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Abstract—Exercise reduces the risk of developing a number

of neurological disorders and increases the efficiency of cel-

lular energy production. However, overly strenuous exercise

produces oxidative stress. Proper oxygenation is crucial for

the health of all tissues, and tight regulation of cellular oxy-

gen is critical to balance O2 levels and redox homeostasis in

the brain. Hypoxia Inducible Factor (HIF)1a and HIF2a are

transcription factors regulated by cellular oxygen concen-

tration that initiate gene regulation of vascular development,

redox homeostasis, and cell cycle control. HIF1a and HIF2a
contribute to important adaptive mechanisms that occur

when oxygen and ROS homeostasis become unbalanced.

It has been shown that preconditioning by exposure to a

stressor prior to a hypoxic event reduces damage that

would otherwise occur. Previously we reported that

3 months of exercise protects SNpc dopaminergic (DA) neu-

rons from toxicity caused by Complex I inhibition. Here, we

identify the cells in the SNpc that express HIF1a and HIF2a
and show that running exercise produces hypoxia in SNpc

DA neurons, and alters the expression of HIF1a and

HIF2a. In mice carrying a conditional knockout of Hif1a in

postnatal neurons we observe that exercise alone produces

SNpc TH+ DA neuron loss. Loss of HIF1a also abolishes

exercise-induced neuroprotection. In mice lacking Hif2a in

postnatal neurons, the number of TH+ DA neurons in the

adult SNpc is diminished, but 3 months of exercise rescues

this loss. We conclude that HIF1a is necessary for exercise-

induced neuroprotection and both HIF1a and HIF2a are

necessary for the survival and function of adult SNpc DA

neurons. � 2015 The Authors. Published by Elsevier Ltd.

on behalf of IBRO. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
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INTRODUCTION

Exercise is beneficial for cognitive health and reduces the

risk of developing a number neurological disorders

including stroke (Curry et al., 2010; Liebelt et al., 2010),

Alzheimer’s (Briones, 2006; Stranahan et al., 2012) and

Parkinson’s disease (Petzinger et al., 2013; Murray

et al., 2014) but the factors that underlie this neuroprotec-

tion are not entirely clear. Cellular hypoxia that occurs

during aerobic exercise may induce responses that pre-

condition the cell and are later protective during periods

of oxidative stress. The activity of Hypoxia Inducible

Factor (HIF) is modulated by the relative levels of antioxi-

dant and reactive oxygen species (ROS) in the

microenvironment as well as the O2 environment of the

cells (Wang et al., 1995; Chandel et al., 1998; Tajima

et al., 2009; Radak et al., 2013); each of these are factors

modulated by exercise (Radak et al., 2008, 2013).

Oxidative phosphorylation, the production of ATP, and

oxygen homeostasis are critical to cell survival. Within the

cell, molecular oxygen is tightly regulated, and a key

component of this oxygen-sensing pathway is the

transcription factor HIF (Wang and Semenza, 1993,

1995). HIF is important for the adaptation of the cell dur-

ing periods of reduced oxygen availability and its activa-

tion promotes the expression of numerous genes,

including those involved in erythropoiesis (Semenza and

Wang, 1992), vascular development and angiogenesis

(Carmeliet et al., 1998; Iyer et al., 1998), and glycolysis

(Semenza et al., 1994). HIF is a heterodimer consisting

of two subunits, a constitutively present HIF1b (Aryl

Hydrocarbon Nuclear Receptor Translocator, ARNT)

(Wang et al., 1995), and HIF1a, a subunit that is

expressed in hypoxic conditions (Wang and Semenza,

1993). In the presence of O2, iron and 2-oxoglutarate,

HIF1a is hydroxylated by prolyl hydroxylases (PHDs) for

proteasomal destruction (Epstein et al., 2001). However,

when cells become hypoxic, PHD’s are inhibited and

HIF1a is stabilized (Bruick and McKnight, 2001; Epstein

et al., 2001; Ivan et al., 2001; Jaakkola et al., 2001).

Although much has been published concerning the

stabilization of HIF protein, HIF biological activity and

expression is known to be regulated at multiple levels

including mRNA expression, nuclear localization, and
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transactivation as well as protein stabilization (Wang

et al., 1995; Semenza, 2000; Tajima et al., 2009). The

induction and accumulation of HIF1a require an intact

mitochondrial respiratory chain (Chandel et al., 1998;

Agani et al., 2000, 2002). It has also been shown that

ROS and antioxidant levels in the microenvironment

modulate Hif mRNA expression (Chandel et al., 1998).

HIF2a, encoded by Epas1, is also a member of the

bHLH-PAS subfamily, binds to HIF1b, is regulated by

O2, and has 48% sequence similarity to HIF1a (Tian

et al., 1997). Although they share biochemical character-

istics, the expression patterns of HIF1a and HIF2a do not

completely overlap (Tian et al., 1997; Jain et al., 1998)

and it has been shown that HIF1a and HIF2a have unique

and sometimes antagonistic functions (Yuan et al., 2013).

HIF2a is also involved in catecholamine synthesis and the

regulation of cardiac function (Tian et al., 1998). Previous

studies have also shown that complete loss of hif1a (Iyer

et al., 1998) or epas1 (Peng et al., 2000; Scortegagna

et al., 2003) in mice results in embryonic/perinatal

lethality.

Here we identify the cells in the substantia nigra pars

compacta (SNpc) that express HIF1a and HIF2a and

show that exercise induces hypoxia in DA neurons of

the SNpc, and modulates HIF expression in the SN.

Reduction of neuronal Hif1a results in loss of DA

neurons with exercise, while Hif2a is necessary for the

survival of DA neurons in standard conditions.

Therefore, while HIF1a and HIF2a are both necessary

for DA neuron survival, they play different roles in the

subsistence of these neurons.
EXPERIMENTAL PROCEDURES

Animals

All the experimental animal procedures were performed in

accordance with the NIH Guide for the Care and Use of

Laboratory Animals, and were approved by the St. Jude

Children’s Research Hospital IACUC (protocol 364).

Experiments were carried out in accordance with The

Code of Ethics of the World Medical Association

(Declaration of Helsinki) for animal experiments. Mice

were maintained on a 12:12 light:dark cycle and with food

and water ad libitum. Equal numbers of male and female

mice were used in each condition in all the experiments.

