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Abstract

Recent work has suggested that exercise may be beneficial in preventing or ameliorating 

symptoms of several neurological disorders, although the mechanism is not entirely understood. 

The current study was designed to examine the potential beneficial effect of treadmill exercise 

upon cognitive function in a streptozotocin (STZ)-induced rat model of Alzheimer’s disease (AD). 

Animals underwent treadmill exercise (30 min/day, 5 days/week) for 4 weeks after bilateral STZ 

intracerebroventricular injection (2.4 mg/kg). We demonstrated that treadmill exercise 

significantly attenuated STZ-induced neurodegeneration in the rat hippocampal CA1 region and 

strongly preserved hippocampal-dependent cognitive functioning. Further mechanistic 

investigation displayed a marked suppression of STZ-induced amyloid-β accumulation and tau 

phosphorylation. Intriguingly, treadmill exercise remarkably inhibited reactive gliosis following 

STZ insult and effectively shifted activated microglia from a pro-inflammatory M1 to an anti-

inflammatory M2 phenotype, which was correlated with a significantly reduced expression of pro-

inflammatory mediators and a corresponding enhancement of anti-inflammatory cytokine 

expression in the hippocampus. Furthermore, treadmill exercise caused a robust suppression of 

oxidative damage as evidenced by significantly reduced peroxynitrite production, lipid 

peroxidation, and oxidized DNA damage. Finally, treadmill exercise strongly attenuated STZ-

induced mitochondrial dysfunction manifested by a dramatically elevated intra-mitochondrial 

cytochrome c oxidase activity and ATP synthesis, and markedly inhibited neuronal apoptosis in 

the hippocampus. These findings demonstrate that treadmill exercise has a multifactorial effect to 

attenuate many of the pathological processes that play a key role in AD, and provide further 

support for the beneficial role of exercise as a potential therapeutic option in AD treatment.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia in the elderly population, 

and leads to irreversible learning and cognitive deficits [1]. Extracellular amyloid-β (Aβ) 

aggregation and intracellular neurofibrillary tangles are well known hallmarks of AD. 

Furthermore, the pathogenesis of AD is believed to be closely associated with a series of 

neurodegenerative events in the hippocampus, including microglial activation, 

neuroinflammation, oxidative stress, metabolic energy failure, and consequent neuronal 

apoptosis [2–7].

Neuroinflammation in AD is characterized by glial activation and release of inflammatory 

mediators, which triggers a vicious cycle of neuroinflammatory attack [8]. As the first line 

of defense against brain injuries, microglia are highly plastic cells that assume diverse 

phenotypes in response to specific signals from the microenvironment [9]. Two major 

phenotypes have been proposed for activated microglia: 1) a “classically activated” M1 

“proinflammatory” phenotype that releases destructive proinflammatory mediators (e.g., 

IL-1β, IL-6, TNF-α), and 2) a “selectively activated” M2 “repair/anti-inflammatory” 

phenotype which secretes neuroprotective, anti-inflammatory factors (e.g., IL-4 and IL-10) 

[10,11]. Interestingly, divergent roles for M1 and M2 polarized microglia have been reported 

in several neurodegenerative diseases, including AD, stroke, and spinal cord injury [9, 12–

14], which raises the possibility that modulation of microglial phenotype could yield 

translational benefits in these neurodegenerative disorders.

In addition to a role for neuroinflammation, there is compelling evidence that oxidative 

stress plays an important pathogenic role in AD [15–17]. Oxidative stress causes irreversible 

damage to biological systems by oxidizing most of the cell’s major biomolecules, including 

nucleic acid (DNA, RNA), protein, and lipids. The brain is particularly vulnerable to 

oxidative damage, as it possesses: 1) an abundance of easily peroxidized polyunsaturated 

fatty acids, 2) a high level of reactive oxygen species (ROS) and the catalyst iron, and 3) a 

relative paucity of antioxidant capacity [18]. In fact, oxidative imbalance leading to a 

buildup of damaging oxidative byproducts has been consistently reported in AD progression, 

even at the early stage before significant senile plaques have formed [19–21]. Furthermore, 

ROS accumulation in mitochondria causes a subsequent destruction of the electron transfer 

chain that leads to metabolic energy failure and mitochondrial dysfunction [22–24], which 

have a well-documented role in AD pathology [25, 26].

