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Abstract

Objectives—PAK5 and PAK6 are protein kinases highly expressed in the brain. Previously, we 

observed that Pak6 knockout mice gained significantly more weight during development than 

Pak5 knockout mice as well as wild-type controls and double-knockout mice lacking both Pak5 

and Pak6. In this study, we assessed the effects of exercise on food intake and weight gain of these 

mice as well as their sensitivity to the stimulant effects of amphetamine.

Methods—Mice of each genotype were placed in cages with free access to run wheel exercise or 

in cages without run wheels for a total of 74 days. Food and fluid intake as well as body weight of 

each mouse were measured on a weekly basis. Finally, mice were given a high dose of 

amphetamine and activity levels were observed immediately thereafter for 90 minutes. Brains and 

testes of mice were assayed for protein levels of the estrogen alpha and progesterone receptors.

Results—While run wheel mice consumed significantly more food, they weighed less than non-

run wheel mice. In addition, although Pak6 knockout mice consumed the same amount of food as 

wild-type mice, they were significantly heavier regardless of run wheel condition. Pak5 knockout 

mice were found to be more active than other genotypes after amphetamine treatment. Finally, 

protein levels of the progesterone and estrogen alpha receptors were altered in brain and testes of 

the Pak6 knockout mice.

Discussion—Collectively, these data suggest that PAK6 play a role in weight gain unrelated to 

exercise and caloric intake and that Pak5 knockout mice are more sensitive to the stimulant effects 

of amphetamine.
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Introduction

P21-activated kinases (PAKs) are serine/threonine kinases that bind to Rho GTPases Rac 

and Cdc42.1–3 In mammals, two families of PAKs (A and B) each contain three subtypes. 

Group A PAKs (PAK1, PAK2, and PAK3) are differentiated from group B PAKs (PAK4, 

PAK5, and PAK6) in that they contain several unique regulatory domains in addition to the 

common amino-terminal GTP-binding and carboxyl-terminal kinase domains.1–3 For group 

B PAKs, PAK4 is highly expressed in the prostate, testes and colon of humans, and lung, 

kidney, smooth muscle, testes, and pituitary of mice. PAK5 is expressed preferentially in the 

brain and to a lesser extent in adrenals, pancreas, prostate, and testes of humans and eyes, 

lung, and testes of mice. PAK6 is also highly expressed in brain, prostate, testes, thyroid, 

kidney, and placenta of humans and testes of mice.4–9

Signaling through steroid receptors has been shown to be important in controlling body 

weight.10,11 PAK6 appears to interact with androgen receptor signaling through a pathway 

independent of Rho GTpases.4,12 Binding of a ligand to the androgen receptor dissociates 

heat shock proteins from the complex and the receptor translocates to the nucleus.13 PAK6 

antagonizes the transcriptional activity of both androgen and estrogen receptors (ERs) in a 

kinase-dependent manner that is independent of Cdc42 activation.4,12,14

To further investigate the function of these genes, knockout mice lacking Pak5, Pak6, and 

both Pak5 and Pak6 were generated. In a battery of behavioral tests, it was observed that 

Pak5/Pak6 double knockout (DKO) mice exhibited significantly lower activity levels as 

well as subtle deficits in learning and memory compared to their wild-type (WT) 

counterparts.9 Interestingly, Pak6 knockout mice became significantly heavier than the other 

genotypes. This suggests that deletion of the Pak6 gene may play a critical role in weight 

management and obesity.