Hif1a and Epas1-CKOmice were generated by mating

floxed Hif1a (B6.129-Hif1atm3Rsjo/J; stock # 007561) or

Hif2a (Epas1tm1Mcs/J; stock # 008407) (Jackson

Laboratories, Bar Harbor, ME, USA) with a transgenic

mouse expressing Cre Recombinase driven by a CaMKII

promoter (L7ag#13cre) (Dragatsis and Zeitlin, 2000;

Baranova et al., 2007) backcrossed to a C57BL/6 back-

ground. Control mice were hif1a or epas1 non-recombined

floxed mice (referred to as WT) or C57BL/6J stock mice

(Stock number 000664, Jackson Laboratories).
Voluntary exercise: wheel running

At 3 months of age, mice were placed into individual

monitored running cages (Lafayette Instruments,

Cat#80820, Lafayette, IN, USA) and allowed
unrestricted access to the running wheel. Wheel

revolutions were recorded using Animal Wheel Monitor

(AWM) software (Lafayette Instruments, Lafayette, IN,

Cat# 86065). Littermate mice were used in standard

housing (SH) conditions.

Genotyping

Genotyping of transgenic mice was performed using PCR

primers and protocols suggested by the Jackson

Laboratories. Primers used to identify hif1a transgenic

mice were: Primer 1, 50 to 30:TGCTCATCAGTTGCCAC-

TT and Primer 2, 50 to 30:GTTGGGGCAGTACTGG-

AAAG; epas1: 50 to 30:GAGAGCAGCTTCTCCTGGAA

and 50 to 30:TGTAGGCAAGGAAACCAAGG. L7ag#13cre

were genotyped using 50 to 30:CTGCCACGACCAAGT

GACAGC and 50 to 30:CTTCTCTACACCTGCGGT

GCT.

PCR products were run on 3% (hif1a and epas1) or
2% (L7ag#13cre) agarose gels.

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
treatment

MPTP is a xenobiotic that is metabolized by MAO-B to

MPP+, which readily crosses the blood–brain barrier,

enters DA neurons through the dopamine transporter

and blocks Complex I (Smeyne and Jackson-Lewis,

2005). Here, mice were injected using the acute MPTP

protocol that is 4 i.p. injections of 20 mg/kg MPTP-HCl

spaced 2 h apart (Hamre et al., 1999). After 7 days, some

mice were transcardially perfused with 1� phosphate-buf-

fered saline (PBS) followed by 2% paraformaldehyde

(PFA) for anatomical analysis.

b-Galactosidase histochemical staining

To detect cells within the SNpc that expressed CaMKII,

the L7ag#13 CRE mouse was crossed with a ROSA26-

CRE reporter mouse. Adult mice from this cross were

sectioned at 40 lm through the SN and stained for b-
galactosidase histochemistry as previously described

(Oberdick et al., 1994).

Immunocytochemistry

Mice were transcardially perfused with 2% PFA after

clearing with PBS. Brains were removed from the

calvaria and postfixed in 2% PFA overnight. After

postfixation, brains were placed in 30% sucrose/PBS

until they were no longer floating. Once cryoprotected,

the brains were blocked and rapidly frozen in TFM�

Tissue Freezing Medium (Fisher), maintained at �18 �C
and sectioned at 40 lm. Serial sections were collected

in 1� TBS and stored at 4 �C until processed.

Sections containing the SN (Paxinos and Franklin,

2001) were selected and treated for antigen retrieval by

incubation in 2 N HCl for 10 min (37–39 �C) and then in

0.5 M boric acid for 10 min at RT. Sections were rinsed

in 1� PBS, blocked and permeabilized in 10% goat

serum, 0.3% Triton X-100 for 60 min. at RT and incubated

in primary antibodies to HIF1a (H-206, 1:100, Santa Cruz,

Dallas, TX, USA) or Hif2a (GTX30114, 1:100, GeneTex,
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Irvine, CA, USA) overnight at 4 �C. On day 2 sections

were rinsed thoroughly in 1� PBS and double labeled

for tyrosine hydroxylase (TH, Sigma #T1299, 1:200, St.

Louis, MO, USA), Glial Fibrillary Acidic Acid (GFAP,

Sigma #G3893, 1:500), CD31 (BD#550274, BD

Bioscience, San Jose, CA, USA), or EAAC1, Millipore

#AB1520 1:2000, Temecula, CA, USA) for 1 h at RT.

Sections were rinsed and secondary antibodies

(AlexaFluor�, Life Technologies, Carlsbad, CA, USA)

were applied for 1 h at RT in the dark. NOTE: When sec-
tions were treated with more than 1 antibody secondary

antibodies were applied in succession. After secondary

antibody application, sections were rinsed with 1� PBS

and mounted with Vectashield mounting media for fluo-

rescence (Vector Labs, Burlingame, CA, USA) or

Vectashield plus DAPI mounting media. Sections used

for immunofluorescence were alternate sections from

the same mice used for TH cell counts and were pro-

cessed 7 days after the administration of MPTP, a time

when the toxin-induced cell death was maximal (Boyd

et al., 2007). Confocal images were collected on a Zeiss

LSM 510 microscope and analyzed with LSM Image

Browser software (Carl Zeiss, Germany). HIF1a or

HIF2a positive or negative immunostaining illustrated by

confocal images in each cell type were seen in SN sec-

tions from at least 3–5 mice in each condition. Following

processing, the 40-lm sections shrink to approximately

22 lm. Sections were scanned at 1 lm through the entire

z-place, and images were collected.
Nissl immunohistochemistry

Sections previously stained for TH+ immunoreactivity

were rehydrated and incubated in Cresyl Violet stain for

2 h at RT. Sections were then rinsed in water,

dehydrated to 95% ethanol, differentiated with glacial

acetic acid in 95% ethanol, fully dehydrated in 100%

ethanol, cleared in xylene and coverslipped with

Permount�.
2-(2-Nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-
pentafluoropropyl)acetamide (EF-5) visualization

Three-month-old C57Bl/6N mice (Harlan, Indianapolis,

IN, USA) were placed into running or SH cages. One to

two hours into the second evening, mice were removed,

lightly anesthetized with 2,2,2-tribromoethanol (Avertin)

and tail veins injected (following manufacturers

suggested protocol or 10 mM in 1% volume of body

mass) with EF-5 solution (Hypoxia Imaging,

Philadelphia, PA, USA) (Bergeron et al., 1999) or 0.9%

saline. Once mice recovered from the anesthesia, they

were returned to their home cages for an additional 3 h,

after which they were deeply anesthetized with Avertin

and decapitated. Brains were rapidly removed and sliced

while chilled on dry ice, and a tissue block containing the

midbrain was rapidly frozen in cryoprotective media and

stored at �80 �C until sectioned. Twenty micron sections

were cut on a cryostat and fixed in 3% PFA on polyionic

slides for 1 h in the dark. Sections were then processed

for detection of both EF-5 using an ELK3-51 cy3-conju-

gated antibody (Bergeron et al., 1999) and TH to identify
dopaminergic (DA) neurons (Baquet et al., 2009).

