KO mice. Together these findings suggest that the 

development of stress-induced musculoskeletal hyperalgesia is dependent, in part, on activation 

of brown adipose tissue or on pathways regulating the activity of this tissue.  

 

Brown adipose can be found in many sites throughout the body, however, the interscapular depot 

is a major contributor to thermogensis in rodents.[6] To assess the importance of this system on 

muscle pain, we eliminated this depot using light-activated Rose Bengal, a model of tissue 

ablation that has been successfully used to destroy the olfactory bulb in mice.[42] Chemical 

ablation of the interscapular brown adipose depot had no effect on baseline grip force responses, 

confirming that in the absence of stress to initiate thermogenesis, brown adipose and its 

associated neuronal regulation is not involved in musculoskeletal nociceptive sensitivity and that 

ablation alone does not influence the ability of mice to grip. Ablation was successful based the 

absence of an increase in the weight of the interscapular brown adipose depot after two weeks of 

daily swims or of treatment with BRL37443 when compared to those in sham-operated controls.  

Ablation of this depot was sufficient to attenuate the hyperalgesia produced by a swim stress. In a 

similar fashion, molecular deletion of the UCP1 gene necessary for thermogenesis, as in UCP1-

KO mice, prevented the decrease in grip force usually caused by a forced swim.  Together these 

two lines of evidence, produced using different strategies to interfere with brown adipose activity, 
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converge to support the conclusion that swim stress-induced musculoskeletal hyperalgesia is 

dependent, in part, on intact brown adipose tissue. 

 

We also found that injection of the β3 adrenergic agonist BRL37443 mimicked the 

musculoskeletal hyperalgesic effect of swim stress. The decrease in grip force produced by 

BRL37443 was also reversed by morphine, similar to the decreases in grip force produced by 

swim stress.[1] This suggests that it is musculoskeletal hyperalgesia and not weakness that 

results from enhanced sympathetic activity as morphine is incapable of enhancing strength but 

has potent antinociceptive activity. Importantly, BRL37443-induced hyperalgesia was also 

attenuated by prior ablation of the interscapular brown adipose depot.  This supports the 

possibility that it is adrenergic activation specifically in brown adipose that leads to 

musculoskeletal hyperalgesia.  These studies specifically identify sympathetic activation of brown 

adipose as an important contributor to musculoskeletal hyperalgesia and perhaps to this model of 

stress-induced hyperalgesia. 

 

Many types of stress are capable of activating brown adipose tissue.[3; 15; 21] For example, 

exposure of rats to cold for just two days causes brown adipose tissue to hypertrophy.[5] In mice, 

repeated cold exposure increases blood flow and UCP1 content in brown adipose, a change 

believed to reflect adaptive thermogenesis.[13] Although direct measurement of UCP1 or 

thermogenic activity would be necessary to prove an associated change in function, the 

increased weight of interscapular brown adipose that we observed after two weeks of daily swims 

suggests that the swim stress used in our protocol is sufficient to activate this tissue and even 

initiate adaptive thermogenesis.  Similar increases after daily injections of BRL37443, a β3 

adrenergic receptor agonist, likely reflect activation of this tissue, similar to that produced by the 

elevated circulating catecholamines associated with Pheochomocytoma.[21] 

 

Tolerance developed to musculoskeletal hyperalgesia induced by either a daily forced swim or by 

a daily injection of the β3 adrenergic agonist. Tolerance may reflect the action of feedback 
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regulatory mechanisms that modulate the long-term influence of stress on muscle pain sensitivity. 

In contrast to chronic mild stress, a single intense stress (sham surgery) prolonged the time 

during which hyperalgesic responses to stress persisted.  This may be due to a failure to develop 

tolerance to stress-enhanced muscle pain.  Regardless of the mechanism, a sudden stress may 

contribute to the etiology of fibromyalgia pain as anecdotal reports suggest that prior trauma or 

episodes of intense stress precede the onset of this condition.   