Streptozotocin (STZ) is a drug that upon peripheral injection selectively damages pancreatic 

β-cells, and thus has been widely used to generate an animal model for diabetes research 

[27, 28]. Intriguingly, a number of studies have also demonstrated that 

intracerebroventricular (ICV) injection of STZ into the brain of rodents induces AD-like 

pathology. For instance, ICV STZ induces progressive neuroinflammation, oxidative stress, 

and mitochondrial dysfunction, as well as marked Aβ deposition and hyperphosphorylation 

of tau in the hippocampus; effects that are associated with significant learning and cognitive 

impairments [29–31]. The pathophysiological similarity in the effects of ICV injection of 

STZ in animals, and the pathology observed in AD patients, has led to the ICV STZ model 

being used extensively as a rodent experimental model for sporadic AD study [32–35].

Lu et al. Page 2

J Alzheimers Dis. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



While various drugs have been developed and utilized for AD treatment, they have only 

modest effects and significant side effects that unfortunately are common with many drug-

based therapies. Recent studies have thus focused on identifying non-drug based therapies 

that may yield benefit in AD. One such non-drug based therapy that has received interest is 

running exercise. Exercise is known to increase the supply of both oxygen and nutrition to 

brain cells, as well as enhance the clearance of bodily wastes and carbon dioxide [36]. 

Intriguingly, exercise has been reported to induce neuronal and cerebrovascular proliferation, 

along with a markedly reduced accumulation of neurofibrillary tangles in AD animal models 

[37–40]. While a number of studies have confirmed the beneficial effect of exercise on AD, 

its effect upon neuroinflammation and oxidative stress, two key pathological processes 

during AD progression, has not been examined in detail. Also unclear is whether exercise 

might contribute to enhanced repair and decreased inflammatory damage in the AD brain by 

promoting activation of the M2 “repair” microglial phenotype.

To address these deficits in our understanding, the present study was designed to analyze the 

effect of treadmill exercise on neuroinflammatory and oxidative stress responses in the 

hippocampus using an STZ-induced rat model of AD. The effect of exercise on microglia 

polarization in the hippocampus was also assessed in the STZ model. The results of the 

study reveal that treadmill exercise causes a profound suppression of neuroinflammation and 

oxidative stress in the hippocampus after AD induction in the STZ model. Treadmill 

exercise also caused a robust enhancement of the M2 “repair/anti-inflammatory” microglial 

phenotype, with a corresponding suppression of the “proinflammatory” M1 phenotype in the 

hippocampus of the STZ-induced AD rat. These effects correlated with a profound reduction 

of neuronal apoptosis and significantly improved cognitive outcome.

MATERIALS AND METHODS

Animals and drug administration

Male Sprague Dawley rats (250–280 g, Charles River Laboratories) were used in this study. 

The rats were maintained at an ambient temperature of 22–24°C and 50–60% humidity, 

under a 12 h light: 12 h dark cycle. The animals were randomly divided into four groups: (1) 

normal control group with vehicle injection, (2) normal control group subjected to treadmill 

exercise, (3) STZ injection group, and (4) STZ injection plus treadmill exercise group. All 

animal studies were approved by, and conducted in accordance with the guidelines of the 

Institutional Animal Care and Use Committee of Augusta University. Behavioral tests to 

assess hippocampal function were carried out after treadmill exercise at six weeks after STZ 

injection. The animals were then sacrificed under deep anesthesia 51 days after STZ 

injection, and the brains were collected for immunofluorescent staining, western blot, and 

biochemical analyses. Bilateral ICV injection of STZ was carried out according to a 

previous study [41]. Briefly, STZ powder (Cayman Chemical Company) was dissolved in 

0.9% sterile saline, and diluted to a concentration of 30 μg/μl. For ICV injection of STZ, rats 

were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and mounted in a stereotaxic 

apparatus. STZ (2.4 mg/kg) was bilaterally injected at a rate of 0.5 μl/min using a Hamilton 

microsyringe to the coordinates targeting cerebral ventricles (posterior: −0.8 mm, lateral: 

±1.5 mm, depth: −3.5 mm). The needle was left in situ for 5 min before retraction, and then 
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retracted over 2 min. The incision was sterilized and closed, and the rats were placed on a 

warming pad to recover from anesthesia.