Confocal images were collected on a Zeiss LSM 510

microscope and analyzed with LSM Image Browser soft-

ware. Individual mice were scored as positive or negative

for ELK3-51 antibody staining after 2–3 sections were

examined using the confocal microscope to focus through

the full z plane of the SN in each section. Images shown in

Fig. 4 are generated from a single 1-lm z plane.
Removal of SN for mRNA and protein samples

Mice were anesthetized with Avertin and brains were

removed and placed in a brain matrix (Model

BS-AL-5000C, Braintree Scientific, Braintree, MA, USA),

chilled on dry ice, ventral side up. Two-millimeter

coronal slices including the SN were isolated using

anatomical landmarks for the midbrain/SN (Jang et al.,

2012) and placed immediately in Eppendorf tubes in dry

ice. Samples were stored in dry ice until transfer to

�80 �C. All exercise samples and SH cohorts were

collected during the active running period of the mice,

while MPTP samples were collected 2 h after the final

injection of MPTP. This time point was chosen based

upon the peak of oxidative stress after MPTP as indicated

by changes in expression of GSTpi (Smeyne et al., 2007).
Reverse-transcriptase quantitative PCR

mRNA was isolated from individual SN using a MELT� kit

(Invitrogen, Life Technologies, Carlsbad, CA, USA),

following manufacturers suggested protocol. Taqman

Gene Expression assays (Life Technologies, Carlsbad,

CA, USA) following manufacturers suggested protocol

were used for Hif1a (#Mm00468875_m1), Epas1

(#Mm01236112_m1), VegfA (#Mm01281449_m1),

Egln1 (#Mm00459770_m1), and RPS18S

(#Mm02601778_g1) (n= 5–8 for each exercise

condition, n= 18 for SH). Samples were processed on

an Eppendorf RealPlex2 Mastercycler and analyzed

using included Realplex software (Fisher Scientific,

Pittsburgh, PA, USA). Statistical analysis of differences

between conditions was analyzed by analysis of

variance (ANOVA) followed by Fisher’s LSD post hoc

analysis (Prism V.6, GraphPad Software, LaJolla, CA,

USA).
Analysis of HIF1a and HIF2a protein levels in SN

Western blot analysis of HIF1a and HIF2a were

performed using protein extracts from individual SN.

Protein was isolated by mechanical dissociation using

RIPA buffer supplemented with protease inhibitor

cocktail (Roche Diagnostics, Indianapolis, IN, USA) at

4 �C, incubated for 1 h at 4 �C, and separated by

centrifugation at 13 kG for 30 min at 4 �C. Protein

concentration was determined by Lowry assay with Dc�

protein assay kit (BioRad, Hercules, CA, USA). Lysates

were aliquoted and stored at �80 �C until use.

Electrophoresis was performed using standard protocol

and Tris–HCl precast gels (7.5%, BioRad), wells were

loaded with 20 lg per lane, from individual SN samples

(n= 4 per condition). Proteins were transferred to a
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polyvinylidene fluoride (PVDF) membrane, rinsed,

incubated in blocking buffer and incubated overnight at

4 �C in primary antibody: mouse anti-HIF1a (1:500,

R&D Systems, Minneapolis, MN, USA) or goat anti-

HIF2a (1:300, R&D Systems). Blots were rinsed and

incubated with peroxidase linked secondary antibody

(HIF1a; ECL Amersham, GE Healthcare, Pittsburgh,

PA, USA; HIF2a; Santa Cruz, Dallas, TX, USA) 1 h RT,

rinsed and reacted with DuraWest Super Signal (ECL

Pierce, Thermoscientific, Rockford, IL, USA), and

visualized with an Odyssey Fc system. Blots were then

stripped (Restore buffer, Pierce), rinsed, and incubated

with rabbit anti-b-actin (Abcam, Cambridge, MA, USA)

for 1 h RT, rinsed and incubated with peroxidase-

labeled anti-Rabbit IgG (ECL Amersham, GE Healthcare

Biosciences, Pittsburgh, PA, USA), and processed as

above. To reduce experimental variability, the

electrophoresis and transfer of each set of HIF1a and

HIF2a immunoblots were run concurrently with the

same protein samples. Western blots were analyzed

with Image Studiolite software (LI-COR Biotechnology,

Lincoln, NE, USA) and compared to SH condition after

normalization to b-actin. COS-7 cell extracts (in

normoxic and hypoxic conditions) (Novus Biologicals,

Littleton, CO, USA), and HIF2a recombinant protein

(Novus Biologicals) were loaded as controls. Bands

corresponding to approximately 120 kD (the expected

MW of antibody-labeled HIF1a and HIF2a) and the

hypoxia induced COS7 band (HIF1a and HIF2a) and

HIF2a recombinant protein (HIF2a) were used for

analysis. We saw no cross-reaction of the HIF1a
antibodies with the HIF2a recombinant protein (results

not shown). Statistical analysis of differences between

conditions was analyzed by unpaired non-parametric

comparisons (Kolmogorov–Smirnov analysis, Prism V.6,

GraphPad Software, LaJolla, CA, USA).
Stereology of TH+ SNpc neurons and Nissl-stained
cells

Forty micron floating sections spaced 200 lm apart were

immunostained for tyrosine hydroxylase followed by a

Cresyl Violet counterstain. The number of these TH+

neurons was estimated using optical fractionator

stereological methods as described in Baquet et al.

(2009). Similar parameters were used for estimating the

number of Cresyl Violet-stained cells in the SN.

Since daily wheel running activity varies between

(Lightfoot et al., 2004) and within (Coletti et al., 2013)

mouse strains, to determine whether running is protective

for DA neurons, mice running an average of 16 k or

greater revolutions per day over 3 months were used in

this analysis, since this amount of exercise has been pre-

viously shown to be neuroprotective in C57BL/6 mice

(Gerecke et al., 2010).
RESULTS

Cellular localization of HIF1a and HIF2a in the SNpc

Although the substantia nigra (SN) contains a number of

cell types including DA, glutamatergic, and GABAergic
neurons, astrocytes, microglia, and endothelial cells of

the vasculature, it is the DA neurons of the SNpc that

are highly sensitive to oxidative stress and are lost

during the progression of Parkinson’s disease. The

presence of HIF1a and HIF2a and their cell specificity

in the SNpc was investigated to explore the possible

role of HIF during exercise-induced neuroprotection and

oxidative stress generated by the administration of

MPTP. In the WT SNpc, HIF1a is expressed at barely

detectable levels in DA neurons (Fig. 1A–C) and more

abundantly in endothelial cells (Fig. 2A–C). HIF1a does

not appear to be expressed in astrocytes or

glutamatergic neurons (Fig. 2D–F and not shown).