We have previously shown that exercise alters body weight composition, increasing muscle 

mass, and decreasing body fat and that the mice that exercise will consume more food than 

non-exercising controls.15,16 In addition, voluntary run wheel exercise decreased omental fat 

pad and retroperitoneal fat weight compared to non-exercise controls.16 Exercise in some 

cases can override a genetic predisposition to obesity as it was shown for MC4R knockout 

mice.17 In that study, mice given access to run wheels had lower body weights after two 

weeks than knockout mice without run wheels. In addition, the knockout mice with exercise 

had significantly lower body fat mass than knockout mice without exercise.17 Because the 

Pak5/Pak6 double knockout mice and the Pak6 knockout mice have been shown to have 

increased body weight compared to WT mice, the first objective of this study was to assess 

the effects of exercise on food consumption and body weight gain of Pak5, Pak6, and Pak5/

Pak6 double knockout mice relative to non-exercising controls. This was done to determine 

whether the cause of the increased body weight could be due to increased food consumption 

or a lack of movement and exercise and to determine whether the increased body weight of 
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the Pak6 and Pak5/Pak6 knockout mice could be ameliorated by exercise. In addition, we 

have previously assessed the interaction between exercise, body weight, and sensitivity to 

the stimulant effects of amphetamine in BALBc mice.18 While exercise was not found to 

protect against the toxic effects of amphetamine, only one strain of mouse was evaluated. 

Following exposure to amphetamine mice have been shown to have increased self-injurious 

behavior and stereotypic behaviors.19 Differential effects of amphetamine and/or exercise 

has not yet been evaluated in PAK knockout mice. Given that the double knockout mice 

appear to have altered brain functioning and locomotor deficits, as seen in prior publications, 

a second objective was to assess the sensitivity of these genotypes to the activity-increasing 

effects induced by high-dose administration of amphetamine and determine whether the 

deficits in locomotion can be affected by amphetamine. Finally, in an effort to explore a 

possible underlying mechanism that might account for the increased weight gain observed in 

Pak6 knockout mice, protein levels of the progesterone and estrogen alpha receptors were 

examined in brain and testes of these mice.

Materials and methods

Genotyping

Verification of genotypes of mice was carried out by polymerase chain reaction (PCR) of 

samples of genomic DNA isolated from the tails. Genotyping by PCR for Pak5 allele was 

completed as described by Li and Minden8 and for Pak6 allele as described in Nekrasova et 

al.9

Mice

Pak5 knockout, Pak6 knockout, and Pak5/ Pak6 DKO mice were bred in the Laboratory for 

Cancer Research, Rutgers University.7,9 Pak5 and Pak6 knockout mice were backcrossed to 

C57BL/6J strain nine times and contained 99.8% of C57BL/6J genes. DKO and WT mice 

were generated from the intermediate cross and both contained 87.5% of C57BL/ 6J 

background genes. All mice are now available from the Jackson Laboratory: Pak5 KO mice 

– stock 015827; Pak6 KO mice – stock 015826; Pak5/Pak6 DKO mice – stock 015825. 

Mice of each genotype (Pak5−/−, Pak6−/−, Pak5−/−/Pak6−/−, and WT) were maintained as a 

separate colony and were randomly intercrossed. Forty male mice were evaluated; 7 WT, 10 

Pak5 knockouts, 12 Pak6 knockouts, and 11 double knockouts. All mice were individually 

housed in a temperature-controlled colony room on a 12-hour on/12-hour off light cycle in 

polypropylene cages (48 cm × 27 cm × 20 cm) with or without run wheels. Body weights 

were recorded weekly. All data were collected between 49 and 140 days of age.

Food and fluid consumption

Subjects had free access to food and water throughout the course of the study. The amount 

of food consumed was measured once a week and the amount of fluid consumed was 

measured twice per week.

Run wheel

Twenty mice were housed in run wheel cages: four WTs, five Pak5 knockouts, six Pak6 

knockouts, and five double knockouts. The mice were placed in run wheel cages at 7 weeks 
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of age and continued in those cages throughout testing to 20 weeks of age. Run wheels were 

7.0 cm in width and 16.5 cm in diameter for an inner circumference of 51.8 cm. Each run 

wheel was attached to a counter that registered the number of wheel rotations. Mice in run 

wheel cages had free access to run wheels. Every morning the number of wheel rotations 

was recorded and the counter was reset.