Treadmill exercise (Exe)

Treadmill exercise was performed 1 week after ICV STZ treatment as previously described 

with little modification [42]. Briefly, one week of adaptive training was carried out in 

advance by cumulative intensity with a starting exercise of 2 m/min for 5 min, and then 5 

m/min for 5 min, and finally 8 m/min for 20 min. The exercise regimen was then progressed 

to 8 m/min for 5 min, and then 14 m/min for 5 min, and finally to 18 m/min for 20 min. This 

main exercise regimen was subsequently performed for 5 days a week (for a total of 4 

weeks). Correspondingly, rats from control groups were left on the treadmill without 

running for the same time.

Brain preparation and histological analysis

Histological examination was performed by NeuN, F-Jade C, and TUNEL staining as 

described previously [43]. Briefly, after behavioral tests, the animals were transcardially 

perfused with ice-cold saline under deep anesthesia. The animals were then sacrificed by 

decapitation and the brain was quickly removed from the cranium and placed on an ice pack. 

The cerebral hemispheres were then separated along the longitudinal cerebral fissure. The 

hippocampus was rapidly microdissected from the right half of the brain along the 

hippocampal fissure and immediately frozen in liquid nitrogen until analysis. The left half of 

the brain hemisphere was postfixed in 4% paraformaldehyde at 4°C for 48 h, and 

cryoprotected with 30% sucrose for slices. Frozen-sections (20 μm) were cut on a Leica 

Rm2155 microtome in the coronal plane of the dorsal hippocampus (~2.5–4.5 mm posterior 

from Bregma). Every fifth section was saved in stock solution for required staining. Staining 

for NeuN and F-Jade C was performed using a mouse anti-NeuN monoclonal antibody (1: 

500; EMD Millipore) and F-Jade C (AG310; EMD Millipore) as described in detail by our 

laboratory [44]. NeuN-positive cells with intact and round nuclei, and negatively stained 

with F-Jade C, were counted as surviving cells. TUNEL staining was performed using the 

ApopTag® Plus Fluorescein In Situ Apoptosis Detection Kit (Chemicon) according to the 

manufacturer’s instructions. All the images were captured on a Carl Zeiss LSM510 Meta 

confocal laser microscope as described [44]. For quantitative analyses, the number of F-Jade 

C, NeuN and TUNEL-positive cells per 250 μm length of hippocampus region were counted 

bilaterally in 3–5 representative sections per animal. Cell counts from the right and left 

hippocampus were averaged to provide a single value for each animal.

Brain homogenates and subcellular fractionation

Hippocampal tissues were homogenized as described previously by our laboratory [45]. 

Briefly, homogenization was performed using a motor-driven Teflon homogenizer in 1 ml 

ice-cold homogenization buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 12 mM β-

glycerophosphate, 1% Triton X-100) with inhibitors of proteases and enzymes (Thermo 

Scientific, Rockford, IL). The homogenates were vigorously mixed for 20 min on a rotator 

and centrifuged at 15,000 × g for 30 min at 4°C to obtain total protein fractions in the 

supernatants. For sub-cellular fractionation, tissues were homogenized in ice-cold buffer 

containing 10 mM HEPES (pH 7.9), 12 mM β-glycerophosphate, and inhibitors of proteases 
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and enzymes. After adding NP-40 to 0.6%, the homogenates were allowed to sit on ice for 

10 min and vigorously vortexed for 30 s. The homogenates were then centrifuged at 800×g 

at 4°C for 10 min, and the pellets were discarded. The resulting supernatants were further 

centrifuged at 17,000 × g for 20 min at 4°C to yield crude mitochondrial fractions in the 

pellets and cytosolic fractions in the supernatants. Protein concentrations were determined 

via Modified Lowry Protein Assay (Pierce, Rockford, IL), and samples were aliquoted and 

stored at −80°C until use.

Western blotting analysis

Western blotting was performed as previously described by our laboratory [45]. Primary 

antibodies we used were as follows: amyloid precursor protein C-Terminal from Sigma-

Aldrich; PHF1 and Tau from Thermo Fisher; CD32, CD86, iNOS, ARG1, TGF-β, CD206 

from Proteintech Group; 3-NT and β-actin from Santa Cruz. Proteins were transferred to 

PVDF membrane, blocked, and incubated with primary antibody at 4°C overnight. The 

membrane was then washed, followed by incubation with HRP-conjugated secondary 

antibodies for 1 h at room temperature. Bound proteins were visualized using a CCD digital 

imaging system, and semi-quantitative analyses of the bands were performed with the 

ImageJ analysis software (Version 1.49; NIH, USA). Band densities for the indicated 

proteins were normalized to loading controls.