 

Elimination of UCP1 in KO mice had no effect on body weights and body temperatures, at rest, 

compared with those of wild type controls; consistent with previous studies.[14] Thermal 

nociception measured using the tail flick assay was unaffected by the absence of UCP1, 

suggesting that these mice do not have a heightened response to all types of pain  

 

Our findings implicate brown adipose tissue in the generation of stress-induced musculoskeletal 

hyperalgesia in normal healthy mice.  The exact mechanism(s) by which brown adipose 

increases musculoskeletal pain sensitivity is unclear, one possibility involves deferred pain 

carried along axon collaterals that project to brown adipose as well as surrounding skeletal 

muscle.[37] These nerves may be either sympathetic or primary afferent C-fibers, as both 

innervate muscle as well as brown adipose [40] and both are associated with hyperalgesic 

conditions.  Stress activates both sympathomedullary and the hypothalamic-pituitary-

adrenocortical axis.  However, manipulation of glucocorticoids fails to alter musculoskeletal 

hyperalgesia in response to lipopolysaccharides, a chemical form of stress suggesting that the 

sympathetic axis of the stress reponse curve is not involved.[17] In contrast, sympathetic activity 

plays a vital role in the modulation of chronic pain states[26; 37] For example, rats exposed to 

sound stress develop mechanical hyperalgesia that is counteracted by prior elimination of 

sympathetic activity.[19] In contrast, increases in sympathetic tone result in worsening of clinical 

signs in chronic pain states like fibromyalgia and complex regional pain syndrome.[4; 9; 19; 24]  

 

In addition to increased sympathetic activity causing hyperalgesia, primary afferent C-fibers may 
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also contribute specifically to musculoskeletal hyperalgesia.  Desensitization of primary afferent 

fibers would be predicted to increase brown adipose tissue activity by interfering with its feedback 

inhibition.[41] While desensitization leads to a widely described protracted thermal antinociception 

desensitization of TRPV1 sites using resiniferatoxin, that is sufficient to cause thermal 

antinociception for 60 days, but also causes musculoskeletal hyperalgesia in the same mice for 

30 days.[1] This cannot be explained well based on the innervation of these fibers to muscle as 

they are not dense in this tissue.  However, these studies are consistent with the possibility that 

enhanced brown adipose tissue activity contributes to enhanced muscle pain either by enhanced 

sympathetic tone or by an inhibition of primary C-fiber activity, either of which would enhance 

thermogenesis. At this time further studies evaluating the specific mechanism involved are 

needed. 

 

5. Conclusions 

Our data confirm that musculoskeletal hyperalgesia, as measured using the grip force assay in 

mice, can be transiently induced by stress or by β3 adrenergic receptor activity. Because this type 

of hyperalgesia is attenuated by prior ablation of brown adipose tissue or by elimination of UCP1 

enzymatic activity in mice, brown adipose activity may be similarly linked to stress-induced 

increases in musculoskeletal pain in humans.  While brown adipose is typically associated with 

thermogenesis, and chronic swim stress leads to adaptive thermogenesis, brown adipose 

appears to support the hyperalgesic effect of acute stress in a fashion that is not dependent on 

body temperature per se. 
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Figure Legends 

 

Figure 1  

Summary of the effect of swim stress (Swim) or injection of BRL37344 (BRL), a β3 adrenergic 

receptor agonist, on the average change in grip force responses (±SEM) compared to mice that 

did not swim (C) or were injected with vehicle (Veh).  Mice were also forced to swim (panel A) or 

injected with BRL (panel B) following ablation of interscapular brown adipose tissue (Abl) 

compared to mice that were sham-operated (Sham).  All mice were Swiss Webster except those 

used to determine the effect of a forced swim (panel A) or injection of BRL (B) in C57BL/6J mice 

not expressing the UCP1 synthetic gene (KO) or UCP1 replete controls (WT).   Grip force values 

were taken immediately (within 5 min) after forced swims that lasted for 15 min in water 

maintained at 26°C.  BRL37344 was injected s.c. at a dose of 1 mg/kg in Swiss Webster mice 

and 10 mg/kg in UCP1-KO and WT C57BL/6J mice.  Brown adipose tissue was chemically 

ablated by injection of Rose Bengal combined with high intensity illumination of the interscapular 

brown adipose depot two weeks prior to testing.  Control mice were also injected with Rose 

Bengal but not illuminated. Grip force values were taken 24 hr after the injection of BRL37344 in 

ablated/sham mice and 60 min after the injection BRL67344 in the WT and UCP1-KO mice. In all 

figures, asterisks (*) depict statistically significant differences between the groups indicated 

(P<0.05) using a two-tailed unpaired Student’s t-test to compare grip force responses.  Hashtags 

(#) designate groups that differed significantly (P<0.05) from their own baseline control values 

taken on the same day when evaluated using a two-tailed, paired Student’s t-test.  The number of 

mice/group is indicated at the base of each column.  