HIF2a is expressed in DA neurons (Fig. 1D–F),

astrocytes, endothelial cells and glutamatergic neurons

(Fig. 3A–I), and in all conditions is more consistently

discernable than HIF1a (Fig. 1D–F, J–L). Exercise

enhances HIF immunostaining of DA neurons in the

SNpc (Fig. 1G–L).

Exercise produces hypoxic conditions in SN DA
neurons

Numerous forms of exercise in humans and rodents have

been used to demonstrate the benefits of exercise, and

both moderate and more intensive exercise regimes

have been shown to be effective (Cotman and

Berchtold, 2002; Zigmond and Smeyne, 2014).

Neuroprotection from oxidative stress produced by

MPTP treatment in mice, that is afforded by wheel run-

ning, requires 3 months of running at daily averages

greater than 12 k wheel revolutions (Gerecke et al.,

2010). Given the substantial nature of this exercise, we

hypothesize that it generates aerobic conditions in the

brain and induces the activity of hypoxia-sensitive factors.

To assess the state of oxygenation of neurons during

exercise, C57BL/6N mice were injected with the com-

pound EF-5 during the period of active running, as were

cohorts of mice housed in standard cages (SH). The

immunovisualization of EF-5 by the ELK3-51 antibody

has been used to label hypoxic cells (Bergeron et al.,

1999) in the brain. EF-5 is a pentafluorinated derivative

of the drug etanidazole and is used to detect reduced oxy-

genation in tissues (Koch et al., 1995). Additionally, when

the cell is hypoxic EF-5 is reduced by a redox-dependent

mechanism, and forms stable adducts with cellular

macromolecules by covalent binding to protein thiols

(Evans et al., 1995; Marques de Olivera et al., 2010);

an indication that hypoxic cells may be experiencing

oxidative stress (Chandel and Budinger, 2007). EF-5

binding is inhibited as oxygen concentration rises and

increases as oxygen concentration is lowered (Koch

et al., 1995; Chavez and LaManna, 2002). The mono-

clonal antibody, Elk3-51 binds specifically to these

adducts and may be used to detect and localize low oxy-

genation at the cellular level (Koch et al., 1995). Here,

C57BL/6J mice were exposed to 2 days of voluntary exer-

cise (9000–39,000 running wheel revolutions daily, with

7/10 mice averaging greater than 20,000 wheel revolutions

daily) or standard housing (SH), during which they were

injected with EF-5 or saline via the tail vein. Of the cohorts

injected with EF-5, ELK3-51+ DA neurons were



Fig. 1. Exercise enhances HIF1a and HIF2a immunostaining of dopaminergic cells. (A–F): SNpc from WT mice in standard housing conditions. An

arrow identifies a TH+ dopaminergic (DA) neuron (A, C, green). (B, C) HIF1a (red) is barely detectable in these neurons. (D) TH+ dopaminergic

neurons (arrows) are also labeled with HIF2a antibody (E, F). (G–L): SNpc from WT mice housed in wheel cages and allowed voluntary access to

running for 3 months. Exercise does not alter the appearance of TH+ neurons in the SNpc (G, J) (arrows), but HIF1a (H, I) and HIF2a (K, L)

immunostaining is more evident in SNpc DA neurons (arrows). Each image is taken from a single 1 lm z-plane to insure that any co-localization of

immunofluorescence is from the same cell.
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observed in none of the mice that were housed in stan-

dard conditions (0/5) (Fig. 4A, B, E) while ELK3-51+

DA neurons were observed in the SNpc of all the mice

in exercise cages (5/5) (Fig. 4C–E). Mice exposed to

exercise (n= 5) or SH (n= 3) conditions injected with

saline showed absent (6/8) or very low (2/8) ELK3-51+

staining.
HIF expression in the SN is modulated with voluntary
wheel running

Previous studies have shown that HIF1a is induced in the

brain during initial exposure to hypoxia, although with

chronic hypoxia HIF1a levels decline unless another

hypoxic challenge occurs (Chavez et al., 2000). To deter-

mine whether exercise produces changes in the expres-

sion of hypoxia-sensitive molecules in the SN, hif1a,
epas1, egl nine homologue1 (egln1), and vascular
endothelial growth factor A (vegfA) levels were measured.

mRNA was isolated from the SN of C57BL/6J mice

housed in SH conditions or after 1,3,5,7, or 14 days of

voluntary exercise (during the active period) in cages with

monitored running wheels. Exercise induces a significant

reduction in hif1a expression (p 6 0.01) at 3 days, is
elevated with 5 days of exercise (p 6 0.05), and returns

to SH levels at 7 and 14 days of exercise (Fig. 5A).

Epas1 expression follows a pattern similar to hif1a
(p 6 0.05 at 3 and 5 days) but remains somewhat ele-

vated through 7 days of exercise before decreasing to

approximate SH levels at 14 days of exercise (Fig. 5B).

The expression of egln1, the gene that encodes the

PHD2 protein that functions in the hydroxylation and

degradation of HIF1a (Epstein et al., 2001), follows an

expression pattern similar to hif1a levels after exercise,

with 5 days of exercise promoting a significant increase

in egln1 expression (p 6 0.01), compared to all other con-

ditions (Fig. 5C). VegfA expression decreases after

3 days of exercise (p 6 0.01) but returns to baseline

levels after 5 days of exercise (Fig. 5D).

The effect of exercise on the accumulation of HIF

protein was measured in SN collected from C57BL/6J

mice during their active periods at 1,3,7,14, and

21 days. HIF1a protein increases an average of 20–

30% after 3 days of running (p 6 0.05), but by day 7

returns to levels similar to mice in SH (Fig. 5E, F).

Following MPTP administration, mice housed in SH

conditions show no significant change in HIF1a
compared to the control mice. In mice allowed 3 days of



Fig. 2. Cellular localization of HIF1a in the SNpc. (A–C): A section

immunostained with TH (A, arrows), HIF1a (B, arrows) and the

endothelial cell marker CD-31 (C, arrows) shows HIF1a present in

endothelial cells but absent in TH+ DA neurons. GFAP+ astrocytes

(D, arrow) are not labeled with HIF1a (E, arrow) that colocalizes with

the endothelial marker CD31 (F, arrow).
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exercise, little change in HIF1a expression was observed,

however, after 21 days of exercise MPTP treatment

results in a significant increase in HIF1a protein in the

SN, (p 6 0.05) compared to mice in SH conditions

(Fig. 5E, F). The HIF1a increase seen in mice allowed

21 days of exercise and treated with MPTP is similar to

HIF1a levels in mice after 3 days of exercise, and

greater than HIF1a after 21 days of exercise. The

MPTP induced increase in HIF1a protein after 3 weeks

of exercise may involve processes similar to the

rebound effect of HIF expression reported in other brain

areas (Chavez et al., 2000). Lysate from COS7 cells

exposed to normoxic and hypoxic conditions are used

as negative and positive controls for comparison and

analysis of the HIF1a response to exercise and MPTP

(Fig. 5F). The presence of differentially labeled bands at

approximately 120 kD when comparing normoxic and

hypoxic COS7 lysates were used to identify the analytes.

