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Abstract

In aged mice we assessed how intensive exercise affects brain bioenergetics, inflammation, and

neurogenesis-relevant parameters. After 8 weeks of a supra-lactate threshold treadmill exercise

intervention, 21-month old C57BL/6 mice showed increased brain PGC-1α protein, mTOR and

phospho-mTOR protein, citrate synthase mRNA, and mtDNA copy number. Hippocampal VEGF-

A gene expression trended higher, and a positive correlation between VEGF-A and PRC mRNA

levels was observed. Brain DCX, BDNF, TNF-α, and CCL11 gene expression, as well as plasma

CCL11 protein levels, were unchanged. Despite these apparent negative findings, a negative

correlation between plasma CCL11 protein levels and hippocampal DCX gene expression was

observed; further analysis indicated exercise may mitigate this relationship. Overall, our data

suggest supra-lactate threshold exercise activates a partial mitochondrial biogenesis in aged mice,

and a gene (VEGF-A) known to support neurogenesis. Our data are consistent with another study

that found systemic inflammation in general, and CCL11 protein specifically, suppresses

hippocampal neurogenesis. Our study supports the view that intense exercise above the lactate

threshold may benefit the aging brain; future studies to address the extent to which exercise-

generated lactate mediates the observed effects are warranted.
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1. Introduction

Aerobic exercise enhances muscle aerobic metabolism in young and old mice (Lira, et al.,

2010). It also modifies brain bioenergetic infrastructures, although less robustly. Studies

report long-term intensive exercise training induces brain mitochondrial biogenesis in young

adult mice, an effect that associates with increased levels of peroxisome-proliferator

activated receptor gamma co-activator 1 (PGC-1) family members (E, et al., 2013a,Steiner,

et al., 2011). In aged mice, exercise mitigates an age-associated reduction in brain electron

transport chain (ETC) enzyme activities (Boveris and Navarro, 2008), but beyond this little

is known about how aerobic exercise modifies brain bioenergetic infrastructures in aged

mice.

Aerobic exercise also induces dentate gyrus neurogenesis in both young and aged mice

(Fabel, et al., 2003,van Praag, et al., 2005). Neurotrophic factors such as brain derived

neurotrophic factor (BDNF) are said to mediate this phenomenon, although other proteins

such as vascular endothelial growth factor A (VEGF-A) are also believed to contribute

(Fabel, et al., 2003,Jin, et al., 2002,Rothman, et al., 2012).

Inflammation-associated molecules, on the other hand, reportedly retard mouse hippocampal

neurogenesis. A specific member of the CC chemokine ligand (CCL) family, CCL11,

suppresses neurogenesis; plasma levels of this chemokine increase with age in both rodents

and humans (Villeda, et al., 2011). Microglial activation also suppresses neurogenesis

(Ekdahl, et al., 2003). Inflammation similarly impairs mitochondrial function, and cytokines

such as tumor necrosis factor α (TNF-α) reduce ETC enzyme activities (Samavati, et al.,

2008,Stadler, et al., 1992). Since ETC enzyme inhibition can increase oxidative stress, and

oxidative stress can also activate inflammatory responses (Mukhopadhyay, et al., 2012), a

harmful feedback loop may result. Overall, a robust interplay between bioenergetics,

inflammation, and neurogenesis is increasingly recognized.

In this study, we exercised aged mice and explored relationships between brain bioenergetic

infrastructures, inflammation, and neurogenesis. We used a treadmill-based, supra-lactate

threshold exercise protocol, as previous studies conducted in young mice by our group

suggest supra-lactate treadmill exercise training impacts brain bioenergetic infrastructures to

a greater extent than sub-lactate threshold treadmill exercise (E, et al., 2013a,E, et al.,

2013b).

2. Methods

2.1. Animals

The animal work described in this study was approved by the Institutional Animal Care and

Use Committee of the University of Kansas Medical Center. Whenever possible, efforts

were made to minimize animal discomfort. Twenty-four C57BL/6 male mice were included

Lezi et al. Page 2

Neurobiol Aging. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



in these studies. Our mice were obtained from the National Institute of Aging, and were

aged 18 months when they reached our vivarium. All mice were maintained on an ad libitum

diet, and were housed 2 per cage on a 12: 12 hour light: dark schedule. After a one-month

accommodation period, the mice were randomly placed into 2 groups, a control group (CT,

n = 12) and an exercise group (EX, n = 12).