 

Figure 2  

Effect of a daily forced swim on mean (±SEM) grip force responses, body temperature and 

interscapular brown adipose tissue (BAT) weight.  The forced swim lasted for 15 min in water 

maintained at 26°C.  Grip force values (A) and rectal temperature (B) were taken immediately 
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(within 5 min) after each daily swim and compared to mice not subjected to a swim stress.  The 

weight of interscapular BAT (C) was measured in both groups 24 h after the final swim. An 

unpaired, two-way Student’s t-test was used to compare the effect of a daily forced swim on grip 

force responses and body temperature to mice not exposed to the daily swim on the same day of 

testing.  In all figures, asterisks indicate statistically significant differences between treated and 

control mice when P <0.05.  Throughout all figures, SEM is calculated for all points but not shown 

graphically where it is smaller than the size of the symbol depicting the mean. The number of 

female mice/group is indicated at the bottom of each column in panel C.  

 

Figure 3  

Effect of a daily injection of BRL37344, a β3 adrenergic receptor agonist, on mean (±SEM) grip 

force responses, body temperature and interscapular brown adipose tissue (BAT) weight.  Grip 

force values (A and B) and rectal temperature (C) were taken 60 min (A) or 24 h (B) after each 

daily swim and compared to mice injected with vehicle.  Rectal temperature was taken 15 min 

and 24 h after each injection (C).  The weight of interscapular BAT (D) was measured in both 

groups 24 h after the final daily s.c. injection of 1 mg/kg of BRL37344. An unpaired, two-way 

Student’s t-test was used to compare the effect of BRL37344 to that of vehicle on daily grip force 

responses, body temperature 15 min after injection, body temperature 24 h after injection, and 

BAT weight. Asterisks indicate statistically significant differences between groups when P <0.05.  

SEM is calculated for all points but not shown graphically where it is smaller than the size of the 

symbol depicting the mean. The number of female mice/group is indicated at the bottom of each 

column in panel D.  

 

Figure 4 

Effect of morphine on the mean (±SEM) decrease in grip force responses induced by BRL37344.  

Mice were injected s.c. with either vehicle or 1 mg/kg daily for 3 days, 3 mg/kg daily for 3 days, 

and 10 mg/kg of BRL37344 daily for 2 days followed 4 h later by an additional injection i.p. of 10 

mg/kg of morphine or saline. The values represent the mean (±SEM) grip force responses before 
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(Vehicle or BRL37344 only) and 30 min after injection of morphine or saline.  Asterisks indicates 

a significant difference (P<0.05) between the treatments indicated as determined using one-way 

ANOVA followed by the Newman-Keuls post hoc analysis. The number of mice/group is indicated 

at the bottom of each column.  

               

Figure 5  

Comparison of the effect of chemical ablation of interscapular brown adipose on the mean 

(±SEM) grip force responses and brown adipose tissue weight after each of 14 daily forced swims 

or 14 daily injections of BRL37344.  Two weeks prior to swims or injections, brown adipose tissue 

was chemically ablated by injection of Rose Bengal combined with high intensity illumination of 

the BAT depot, as described in detail in methods.  Control mice were also injected with Rose 

Bengal but not illuminated (Sham).  Panels A and C reflect data from mice that were subjected to 

a 15-min forced swim in water maintained at 26°C.  Panels B and D reflect data from mice that 

were injected s.c. daily with 1 mg/kg of BRL37344.  Grip force measurements were taken before 

and 0 min after a forced swim (A) or 60 min after each injection (B).  Brown adipose tissue was 

weighed in mice 24 h after the final swim or final injection of BRL37344.  An unpaired, two-way 

Student’s t-test was used to compare the effect of a daily swim or a daily injection in BAT-ablated 

mice to sham-operated mice tested on the same day.  Asterisks indicate statistically significant 

differences between the two groups of mice when P <0.05.  The number of male mice/group is 

indicated at the bottom of each column in panels C and D.   
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Figure 6  

Effect of a daily forced swim on the rectal temperatures of UCP1-KO and wild type (WT) 

C57BL/6J mice before (Baseline) and immediately after the daily swim and on their body weights 

throughout the study.  Values in panel A reflect mean (±SEM) rectal temperatures at baseline 

compared to that immediately after a 15-min forced swim (at 26°C).  The values in panel B 

represent the mean (±SEM) body weights when mice arrived (day 1) and at the end of the study 

(day 33).  An unpaired, two-tailed Student’s t-test was used to compare temperatures between 

the two groups.  A paired two-tailed Student’s t-test was used to compare changes in these 

values due to swim within each group.  Asterisks indicate statistically significant differences 

between the two groups indicated when P <0.05.  The number of female mice/group is indicated 

at the bottom of each column.   
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