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Abstract

Brain-derived neurotrophic factor (BDNF) decreases food intake and body weight, but few central 

sites of action have been identified for its effect on energy expenditure. The hypothalamic 

ventromedial nucleus (VMH) is important in regulating energy metabolism. Our previous work 

indicated that BDNF in the VMH reduced food intake. The purposes of the study were to 

determine: 1) if BDNF in the VMH increases energy expenditure (EE); 2) if BDNF-enhanced 

thermogenesis results from increased spontaneous physical activity (SPA) and resting metabolic 

rate (RMR); and 3) if VMH BDNF thermogenic effects are mediated by uncoupling protein 1 

(UCP1) in brown adipose tissue (BAT). BDNF (0.5 μg) was injected into the VMH of male 

Sprague Dawley rats and oxygen consumption, carbon dioxide production, food intake and SPA 

were measured for 24 h in an indirect calorimeter. Animals were sacrificed 4 h after BDNF 

injection, and BAT UCP1 gene expression was measured with quantitative real-time polymerase 

chain reaction. BDNF significantly decreased food and water intake, and body weight gain. Heat 

production and RMR were significantly elevated for 9 h immediately after BDNF injection. 

BDNF increased SPA and aEE within 9 h after injection although BDNF had no effect on 0–24h 

SPA and EE during SPA (aEE). BDNF did not induce a significant increase in BAT UCP1 

expression. In conclusion, VMH BDNF reduces body weight by decreasing food intake and 

increasing EE consequent to increased SPA and RMR, suggesting that the VMH is an important 

site of BDNF action to influence energy balance.
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Introduction

The neurotrophin BDNF is not only important to the processing, differentiation, survival, 

and plasticity of the central nervous system (CNS), but it also plays important roles in the 

central regulation of energy metabolism as suggested by recent studies. 

Intracerebroventricular (ICV) administration of BDNF decreases food intake (Ono et al., 

2000; Pelleymounter et al., 1995; Sauer et al., 1993) and body weight gain (Pelleymounter et 

al., 1995; Sauer et al., 1993). In animals with conditional BDNF deletion (Rios et al., 2001), 

mutation (Sha et al., 2007), or in BDNF (+/−) heterozygous mice (Kernie et al., 2000; Lyons 

et al., 1999), hyperphagia and obesity are accompanied by significantly reduced BDNF gene 

expression in the hypothalamus, including the ventromedial nuclei (VMH) (Kernie et al., 

2000; Rios et al., 2001). Further, exogenous BDNF reversed the phenotype of these animals 

(Kernie et al., 2000), suggesting that endogenous BDNF reduces feeding and body weight 

gain.

Several studies have reported thermogenic effects of BDNF. Long-term peripherally 

administered BDNF increased body temperature and oxygen (O2) consumption (Nakagawa 

et al., 2000), increased uncoupling protein 1 (UCP1, an indicator of thermogenesis) mRNA 

and protein in brown adipose tissue (Tsuchida et al., 2001), and enhanced norepinephrine 

turnover (Tsuchida et al., 2001). ICV BDNF also reversed cold-induced reductions in body 

temperature in db/db mice (Tsuchida et al., 2001). In a previous study (Wang et al., 2007b), 

we showed that BDNF in the paraventricular nucleus of the hypothalamus (PVN) increased 

energy expenditure (EE) via elevating resting metabolic rate (RMR).

The VMH is important to the regulation of energy metabolism. Electrical stimulation of the 

VMH suppresses feeding and induces lipolysis (Ruffin and Nicolaidis, 1999), whereas 

lesions of the VMH result in hyperphagia and obesity (Inoue et al., 1977; King, 2006; 

Sakaguchi et al., 1988). Obesity in VMH-lesioned animals persists even when caloric intake 

is restricted to control levels, suggesting that VMH lesions reduce energy expenditure (Cox 

and Powley, 1981). Conversely, electrical stimulation of the VMH enhances basal metabolic 

rate, and this precedes and parallels inhibition of feeding behavior (Ruffin and Nicolaidis, 

1999). Studies using indirect calorimetry show that VMH lesions produce a 15.5% reduction 

in both total EE and resting post-absorptive EE (Hustvedt et al., 1984), and many studies 

suggest that the VMH may positively regulate sympathetic nervous system activity 

(Minokoshi et al., 1986; Saito et al., 1989; Vander Tuig et al., 1982; Niijima et al., 1984). 

Both mRNA and protein for BDNF and its receptor TrkB have been identified in the VMH 

(Conner et al., 1997; Kernie et al., 2000; Wetmore et al., 1990; Yan et al., 1997). Recent 

studies have indicated that lack of the orphan nuclear receptor steroidogenic factor-1 (SF-1) 

results in VMH structural abnormalities, impaired VMH development, and reduced 

expression of BDNF and other genes in the area, leading to hyperphagia and obesity (Davis 
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et al., 2004; Majdic et al., 2002; Tran et al., 2003; Tran et al., 2006; Zhao et al., 2004). 