Immunofluorescence staining and confocal microscopy

As previously described [43], brain floating sections were incubated with 10% normal 

donkey serum for 1 h at room temperature, followed by incubation with appropriate primary 

antibodies overnight. The following primary antibodies were used in different combinations: 

anti-NeuN (MAB377, Millipore); anti-Aβ42 and anti-PHF1 (Thermo Fisher); anti-IBA1 

(Proteintech Group); anti-P-H2A.X (Cell Signaling); anti-4-HNE and anti-8-OHdG (Abcam 

Inc.). Sections were then washed four times at room temperature, followed by incubation 

with proper Alexa Fluor 594/488 donkey anti-mouse/rabbit secondary antibody (Thermo 

Fisher) for 1 h. After washes, sections were mounted and coverslipped in Vectashield 

mounting medium with DAPI (Vector Laboratories). All the fluorescence images were 

captured on an LSM510 Meta confocal laser microscope (Carl Zeiss) using 40×oil 

immersion Neofluor objectives with the image size set at 1024 x 1024 pixels. The captured 

images were viewed and analyzed using LSM510 Meta imaging software. At least 4–5 

representative sections per animal were utilized for immunostaining and the typical staining 

was selected for presentation.

Measurement of Aβ1–42 levels

The levels of Aβ1–42 in each group were detected using an Aβ1–42 ELISA Kit (Catalog # 

KMB3441, Thermo Fisher) in accordance with the manufacturer’s instruction. Detergent-

soluble Aβ1–42 level was detected in protein samples that were collected as described above. 

Detergent-insoluble Aβ1–42 content was examined by extraction of homogenate pellets in 5 

M guanidine-HCl. Briefly, equal amounts of protein in each group were diluted to 100 μl 

volume and incubated in plate wells at room temperature for 2 h. The plate wells were then 

washed and incubated with 100 μl of Detection Antibody solution for 1 h at room 

temperature. Afterwards, the wells were washed and incubated with 100 μl of HRP-linked 
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antibody solution for 30 min followed by 4 times of wash. Finally, the optical density was 

read at 450 nm on a spectrophotometer (Bio-Rad) after the adding of Stop Solution. Aβ1–42 

levels were calculated and expressed as percent change versus control group.

Quantification of ATP levels and cytochrome C oxidase (CCO) activity

As previously described [46], ATP concentrations were detected using an ENLITEN® 

rLuciferase/Luciferin reagent kit (FF2021, Promega) following the manufacturer’s 

instructions. Briefly, 30 μg of sample proteins from total protein fractions were suspended in 

100 μl of reconstituted rL/L reagent buffer. Light emission at 10 s intervals from the reaction 

was measured in a standard microplate luminometer (PE Applied Biosystems). Relative light 

units (RLU) from rL/L reagent and the homogenization buffer used to prepare the samples 

were subtracted from the reaction assay. An ATP standard curve was used to determine 

levels of ATP activity. The mitochondrial fraction was used to assess CCO activity with an 

ATP activity assay kit (ab109911, Abcam Inc.), according to the manufacturer’s instructions. 

CCO enzyme was immunocaptured within the 96-well microplate, and activity was 

evaluated by measuring the oxidation of Cytochrome C at 550 nm absorbance (Bio-Rad 

Benchmark Plus). The values of ATP levels and relative CCO activity were expressed as 

percentage change versus control group.