Amphetamine challenge

A separate set of mice of each genotype, 1-year-old, +/−1 month, were used for the 

amphetamine challenge. They were administered a subcutaneous injection of either saline or 

amphetamine at 50 mg/kg. Four WT mice, three Pak5 knockout mice, three Pak6 knockout 

mice, and three Pak5/Pak6 double knockout mice received amphetamine, while three of 

each genotype received saline. They were placed in activity chambers with infrared sensors 

placed approximately 7 cm apart and 2.5 cm above the floor of the chamber. Beam breaks 

were recorded for 90 minutes after injection.

Western blot analysis

Western blot analysis was performed on lysates of mouse tissues as described in Nekrasova 

et al.9 For detection of proteins tissues were isolated from three different mice of the same 

genotype and pooled together. Rabbit monoclonal antibodies for ER alpha detection (clone 

SP1, 1:1000) and rabbit monoclonal antibodies for progesterone receptor (PR) detection 

(clone SP2, 1:1000) were from Lab Vision. Anti-actin mouse monoclonal antibodies were 

from Sigma (clone AC-40, 1:1000). Protein quantification was performed by densitometry 

of bands using ImageJ software and data were normalized by beta-actin loading for the same 

samples. Quality of the lysates was confirmed by the presence of actin protein. Sharp bands 

of 67 KDa (size of murine ERalpha) and 81KDa (size of murine PR) detected in the testes of 

mice served as a quality control for expression and detection of ER) alpha and PR in tested 

tissues.

Statistical analysis

The results of the experiments were analyzed using repeated measures analysis of variance 

(ANOVA) for all behavioral experiments. When significant main effects were found, 

Fisher’s least significant difference post hoc comparisons were also conducted.

Results

Weight

Body weights were taken weekly starting at 7 weeks of age and ending at 20 weeks of age. 

In the no run wheel condition, a repeated measures one-way ANOVA revealed an overall 

effect of genotype on weight (F(3,39) = 25.899, P < 0.0001) (Fig. 1a). Post hoc analysis 

revealed that Pak5 knockout mice weighed significantly less than DKO (P = 0.0002), Pak6 

(P < 0.0001), and WT mice (P = 0.0069). In the run wheel condition, a repeated measures 

one-way ANOVA revealed a significant effect of genotype on weight (F(3,39) = 10.988, P 

= 0.0012) (Fig. 1b). Post hoc tests revealed that the Pak6 knockout mice weighed 

significantly more than the Pak5 knockout mice (P = 0.0013).
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Final body weights were also taken on the day of sacrifice. All genotypes in the run wheel 

condition weighed significantly less than the non-run wheel controls (F(1,28) = 13.420, P = 

0.001). In addition, there was an effect of genotype on weight (F(3,28) = 23.694, P ≤ 

0.0001). Post hoc analysis revealed that Pak6 knockout mice were significantly heavier than 

all the other genotypes (DKO (P = 0.0072), WT (P = 0.0001), and Pak5 (P ≤ .0001)). The 

DKO mice weighed significantly more than the Pak5 mice (P < 0.0001) and significantly 

less than Pak6 knockout mice; however, there was no significant difference between the WT 

mice and the DKO mice weights. The Pak5 knockout mice weighed significantly less than 

all other genotypes (Pak6 (P < 0.0001), DKO (P < 0.0001), WT (P = 007)) (Fig. 2).

Food consumption

A repeated measures ANOVA was run on food consumption data. All genotypes in run 

wheel cages consumed significantly more food than the non-run wheel controls (F(1,227) = 

101.593, P ≤ 0.0001). There was an effect of genotype on overall food consumption 

(F(3,27) = 8.711, P = 0.0003). Post hoc tests showed the Pak6 mice ate significantly more 

than the Pak5 (P = 0.0004) and the DKO (P = 0.0019), but did not differ in the amount of 

food they consumed as compared to the WT mice (Fig. 3).

Fluid consumption

A repeated measures ANOVA was run on the fluid consumption data. All genotypes in run 

wheel cages consumed significantly more water than their non-run wheel counterparts (F(1, 

29) = 82.903, P ≤ 0.001). There was no significant difference of fluid consumption between 

genotypes (Fig. 4).