2.2. Exercise training

EX mice were exercised for 8 weeks, 5 days per week, 2 sessions per day, on a six-lane

treadmill designed for mice (Columbus Instruments, Columbus, OH). The back of each

treadmill lane contained an electrified grid, which delivered a shock stimulus to stationary

mice (0.2 mA, 200 ms pulses, 1 Hz). The treadmill platform was set at a 5° incline.

The EX mice were subjected to an incremental exercise training protocol to ensure that

exercise intensity exceeded the lactate threshold. For the first week each session consisted of

a 10 minute warm-up at 15 m/min followed by 30 minutes at 18 m/min. This speed

approximates the lactate threshold for untrained C57BL/6 mice (Billat, et al., 2005). During

the following 7 weeks, treadmill speed was progressively increased every week, based on

the blood lactate levels measured immediately after a running session. Specifically, for

weeks 2, 3, 4, 5, 6, 7, and 8 the treadmill speed was set to 21 m/min, 22 m/min, 23 m/min,

24 m/min, 25 m/min, 25 m/min, and 26 m/min, respectively. Starting from the second week,

warm-up was reduced to 5 min at 15 m/min, and the duration of each running session was

adjusted every week in order to maintain a constant work load throughout the study. For

example, the work load for each session during the first week was (10 min x 15 m/min) +

(30 min x 18 m/min) = 690 m. During the sixth week, running time at 25 m/min was

calculated as [690 m – (5 min × 15 m/min)] ÷ 25 m/min = 25 min.

The CT mice did not receive any exercise training. To minimize potential confounding

factors such as differences in sound and light exposure, during the EX mice training sessions

CT mice were placed in the same room as the EX mice.

At the conclusion of the 8-week training period, EX mice were sacrificed by decapitation 1

hour after the last session, and CT mice were also decapitated at approximately the same

time on the same day. Brain tissue was immediately harvested and frozen in liquid nitrogen,

and saved at −80°C for subsequent analysis.

2.3. Lactate, glucose, and insulin levels

Blood lactate levels were measured using a Lactate Scout Analyzer (Senslab, Leipzig,

Germany). Blood glucose levels were measured using a One-Touch Ultra Blood Glucose

Monitoring System (LifeScan, Milpitas, CA). Plasma samples were also prepared from tail

vein blood that was collected in heparinized micro-hematocrit capillary tubes (Fisher

Scientific, Pittsburgh, PA). Plasma insulin levels were measured using an insulin enzyme-

linked immunosorbent assay (ELISA) kit according to the manufacturer’s instructions

(American Laboratory Products Company, Salem, NH). Blood glucose was measured during

a period of unrestricted food access (non-fasting) and after a 17 hour fast (fasting blood

glucose), and plasma insulin was measured after a 17 hour fast. All blood glucose and
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plasma insulin levels were measured 4 hours before the running session on the measurement

day. Values for the homeostasis model assessment of insulin resistance (HOMA-IR) were

calculated as the product of fasting blood glucose (mM) and plasma insulin (microunits/ml)

divided by 22.5 (Matthews, et al., 1985).

2.4. Quantitative real-time, reverse-transcription PCR

The left hippocampus, which had been placed at the time of euthanasia in RNAlater Solution

(Life Technologies), was retrieved and total RNA was prepared using the TRI Reagent (Life

Technologies). Reverse transcription was performed on total RNA (1µg) using an iScript™

Reverse Transcription Supermix for RT-qPCR (Bio-Rad Laboratories, Hercules, CA).

Quantitative real-time, reverse-transcription PCR (qPCR) was performed using TaqMan

Universal PCR Master Mix (Applied Biosystems, Foster City, CA) and ready-to-use

TaqMan Gene Expression Assays (Applied Biosystems). We quantified mRNA levels for

PGC-1α, PGC-1β, PGC-1 related co-activator (PRC), nuclear respiratory factor 1 (NRF-1),

NRF-2, mitochondrial transcription factor A (TFAM), cytochrome c oxidase subunit 2

(COX2), cytochrome oxidase subunit 4 isoform 1 (COX4), citrate synthase (CS),

doublecortin (DCX), VEGF-A, BDNF, TNF-α, and CCL11. Glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) was used as an internal loading control. Our qPCR amplifications

were performed using an Applied Biosystems StepOnePlus Real-Time PCR System

(Applied Biosystems).