Immunoblot results of HIF2a levels in the SN reveal

no significant differences between any of the observed

conditions. HIF2a bands corresponding to COS7 cell

hypoxic response and HIF2a recombinant protein are
barely detectable, however, there is a trend where

HIF2a rises early in a running regime (3 days), then

falls (7–14 days), before returning to approximate

baseline levels (21 days). MPTP does not appear to

affect HIF2a levels in mice housed in SH conditions, or

in animals allowed exercise (Fig. 5G, H). As in the

HIF1a blots, COS7 cell lysate (normoxic and hypoxic)

and HIF2a recombinant protein were used for

comparison and analysis of HIF2a response to exercise

and MPTP (Fig. 5H).

After 3 months of running, examination of mRNA

levels shows no significant differences in the expression

of hif1a, egln1, or vegfA from SN samples obtained

from WT mice in SH, MPTP treatment, 3 months of

exercise, or 3 months of exercise plus MPTP treatment

conditions (Fig. 6A, C, D). Exercise increases epas1
expression in WT mice (124%, p 6 0.02), but when

MPTP is administered after 3 months of exercise this

increase is not seen (Fig. 6B).
Conditional deletion of HIF1a and HIF2a reduces
their expression in postnatal SN DA neurons

To examine the role of hif1a and hif2a during oxidative

stress in the SN, we administered MPTP to mice in SH

or exercise conditions carrying a conditional deletion of

hif1a or hif2a based on the expression of

Ca2/calmodulin-dependent protein kinase II (CaMKII)

using the L7ag#13 CRE driver mouse. Targeting of

postnatal neurons for hif1a and hif2a deletion was

chosen to examine the reduction of these factors in this

specific population of cells. CaMKII is expressed in

subsets of postnatal neurons in cerebellum,

hippocampus, cortex, and basal ganglia (Dragatsis and

Zeitlin, 2000). Using a ROSA26-CRE reporter, we empiri-

cally determined that CaMKII is expressed in the DA neu-

rons of the SN (Fig. 7A), but not in GFAP-positive

astrocytes (Fig. 7B). Mice carrying the deletion of hif1a
in postnatal neurons are referred to as hif1aCKO and

epas1 (hif2a) deletion from postnatal neurons as epas1-
CKO.

Although we did not expect to see HIF1a-
immunopositive SNpc DA neurons in the hif1aCKO from

SH (Fig. 8A–C), the veracity of the deletion is shown by

our observations of no HIF1a-immunopositive SNpc DA

neurons following treatment with MPTP, exercise, or

exercise followed by MPTP treatment (compare Fig. 8G,

H, I exercise plus MPTP with Fig. 1G–I). Loss of hif1a
does not appear to affect HIF2a staining as DA neurons

are labeled with HIF2a in both SH (Fig. 8D–F) and

exercise plus MPTP conditions (Fig. 8J–L).

We also examined HIF1a- and HIF2a-
immunostaining in the SN of epas1-CKO mice. Sections

through the SN from epas1-CKO mice labeled with

antibodies to HIF1a revealed little HIF1a in the SH

condition (Fig. 9A–C) and slightly more HIF1a labeling

in the exercise plus MPTP condition (Fig. 9G–I). HIF2a
labeling in the SN from epas1-CKO mice shows robust

staining of cells other than TH-positive neurons in both

SH (Figs. 9D–F, and 10A–C) and exercise plus MPTP

conditions (Fig. 9J–L).



Fig. 3. HIF2a is present in several cell types in addition to DA neurons in the SN. HIF2a antibody (B, C, E, F, H, I, red) colocalizes with astrocytes

(GFAP, A, C, green), endothelial cells (CD31, D, F, magenta), and glutamatergic neurons (EAAC1, G, I, magenta).

Fig. 4. Exercise induces hypoxia in SNpc DA neurons. (A, B) C57BL/6 mice in the SH condition taken during the evening active period show DA

neurons labeled with TH (A) but not Elk3-51 (B). (C, D) SNpc from C57BL/6 mice in wheel cages taken during day 2 in the active period (running)

show DA neurons co labeled with TH (C) and Elk3-51 (D). (E) All the mice in exercise conditions injected with EF-5 (5/5) show Elk3-51 labeling of DA

neurons, while none of the mice in SH injected with EF-5 (0/5) show Elk3-51+ DA neurons.
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Fig. 5. Expression of hypoxia-sensitive molecules in the SN is modulated by wheel running exercise. hif1a (A), epas1 (B), egln1 (C), and vegfA (D)

expression from SN mRNA isolated at 1, 3, 5, 7, and 14 days of running show a significant reduction at 3 days (A, B, D) and an increase at 5 days

(A–C) of running compared to controls in SH. ⁄p 6 0.05, #p 6 0.01. n= 17–18 for SH, 5–8 for each exercise condition. HIF1a protein from the SN

(E, F) is significantly increased at running day 3 and after 21 days of running plus MPTP administration (SN taken at 2 h after the last MPTP

injection). ⁄p 6 0.05. SN HIF2a protein (G, H) shows no statistically significant change with running. Error bars =±SEM. Arrows indicate 114 kD,

expected bands for these HIF1a and HIF2a antibodies are �120 kD. Lysates from COS-7 cells in normoxic and hypoxic conditions are used as

negative and positive controls (F, H), and HIF2a human recombinant protein (H) as a positive control (�120 kD). Values are expressed as percent

of control relative to SH after normalization to b-actin (F, H, �47 kD) for individual samples. n= 4 SN for each condition.

30 M. Smeyne et al. / Neuroscience 295 (2015) 23–38
Loss of HIF alters TH cell number, sensitivity to
MPTP, and neuroprotection from oxidative stress

There is no difference in the number of DA neurons in the

SNpc of adult WT and hif1a-CKO mice in SH conditions

(Fig. 11A). Following administration of acute dosing of

MPTP, the number of DA neurons is significantly

reduced in the WT strain (25% cell loss, p 6 0.0001)

and in hif1a-CKO mice as well (p 6 0.05).

