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Abstract

Objective—Activity thermogenesis and energy expenditure (EE) are elevated in intrinsically lean 

rats (high-capacity runners, HCR), and are also stimulated by melanocortin receptor activation in 

the ventromedial hypothalamus (VMH). Here, we determined if HCR are more responsive to 

central modulation of activity EE compared to low-capacity runners (LCR).

Methods—HCR and LCR rats received intra-VMH microinjections of Melanotan II (MTII), a 

mixed melanocortin receptor agonist. Changes in EE, respiratory exchange ratio (RER), activity 

EE, muscle heat, norepinephrine turnover (NETO), and muscle energetic modulators were 

compared.

Results—HCR were significantly more responsive to intra-VMH MTII-induced changes in EE, 

activity EE, NETO to some muscle subgroups, and muscle mRNA expression of some energetic 

modulators. Though HCR had high muscle activity thermogenesis, limited MTII-induced 

modulation of muscle thermogenesis during activity was seen in LCR only.

Conclusions—An inherently lean, high-capacity rat phenotype showed elevated response to 

central melanocortin stimulation of activity EE and use of fat as fuel. This may be driven by 

sympathetic outflow to skeletal muscle, which was elevated after MTII. Central melanocortin 
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receptor activation also altered skeletal muscle energetic modulators in a manner consistent with 

elevated EE and lowered RER.

Keywords

High- and low-capacity runners (HCR. LCR); energy expenditure; obesity; skeletal muscle

INTRODUCTION

Genetic and environmental factors interact to influence energy balance. One characteristic 

that differs with leanness is physical activity, a heritable trait that varies widely between 

individuals in both humans and rodents1,2,3. Across species, intrinsic aerobic capacity 

predicts high physical activity, health, longevity, and a favorable metabolic 

profile4,5,6,7,8,9,10,11. Rats selectively bred as high capacity runners (HCR) are more 

physically active than their counterparts selectively bred as low capacity runners (LCR). 

LCR are prone to weight gain, obesity, and cardiovascular disorders6,12, and HCR have a 

low adiposity, high activity (independent of differences in body weight13), and high energy 

expenditure (EE) relative to body size13. The high EE seen in HCR is predominantly due to 

heightened non-resting EE13, which persists even during controlled activity, indicating low 

economy of activity—more kcal used for the same workload—in the HCR12,13. This 

implicates skeletal muscle energetic and thermogenic mechanisms, which may stem from 

the enhanced sympathetic drive observed in HCR13.

The elevated activity, EE, SNS drive, and muscle expression of energetic mediators 

characteristic of HCR are also modulated by central melanocortin receptors14,15,16, 

suggesting a melanocortinergic mechanism for the muscle energetic phenotype of HCR. 

Like brain melanocortins, the ventromedial hypothalamus (VMH) plays an important role in 

fuel allocation15,16,17,18. Activation of VMH melanocortin receptors using a non-specific 

agonist Melanotan II (MTII) increases EE and physical activity, and decreases respiratory 

exchange ratio (RER), switching fuel preference to fats; it lowers fuel economy during 

activity where ‘wasted’ calories are dissipated as heat14. HCR and LCR respond differently 

to central melanocortins19,20, a system known to modulate sympathetic drive15,16,21. Here, 

we examine how VMH melanocortin receptors alter activity-related EE, heat dissipation, 

SNS drive, and molecular mediators of energy homeostasis in lean (HCR) and obesity-prone 

(LCR) rats, predicting that increased EE and thermogenesis will be reflected in augmented 

activation at each level of this brain-muscle pathway.