2.5. MtDNA copy number

To quantify mtDNA, total DNA was extracted from the left hemisphere cortex using a

phenol-chloroform based method as previously described (Guo, et al., 2009). DNA

concentration and purity were determined spectrophotometrically by determining the

absorbance at 260 nm and the 260 nm/280 nm ratio. Each real-time PCR reaction was

performed using 10 ng of DNA as the template. We used TaqMan Gene Expression Assays

(Applied Biosystems) to quantify the amounts of three targets present on mtDNA, NADH

dehydrogenase subunit 1 (ND1), COX2, and ATP synthase F0 subunit 6 (ATP6), as well as

the amount of a nuclear target, the 18s rRNA gene. The relative mtDNA to nuclear DNA

copy number ratio was determined using the comparative ΔΔCT method, in which ND1: 18s

rRNA, COX2: 18s rRNA, and ATP6: 18s rRNA ratios were calculated.

2.6. Immunochemistry

Brain protein lysates from left hemisphere cortex were prepared using NE-PER Nuclear and

Cytoplasmic Extraction Reagents (Thermo Scientific, Rockford, IL) according to the

manufacturer’s instructions. Protein concentrations were measured using a BCA protein

assay reagent kit (Thermo Scientific). Primary antibody binding was detected using

horseradish peroxidase-conjugated secondary antibodies (1:2000 dilution; Cell Signaling

Technology, Beverly, MA) and SuperSignal West Femto Maximum Sensitivity Substrate

(Thermo Scientific). Densitometry was performed using a ChemiDoc XRS with Quantity

One software (Bio-Rad).

Several energy-sensitive proteins and mitochondrial biogenesis related proteins were

analyzed by Western blot. Primary antibodies purchased from Cell Signaling Technology
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included antibodies to Akt (1:1000 dilution; #5373), phospho-Ser473 Akt (1:1000 dilution;

#4060), glycogen synthase kinase 3 beta (GSK3β) (1:1000 dilution; #9315), phospho-Ser9

GSK3β (1:1000 dilution; #9322), mammalian target of rapamycin (mTOR) (1:1000 dilution;

#2983), phospho-Ser2448 mTOR (1:1000 dilution; #2976), TFAM (1:500 dilution; #7495),

forkhead box protein O1 (FOXO1) (1:500 dilution; #2880), forkhead box O3a (FOXO3a)

(1:500 dilution; #2497) , and GAPDH (1:2000 dilution; #2118). Primary antibodies

purchased from Abcam (Cambridge, MA) included antibodies to PGC-1β (1:500 dilution;

#ab61249) and citrate synthase (1:500 dilution; #ab96600). Antibody to NRF1 (1:200

dilution; #sc-33771) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Antibodies to PGC-1α (1:1000 dilution; #PA5–22958) and histone deacetylase 1 (HDAC1)

(1:1000 dilution; #PA1–860) were purchased from Thermo Scientific. An antibody to COX4

(1: 2000 dilution; #A21348) was purchased from Life Technologies.

2.7. Plasma CCL11 levels

Non-fasting plasma samples were used to evaluate plasma CCL11 levels using a

commercially available Mouse CCL11/Eotaxin Quantikine ELISA Kit (R&D Systems,

Minneapolis, MN) according to the manufacturer’s instruction. Plasma CCL11 levels were

measured in both CT and EX groups at baseline and at the end of the 8-week study.

2.8. Statistical analysis

Data were summarized by means and standard errors. Mean values were compared by

independent samples t-tests or paired t-tests using SPSS 18.0 (SPSS Inc., Chicago, IL,

USA). Pearson’s correlation analysis and Spearman’s rank-order correlation analysis were

used to test inter-parameter relationships. p-values less than 0.05 were considered

statistically significant.

3. Results

3.1. Effect of treadmill training on blood lactate levels

Blood lactate levels in the EX group were measured every week immediately after an

exercise session. The treadmill speed was adjusted based on these measurements.

Blood lactate levels in the CT group were measured at week 1, 5, and 6. Lactate levels in the

CT group ranged from 2.1–2.7 mM, while post-exercise lactate levels in the EX group

ranged from 3.8–7.7 mM (Fig. 1). At each comparable time point EX group lactate levels

exceeded CT group lactate levels.