To determine if loss of hif1a affected exercise-induced

neuroprotection, we examined these mice after 3 months

of exercise and after 3 months of exercise followed by

MPTP treatment. Previously we have shown that the

number of SNpc DA neurons in WT mice is not affected

by 3 months of running wheel exercise and that

3 months of exercise protects SNpc DA neurons from

MPTP toxicity (Gerecke et al., 2010, 2012). These find-

ings in WT mice are replicated here (Fig. 11A). Unlike

WT mice, hif1a-CKO allowed 3 months of exercise

demonstrate a decrease in DA neuron number compared
to both WT and hif1a-CKO in SH conditions (p< 0.01,

Fig. 11A). Hif1a-CKO mice exercised for 3 months and

administered MPTP also show a loss of DA neurons com-

pared to WT SH and hif1a-CKO SH conditions (p< 0.01)

(Fig. 11A).

Wheel running was monitored for individual mice in

exercise and exercise followed by MPTP treatment

conditions for these WT, hif1a-CKO, and epas1-CKO

cohorts. We have previously determined that 3 months

of unrestricted wheel running (12–18 k average daily

revolutions) is necessary for exercise-induced

neuroprotection, while 2 months of unrestricted running

provides partial protection (Gerecke et al., 2010). Daily

wheel running varies between (Lerman et al., 2002;

Lightfoot et al., 2004) and within (Coletti et al., 2013)

mouse strains, so to determine whether running is protec-

tive for DA neurons, only mice running an average of 16 k

or greater revolutions per day for 3 months were used

in this analysis. Average daily wheel revolutions

(range = 16,196–33,766 revolutions per day) were



Fig. 6. Epas1 (Hif2a) is increased in the SN with 3 months of wheel

running exercise. The expression of hif1a (A), epas1 (B), egln1 (C),

and vegfA (D) in the SN from WT mice after 3 months of exercise or

SH was measured by qPCR. Epas1 (B) in the SN of exercised mice is

significantly elevated (⁄p 6 0.02). mRNA levels are normalized to 18S

ribosomal RNA and compared to expression in SH. Epas1 expression

from mice in SH+MPTP and exercise + MPTP showed no

changes, neither did hif1a, egln1, or vegfA expression in any

condition.
Fig. 7. CaMKII is expressed in DA neurons in the SN. Using a

ROSA26 reporter mouse, the pattern of CaMKII expression is

identified by expression of b-galactosidase (blue cells). These are

colocalized with (A) TH+ positive cells in the SN (arrows) but not in

(B) GFAP+ astrocytes (arrowhead).

M. Smeyne et al. / Neuroscience 295 (2015) 23–38 31
calculated and correlated to the number of TH+ neurons

in the SNpc after 3 months of exercise. A negative

correlation between daily wheel running and TH+ cell

number was found for hif1a-CKO mice (r2 = 0.70,

p 6 0.03, Fig. 11B) in the exercise only condition. This

is in agreement with the finding that after 3 months of

exercise, hif1a-CKO mice have a reduced number of

DA neurons, a decrease similar to WT and hif1a-CKO
mice in SH conditions that are treated with MPTP. No lin-

ear relationship for average daily wheel revolutions and

TH cell number was observed for WT and Epas1-CKO
mice (not shown).

In contrast to hif1a-CKO mice, baseline DA neuron

number in the SNpc of epas1-CKO mice is significantly

lower than WT mice (p 6 0.02) (Fig. 12A, Table 1).

Another disparity between hif1a-CKO and epas1-CKO
mice is the lack of a significant TH+ cell loss with

MPTP treatment in epas1-CKO SNpc (Fig. 12A). Epas1-

CKO mice in exercise conditions have TH+ cell number

similar to, and slightly higher than WT mice in both SH

and exercise conditions, and a significantly higher

number of TH+ cells compared to either epas1-CKO

mice in SH (p 6 0.005) or WT mice in MPTP treatment

conditions (p 6 0.0004)(Fig. 12A). Exercise is protective

for both WT and epas1-CKO mice in exercise followed

by MPTP treatment conditions, as each have TH+ cell

numbers similar to WT mice in SH conditions.

It is possible that the loss of TH+ SNpc DA neurons in

the epas1-CKO is not a true cell loss but results from a

loss of its TH phenotype since epas1 (Brown et al.,
2009) but not hif1a (Gammella et al., 2010) has been

shown to contribute to the expression of tyrosine hydroxy-

lase in catecholamine synthesis. To examine this possibil-

ity, we counterstained the sections used to determine

TH+ number with a Nissl stain, Cresyl Violet

(Fig. 12B, D). If the reduction in TH+ cell number in the

epas1-CKO is due to the physical loss of these cells, then

the Nissl cell number will be reduced compared to WT by

an amount equal to that seen in TH+ counts (Nissl

counts – TH counts will be equal) (Table 1). If the reduc-

tion in TH+ is due to a loss of phenotype, then the Nissl

cell counts will be identical (Nissl counts – TH counts will

be unequal). As previously noted, the number of SNpc

TH+ DA neurons in the epas1-CKO mouse was reduced

by 32% (11,294 compared to 7681, a difference of 3613

neurons, Table 1). Counts of Nissl-stained cells between

WT and epas1-CKO mice showed a similar cell reduction

and there were no differences in Nissl – TH+ cell num-

bers between these groups of mice (Fig. 12C, Table 1).

This suggests that the reduction in TH+ DA neurons in

the SNpc is a true cell loss and is not due to a loss of

TH cell phenotype.

We also noted that WT mice allowed exercise had a

significant increase in the total cell number compared to

WT SH, WT SH+MPTP, epas1-CKO SH, epas1 CKO

SH+MPTP, and WT Exercise + MPTP (p< 0.05)

(Fig. 12B, C). This increase is likely due to proliferation



Fig. 8. HIF in the SNpc of Hif1a-CKO mice. SNpc sections from Hif1a-CKO mice in SH condition (A–F) or 3 months of exercise followed by MPTP

administration (G–L) were labeled with antibodies to TH, HIF1a, and HIF2a. HIF1a (B, C, H, I) is not expressed in SNpc TH+ DA neurons (A, C, G,

I), while HIF2a (E, F, K, L) is expressed in SNpc TH+ DA neurons (D, F, J, L). Arrows mark TH+ cells.