METHODS

Adult male HCR-LCR rats (N=104, 52-group, generation 32 and 34) from the University of 

Michigan were individually housed on a 12:12 light:dark cycle (lights on at 0700 EST) and 

received food (5P00 MRH 3000) and water ad libitum. All studies were approved by the 

Kent State University IACUC.
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Stereotaxic surgery and transponder implantation

Stereotaxic surgeries were performed to chronically implant guide cannulae aimed at the 

VMH14. Briefly, rats (total N=86 for cannulation) were anesthetized using isoflurane and 

mounted on a stereotaxic apparatus using atraumatic ear bars. The VMH was targeted using 

the coordinates: anterior-posterior, −2.5mm; medial-lateral, +0.5mm; dorsal-ventral, −6mm 

(from dura), and an injection needle with 3mm projection (final dorsal-ventral, −9mm from 

dura). After completion of the study, rats with guide cannulae within 250μm of the VMH 

(N=74 accurate placements) were used for data analysis as shown in our previous 

studies14,20. In 24 male HCR-LCR (12/group) during stereotaxic surgery, sterile IPTT-300 

temperature transponders (Bio Medic Data Systems, Inc.) were implanted on interscapular 

brown adipose tissue (BAT) and adjacent to gastrocnemius muscle bilaterally.

Body composition and energy expenditure

Body composition was measured using an EchoMRI-700 (EchoMRI, Houston, TX) to 

determine the fat and lean mass (in grams) of each rat the day before experiments. This did 

not interfere with transponder function. After 24–48hrs of acclimation in testing cages, EE 

and physical activity were measured using small-animal indirect calorimetry (4-chamber 

Oxymax FAST system, Columbus Instruments, Columbus, OH) at thermoneutral conditions, 

as previously reported13,14. Rats were injected either with the nonspecific melanocortin 

receptor agonist MTII (20pmoles/200nl) or vehicle (aCSF, 200nl)14. The first 15 min of data 

was not included in the analysis. EE data (VO2, VCO2, RER, kcal/hr) were averaged, and 

physical activity data were expressed as mean beam breaks/minute. In all EE and 

thermogenesis studies described here, all rats received counterbalanced vehicle and MTII 

injections separated by at least four days, with each rat acting as its own control thereby 

nullifying the effect of body weight and composition22,23. For EE, analysis of covariate was 

used to account for differences in body composition.

To assess locomotor efficiency, physical-activity EE was measured using gas exchange 

during a treadmill activity test; MTII-induced physical activity precluded accurate 

measurement of resting EE. At least one day after a 15-min treadmill acclimation period, 

rats were placed in the treadmill after injections of either MTII (20pmoles/200nl) or vehicle 

(aCSF) and allowed to acclimate without food for 2 hrs. Rats then walked on the treadmill at 

7 m/min for 30 min while activity-EE data were collected every 10 sec. All EE data from 

both studies were analyzed using 2×2 mixed ANOVA using SPSS, with ANOVA 

significance set at p < 0.05 unless otherwise stated.

Muscle temperature

Skeletal muscle and BAT heat dissipation were measured every 15 min for 4 hrs after intra-

VMH MTII or vehicle microinjection, with BAT thermogenesis as a positive control. In a 

separate experiment, rats received microinjections of either MTII or vehicle 1.5 hrs prior to 

measurement of skeletal muscle heat dissipation during controlled physical activity on a 

treadmill. Gastrocnemius temperatures in each leg were recorded at baseline (before 

injecting and immediately before treadmill walking) and at set intervals during a 35-min, 5-

level graded treadmill test as reported previously13,14. Data from each study were analyzed 

using 3-way ANOVAs.
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Norepinephrine turnover (NETO)

Norepinephrine (NE) turnover (NETO) was used to assess sympathetic drive to peripheral 

tissues including liver, heart, BAT, skeletal muscle (including quadriceps, lateral and medial 

gastrocnemius, EDL, and soleus), and WAT depots (mesenteric (MWAT), gluteal (GWAT), 

retroperitoneal (RWAT), inguinal (IWAT), and epididymal WAT (EWAT)) in HCR and LCR. 