3.2. Effect of treadmill training on weight, glucose, and insulin

At the beginning of the study body weights were comparable between the CT and EX

groups. After 8 weeks, the EX group mean weight was 5 % lower than it was in the CT

group (p < 0.05, Fig. 2A). Paired t test analysis also showed EX mice lost 2 % of their

starting body weight (p < 0.05, Fig. 2A), while the CT group weight did not change.

Non-fasting blood glucose levels were comparable between the CT and EX groups at the

beginning of the study, and levels did not significantly change over the 8 week study
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duration (Fig. 2B). Similarly, no inter- or intra-group differences were detected in fasting

blood glucose or plasma insulin levels (Fig. 2C – D). HOMA-IR values did not change

significantly over the 8 week study duration (Fig. 2E).

3.3. Effect of treadmill training on bioenergetics-relevant genes and proteins

The PGC-1 family, a group of transcriptional coactivators, plays a central role in a

regulatory network that governs the transcriptional control of mitochondrial biogenesis and

respiratory function (Scarpulla, 2011). Three members have been identified: PGC-1α,

PGC-1β and PRC. These coactivators target NRF-1 and NRF-2, which regulate TFAM

expression (Scarpulla, 2008,Vina, et al., 2009). TFAM initiates replication and transcription

of mitochondrial DNA (mtDNA). We found PGC-1α, PGC-1β, PRC, COX2, COX4, NRF1,

and NRF2 mRNA levels were comparable between CT and EX group brains (Fig. 3A).

Compared to the CT group, TFAM mRNA decreased by 10% in the EX group (p < 0.05),

while CS mRNA levels increased by 30% (p < 0.05).

Nuclear PGC-1α protein levels were significantly higher in EX brains (50 % higher than in

CT brains, p < 0.05, Fig. 3B). No inter-group differences were detected in nuclear PGC-1β,

NRF1, or TFAM protein levels. COX4 and CS protein levels were comparable between the

groups.

Levels of other proteins that monitor or respond to cell energy states are shown in Fig. 3C.

Cytoplasmic Akt phosphorylation at Ser 473 (normalized to total Akt protein) and GSK3β

Ser 9 phosphorylation (normalized to total GSK3β protein) were comparable between

groups. When corrected for total mTOR protein levels, cytoplasmic mTOR phosphorylation

at Ser 2448 in EX brains trended higher (25 % increase, p = 0.1), and normalizing mTOR

Ser 2448 levels to GAPDH suggested mTOR phosphorylation was indeed higher in the EX

group (70 % increase, p < 0.05). Total mTOR protein in the cytoplasm was higher in the EX

group (40 % increase, p < 0.05), while its level in the nucleus was comparable between

groups. FOXO1 nuclear and cytoplasmic protein levels, as well as the FOXO1 nuclear:

cytoplasm ratio, did not change across groups (Fig. 3D). The FOXO3a nuclear: cytoplasm

protein ratio was significantly lower in EX brains (20 % decrease, p < 0.05, Fig. 3D).

Brain mtDNA copy number, as determined by qPCR, demonstrated exercise-related

increases. Ratios of ATP6: 18s rRNA, COX2: 18s rRNA, and ND1: 18s rRNA were all

significantly higher in EX brains than they were in CT brains (40–50 % increase, p < 0.05,

Fig. 4).

3.4. Effect of treadmill training on neurogenesis-related factors

DCX is a microtubule-associated protein expressed specifically in migrating central nervous

system neuronal precursors. Its presence in the brain is widespread during early

development (Gleeson, et al, 1999), and in the adult brain DCX expression is retained within

the hippocampus and the subventricular zone/olfactory bulb axis. DCX expression

reportedly reflects levels of adult neurogenesis (Couillard-Despres, et al, 2005). In rodents,

both VEGF-A and BDNF reportedly contribute to exercise-induced neurogenesis. VEGF-A
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activates angiogenesis, which indirectly facilitates neurogenesis. BDNF directly supports

neurogenesis (Fabel, et al, 2003,Jin, et al, 2002,Rossi, et al., 2006).

DCX mRNA levels were comparable between hippocampus-derived total RNA preparations

(Fig. 5A). There was perhaps a trend towards increased VEGF-A mRNA in the EX group,

but this was not a statistically significant change (12 % higher mean absolute value, p =

0.09). BDNF mRNA levels were comparable between the two groups.