Furthermore, selective deletion of BDNF in the VMH results in hyperphagia and obesity 

(Unger et al., 2007).

The VMH also appears to be important to the regulation of physical activity. Suppression of 

GABA synthesis in the VMH decreased food intake and enhanced locomotor activity in rats 

(Bannai et al., 1998). Narita et al found that VMH-injected kainate (a type of glutaminergic 

agonist) or bicuculline methiodide (a GABAA receptor antagonist) resulted in an increase in 

running activity, plasma glucose, norepinephrine, epinephrine and corticosterone in 

conscious rats (Narita et al., 1994). In “VMH-specific” SF-1 knock out (KO) rodents, 

locomotor activity was significantly decreased (Zhao et al., 2004).

Several peptides have been reported to control expression of BDNF in the VMH. 

Coexpression of SF-1 and BDNF in VMH neurons, activation of BDNF promoters by SF-1, 

and association between reduced hypothalamic BDNF expression and reduced SF-1 gene 

expression has been observed in SF-1 heterozygous (+/−) mice (Tran et al., 2006). This 

suggests that BDNF expression in the VMH may be a downstream effector of SF-1 for 

normal VMH functioning. Deficiency of SF-1 directly results in low BDNF levels in the 

VMH (Tran et al., 2006) and obesity (Majdic et al., 2002). BDNF also has been proposed as 

a downstream effector of melanocortins as its expression in the VMH is affected by 

melanocortins (Xu et al., 2003). Leptin has been reported to induce BDNF mRNA and 

protein expression in the dorsomedial part of the VMH (Komori et al., 2006).

In a previous study, we demonstrated that BDNF in the VMH significantly reduced food 

intake and reduced body weight at doses not causing taste aversion (Wang et al., 2007c). In 

the current study, we injected BDNF into the VMH and measured energy expenditure (EE) 

by indirect calorimetry and spontaneous physical activity (SPA) with an activity monitoring 

system. We tested the following hypotheses: 1) injection of BDNF into the VMH increases 

EE, resulting in a decrease in body weight gain; 2) changes in EE induced by BDNF result 

from heat produced by increased SPA and RMR; and 3) VMH BDNF thermogenic effects 

are mediated by UCP1 in brown adipose tissue BAT. Our findings indicate that a single 

injection of BDNF in the VMH reduces feeding and body weight gain, and increases EE by 

elevating both resting metabolic rate and physical activity, especially immediate post-

injection.

Results

Study I: Food intake, energy expenditure and spontaneous physical activity in an indirect 
calorimetry chamber

1) Food intake and body weight—BDNF in the VMH significantly decreased feeding 

by 23.9% compared with rats treated with aCSF (17.5 ± 0.85 g for BDNF vs. 23.0 ± 0.8 g 

for aCSF, F1, 16 = 56.287, P < 0.0001, Cohen’s d = −1.564, Fig. 1A), and significantly 

decreased body weight gain (−19.0 ± 1.7 g for BDNF vs. −8.4 ± 1.5 g for aCSF, F1,16 = 

25.023, P = 0.0001, Cohen’s d = −1.638, Fig. 1C).
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BDNF-treated rats also had significantly lower water intake (30.1 ± 1.5 g for BDNF vs. 35.1 

± 1.8 g for aCSF, F1, 16 = 4.904, P = 0.0417, Cohen’s d = −0.729, Fig. 1B). Using a 

regression analysis, we found a positive association between food and water intake in both 

treatments, with coefficient of 0.66 for the aCSF treatment (P = 0.004, data not shown) and 

0.507 for the BDNF treatment (P = 0.0376, data not shown).

2) Total energy expenditure—BDNF significantly increased 24-h EE by 5.3% (125. ± 

3.1 kcal/kg0.75 for BDNF vs. 119.5 ± 2.4 kcal/kg0.75 for aCSF, F1, 16 = 7.006, P = 0.0176, 

Cohen’s d = 0.534, inset of Fig. 2). The time course analysis indicates the dramatic increases 

in total EE occurred within the first 9 h after BDNF injection (Fig. 2), with differences being 

significant at 3, 7, 8, and 9 h after injection. Cumulatively, BDNF significantly increased 

total EE during 0–9 h (50.9 ± 1.3 kcal/kg0.75 for BDNF vs. 45.1 ± 1.2 kcal/kg0.75 for aCSF, 

F1, 16 = 20.735, P = 0.000325, Cohen’s d = 1.15). There were no significant differences 

between treatment groups beyond 9 h post-injection.