NETO was measured using α-methyl-p-tyrosine (aMPT in saline vehicle) as previously 

reported24,25. HCR and LCR were divided into 3 groups (aMPT/MTII, aMPT/aCSF-vehicle, 

control; n=8/group). On the day of the study, food was removed and assigned rats were 

given aMPT injections (125 mg aMPT/kg body weight; 25 mg/ml) 2 and 4 hrs before tissue 

collection; 30 minutes after the first aMPT injection, rats received intra-VMH MTII or 

vehicle. All rats were euthanized by rapid decapitation between 1200 and 1500 EST (5–8 hrs 

after lights-on), 4 hours after the first aMPT injection. Tissues were rapidly dissected and 

snap-frozen in liquid nitrogen. Catecholamines were isolated from homogenized tissue and 

measured using HPLC, as previously described13,14,24,25. NETO was calculated:

k = (lg[NE]0 − lg[NE]4)/(0.434 × 4)
K = k[NE]0

k is the constant rate of NE efflux (also known as fractional turnover rate),

[NE]0 is the initial NE concentration or from 0-hr group (control),

[NE]4 is the final NE concentration or from 4-hr group (aMPT-MTII/aMPT-vehicle), 

and K = NETO.

Differences in tissue NETO between intra-VMH MTII-microinjected and vehicle-

microinjected rats were calculated with respect to control-group rats; NETO/gram tissue/

hour was compared using a 2×2 mixed ANOVA.

mRNA and protein expression

Skeletal muscle (gastrocnemius and quadriceps), liver, MWAT, and BAT were collected from 

HCR/LCR rats (N=32, 16/group) 4hrs after intra-VMH microinjection of either MTII or 

vehicle (N=8/treatment). Tissue samples were homogenized and total mRNA extracted as 

previously reported13,14, and compared to glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) using the comparative Ct method (ΔCt). See Supplementary Material for list of 

primers. Protein was isolated from tissue homogenate13,14 and compared using Western 

blots. Primary and secondary antibodies (see Supplementary Material) were diluted in 

blocking buffer according to manufacturer instructions and developed using a 

chemiluminescence detector using an Amersham kit (GE Healthcare, UK). Data are 

expressed as a percent expression using samples from vehicle-treated HCR rats as the 

reference value (defined as 100%) relative to GAPDH (for mRNA) or actin (for protein), and 

were analyzed using 2×2 mixed ANOVA. As we were specifically interested in the 

magnitude of effect of MTII in HCR vs. LCR, we used planned (a priori) comparisons using 

t-tests with a Bonferroni correction (two t-tests with p<0.025).
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RESULTS

For body weight and composition, LCR were consistently larger with more fat and lean 

mass than HCR. Some slight but significant differences were found between treatments 

(Table S1). Statistical results are listed in Tables S2–S16, with data expressed as mean ± 

SEM.

EE in HCR was more responsive to intra-VMH MTII

As shown in Figure 1A–D, intra-VMH MTII significantly increased EE, VO2, and physical 

activity (horizontal and ambulatory), with a significantly greater response in HCR 

(significant interaction), and lowered RER in both HCR and LCR. HCR had higher activity 

(all dimensions), VO2, and VCO2. MTII also increased treadmill-activity EE and VO2 

(Figure 1E–H); MTII decreased RER more in LCR than HCR (Figure 1G). HCR showed a 

greater MTII-induced increase in treadmill-activity EE (Figure 1H). There were significant 

interactions between treatment and HCR/LCR for free-moving EE and treadmill-activity EE, 

using either body weight or lean mass as covariates. Treadmill-walking EE showed main 

effects where HCR had lower EE and RER, and a trend toward higher treadmill VO2.

Muscle heat dissipation

As described in the Supplementary Material, during resting, compared to vehicle, MTII 

induced an increase in BAT temperature, and the change in temperature from baseline was 

significantly higher after MTII treatment (compared to vehicle) between 30min and 120min 

after injection (Figure S1). There were no significant differences in BAT response to MTII 

between HCR and LCR. Compared to vehicle, intra-VMH MTII did not significantly 

increase gastrocnemius muscle temperatures or elevation relative to baseline (Figure S2). 

Compared to vehicle injections, MTII injections induced higher treadmill activity-associated 

gastrocnemius temperatures in LCR (Figure 2A, B). Consistent with previous findings13, 

lean HCR had a greater change in treadmill locomotion-induced skeletal muscle heat 

dissipation during treadmill locomotion under both vehicle- and MTII-injected conditions 

compared to obesity-prone LCR (Figure 2B).