We assessed relationships between neurogenesis-related gene expression and bioenergetics-

relevant parameters. For the combined CT and EX groups, no significant relationship

between DCX mRNA levels and ATP6, COX2, or ND1 -determined mtDNA copy numbers

was observed (DCX and ATP6 mtDNA: r = 0.22, p = 0.3; DCX and COX2 mtDNA: r =

0.18, p = 0.4; DCX and ND1 mtDNA: r = 0.23, p = 0.27; Fig. 5B–D). When analyzed by

group, in the CT group positive correlations were observed between DCX mRNA levels and

mtDNA content (DCX and ATP6: r = 0.694, p < 0.05; DCX and COX2: r = 0.648, p < 0.05;

DCX and ND1: r = 0.635, p < 0.05; Fig. 5B – D). No correlations, however, were observed

between DCX mRNA and EX group mtDNA levels (Fig. 5B – D).

Significant correlations were not seen between hippocampal VEGF-A mRNA levels and

mtDNA copy numbers, either in the combined CT and EX groups or when groups were

analyzed separately (Fig. 5E–G). A strong positive correlation was observed between

hippocampal VEGF-A and PRC mRNA expression, when the CT and EX groups were

combined (r = 0.614, p < 0.05, Fig. 5H) and when the groups were analyzed separately (CT:

r = 0.751, p < 0.05; EX: r = 0.873, p < 0.001; Fig. 5H).

3.5. Effect of treadmill training on inflammatory factors

Previous studies suggest exercise lowers brain TNF-α expression in young adult mice (E, et

al., 2013a,E, et al., 2013b). In the aged mice we studied, though, exercise did not reduce

TNF-α mRNA levels (Fig. 6A). Hippocampal CCL11 mRNA levels were also comparable

between the CT and EX groups. Plasma CCL11 protein levels were comparable between the

CT and EX groups at baseline and after the 8 week study period, although over the 8 week

study period significant increases in plasma CCL11 protein occurred in both groups (CT:

30% higher after 8 weeks compared to baseline, p < 0.001; EX: 40% higher after 8 weeks

compared to baseline, p < 0.05; Fig. 6B).

No correlation was seen between TNF-α mRNA or plasma CCL11 plasma protein and

mtDNA copy number (data not shown). Pearson’s correlation analysis detected a moderate

negative association between hippocampal DCX mRNA expression and plasma CCL11

protein, when data from the CT and EX groups were pooled (r = −0.415, p < 0.05, Fig. 6C),

as well as when just the CT group was considered (r = −0.666, p < 0.05, Fig. 6C). This

negative correlation did not hold when the EX group was analyzed separately (r = −0.263, p

= 0.4, Fig. 6C). Spearman’s rank-order correlation analysis, which is less sensitive to

potential outliers than Pearson’s analysis, showed similar results (CT + EX: ρ = −0.600, p <

0.005; CT only: ρ = −0.678, p < 0.05; EX only: ρ = −0.524, p > 0.05; Fig. 6C).
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4. Discussion

We found that in aged mice, exercising above the lactate threshold affects bioenergetics-

relevant parameters. Brain PGC-1α protein, mTOR and phospho-mTOR protein, CS

mRNA, and mtDNA copy number increased. Our data also suggest that in aged mice,

exercise may mitigate CCL11-mediated neurogenesis suppression (Villeda, et al., 2011).

Our study shows it is feasible to exercise aged mice at an intensity that exceeds their lactate

threshold, even for a sustained period of up to eight weeks. As is the case with younger mice

(E, et al., 2013b), because aged mice become increasingly fit over time the exercise intensity

required to surpass the lactate threshold rises. An incremental exercise protocol is therefore

indicated.

Although exercise resulted in a small decline in weight, it did not reduce blood glucose,

plasma insulin, or HOMA-IR values in our aged mice. Based just on these data we would

not conclude exercise did not enhance insulin sensitivity. Prior research indicates exercise

enhances the liver’s ability to perform gluconeogenesis (E, et al., 2013a,E, et al., 2013b),

which may elevate blood glucose and confound the HOMA-IR calculation.