3) Spontaneous physical activity—SPA (total number of beam breaks caused by 

natural motion in the cage) was significantly increased at 3, 4, 8, and 9 h post-BDNF 

injection, leading to a significant increase in 0–9 h (17,039 ± 1,452 for BDNF vs. 13,557 ± 

892 for aCSF, F1, 16 = 9.599, P = 0.0069, Cohen’s d = 0.701, inset of Fig. 3). At 22 h post-

injection, animals treated with BDNF had significantly lower activity compared to aCSF 

treatment (Fig 3). BDNF did not increase 24-h SPA (as measured by beam breaks in the 

horizontal and vertical planes) or ambulatory activity counts. Total SPA (sum of the 

horizontal and vertical beam breaks) was not significantly affected by BDNF (inset of Fig. 

3) in the 12-h dark phase or the 24-h period. A regression analysis was performed to 

examine the relationship between hourly total SPA and hourly total EE. There was a 

significant correlation between hourly total SPA and hourly total EE when animals were 

given aCSF (r = 0.531, P < 0.0076, Fig. 4a). When the same animals were treated with 

BDNF, this significant association no longer existed (r = 0.154, P = 0.4732, Fig. 4b).

4) Time spent and active—Similar to SPA in Fig. 3, the time course analysis shows that 

time spent active was significantly increased at 4, 8, and 9 h post BDNF injection, resulting 

in a significant increase during the 0–9 h period (185.79 ± 6.27 min for BDNF vs. 160.11 ± 

6.48 min for aCSF, F1, 16 = 24.038, P = 0.000159, Cohen’s d = 0.977). Rats treated with 

BDNF spent significantly less time active at 21 and 22 h (Fig. 5). There were no significant 

differences between groups in the time spent active in the dark phase and 24-h period (inset 

of Fig. 5).

5) Energy expenditure during spontaneous physical activity (aEE)—Time 

course analysis indicates a significant increase in aEE at 3, 4, 8, and 9 h, and a significant 

decrease at 21 h post-injection (Fig. 6). Although BDNF increased aEE in the 0–24 h 

interval, the difference did not reach significance (inset of Fig. 6) and there was no 

difference in aEE during the dark phase. Consistent with these findings, BDNF significantly 

increased aEE in the 0–9 h interval (21.29 ± 0.68 kcal/kg0.75 for BDNF vs. 16.61 ± 0.64 

kcal/kg0.75 for aCSF, F1, 16 = 30.186, P = 0.00005, Cohen’s d = 1.713, inset of Fig. 6).
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6) Resting energy expenditure (rEE) and metabolic rate—Time course analysis 

indicates that BDNF significantly increased rEE at 1, 2, 7, 21, and 22 hr after injection (Fig. 

7). As a result, BDNF significantly increased rEE in the 0–7 hr post-injection interval (23.92 

± 0.96 kcal/kg0.75 for BDNF vs. 22.34 ± 0.95 kcal/kg0.75 for aCSF, F1, 16 = 5.710, P = 

0.02953, Cohen’s d = 0.401, inset of Fig. 7). There was no difference during the 12-h dark 

cycle (inset of Fig. 7), and although BDNF increased rEE in the 0–24 h interval by 4.6%, it 

did not reach significance (P= 0.0596, inset of Fig. 7). There was no difference in the 

percent of total EE due to resting metabolism over the 24-h measurement period (data not 

shown).

Mean resting metabolic rate (mRMR) and hourly average resting metabolic rate (hRMR) are 

shown in Fig. 8. BDNF significantly increased mRMR by 6.8% (0.0981 ± 0.0025 

kcal/min/kg0.75 for BDNF vs. 0.0919 ± 0.0019 kcal/min/kg0.75 for aCSF, F1, 16 = 11.544, P 

= 0.0059, Cohen’s d = 0.672), as shown in the inset of the Fig. 8. A 24-h time course 

analysis indicates that BDNF significantly increased hRMR at 2, 3, 7, 8, and 9 h after 

injection, with no significant effect thereafter (Fig. 8).

7) Respiratory exchange ratio (RER)—The time course showed increasing RER 

during the 0–24 h interval for both treatments. However, the RER for BDNF treatment was 

always lower than that for aCSF, with significantly decreases at 1, 8, 10 ~ 21 and 23 h after 

injection (Fig. 9). The 24-h mean RER for BDNF (0.875395 ± 0.006196) was significantly 

lower than that for aCSF (0.909346 ± 0.004383, F1, 16 = 26.268, P = 0.000102, Cohen’s d = 

−1.534).

Study 2: The effect of BDNF on gene expression of uncoupling protein 1 in brown adipose 
tissue

There was no significant difference in iBAT or pBAT UCP expression between aCSF and 

BDNF treated rats (data not shown).

Discussion

Our studies demonstrate that bilateral administration of BDNF in the VMH significantly 

reduces body weight, which is due to reduced food and water intake, and increased EE. The 

enhanced EE in BDNF-treated animals results from an elevated RMR and SPA induced EE, 

especially during the first several hours post-injection. This study is the first to demonstrate 

VMH-injected BDNF effects on components of energy expenditure.