Intra-VMH MTII microinjection differentially elevated sympathetic drive to metabolic 
tissues in lean vs. obesity-prone rats

Compared to vehicle, intra-VMH MTII induced a significant increase in SNS drive to 

skeletal muscle of both lean HCR and obesity-prone LCR, although HCR were significantly 

more affected (significant interaction) than LCR in soleus, quadriceps, and lateral 

gastrocnemius (Figure 3). Intra-VMH MTII also induced a significant increase in SNS drive 

to all WAT depots examined, BAT, heart, and liver (Figure 3, Table 1). MTII-induced NETO 

was greater in HCR than in LCR (significant interaction) for MWAT, GWAT, and IWAT, as 

well as for BAT and liver (Table 1). In heart, both baseline and MTII-induced NETO was 

greater in LCR than HCR, with a significant interaction where LCR showed a greater 

response to MTII (Figure 3F). Compared to vehicle-treated LCR, vehicle-treated HCR had 

higher NETO in skeletal muscle, BAT, and MWAT, consistent with previous baseline 

findings for skeletal muscle and BAT13.
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Intra-VMH MTII elevated expression of mRNA of mediators of energy expenditure

Levels of mRNA expression of potential molecular mediators of energy balance are shown 

in Table 2 and Figure 3. Compared to vehicle-treated HCR, gastrocnemius muscle of intra-

VMH MTII-treated HCR had significantly higher mRNA expression of UCP2, UCP3, 

PGC-1α, PPARα, PPARδ, PPARγ, SERCA1, SERCA2, and β2 AR, and a significant 

decrease in Kir6.2 (Figure 4A). Gastrocnemius showed a significantly higher expression of 

UCP2, UCP3, PPARα, PPARγ, and SERCA2 in MTII-treated LCR than vehicle-treated 

LCR. In quadriceps, MTII- and vehicle-microinjected HCR differed in mRNA expression 

(MTII>vehicle, within HCR) of UCP2, UCP3, PPARα, PPARδ, SERCA1, and SERCA2 

(Figure 4B). MTII-treated LCR quadriceps showed significantly higher mRNA expression 

of UCP2 and UCP3 (Figure 4B) compared to vehicle-treated LCR quadriceps.

Compared to vehicle-treated rats, HCR but not LCR with intra-VMH MTII microinjections 

had significantly elevated mRNA expression of UCP1, PGC-1α, PPARδ, PPARγ, and 

PPARα in BAT (Table 2). Compared to vehicle, intra-VMH MTII also induced a significant 

increase in mRNA expression of PPARγ, PPARα, and PPARδ in WAT of intra-VMH MTII 

treated HCR where LCR showed MTII-induced increase in mRNA expression of PPARα 
and PPARδ in WAT. In liver, intra-VMH MTII-treated HCR showed significantly higher 

mRNA expression of UCP2, PPARα, PPARδ, PPARγ, and PGC-1α compared to vehicle-

treated HCR. In LCR liver, MTII- and vehicle-treated rats significantly differed in mRNA 

expression of PPARα, PPARδ, PPARγ, and PGC-1α.

As shown in Table 3 and Figure S3, protein expression of mediators of EE did not 

consistently change in accordance with mRNA expression. In quadriceps, MTII-treated 

HCR only showed trends in pAMPK, pACC, PPARγ, and SERCA1. No significant 

differences or trends were found in protein expression with intra-VMH MTII in LCR. In 

gastrocnemius, intra-VMH MTII-microinjected HCR showed significantly higher expression 

of PGC-1α, pAMPK, and pACC compared to vehicle-treated HCR, with trends in other 

mediators; no significant differences were found in LCR (Figure S3).

As shown in Table 3 and Figure S3, in BAT of HCR, MTII-treated rats showed significantly 

higher UCP1, PGC-1α, pAMPK, and pACC. No significant differences were observed with 

MTII in LCR. No significant differences were observed with MTII in WAT except in 

pAMPK in MTII-treated HCR compared to vehicle-treated HCR. In liver, MTII-

microinjected HCR showed significantly more pACC and pAMPK; no significant 

differences were observed in LCR.