To our knowledge, only a small number of studies have explored the nexus between

exercise, brain aging, and brain bioenergetics. Boveris and Navarro found that in 19-month

old mice, moderate intensity treadmill exercise blunted an age-associated decline in brain

COX activity (Boveris and Navarro, 2008). In mtDNA POLG mutator mice, which

experience accelerated aging and age-related declines in mitochondrial function (Kujoth, et

al., 2005,Trifunovic, et al., 2004), moderate-intensity treadmill training over five months

preserved brain mitochondrial function even though PGC-1α gene expression did not

change (Safdar, et al., 2011). In 12-month old rats, 15 weeks of daily 30-minute treadmill

exercise sessions (at 18 m/min) increased brain PGC-1α and NRF1 protein levels, but

mtDNA copy number or levels of other bioenergetics-relevant genes or proteins were not

reported (Marosi, et al., 2012). Our current study, in which mice were 21 months of age at

completion, contributes to this literature.

mtDNA copy number is commonly used to assess mitochondrial biogenesis and mass

(Medeiros, 2008). Increased mtDNA copy numbers in the brains of our EX mice argues that

even in aged mice, exercise induces at least a partial increase in mitochondrial biogenesis or

at least an increase in some mitochondrial components. Supra-lactate threshold exercise also

appears to increase brain mtDNA copy number in younger mice (E, et al., 2013b). As

PGC-1α co-activates the expression of mitochondrial biogenesis-relevant genes, increased

PGC-1α protein is also consistent with an induction of mitochondrial biogenesis. In our

prior study of young mice, exercise induced neither PGC-1α protein nor gene expression,

but did associate with increased PRC gene expression (E, et al., 2013b). Whether this

divergence reflects differences between young and old mice, or differences in the exercise

protocols used between studies, is unclear.

Another group, though, did report vigorous exercise increased mouse brain PGC-1α mRNA

levels; protein levels were not reported (Steiner, et al., 2011). Increased CS gene expression

in our study is also consistent with a mitochondrial mass increase.
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On the other hand, we did not observe increased CS protein or any increases in ETC subunit

mRNA or protein. TFAM mRNA was also lower in EX mice. It is therefore important to

stress that the functional relevance of exercise-induced mtDNA copy number and PGC-1α

protein increases remains to be determined.

Akt regulates multiple proteins that monitor or respond to bioenergetic states. Its activity

positively correlates with the extent of its Ser473 phosphorylation (Alessi, et al., 1996). Akt

directly phosphorylates GSK3β at its Ser9 amino acid (which inhibits activity), and

indirectly contributes to mTOR Ser2448 phosphorylation (which enhances activity) (Cole,

2012,Nave, et al., 1999). In our aged mice, exercise changed neither Akt Ser473 nor GSK3β

Ser9 phosphorylation, yet mTOR Ser2448 phosphorylation increased. We did not determine

the functional relevance of increased mTOR Ser2448 phosphorylation or exactly how it

occurred. Our data are nevertheless consistent with a previous report that found inhibiting

mTOR directly with rapamycin, but not indirectly via Akt inhibition, reduces PGC-1α

expression (Cunningham, et al., 2007). In addition to potentially supporting the authors’

conclusion that mTOR promotes mitochondrial biogenesis in an Akt-independent manner,

increased mTOR phosphorylation in our current study implies mTOR may contribute to

exercise-induced increases in brain mtDNA copy number and PGC-1α protein

(Cunningham, et al., 2007).

Exercise increases neurogenesis in the hippocampal dentate gyrus of both young and old

mice (Fabel, et al., 2003,van Praag, et al., 2005). VEGF-A, which induces angiogenesis, also

appears to support neurogenesis (Fabel, et al., 2003,Font, et al., 2010,Jin, et al., 2002). We

previously found that in young mice, both supra-lactate threshold exercise and lactate itself

induced brain VEGF-A gene expression (E, et al., 2013b). In our aged mice, mean VEGF-A

gene expression perhaps trended higher in the EX mice, although this was not a statistically

significant increase. We believe this trend is worth noting because of an observed

correlation between VEGF-A and PRC gene expression; our earlier study in young mice

found a similar relationship (E, et al., 2013b).

In addition, our current study found FOXO3a, which suppresses VEGF-A expression

(Karadedou, et al., 2012), experienced a subtle nuclear to cytoplasmic shift. This would

predictably reduce FOXO3a nuclear activity and facilitate VEGF-A expression.