In this study, verification of cannulation placement was performed by means of a biological/

behavioral assay: feeding response to NPY injection in VMH, which has been validated 

previously in many studies (Bouali et al., 1995; Currie and Coscina, 1997; Heinrichs et al., 

1993; Jolicoeur et al., 1995; Lopez-Valpuesta et al., 1996; Myers et al., 1995; Stanley et al., 

1985). The dose of 0.5 μg BDNF is based on a dose-response feeding and conditioned taste 

aversion study (Wang et al., 2007c) and represents a dose at which BDNF decreases feeding 

and body weight gain without producing taste aversion.

Wang et al. Page 5

Brain Res. Author manuscript; available in PMC 2015 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Based on principle of the energy homeostasis, changes in energy intake or/and energy 

expenditure contribute to body weight change. In this study BDNF significantly reduced 

food intake by 24% compared to control treatment (Fig. 1). BDNF has been reported to 

inhibit feeding when it is acutely or chronically administered in the periphery (Nakagawa et 

al., 2003), ventricle (Pelleymounter et al., 1995), dorsal vagal complex (DVC) (Bariohay et 

al., 2005) and PVN (Wang et al., 2007a). The current observation is consistent with our 

previous findings in which BDNF in the VMH reduced body weight by decreasing regular 

feeding and deprivation- and NPY-induced feeding (Wang et al., 2007c). The potency of 

feeding inhibition is different among these studies, most likely due to factors including dose 

range, site of administration, experimental protocol and species. It is reported that in mature 

BDNF mutant animals under balanced diet, their hyperphagia is mediated by increased meal 

number with normal meal size, meal duration, and satiety ratio (Fox and Byerly, 2004). 

Conversely this suggests that the reduced feeding in the current study might be due to 

inhibited meal frequency and meal initiation by BDNF. Since BDNF reduces food intake, 

the feeding related physical activity could be decreased. Thus we speculate that BDNF-

increased SPA (see Results and below) is not related to feeding.

In the current study water intake was also significantly lower after BDNF treatment. 

Currently there are no data supporting direct effect of BDNF in the VMH on water intake. 

Xu et al showed lower food intake and water intake in wild type mice compared to that in 

hypothalamic TrkB mutant mice (Xu et al., 2003). Other studies suggested that water intake 

was proportional to food intake. Intracerebroventricular infusion of NPY increased both 

food intake and water intake; and infusion of melanocortin agonist MT-II decreased NPY-

induced increases in feeding and water intake (Raposinho et al., 2003). Because water intake 

in the current study was significantly correlated with food intake, this suggests that the 

decreased water intake might be secondary to BDNF-induced reduction in dried pellet 

intake.

The current study shows that BDNF significantly increased total EE (Fig. 2), suggesting that 

the elevation of EE also contributed to BDNF-induced weight loss. This finding was 

inconsistent with a report showing that VMH-selective genetic deletion of BDNF does not 

affect EE (Unger et al., 2007), as indicated by unaffected body temperature or body weight 

after 5 weeks. One possible explanation is that increased tissue BDNF concentration in 

VMH in the current study triggers activation from baselines which cannot be stimulated by 

BDNF removal from VMH. Another possible explanation is that in Unger’s study food 

restriction might have resulted in compensatory responses in other brain areas.

Several studies have indicated that the VMH is important to physical activity behavior 

(Bannai et al., 1998; Narita et al., 1994; Narita et al., 2002) but the data are inconsistent. 

“VMH-specific” SF-1 knock-out rodents with diminished VMH BDNF expression and 

impaired VMH function had significantly decreased locomotor activity (Tran et al., 2003; 

Tran et al., 2006; Zhao et al., 2004), and increased locomotor activity was observed in 

animals with continuous lateral ventricle infusion of BDNF (Naert et al., 2006) or high 

VMH BDNF expression after BDNF gene delivery (Cao et al., 2009). Unger et al found 

unchanged physical activity during the light and dark phases in mice with selective deletion 

of BDNF in the VMH (Unger et al., 2007). BDNF heterozygous mutant mice with low 
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BDNF expression in the whole brain have elevated locomotor activity (Kernie et al., 2000; 

Rios et al., 2001), suggesting that BDNF reduces physical activity behavior possibly 

resulting from different actions in multiple brain structures. The difference in sites of action, 

measurement intervals, and animal models might account above different observations. In 

the present study, VMH BDNF significantly increased SPA and time spent active during the 

first 9 h post injection but did not affect dark phase and 24-h SPA. This suggested that VMH 

BDNF stimulatory effects on physical activity were rapid and transient. This is in contrast to 

BDNF in the PVN, after which SPA was unaffected (Wang et al., 2007b). Together, these 

data suggest that VMH BDNF immediately increases physical activity responses, which 

results in elevated EE (inset of Fig. 6).