Run wheel

A repeated measures ANOVA was run on the run wheel data. The data were averaged over 

9 weeks of run wheel recordings. There was no significant difference in the number of run 

wheel rotations across genotypes (F(3,584) = 0.081, P = 0.9687). The WT mice ran on 

average 10.7 (±0.6) km per 24 hours; Pak6 mice ran on average 10.0 (±0.9) km per 24 

hours; Pak5 mice ran on average 9.7 (±0.6) km per 24 hours; and the double knockout mice 

ran on average 9.9 (±1.2) km per 24 hours.

Amphetamine challenge

A repeated measures ANOVA for the average total activity over 90 minutes following 

amphetamine challenge revealed no overall effect of genotype (F(3,15) = 1.570, P = 

0.2380), no overall effect of treatment (F(1,15) = 3.853, P = 0.0685), and no overall 

interaction of genotype by treatment (F(3,15) = 0.0586, P = 0.6334) (Fig. 5).

Expression of steroid receptors in the tissues of WT and Pak6−/− mice

To gain an insight into the mechanism of increased body weight in Pak6−/− mice, we 

analyzed protein levels of ER alpha and PR in the tissues of mice of both genotypes by 

western blotting. expression of ER alpha was decreased in the brains of Pak6−/− mice; 

however, in the testes of Pak6 knockout mice amounts of ER alpha and PR proteins were 

increased (Fig. 6). Tissues from three mice of the same genotype were pooled together for 
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western blot analysis therefore our results represent average expression of the protein in the 

brains and testes for three male WT and three male Pak6 null mice, and for three female WT 

and three female Pak6null mice. N = 3 animals for every lane.

Discussion

In our prior study, Pak6 knockout mice were shown to be significantly heavier than Pak5 

knockouts, Pak5/Pak6 double knockouts and WT mice.9 In this study, this finding was 

replicated. Previous studies in our lab have shown that body weight and fat composition can 

be reduced with exercise.16,18 In this study, groups of mice from each of the four genotypes 

were given free access to run wheels and their activity levels were recorded daily. As we had 

previously observed using other strains, mice of all four genotypes in the run wheel 

condition weighed significantly less than their non-run wheel counterparts. Although there 

was no significant difference in the amount of exercise, Pak6 null mice, weighed 

significantly more than mice of all other genotypes including those in the non-run wheel 

conditions. While there was a significant difference in water consumption between the run 

wheel and non-run wheel conditions, there were no differences in water consumption across 

genotypes. Furthermore, although the Pak6 knockout mice consumed significantly more 

food than Pak5 knockout and DKO mice, they consumed the same amount of food as WT 

animals, though they remained heavier throughout the study. Therefore, food consumption, 

fluid consumption, and total amount of run wheel activity cannot account for the overall 

increase in weight seen in Pak6 knockout mice. Finally, in this study, we observed that Pak5 

knockout mice consumed significantly less food than Pak6 knockout and WT animals. The 

Pak5 knockout mice did not differ in food consumption from the DKO mice. The Pak5 

knockout mice were also significantly lighter than all other genotypes, even though they had 

the same water consumption and run wheel use. It is interesting to note that the double 

knockout mice show a normal body weight, while the Pak6 single knockout mice show an 

increase in weight. This may indicate a regulatory balancing of body weight normally 

controlled by PAK5 and PAK6. However, this awaits further investigation as the underlying 

mechanism of the differences observed remains unknown.

Subjects in this study were all males. PAK6 has been shown to have an important role in 

androgen receptor signaling, inhibiting its transcriptional activity.4,12 The inhibition of the 

transcriptional activity alters testosterone’s effect on body fat content.10,11 In obese men, 

serum testosterone levels are lower. Androgen receptor knockout out mice have been shown 

to have increased body weight caused by enhanced adiposity.11 Thus, PAK6’s ability to 

inhibit the androgen receptor may be a factor in the increased weight observed in the Pak6 

knockout mice. Interestingly, male and female mice with a targeted deletion in the ERα 

gene also have increased adiposity. While the cause of the obesity is unclear, overeating 

does not appear to be essential and the increased adiposity in ER alpha knockout mice is 

attributed primarily to decreased energy expenditure.20,21 In this study, we found a decrease 

in the amount of ER alpha in the brains of Pak6 knockout mice, which may have contributed 

to the weight increase in these mice.