32 M. Smeyne et al. / Neuroscience 295 (2015) 23–38
of astrocytes in the exercised mice (Li et al., 2005;

Ferreira et al., 2011) since we (Gerecke et al., 2010)

and other labs (Smith et al., 2011; Wu et al., 2011) have

reported no evidence of neuron increases in the SNpc

after exercise in the brain.
DISCUSSION

It is likely that the interaction of numerous factors

contribute to the neuroprotection seen in the complex

environment of the CNS. Here, we have investigated

two transcription factors, Hif1a and Hif2a that are

induced with an exercise regime intense enough to

produce hypoxia in neurons. We show that neuronal

HIF1a, but not HIF2a, is necessary for exercise-induced

neuroprotection.

Hif1a and hif2a, two related but unique transcription

factors, function to activate a number of genes that
enable cells to survive under a variety of unfavorable

circumstances (Semenza, 2000; Scortegagna et al.,

2003). For example, conditions that increase cellular

oxidative stress or alter ROS homeostasis activate hif1a
(Brunelle et al., 2005), while antioxidants and reducing

agents reduce hif1a activity (Tajima et al., 2009). Hif1a
has been shown to induce genes in a number of pathways

involved in protecting cells from oxidative stress. These

include proteins in the glycolytic pathway (Semenza

et al., 1994) the production of erythropoietin (Wang and

Semenza, 1993), VEGF (Levy et al., 1995) and VEGF

receptor (Okuyama et al., 2006); each of which has been

shown to have neuroprotective effects (Yasuhara et al.,

2004). Hif2a (epas1) is necessary for mitochondrial

homeostasis, control of glycemic and lactic acid levels,

regulation of ROS, redox signaling, expression of antioxi-

dant enzymes (Lando et al., 2000; Scortegagna et al.,

2003; Peng et al., 2011), control of TH expression



Fig. 9. HIF in the SNpc of Epas1-CKO mice. Co-expression of TH, (A, C, D, F, G, I, J, L) HIF1a (B, C, H, I) and HIF2a (E, F, K, L) in Epas1-CKO
SNpc in SH (A–F) and after 3 months of exercise + MPTP (G–L). Merged images are shown in C, F, I, L. While HIF1a is absent in SH conditions (B,

C), it appears more abundant with MPTP administration after 3 months of exercise (H, I). HIF2a is present in cells other than DA neurons in SH (E,

F) also with MPTP after 3 months of exercise (K, L). Arrows point to HIF1a- or HIF2a-labeled cells. Arrowhead identifies HIF1a-TH+ neuron (H, I).

Fig. 10. Localization of HIF2a in the SN of Epas1-CKO mice. While absent from neurons, Hif2a (B) is found in (A) GFAP+ astrocytes (arrows) and

(C) CD31+ endothelial cells in the SN. Arrowheads mark HIF2a and CD-31 regions of co-localization.
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Fig. 11. Reduced TH+ cell number in the SNpc of Hif1a-CKO mice

with oxidative stress. TH+ neuron number is not different in the SNpc

of WT and Hif1a-CKO mice in SH (A). However, Hif1a-CKO results in

significantly reduced TH+ cell number with MPTP, exercise, or

exercise + MPTP. TH+ cell number is also reduced in WT SNpc

after MPTP administration. 1 = p< 0.05 vs. WT SH, 2 = p< 0.01

vs. WT SH, 3 = p< 0.01 vs. Hif1a-CKO SH. Error bars =±SEM

(B) SNpc TH+ cell number is inversely related to daily exercise in

Hif1a-CKO mice. Solid bars are WT mice, Hatched bars are Hif1a-
CKO mice.
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(Schnell et al., 2003) and vascular remodeling (Peng

et al., 2000).

Previous reports in the literature suggest that HIF1a is

expressed in virtually all cells, while HIF2a has a more
Table 1. Quantitative assessment of TH+ and Nissl-stained cells in the SNpc

Optical Fractionator methods within StereoInvestigator (MBF Biosciences, Wi

TH+ cells shows that the loss of TH+ neurons is due to actual cell loss and

Mean total

Nissl cell

number

SEM Statistics Mean

numbe

WT SH 22,693 1100 4 11,294

WT SH+MPTP 20,865 921 4 7999

WT Exercise 27,037 1523 – 10,117

WT Exercise + MPTP 20,831 1680 4 9607

Epas1 CKO SH 19,854 1877 4 7681

Epas1 CKO SH+MPTP 20,449 3845 4 8697

Epas1 CKO Exercise 24,341 1819 – 12,937

Epas1 CKO Exercise + MPTP 24,979 1422 – 10,068

Statistics:

1 = p 6 0.05 compared to WT SH; 2 = p 6 0.01 compared to WT SH; 3 = p 6 0.01 compa

to Epas1-CKO Exercise.
limited expression (Chavez et al., 2006; Vangeison

et al., 2008). Our studies show HIF1a is expressed in

SNpc DA neurons and endothelial cells, while HIF2a is

expressed in DA and glutamatergic neurons, astrocytes,

and endothelial cells of the SN. The identification of the

cells that express HIF1a or HIF2a is important to interpret

the studies that use conditional gene deletion based on

expression of CaMKII. CaMKII-cre is expressed in post-

natal neurons in the SN. Thus, any effects of hif1a or hif2a
deletion would be due to effects on this specific pop-

ulation, without direct effects from non-neuronal (astro-

cytes, microglia, vascular) cells. Given that the neurons

in the SN account for approximately half of the total num-

ber of SN cells (Table 1 and Smeyne et al., 2005), it is

noteworthy that we observe any significant changes in

overall HIF1a and HIF2a protein and mRNA levels

in the SN. In addition, although the reduction of HIF1a in

the SN of the hif1a-CKO is less than 15%, this reduction

is critical to the survival of the DA neurons during the

hypoxia induced by exercise or generation of oxidative

stress by the administration of MPTP.

A major finding in this study is that there is differential

loss of SNpc DA neurons in hif1a and epas1 conditional

knockouts, with and without MPTP; and this suggests

that these genes serve different biological processes in

neurons of the SN. Loss of hif1a from postnatal SN

neurons in standard conditions appears to have little

effect, a not unexpected finding since its expression in

the brain with normal O2 levels is low. However, when

mice exercise at a level that can induce neuroprotection

(Gerecke et al., 2010), these same neurons, as shown

by visualization of EF-5, become hypoxic. In non-trans-

genic mice, this induction of hypoxia has no effect on cell

survival. However, in exercised hif1a-CKO mice, we

observe a reduction in TH+ SNpc DAergic neurons; at

a level similar to mice treated with the Complex I inhibitor,

MPTP. We also find no additional loss when these two

treatments are combined. Both hypoxia (Chandel and

Budinger, 2007) and MPTP (Jackson-Lewis and

Smeyne, 2005) have been shown to induce ROS forma-

tion. Lack of a combinatorial loss of SNpc DA neurons
of wild-type and Epas1-CKO mice. Cell numbers were estimated using