BDNF increased hRMR during the first 9 hours and 24-h mRMR (Fig. 8). In parallel, BDNF 

increased rEE in these approximate intervals (inset of Fig. 7), suggesting an immediate 

thermogenic response. A similar thermogenic response was also noticed with PVN BDNF 

(Wang et al., 2007b). In the VMH, other signals have been reported to elicit thermogenic 

responses. Electrical stimulation in the VMH for 15 min instantly increased “background 

metabolism” for about 25 min (Ruffin and Nicolaidis, 1999). ICV orexin A (0.5 nmol) 

immediately increased BAT and colonic temperature for almost 2 hours, while VMH lesions 

significantly reduced orexin-induced thermogenic responses (Monda et al., 2005). By 

comparison, BDNF in the VMH therefore exerts relatively long-term effects on 

thermogenesis.

Regression analysis indicated a significant correlation between hourly SPA and hourly EE in 

aCSF-treated animals, suggesting that EE is closely related to physical activity (Fig. 4). 

However, when the same animals were treated with BDNF, such a correlation was no longer 

significant, suggesting that BDNF-induced immediate increases in hRMR and rEE may 

interfere with the normal association between physical activity and total EE.

BDNF was given at the time animals would normally rest and sleep, and as BDNF induced 

aEE and rEE during the light cycle, this suggests that BDNF has an immediate effect on EE. 

Since aEE and rEE was not affected by BDNF during dark cycle, one question is whether 

the duration effect (increased aEE and rEE only seen in the light cycle but not in dark cycle) 

was due to a half-life of the BDNF or to circadian changes of sensitivity to BDNF. Our 

previous studies indicated that BDNF in the VMH reduced feeding only at 4–24 h (covering 

late light cycle and dark cycle) and 24–48 h post injection (Wang et al., 2007c). This 

delayed effect of VMH-BDNF on feeding rules out the above assumptions of BDNF 

inactivation or circadian efficacy changes. Therefore different mechanisms must be involved 

in the delayed BDNF effect on feeding and immediate BDNF effect on EE in the VMH..

In the current study BDNF did not elicit significantly increased UCP1expression in 

interscapular and perirenal BAT, which is consistent with a recent report that BDNF over 

expression in the VMH and arcuate nucleus significantly increased EE without concurrently 

increasing BAT UCP1(Cao et al., 2009). The lack of effect on BAT UCP1 may be explained 

by the extremely limited sympathetic projection from the VMH to interscapular BAT (only 

1.6% neurons in the VMH were infected after injection of pseudorabies virus as a 

transneuronal viral tract tracer into the interscapular BAT (Bamshad et al., 1999)).
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Tissues other than brown fat may contribute to the increased EE induced by VMH BDNF 

treatment. VMH lesions triggers reduction of sympathetic nervous system (SNS) activity in 

several organs including heart, pancreas, white adipose tissue (Vander Tuig et al., 1982), 

leading to decreased catecholamine turnover (Yoshida and Bray, 1984) and reaction to cold 

temperature (Niijima et al., 1984). Electrical stimulation of the VMH enhances both fat 

utilization and metabolic rate (Ruffin and Nicolaidis, 1999), and elicits a 3–8-fold increase 

in norepinephrine turnover rate in heart, liver, pancreas, spleen, submandibular gland and 

other peripheral tissues (Saito et al., 1989). VMH-injected compounds increase the firing 

rate of SNS (Sakaguchi and Bray, 1987), O2 consumption, heart rate, and colonic 

temperature (Kobayashi et al., 1999), plasma norepinephrine and epinephrine (Aizawa-Abe 

et al., 2000) and renal sympathetic activity (Tanida et al., 2003). These data suggest that 

SNS activation in the VMH may increase EE through pathways other than iBAT. BDNF-

induced expression of CRH (Cao et al., 2009) and TRH (Guerra-Crespo et al., 2001; Ubieta 

et al., 2007) in the hypothalamus, of UCP2 in the liver and UCP3 in white adipose tissue 

(Cao et al., 2009) has also been reported. Thus it is possible that VMH-injected BDNF may 

induce sympathetic activation in other tissues and pathways, leading to increased heat 

production.

In conclusion, our studies demonstrate that BDNF in the VMH reduces body weight gain via 

rapid and transient inhibition of food intake and enhanced EE due to increased RMR and 

SPA.. Together these data suggest that the VMH may be an important site of BDNF action 

in the regulation of energy balance.

Experimental Procedures

Animals

Male Sprague-Dawley rats (Harlan, Madison, WI) weighing 280–320 g were housed 

individually in cages with a 12 h light/12 h dark photo-cycle (lights on at 07:00) in a room at 

21–22 °C. Teklad lab Chow and water were allowed ad libitum, except where noted. The 

protocol was approved by the VAMC Institutional Animal Care and Use Committee.