We had previously demonstrated that the Pak5/Pak6 double knockout mice showed 

alteration in locomotor activity.9 Here we sought to determine whether amphetamine-
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induced hyperactivity would be altered in the single knockout mice. While no significant 

effect of amphetamine was found in any of the genotypes, the effect approached 

significance. There was a general trend whereby amphetamine-treated mice had an increase 

in activity compared to the saline-treated mice. The WT mice were not shown to have an 

increase in activity following the high dose of amphetamine. The activity chambers that 

were used evaluate horizontal movement; however, stereotypic behaviors induced by 

amphetamine are not recorded by these chambers because the movement occurs without 

horizontal movement. Therefore, the WT mice may have had increased activity levels as a 

result of amphetamine treatment, but that activity was stereotypic rather than horizontal. 

Further evaluation of the effects of amphetamine in the Pak5, Pak6, and Pak5/Pak6 

knockout mice should be done to determine whether there is a differential sensitivity. These 

tests should include a measure of self-injurious behavior and a neurochemical assay to 

determine whether the dose of amphetamine given caused long-term damage to the striatum 

as amphetamine has been reported to show in the literature.18,19

Obesity is a major health problem around the world. The Pak6 knockout mice may serve as 

a novel model of this prevalent disease. The full understanding of why these knockout mice 

remain heavier than other genotypes, even with exercise, may help answer some of 

questions of obesity in humans.
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Figure 1. 
(A) Body weight – no run wheel: Body weight in grams over 14 weeks of the study. In the 

no run wheel condition, there was an overall effect of genotype, where Pak5-knockout mice 

weighed significantly less than Pak6 and double-knockout (DKO) mice as well as wild type 

(WT). (B) Body weight – run wheel condition: In the run wheel condition, the Pak6 

knockout mice were shown to be significantly heavier than the Pak5 knockout mice over the 

length of the study.
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Figure 2. 
Final body weight of all subjects. The mice in the run wheel condition weighed significantly 

less than those in the no run wheel condition (a = P < 0.05 compared to no run wheel). The 

Pak6 and Pak5 knockout mice weighed significantly different than the WT mice (b = P < 

0.05 compared to WT). The WT, DKO, and Pak5 mice all weighed significantly less than 

the Pak6 knockout mice (c = P < 0.05 compared to Pak6).
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Figure 3. 
Comparison of food intake between run wheel and no run wheel condition across genotypes. 

The animals in the run wheel condition ate significantly more than those in the no run wheel 

condition (a = P < 0.05 compared to no run wheel). The DKO and Pak5 mice ate 

significantly less than the Pak6 mice (c = P < 0.05 compared to PAK6).
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Figure 4. 
Comparison of fluid consumption between run wheel and no run wheel condition. The mice 

in the run wheel condition consumed significantly more water than those in the no run wheel 

condition (a = P < 0.05 compared to no run wheel).
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Figure 5. 
Amphetamine-induced increase in locomotor activity. Pak5 mice were significantly more 

active following amphetamine administration as compared to following saline.

Furnari et al. Page 13

Nutr Neurosci. Author manuscript; available in PMC 2015 March 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Western blot analysis of estrogen receptor alpha (ERα) and progesterone receptor (PR) 

expression in the brains and testes of adult wild type (+/+) and Pak6null (−/−) mice. Lysates 

were prepared from three mice of the same genotypes. Pooled tissue samples of the same 

genotype were separated on 7% acrylamide gel, transferred to immobilon membrane and 

probed with antibodies. Quantification data were normalized by beta-actin loading for the 

same samples. Sizes of protein markers are indicated on the left side of each blot.
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