lliston, VT, USA). The cell number estimates of total Nissl cells minus

not a loss of the TH phenotype

TH+ cell

r

SEM Statistics Mean Nissl-TH+

cell number

n Statistics

755 – 11,399 15 4

707 1,5 12,866 16 4

1342 – 16,920 5 –

774 – 11,224 7 4

1285 1,5 12,173 4 4

1758 5 11,753 3 4

1134 – 11,405 4 4

1301 – 14,911 4 –

red to CKO SH; 4 = p 6 0.05 compared to WT Exercise; 5 = p 6 0.05 compared



Fig. 12. TH and Nissl cell count reveals DA neuron loss in the SNpc of Epas1-CKO mice. (A) TH+ cells are reduced in Epas1-CKO SH (p 6 0.05)

and WT SH+MPTP (p 6 0.01) conditions compared to WT SH. TH+ cell number is rescued in the Epas1-CKO exercise condition, and is reduced

in the Epas1-CKO SH+MPTP (p 6 0.05) condition when compared to the Epas1-CKO exercise condition. (B) Nissl cell count is significantly lower

in the WT and Epas1-CKO SH and SH+MPTP conditions as well as the WT exercise + MPTP condition when compared to the WT Exercise

condition (p 6 0.05). (C) SNpc Nissl minus TH cell count reveals significantly less cells in the WT and Epas1-CKO SH and SH+MPTP conditions,

Epas1-CKO exercise, and WT exercise + MPTP conditions compared to the WT exercise condition (p 6 0.05). (D) Appearance of Nissl cells

(arrows) and TH+ cell (arrowhead) in the SNpc. Statistics: 1 = p 6 0.05 compared to WT SH, 2 = p 6 0.01 compared to WT SH, 3 = p 6 0.01

compared to Epas1-CKO SH, 4 = p 6 0.05 compared to WT Exercise, 5 = p 6 0.05 compared to Epas1-CKO Exercise. Error bars =±SEM.

Solid bars are WT mice, Hatched bars are epas1-CKO mice.
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may be explained by the observation that different tiers of

the SNpc DA neurons are particularly sensitive to oxida-

tive stress (German et al., 1996); and that exercise-

induced hypoxic effects and MPTP act upon the same

population of cells. The importance of HIF1a in exer-

cise-induced SNpc DA neuroprotection is supported by

our findings that TH+ cell number in the hif1a-CKO
mouse is inversely related to the total amount of exercise

performed.

The loss of DA neurons in the SNpc of epas1-CKO
mice housed in standard conditions suggests that

HIF2a plays a different role than HIF1a in regard to

development and maintenance of the SN. In standard

conditions, adult epas1-CKO mice have lower SNpc

TH+ DA cell numbers; however this reduction is

rescued by 3 months of exercise. Additionally, a

significant loss of TH+ neurons following the

administration of MPTP in epas1-CKO mice is not seen.

The low TH+ neuron number in standard conditions

has two potential explanations. First, in the absence of

postnatal neuronal hif2a, there is an increase in the

naturally occurring cell death that takes place during the

early postnatal period. This hypothesis is supported by

studies showing that loss of hif2a, but not hif1a, leads
to increases in cell death based on downregulation of

members of the IAP family (Dong et al., 2001; Ko et al.,

2011). The second explanation for the lower number of

TH+ neurons, is that we are observing only a loss of

the DA neuron phenotype without true neuronal loss.

Loss of hif2a leads to a deficiency in catecholamine pro-

duction (Tian et al., 1998), likely via indirect control of

transcription of the von Hippel–Lindau tumor suppressor

protein (Schnell et al., 2003), whose expression has been

shown to be inversely related to TH production (Czyzyk-

Krzeska et al., 2003). The reduction in total Nissl-stained

cells in SNpc from epas1-CKO mice in SH (compared to

WT SH), which vanishes when the TH+ population is

subtracted from the Nissl-stained number, supports the

first explanation for reduced TH+ cell number, that is true

loss of DA neurons when epas1 is absent. In regard to the

exercise-induced rescue of TH+ neurons, we suggest

two possibilities: first, exercise upregulates hif2a in non-

neuronal cells and is subsequently protective to neurons,

perhaps by increased antioxidant or trophic factor activity.

Second, it is also known that exercise (Tajiri et al., 2010;

Lau et al., 2011), and specifically astrocytes, provide

trophic (e.g., GDNF, BDNF, VEGF) and antioxidant (glu-

tathione and its constitutive amino acids) (Smeyne and
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Smeyne, 2013) factors. The increased Nissl cell number

in the SNpc of exercised WT mice likely reflects an

increase in astrocyte population. Thus, epas1 may

directly (Takeda et al., 2004) or indirectly function as a

modulator for the protection of DA neurons in exercised

epas1-CKO mice that may bestow protection before the

inhibition of Complex I by MPTP.

Transient sublethal hypoxia has been shown to induce

a phenomenon called preconditioning; and this is a well-

recognized cellular process that is protective against

later insult in a number of physiological systems

(Chavez et al., 2000; Semenza, 2011; Dornbos et al.,

2013). In this study, we suggest that regular and sus-

tained exercise produces a recurring and intermittent

hypoxia that induces members of the HIF family. This

family of transcription factors that are responsible for the

induction of numerous adaptive pathways involved in cell

metabolism and survival may activate processes that

have long-lasting effects. Recurrent oxidative stress pro-

duces more efficient energy use (Mason et al., 2007;

Semenza, 2011; Dornbos et al., 2013). Endurance train-

ing increases the oxidative capacity in skeletal muscle,

a phenomenon that is reproduced in Hif1a null muscle

without training (Mason et al., 2007). Low tissue oxygena-

tion also initiates angiogenesis through HIF and VEGF-A

induction, factors that initially rise then return to prehy-

poxic levels, while vascular changes remain for several

weeks (LaManna et al., 2004). The intensity and period

of exercise necessary for neuroprotection in the SN may

reflect the initial induction of hif and the subsequent

expression of adaptive genes leading to long-term

changes such as increased vascularity and oxidative

capacity that are advantageous in the event of ischemic

or xenobiotic trauma. Hif1a loss in postnatal DA neurons

of the SNpc eliminates exercise-induced neuroprotection

and provides clues to the pathways whose activation is

critical to initiate this process. Future investigation to

determine if hif1a or epas1 can compensate for one

another, the role that exercise and Hif induction play in

the generation of or adaptation to ROS in the SN, and

to discover which downstream signaling pathways are

affected by the reduction of neuronal HIFs may further

our understanding of how exercise benefits neuron

vitality.
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