Cannulation and Verification of Placement

Rats were anesthetized with intramuscular Xylazine (Butler, Dublin, OH, 3.5 mg/kg) and 

Ketamine (Ketaset, Fort Dodge, IA, 20 mg/kg) and were fitted with a 28-gauge stainless 

steel guide cannula placed just above the VMH bilaterally. Stereotaxic coordinates were 

determined from the rat brain atlas of Paxinos and Watson (Paxinos and Watson, 1998) and 

are as follows: 0.6 mm lateral and 2.5 mm posterior to bregma, and 8.5 mm below the skull 

surface. The injector extended 1 mm further than the end of the guide cannula. The animals 

were given at least one week to recover following surgery before experimental trials. To 

verify correct cannulae placement in the VMH, we used feeding response to injected NPY as 

behavioral assay {Jolicoeur, 1995 #5945}. This test was carried out before the EE study. We 

deemed that injection sites were correctly targeted when a rat had a 2.0 gram increase in 

food intake within 2h after injecting 100 pmol of NPY. In this test 17 of 25 animals 

responded to NPY and were included in the statistical analysis.
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Drugs

BDNF was kindly provided by Regeneron Pharmaceuticals Inc (Tarrytown, NY), and stored 

at −70 C at 10 mg/ml of 150 mM NaCl, 10 mM NaHPO3 buffer and 0.004% Tween-20 until 

use. BDNF was diluted with artificial cerebrospinal fluid (aCSF) just before use.

Injections

A volume of 0.5 μl was injected slowly over 30 sec, with the injector left in place an 

additional 10 sec to ensure extrusion from the tip and to minimize distribution of drug 

upwards on the cannula tract. In total, animals received about 10 injections on each side. In 

previous studies, we demonstrated a lack of extensive tissue damage after 10 repeated 

injections as measured by gliosis around the injection site using light microscopy at 10x 

(Wang et al., 2007a; Wang et al., 2007b).

Specific experimental designs:

Study 1: Food intake, energy expenditure and spontaneous physical activity 
in an indirect calorimeter chamber—This experiment was designed to measure food 

intake, EE, and SPA simultaneously. Twenty-four-h EE was measured using a customized, 

high-precision, single-chamber indirect calorimeter (Columbus Instruments; Columbus, 

OH). Before each experiment, the calorimeter was calibrated using a primary gas standard, 

and the rat was placed inside the test chamber with food and water. The chamber was sealed 

and room air was pumped through the chamber at 3.0 – 4.7 L/min depending upon animal 

body weight, and verified by an optimal difference in O2 inflow and outflow (0.2 – 0.25) 

from the chamber during resting.

During EE measures, the levels of SPA were also recorded using Opto-M Verimex Minor 

activity monitors (Columbus Instruments; Columbus, OH) placed around the indirect 

calorimeter. This device contains 45 collimated infrared activity sensors that detect 

horizontal and vertical movement, as well as ambulatory movements (which exclude 

repetitive signals from a single beam). The total SPA counts are total number of beam 

breaks caused by horizontal and vertical movements.

This system allows us to measure continuous metabolic indices (O2 consumption and CO2 

production) and physical activity at a user-defined interval – in this case every 10 s. As such, 

we are able to identify periods when the animals are resting or active and thereby quantify 

not only resting metabolism but also the EE of SPA.

Each rat was allowed to acclimate in a 14 L, 30 cm diameter, 20 cm high cylindrical 

chamber in the testing area for up to 24 h prior to testing, during which time most animals 

maintained their body weight. Between 10:00 and 12:00 the next morning, the animals were 

injected with 0.5 μg BDNF or aCSF and then monitored in the same chamber for an 

additional 24 h. Each animal received both treatments with at least 72 h between treatments. 

The timing of the gas measurements was as follows: reference air was allowed to “settle” for 

120 sec, and then measured for 60 sec. This was then followed by a period in which cage air 

was allowed to settle for 120 sec. Finally the sample air was measured for 10 sec in each 

epoch for 20 min (120 epochs). The complete cycle (from reference air settling to 
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completion of the sample measurement in the last epoch) was approximately 25 min. Thus 

this measurement protocol was repeated every 25 min.

The endpoints include food and water intake, body weight change, spontaneous physical 

activity, O2 consumption, CO2 production, respiratory exchange ratio (RER) and heat 

production. Heat production was calculated based on the equation for calculation of EE = 

(3.815 + 1.232 x RER) x VO2). Oxygen consumption and heat production were normalized 

by 0.75 power of mean individual body weight, using the average of body weights at the 

beginning and the end of the experiment. Individual activity counts for horizontal, vertical 

(standing and rearing), and ambulatory movement were collected, and total SPA counts (the 

sum of all beam break counts caused by horizontal and vertical movements) were calculated.