DISCUSSION

Phenotypic leanness associated with high intrinsic aerobic capacity in rats is coupled with 

elevated total EE, and the predominant source of this is activity-related EE stemming from 

high daily physical activity along with low economy of activity in these rats12,13. This low 

muscle work efficiency suggests wasting of calories to a greater extent in HCR than LCR, 

potentially modulated by enhanced sympathetic drive and altered expression of molecular 

mediators of energy conservation and expenditure observed in HCR13. These phenotypic 

differences were similar to those seen in response to intra-VMH melanocortin receptor 
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activation14, suggesting an elevated response of the melanocortinergic VMH-SNS-muscle 

axis in the lean HCR. Here, we identified a phenotype-linked increase in EE, physical 

activity, activity-associated EE, and VO2 after site-specific activation of central melanocortin 

receptors. Many of these energetic changes were amplified in lean HCR compared to 

obesity-prone LCR; for example, VMH melanocortin receptor activation had a greater 

impact on EE and VO2 in HCR (Figure 1), even taking into account differences in body 

weight and composition. The melanocortin receptor stimulation of EE during low- and 

moderate-intensity physical activity implicates mechanistic changes impacting muscle work 

efficiency, particularly in the lean HCR. This stems in part from enhanced central activation 

of SNS outflow to muscle. Elevated functioning of this brain-SNS-muscle axis in the high-

capacity phenotype may be an important factor promoting aerobic capacity and potentially 

leanness.

Some thermogenic changes accompanied the MTII-induced increase in EE. BAT 

thermogenesis showed a short-term increase in freely moving MTII-treated rats (Figure S1). 

MTII enhanced treadmill-walking gastrocnemius muscle temperature, but contrary to 

expectation, obesity-prone LCR showed a greater response in their muscle heat dissipation 

during activity, approaching the level of vehicle-treated HCR (Figure 2). Prior reports 

indicate that during activity, EE and muscle thermogenesis rise alongside each other, are 

similarly enhanced by central stimuli14, and are suppressed in concert after weight loss26. 

Muscle thermogenesis plateaus at relatively low levels of exertion13,14,26,27. This implies 

that, mechanistically, heat dissipation does not fully correspond to calorie use in muscle, 

particularly at higher workloads. Given the high muscle activity thermogenesis seen in 

HCR13, central MTII may enhance EE without being reflected in further incremental 

increases in muscle temperature (i.e., subject to a ceiling effect). Our data also suggest that 

melanocortin stimulation can be used to enhance or normalize activity thermogenesis even 

in the obesity prone.

Activity thermogenesis and skeletal muscle metabolism are important in maintaining 

leanness28, and this may be driven in part through central modulation. Evidence implicates a 

pathway through which the VMH and central melanocortin system integrate central and 

peripheral metabolic cues to meet muscle energy and glucose needs15,16,29 though 

modulation of the SNS16,30. Here, we found that activation of VMH melanocortin receptors 

increased sympathetic outflow to peripheral metabolic systems in both HCR and LCR 

(Figure 3; Table 1). Moreover, in some muscle subgroups, NETO was significantly more 

enhanced by MTII in HCR compared to obesity-prone LCR. Differences in central 

autonomic regulation could therefore contribute to the overall higher SNS drive seen in the 

lean HCR13. The exception was the heart, where the MTII-induced increase in sympathetic 

outflow was higher in the LCR, and LCR showed higher NETO both with and without 

central melanocortin receptor stimulation (Figure 3). This corresponds with evidence that 

HCR are protected against hypertension6 and with the role of melanocortin peptides and 

receptors in sympathetically driven hypertension and against the hypertensive effects of 

MTII21,31,32. The enhanced responsiveness of SNS outflow to muscle in HCR supports the 

idea that the amplified metabolic response to central melanocortins in HCR are due in part to 

higher SNS stimulation of muscle. This, along with muscle response to SNS signaling33, 
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may underlie the phenotypic differences in fuel economy and the associated changes in 

cellular energy mediators in the periphery.