Interestingly, FOXO3a was also recently shown to reduce mtDNA copy number and

mitochondria-related nuclear gene expression (Ferber, et al., 2012). Translocation of

FOXO3a to the cytoplasm, therefore, is consistent with an upregulation of mitochondrial

biogenesis pathways.

We did not directly assess the effects of exercise on hippocampal neurogenesis, although

measurements of hippocampal BDNF, DCX, and CCL11 gene expression, as well as plasma

CCL11 protein, may provide additional insight into the relationship that may exist between

exercise, hippocampal neurogenesis, and brain aging. We did not detect an increase in

hippocampal BDNF gene expression, which argues either a dissociation between

hippocampal BDNF expression and BDNF protein may exist, or that BDNF produced

outside the hippocampus may play a contributory role (Katoh-Semba, et al., 1997).

Hippocampal mRNA levels of the DCX gene, which is expressed by immature neurons and
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is used as a marker of new neuron formation (Wojtowicz and Kee, 2006), did not show

inter-group differences. Exercise did not induce obvious inter-group differences in

hippocampal gene expression or plasma protein levels of CCL11, a chemokine recently

shown to inhibit hippocampal neurogenesis (Villeda, et al., 2011).

Despite these negative findings, correlative analysis suggests exercise may still subtly

influence hippocampal neurogenesis by affecting these genes and proteins. To this point our

observation that hippocampal DCX gene expression and plasma CCL11 protein levels

negatively correlated in CT mice, but not in EX mice, is pertinent. If plasma CCL11 levels

in mice indeed rise with advancing age (a phenomenon we were able to validate) (Villeda, et

al., 2011), and CCL11 suppresses hippocampal neurogenesis, then an inverse correlation

between CCL11 plasma protein and hippocampal DCX would be expected. Our

correlational analysis, therefore, suggests that in aged mice supra-lactate threshold exercise

may subtly mitigate CCL11’s anti-neurogenesis effects, even if it fails to alter CCL11 levels.

In other words, exercise may “uncouple” the previously reported inverse relationship

between CCL11 and hippocampal neurogenesis.

CT mice showed a positive correlation between hippocampal DCX gene expression and

brain cortex mtDNA copy number. This is consistent with the possibility that robust

bioenergetic function enhances neurogenesis, that bioenergetic function is more robust in

immature neurons, or both. Why or how supra-lactate threshold exercise negated this

relationship is unclear.

The impact of potential confounding factors, such as changes in plasma glucocorticoid

levels, is worth considering. Because we were specifically interested in testing the impact of

supra-lactate threshold exercise on brain bioenergetic infrastructures, we utilized a treadmill

exercise protocol rather than a voluntary wheel-running approach. We would expect mice

would find forced treadmill exercise more stressful than voluntary wheel running, which

could raise glucocorticoid production, and chronically elevated glucocorticoids alters mouse

hippocampal neuron morphology (Woolley, et al., 1990). On the other hand, at least in

human studies it appears that even though forced exercise acutely increases plasma cortisol,

resting levels remain unchanged (Duclos, et al., 2003). Partly because we did not measure

plasma glucocorticoids, and partly because it was beyond the scope of our hypothesis (that

supra-lactate threshold exercise alters brain bioenergetic infrastructures), we cannot say

whether or not a stress-induced cortisol increase impacted our data (for example, by

preventing an exercise-induced increase in hippocampal BDNF expression).

The lactate threshold is typically exceeded in untrained human subjects when the VO2

reaches 60–70% of its maximum, and in trained human subjects when the VO2 reaches 75–

80% of its maximum (Kenney, et al., 2012). From a translational perspective, the ability of

aged humans to perform supra-lactate threshold (high intensity) exercise is worth

considering. To this point, several studies have shown in elderly subjects, aerobic exercise at

an intensity of 60–80% of the VO2max is possible (Baker, et al., 2010,Belman and Gaesser,

1991). In addition, long-term, high-intensity training improves memory and executive

function test performance in young subjects, as well as in aged subjects with mild cognitive

impairment (Baker, et al., 2010,Griffin, et al., 2011).