If there were zero SPA counts during a 10 sec epoch, the status in this period was defined as 

resting; otherwise, the status was defined as SPA. EE during resting (rEE) within each hour 

and 24-h period as well as the duration of resting (min) in each hour and 24-h were 

calculated. Hourly average resting metabolic rate (hRMR) was calculated by dividing hourly 

rEE by the resting time (min) in the same period. The 24-h mean RMR (mRMR) was 

defined as 24-h total rEE divided by total resting time (min). Using the same methods, EE 

during SPA (aEE) within each hour and 24-h period as well as the duration of SPA (min) in 

each hour and 24-h were also calculated. The above metabolic measurements were 

normalized for 0.75 power of body weight, and are expressed as kcal/kg0.75 for total EE, 

rEE and aEE, and kcal/min/kg0.75 for hRMR and mRMR.

Study 2: The effect of BDNF on gene expression of uncoupling protein 1 in 
brown adipose tissue—In this study, rat uncoupling protein 1 (UCP 1, NM012682) gene 

expression was measured at 4 h after administration of 0.5 μg BDNF. Food was removed 

after injection. The animals were sacrificed 4 h after injection by rapid decapitation. 

Interscapular and perirenal brown adipose tissues were taken for measurement of UCP1 

mRNA. Total RNA from all tissues was extracted by the rapid guanidine thiocyanate-

phenol-chloroform method (Chomczynski and Sacchi, 1987). Real time RT-PCR was used 

to measure relative UCP1 gene expression.

Real time, one step RT-PCR: The primers for UCP1 and the housekeeping gene, ribosomal 

protein L32 (Rpl32), were created using MacVector 7.2 (Accerlys, San Diego, CA). The 

primers for UCP1 were: 5′-TGG CAT CCA GAG GCA AAT CAG - 3′ (forward) and 5′-

AGC ATT GTA GGT CCC AGT GTA GCG - 3′ (reverse). The primers for Rpl32 were 5′-

CGG AAG TTT CTG GTC CAC AAT GTC - 3′ (forward) and 5′-GCT CTT TCT ACG 

ATG GCT TTT CGG - 3′ (reverse). One-step real time RT-PCR was performed using 100 

ng of total RNA, and the reagents provided in the Roche RNA Amplification Kit SYBR 

Green I, and a Roche LightCycler (Roche Applied Science, Indianapolis, IN.). RT-PCR was 

performed as follows: reverse transcription for 30 min at 42°C, denaturation for 30 sec at 

95°C, followed by 35 cycles of cDNA amplification consisting of a 15 sec denaturation at 

95°C, primer annealing for 20 sec at 61°C (UCP1), and 59°C (Rpl32), and product 

elongation for 20 sec at 72°C. Each primer set yielded a single product that corresponds to 

the appropriate nucleotide lengths. Amplification products from PCR were purified 

(QIAquick PCR Purification Kit, Valencia, CA), determined by electrophoresis in a 4% 
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Nuseive gel, and then verified by capillary electrophoresis. The 2−ΔΔCT method was used to 

calculate relative UCP1 and RPL32 mRNA, and fold changes in mRNA levels (Livak and 

Schmittgen, 2001). Fold change in UCP1 mRNA compared to RPL32 mRNA was expressed 

as the ratio of the mean relative UCP1 mRNA and mean relative RPL32 mRNA.

Statistics

In this study 17 rats were included in the statistical analysis. Data were analyzed using 

StatView 5.0 (Cary, NC) and are expressed as mean ± S.E.M. Repeated measures ANOVA 

was used to analyze group differences in food and water intake, body weight change, O2 

consumption, total EE, rEE, aEE, percent total EE for resting, RMR, duration of resting, 

SPA, and UCP1/Rpl32. The effect size was calculated with the method proposed by Cohen 

(Cohen, 1988) and modified by Rosnow and Rosenthal(Rosnow, 1996), and represented by 

Cohen’s d.
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BDNF Brain-derived neurotrophic factor

VMH hypothalamic ventromedial nucleus

EE energy expenditure

UCP1 uncoupling protein 1

BAT brown adipose tissue

SPA spontaneous physical activity

RMR resting metabolic rate

aEE EE during SPA

rEE EE during resting

mRMR mean resting metabolic rate
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Fig. 1. 
Effect of BDNF in the VMH on food intake (A), water intake (B) and body weight gain (C) 

during the 24 h post-injection period. * P < 0.05; # P < 0.01; n = 17.
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Fig. 2. 
Time course of total energy expenditure (EE) calorimetric index after BDNF injection into 

the VMH. Total EE in 0–9 h, dark phase and 0–24 h post-injection period is shown in the 

inset. Since the measurement among rats started between 10:00 AM and 12:00 PM, the 

period lengths between injection and the beginning of the dark phase (7:00 PM) were 