Overall, these findings affirmed our previous identification of phenotype-dependent 

differences in HCR and LCR13 as well as muscle response to central melanocortin receptor 

activation14. Central melanocortin activation was effective in modulating mRNA expression 

in BAT and liver in both HCR and LCR (Figure 4, Table 2); here, we focus primarily on 

muscle, specifically on mediators of thermogenesis, fatty acid metabolism, and energy 

conservation. Potential thermogenic mediators SERCA1 & 2 and UCP2 & 3 showed induced 

mRNA expression in quadriceps and oxidative gastrocnemius muscle with central 

melanocortin stimulation, with some elevation seen in HCR and not LCR (gastrocnemius 

SERCA1, quadriceps SERCA 1 & 2; Table 3). Conversely, mRNA expression of MED1 and 

components of ATP-gated K+ channels were higher in LCR muscle, potentially contributing 

to their overall lower muscle temperatures35 and their energy conservation. Similar to 

previous reports13,34, central melanocortin stimulation induced mRNA expression of 

PGC-1α, PPARα, PPARγ, and PPARδ in oxidative gastrocnemius muscle, and PPARα, 

PPARδ in quadriceps, with many of these significant in HCR but not LCR (Figure 4). These 

changes may be responsible for the central melanocortin receptor-induced increase in EE 

and decrease in RER. While the 4-hr time course of the study was optimal to detect 

increases in mRNA expression, it likely obscured detection of suppressive effects of central 

MTII beyond one instance (Kir6.2 in HCR gastrocnemius; Figure 4) and some statistical 

trends (PPARα, pAMPK, PPARγ and pACC; Table 3). Also, the time course did not allow 

for adequate time for detection of altered protein expression. Most of the changes identified 

were phosphorylation related and did not require translation. The expression of the activated 

form of AMPK (pAMPK) may underlie the ability of central MTII to upregulate fatty acid 

oxidation and reduce RER through its regulation of ACC and CPT136. Lastly, both mRNA 

and protein expression reinforced our previous findings13 showing baseline differences 

between HCR and LCR reflecting the observed phenotype-dependent differences in activity-

related EE, RER, and muscle energy use. Taken together with the MTII-induced changes 

demonstrated here and the proposed melanocortin-activated VMH-SNS-muscle pathway, 

this suggests phenotypic differences in myocyte responsiveness to adrenergic stimuli, 

consistent with the findings of Lessard et al., 200933.

Altogether, our data demonstrate that melanocortin receptors in the VMH activate SNS 

outflow, increasing sympathetic drive to skeletal muscle, modulate fuel allocation and use 

through differential activation of molecular mediators of energy homeostasis, and increase 

EE while lowering fuel economy of activity. We have also demonstrated that functioning of 

this axis is heightened at every level in HCR compared to LCR—activation of melanocortin 

receptors in the VMH increases energy use in peripheral tissues including muscle, with a 

stronger effect in the high-capacity phenotype13,14. It is likely that muscle fuel uptake and 

utilization is modulated through the SNS, affecting skeletal muscle or other metabolically 

active tissues. The central melanocortin system, differentially expressed in the lean HCR and 

obese LCR, is known to impact muscle lipid mobilization and glucose uptake in the 

periphery via the SNS15,17,19,20,37,38. These findings support the importance of central 

modulation of SNS outflow to muscle in modulating activity EE, and suggest that 

differences in this pathway are linked to a high-aerobic capacity phenotype that shows 
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obesity resistance. We speculate that running capacity, leanness, and skeletal muscle energy 

use and thermogenesis are coupled mechanistically. These results implicate this pathway as 

a potential mechanism underlying high-endurance-associated low economy of activity and 

leanness, and may help identify potential mediators that can be targeted to alter energy 

balance equation towards negative energy balance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STUDY IMPORTANCE