Lezi et al. Page 10

Neurobiol Aging. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Overall, our data support the view that physical exercise can impact brain bioenergetics,

neurogenesis, and inflammation-related parameters in aged mice. Although other studies

find physical exercise functionally benefits neurologic endpoints in aged mice (van Praag, et

al., 2005), it remains to be shown whether the specific changes we now describe affect

nervous system performance. Lastly, what mediates the exercise-associated changes we

observed remains unresolved. Previous work by our group argues lactate, a byproduct of

exercising muscle that accesses the brain and which is used by the brain as an energy source,

may play a role (E, et al., 2013b).
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Figure 1. Blood lactate levels
Blood lactate levels were determined in the EX mice immediately after a treadmill running

session on a weekly basis. In the CT mice, blood lactate levels were measured at the end of

weeks 1, 5, and 6. Blood lactate levels were always significantly higher in the EX mice after

a treadmill running session than they were in the CT group. The treadmill speed for each

week is indicated. Wk=week. * p < 0.05, compared to CT group; ** p < 0.001, compared to

CT group.
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Figure 2. Body weights, blood glucose, plasma insulin, and HOMA-IR
(A) After 8 weeks of treadmill exercise the EX group weighed less than the CT group. A

paired t test analysis also showed that the EX group weighed less at the end of the study than

it did at the start. (B) Significant differences in non-fasting blood glucose levels were not

observed. (C) No inter- or intragroup differences were detected in 17-hour fasting blood

glucose levels. (D) No inter- or intragroup differences were detected in 17-hour fasting

plasma insulin levels. (E) Significant differences in HOMA-IR were not observed.

Bsl=baseline; wk=week. * p < 0.05, compared to CT group.
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Figure 3. Mitochondrial biogenesis-relevant gene expression, proteins, and pathways
(A) mRNA levels of PGC-1α, PGC-1β, PRC, COX2, COX4I1, NRF1, and NRF2 were

comparable between the EX and CT groups. TFAM mRNA was slightly lower in the EX

group, while CS mRNA was higher. (B) Nuclear PGC-1α protein levels were significantly

higher in the EX group. No inter-group differences were observed in nuclear PGC-1β,

NRF1,TFAM, COX4I1, or CS protein levels. (C) Cytoplasmic Akt Ser473 phosphorylation

(normalized to total Akt protein), and cytoplasmic GSK3β Ser9 phosphorylation

(normalized to total GSK3β protein) were comparable between the CT and EX groups.
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Although cytoplasmic mTOR Ser2448 phosphorylation, when normalized to total mTOR

protein, was not significantly increased it was higher in the EX group when referenced to

GAPDH, and cytoplasmic total mTOR was also elevated. Total mTOR in the nucleus was

comparable between the CT and EX groups. (D) No inter-group differences were detected in

FOXO1 protein distributions. The FOXO3a nucleus: cytoplasm ratio was lower in the EX

group. Cyto: cytoplasmic; nuc: nuclear. * p < 0.05, compared to CT group.
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Figure 4. mtDNA copy number
mtDNA copy numbers were higher in the EX group when measured using primers to ATP

synthase F0 subunit 6 (ATP6) (A), COX2 (B), and NADH dehydrogenase subunit 1 (ND1)

(C). * p < 0.05, compared to CT group.
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Figure 5. Non-inflammatory neurogenesis-related factors and correlations
(A) mRNA levels for BDNF, DCX, VEGF-A were each normalized to GAPDH mRNA.

BDNF and DCX mRNA was comparable between groups. VEGF-A mRNA levels trended

higher in the EX group, although this difference was not significant. (B–D) shows the

relationship between brain DCX mRNA and mtDNA copy numbers. DCX mRNA levels in

the CT group, but not the EX group, positively correlated with mtDNA copy number. (E–G)

shows the relationship between brain VEGF-A mRNA and mtDNA copy numbers. No
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significant correlations were detected. (H) VEGF-A and PRC mRNA levels positively

correlated, both in the individual groups and when the groups were combined.
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Figure 6. Inflammatory factors
(A) Hippocampal TNF-α and CCL11 mRNA levels were equivalent between the CT and EX

groups. (B) Plasma CCL11 protein levels were comparable between the CT and EX groups.

Plasma CCL11 protein levels rose in both groups over the 8-week duration of the study. (C)

shows the relationship between brain DCX mRNA levels and plasma CCL11 levels. For the

CT and combined groups a negative correlation between brain DCX mRNA and plasma

CCL11 protein levels was observed. This relationship was not significant within the EX

group.
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