variable. The horizontal bar above the x-axis represents the time spent in the dark phase 

after injection. The central dark bar plus the right or left short gray bar indicates 12 h spent 

in the dark phase and represents animals injected between 10 AM (the right gray bar plus the 

dark bar) and 12 PM (the left gray bar plus the dark bar), respectively. * P < 0.05; n = 17.
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Fig. 3. 
Time course of total SPA after administration of BDNF in the VMH. The SPA (total number 

of beam breaks caused by natural motion in the cage) in the 0 – 9 h, dark phase, and 0–24 h 

post-injection intervals are shown in the inset. Since the measurement among rats started 

between 10:00 AM and 12:00 PM, the period lengths between injection and the beginning of 

the dark phase (7:00 PM) were variable. The horizontal bar above the x-axis represents the 

time spent in the dark phase after injection. The central dark bar plus the right or left short 

gray bar indicates 12 h spent in the dark phase and represents animals injected between 10 

AM (the right gray bar plus the dark bar) and 12 PM (the left gray bar plus the dark bar), 

respectively.* P < 0.05;; n = 17.

Wang et al. Page 18

Brain Res. Author manuscript; available in PMC 2015 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Association between hourly total energy expenditure (EE) and hourly SPA after 

administration of aCSF (A) or BDNF (B). Each dot represents the average value during each 

one hour time period. n = 17.
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Fig. 5. 
Time course of time spent on SPA after administration of BDNF in the VMH. The time 

spent on SPA in the 0 – 9 h, dark phase, and 0–24 h post-injection intervals are shown in the 

inset. Since the measurement among rats started between 10:00 AM and 12:00 PM, the 

period lengths between injection and the beginning of the dark phase (7:00 PM) were 

variable. The horizontal bar above the x-axis represents the time spent in the dark phase 

after injection. The central dark bar plus the right or left short gray bar indicates 12 h spent 

in the dark phase and represents animals injected between 10 AM (the right gray bar plus the 

dark bar) and 12 PM (the left gray bar plus the dark bar), respectively.* P < 0.05; n = 17.
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Fig. 6. 
Time course of hourly energy expenditure during physical activity (aEE) after 

administration of BDNF in the VMH. The aEE in the 0 – 9 h, dark phase, and 0–24 h post-

injection intervals are shown in the inset. Since the measurement among rats started between 

10:00 AM and 12:00 PM, the period lengths between injection and the beginning of the dark 

phase (7:00 PM) were variable. The horizontal bar above the x-axis represents the time spent 

in the dark phase after injection. The central dark bar plus the right or left short gray bar 

indicates 12 h spent in the dark phase and represents animals injected between 10 AM (the 

right gray bar plus the dark bar) and 12 PM (the left gray bar plus the dark bar), 

respectively.* P < 0.05; n = 17.
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Fig. 7. 
Time course of hourly energy expenditure during resting (rEE) after administration of 

BDNF in the VMH. rEE in the 0 – 7 h, dark phase, and 0–24 h post-injection intervals are 

shown in the inset. Since the measurement among rats started between 10:00 AM and 12:00 

PM, the period lengths between injection and the beginning of the dark phase (7:00 PM) 

were variable. The horizontal bar above the x-axis represents the time spent in the dark 

phase after injection. The central dark bar plus the right or left short gray bar indicates 12 h 

spent in the dark phase and represents animals injected between 10 AM (the right gray bar 

plus the dark bar) and 12 PM (the left gray bar plus the dark bar), respectively.* P < 0.05; n 

= 17.
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Fig. 8. 
Time course of the hourly mean resting metabolic rate (hRMR) after administration of 

BDNF in the VMH. The mean 24-h resting metabolic rate (mRMR) is shown in the inset. 

Since the measurement among rats started between 10:00 AM and 12:00 PM, the period 

lengths between injection and the beginning of the dark phase (7:00 PM) were variable. The 

horizontal bar above the x-axis represents the time spent in the dark phase after injection. 

The central dark bar plus the right or left short gray bar indicates 12 h spent in the dark 

phase and represents animals injected between 10 AM (the right gray bar plus the dark bar) 

and 12 PM (the left gray bar plus the dark bar), respectively.* P < 0.05; n = 17.
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Fig. 9. 
Time course of the hourly mean respiratory exchange ratio (RER) after administration of 

BDNF in the VMH. The mean 24-h RER is shown in the inset. Since the measurement 

among rats started between 10:00 AM and 12:00 PM, the period lengths between injection 

and the beginning of the dark phase (7:00 PM) were variable. The horizontal bar above the 

x-axis represents the time spent in the dark phase after injection. The central dark bar plus 

the right or left short gray bar indicates 12 h spent in the dark phase and represents animals 

injected between 10 AM (the right gray bar plus the dark bar) and 12 PM (the left gray bar 

plus the dark bar), respectively.* P < 0.05; n = 17.
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