Inflammatory cytokine assays

The levels of pro-inflammatory cytokines (IL-1β, TNF-α) and anti-inflammatory cytokines 

(IL-4, IL-10) were quantitatively detected by the indirect ELISA technique [47]. Briefly, 50 

μL of protein samples containing the same amount of proteins were prepared using 

bicarbonate/carbonate coating buffer (Sigma-Aldrich). Samples were loaded in a PVC 

ELISA microplate (Corning), sealed, and incubated overnight at 4°C. After four washes, the 

remaining protein-binding sites in the coated wells were blocked by adding 200 μL blocking 

buffer (1% BSA in PBS, 0.3% solution of H2O2) for 1 h at room temperature. Afterwards, 

50 μL of specific antibodies were added and incubated for 4 h at 37°C. The plate wells were 

then washed and incubated with HRP-conjugated secondary antibodies for 1 h at room 

temperature. Finally, the plate was washed and developed by incubating with TMB (3,3′,

5,5′-tetramethylbenzidine) solution (Thermo Fisher) for 30 min, and the reaction was 

stopped with 50 μL of sulfuric acid. The plate wells were then read at 450 nm on a 

spectrophotometer (Bio-Rad), and values were calculated and expressed as percent change 

versus control group.

Caspase activity assay

Caspase-3 and caspase-9 activities in the cytosolic protein fractions were measured using 

fluorometric substrates as previously described [46]. The Ac-DEVD-AMC and Ac-LEHD-

AMC (AnaSpec) are substrates for caspase-3 and caspase-9, respectively. The fluorescence 

of free AMC was determined with an excitation wavelength of 360 nm and an emission 

wavelength of 460 nm, in a Synergy HT Microplate reader (BioTek Instruments). The values 

were expressed as fold change in fluorescent units compared with control group.
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Barnes maze task

The Barnes Maze task is used to test hippocampus-dependent spatial learning and memory 

[48, 49], and was adopted by our laboratory as previously described [46]. The traces of rats 

were monitored by an overhead video camera controlled by ANY-maze video tracking 

software (Stoelting Co., Wood Dale, IL). Briefly, on day 43, 44, and 45 after STZ injection, 

3 days of training trials were performed with a maximum trial length of 180 s. On each trial 

day, escape latency of rat from the platform center to the escape chamber was recorded. The 

probe trial was performed on day 46 after STZ injection. The escape box was removed, and 

time spent in the target quadrant where the escape box had been was recorded for 90 s. The 

platform was cleaned with 70% ethanol and dried with a blower fan after each test. 

Searching error was defined as exploring any hole that did not have target chamber under it. 

The quadrant occupancy and numbers of errors were quantified afterwards using ANY-maze 

software.

Passive avoidance test

The passive avoidance test was performed as described previously [50]. The apparatus 

employed in this test consisted of two compartments, one bright and one dark, separated by 

a vertical sliding door. The test was divided into two stages. In stage one, on day 47 after 

STZ injection, rat was put in the bright compartment for 20-s habituation, after which the 

door was opened and the rat was allowed to enter the dark compartment. Once the rat 

entered the dark compartment, the door was closed, leaving the rat in the dark room for 20 s. 

The rat was then given a 0.3 mA electric shock for 2 s. After a 10-s recovery period, the rat 

was returned to its home cages. In stage two, 24 h after being returned to the home cage the 

rat was put in the bright room again for 20 s with the door closed. Afterwards, the door was 

opened, and the latency time for rat stepping through the door and the numbers of rats from 

each group staying in the bright chamber over 300 s were recorded.

Novel object recognition test

The novel object recognition test was used to evaluate the effects of treadmill exercise on the 

functional improvement in recognition memory, a hippocampus-dependent working memory 

in rats [49, 51]. The novel object recognition test is based on the spontaneous tendency of 

rats to spend more time exploring a novel object than a familiar object. The test was divided 

into three stages. In stage one, on day 49 after STZ injection, the rat was allowed 5 min to 

explore an empty recognition box (40×50×50 cm) for habituation. In stage two, 24 h later, 

the rat was placed in the same recognition box containing two identical objects at an equal 

distance for 5-min exploration. In stage three, 48 h later, the rat was returned to the object 

recognition box in presence of one familiar object and one novel object to test long-term 

recognition memory. The novel object is generally consistent in height and volume with the 

familiar object, but is different in shape and appearance. Exploration of the object was 

defined as the animal’s nose being in a zone within 2 cm from the object. The time spent 

exploring each object and the discrimination index percentage (the percentage time spent 

exploring the new object) were recorded and analyzed using ANY-maze video tracking 

software as described above.
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Data analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA) or two-

way, ANOVA followed by Student-Newman-Keuls post-hoc tests to determine group 

differences. When groups were compared to the normal control group, Dunnett’s test was 

adopted for post-hoc analyses after ANOVA. When only two groups were compared, a 

Student’s T test was used. Statistical significance was accepted at the 95% confidence level 

(p < 0.05). Data were expressed as means ± SE.