• Intra-ventromedial hypothalamic melanocortin receptor activation increases 

physical activity and energy expenditure

• Here, we demonstrate that this response is enhanced in inherently lean rats

• Intrinsic differences in brain melanocortins and sympathetic outflow to 

muscle may underlie the elevated activity energy expenditure seen in leanness
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Figure 1. 
High-capacity runners (HCR) were more responsive to the ability of intra-ventromedial 

hypothalamic (VMH) melanocortin receptor activation to enhance activity-related energy 

expenditure (EE). Low-capacity runners (LCR) and HCR were given intra-VMH 

microinjections of the mixed melanocortin receptor agonist Melanotan II (MTII; gray bars) 

or vehicle (Veh; black bars). Over 4 hours, with a significant interaction where HCR 

responded more than LCR, intra-VMH MTII significantly increased free-moving EE (A), 

VO2 (B), and physical activity (D), while decreasing respiratory exchange ratio (RER) 

similarly in HCR and LCR (C). (E–H) Intra-VMH MTII also induced changes in EE and 

RER in rats walking on a treadmill at 7 meters/min for 30 min. MTII increased activity-

associated EE (E) and VO2 (F), and decreased RER (G) in HCR and LCR. HCR showed 

lower overall walking-induced RER, while intra-VMH MTII produced a larger RER 

decrease in LCR than HCR (G), whereas HCR were more responsive to MTII-induced 

enhancement of activity EE (H). *within group, MTII treatment significantly different from 

veh; **HCR significantly different from LCR within treatment; p<0.05. (N=10)

Gavini et al. Page 13

Obesity (Silver Spring). Author manuscript; available in PMC 2018 September 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
(A) Low and moderate intensity treadmill activity increased skeletal muscle (gastrocnemius) 

temperature in high-capacity runners (HCR; circles) and low-capacity runners (LCR; 

triangles) after intra-ventromedial hypothalamic (VMH) microinjections of the mixed 

melanocortin receptor agonist Melanotan II (MTII; open symbols) or vehicle (Veh; filled 

symbols). (B) Walking-induced increases in muscle temperature from baseline were 

significantly higher in HCR, whereas intra-VMH MTII significantly increased activity-

associated muscle heat dissipation in LCR but not HCR. *LCR, MTII treatment significantly 

different from Veh; ** HCR > LCR, main effect (A) and difference at baseline (B); p<0.05. 

(N=10/HCR, 6/LCR)
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Figure 3. 
Norepinephrine turnover (NETO) showed differences in sympathetic drive in high- and low-

capacity runners (HCR. LCR) after intra-ventromedial hypothalamic (VMH) microinjections 

of the mixed melanocortin receptor agonist Melanotan II (MTII; gray bars) or vehicle (Veh; 

black bars). Intra-VMH MTII significantly increased NETO in skeletal muscle including (A) 

medial gastrocnemius, (B) lateral gastrocnemius, (C) quadriceps, (D) soleus, and (E) 

extensor digitorum longus (EDL); HCR showed significantly higher NETO in each of these 

muscle groups, and also had significantly greater MTII-induced NETO in lateral 

gastrocnemius, quadriceps, and soleus (line × treatment interaction). (F) Intra-VMH MTII 

also increased NETO in heart, but here the MTII-induced increase was greater in LCR than 

HCR. *within group, MTII treatment significantly different from veh; **HCR significantly 

different from LCR within treatment; p<0.05. (N=7-HCR, 8-LCR)
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Figure 4. 
Intra-ventromedial hypothalamic (VMH) microinjections of the Melanotan II (MTII) altered 

mRNA expression of energetic mediators in skeletal muscle (A: medial gastrocnemius; B: 

quadriceps) in high-and low-capacity runners (HCR, LCR). Beta2: β2 adrenergic receptor; 

UCP2 and 3: uncoupling protein 2 and 3; PPARa, d, and g: peroxisome proliferator-activated 

receptor α, δ, and γ; SERCA 1 and 2: sarco/endoplasmic reticulum ATPase 1 and 2; Kir6.1 

and 6.2 subunits of the ATP-gated K+ channel, Med1: mediator of RNA polymerase II 

transcription subunit 1. HCR MTII ≠ LCR MTII in all cases. *within group, MTII treatment 

significantly different from veh; p<0.05. (N=8-group)
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