RESULTS

Treadmill exercise alleviates STZ-induced cognitive deficits in the Barnes maze task, 
passive avoidance test, and novel object recognition test

To investigate the effect of treadmill exercise on preserving spatial learning and memory 

function following ICV STZ injection, we utilized the Barnes maze task, a commonly 

applied test of hippocampus-dependent spatial reference learning and memory in rats [48, 

49]. As shown in Fig. 1A and B, Barnes maze results revealed that STZ-injected rats had a 

significant increase in latency to find the hidden chamber in training trials and a decrease in 

quadrant occupancy on probe day, as compared to control rats. Interestingly, animals that 

underwent treadmill exercise displayed remarkable cognitive improvement compared with 

the STZ group, as evidenced by exercise rats exhibiting a marked decrease in escape latency 

to find the chamber and a notable elevation in quadrant occupancy. It should be noted that 

there was no significant difference in escape velocity among the groups, suggesting that 

differences in escape latencies were not due to speed variations among different groups. 

Further examination revealed that STZ rats also had a significant elevation of exploration 

errors on probe day, as compared to the control group, and this effect was significantly 

reversed by treadmill exercise. As an alternative method to examine impaired cognitive 

function after STZ insult, we performed the passive avoidance test and recorded both step-

through latency and numbers of rats staying in the light over 300 s (Fig. 1C). The results 

revealed that STZ-injected rats had significantly impaired memory function with decreased 

latency to enter the dark room, and this effect was significantly reversed by treadmill 

exercise. The number of treadmill exercise rats that remained in the lit chamber room over 

300 s was significantly greater than the number of STZ-injected rats. To determine whether 

treadmill exercise could preserve recognition memory in STZ-injected rats, we performed a 

novel object recognition test [51]. As shown in Fig. 1D, STZ-injected rats had an impaired 

recognition memory, as evidenced by a decreased preference to explore the novel object as 

compared with normal control. In contrast, animals that underwent treadmill exercise had 

enhanced preference for novel object exploration. Intriguingly, we did not observe a 

significant memory change between the non-STZ-treated control group and the non-STZ-

treated control group plus treadmill exercise in any of the behavioral tests (data not shown), 

indicating that 4 weeks’ treadmill exercise does not significantly alter the memory functions 

in normal control rats.

Treadmill exercise attenuates STZ-induced hippocampal neuronal degeneration

To examine the efficacy of treadmill exercise on STZ-induced hippocampal neuronal 

degeneration, we collected hippocampal CA1 region sections and stained them using a 
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neuron-specific marker (NeuN) and a marker of neuronal degeneration (F-Jade C). As 

shown in Fig. 2A, CA1 pyramidal neurons from rats subjected to STZ administration 

exhibited a significant loss of Neu-N positive neuronal cells, and exhibited robust neuronal 

degeneration as evidenced by a significantly higher level of F-Jade C staining, as compared 

with normal controls. In contrast, treadmill exercise markedly reduced the STZ-induced 

neuronal degeneration as evidenced by a marked reduction in F-Jade C in the hippocampal 

CA1 region, as compared to the STZ-injected animals. Quantification analysis of NeuN-

positive “surviving” neurons and F-Jade C positive degenerating neurons was subsequently 

performed, and confirmed that STZ infusion resulted in 50% neuronal loss and a significant 

elevation in F–Jade C positive neurons, effects that were significantly reversed by treadmill 

exercise (Fig. 2B).

Treadmill exercise inhibits elevation of amyloidogenic processing and 
hyperphosphorylation of tau protein in the hippocampal CA1 region of STZ rats

To determine the effect of treadmill exercise on non-amyloidogenic and amyloidogenic 

pathways of amyloid-β protein precursor (AβPP) processing, we examined the C-99/C-83 

ratio in the hippocampal CA1 region from different groups. In the non-amyloidogenic 

pathway of AβPP processing, cleavage by α-secretase within the amyloid-β domain yields a 

soluble amyloid-β protein precursor fragment (sAβPPα) and a C-terminal fragment (C-83), 

and thus precludes Aβ deposit. However, in the amyloidogenic pathway of AβPP cleavage, 

cleavage of AβPP by β-secretase (BACE1) yields an N-terminal soluble domain with a 

membrane-tethered C-terminal domain (C-99), and Aβ1–42 is subsequently released by γ-

secretase cleavage within the transmembrane domain of Aβ. Examination of the C-99/C-83 

ratio in our study revealed that rats subjected to STZ injection had an enhanced C-99/C-83 

AβPP ratio in the hippocampal CA1 region, which is indicative of active induction of the 

amyloidogenic pathway. In contrast, rats undergoing treadmill exercise showed a significant 

reduction in the C-99/C-83 ratio, suggesting an inhibited AβPP amyloidogenic processing 

(Fig. 3A). We next wanted to confirm that enhanced amyloidogenic processing of AβPP led 

to elevated Aβ generation. A specific Aβ1–42 ELISA was used to investigate the content of 

intra-neuronal detergent soluble (Fig. 3B) and extracellular detergent-insoluble Aβ1–42 (Fig. 

3C). The results showed a significant increase for both intraneuronal Aβ and extraneuronal 

oligomers in the hippocampal CA1 region of the STZ-injected rats, an effect that was 

markedly attenuated by treadmill exercise. To further confirm the suppressive effect of 

treadmill exercise on Aβ generation, Aβ1–42 immunofluorescent staining was carried out. As 

shown in Fig. 3D, representative confocal images of Aβ1–42 staining revealed elevated Aβ 
formation in the hippocampal CA1 region in STZ-injected rats, as compared to control. In 

contrast, treadmill exercise significantly suppressed the robust Aβ generation, as evidenced 

by decreased Aβ staining. We next used staining of hippocampal CA1 region sections with a 

specific anti-PHF1 antibody to examine another key hallmark of AD, hyperphosphorylation 

of tau protein. As shown in Fig. 3E, STZ-injected rats exhibited a significant increase in 

hyperphosphorylated tau staining in the hippocampal CA1 region, as compared to controls. 

In contrast, treadmill exercise significantly attenuated hyperphosphorylation of tau in the 

STZ-injected rats. Finally, western blot analysis further confirmed the increase of tau 

hyperphosphorylation in the hippocampal CA1 region of STZ-injected rats, and the 

attenuating effect of treadmill exercise (Fig. 3F).
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Treadmill exercise shifts microglial polarization to the M2 “repair/anti-inflammatory” 
phenotype and suppresses the production of pro-inflammatory cytokines

Previous work has shown that reactive gliosis is induced concurrent with elevated oligomeric 

Aβ species and plays an important role in AD pathology [49]. Therefore, we next examined 

the effect of treadmill exercise upon microgliosis and microglial polarization in the 

hippocampal CA1 region of STZ-injected rats. Representative confocal images of 

hippocampal CA1 region sections stained with the microglial marker, IBA1, revealed that 

STZ rats had a significant increase in microgliosis, and this effect was reversed by treadmill 

exercise (Fig. 4A). According to previous studies, activated microglia can be polarized to 

divergent M1 or M2 phenotypes and secrete corresponding pro-inflammatory or anti-

inflammatory cytokines in neurodegenerative disorders as a result of the particular in vivo 
microenvironment. Western blot analysis was thus performed for M1 and M2 markers to 

determine microglia polarization in the hippocampal CA1 region of STZ rats and the effect 

of exercise. As shown in Fig. 4B, western blot analysis of representative M1 markers (CD32, 

CD86, iNOS) in total protein samples from hippocampal CA1 region showed that STZ 

injection caused a significant increase in all three M1 marker proteins, as compared with 

normal control, suggesting that the activated microglia were polarized predominantly to an 

M1 phenotype after STZ insult. In contrast, the elevation of all three M1 marker proteins 

was strongly attenuated in the treadmill exercise group. We next utilized western blot 

analysis to examine the effect of STZ injection and treadmill exercise upon protein 

expression levels of several M2 markers (ARG1, TGF-β, CD206) in the hippocampal CA1 

region. As shown in Fig. 4C, STZ injection had no significant effect upon any of the M2 

marker protein levels, as compared to the control group. In contrast, treadmill exercise 

markedly elevated protein expression levels for all three M2 markers in the hippocampal 

CA1 region, as compared with STZ only group, suggesting treadmill exercise helps to shift 

activated microglia to a potentially more beneficial M2 “repair/anti-inflammatory’ 

phenotype. To confirm that the change in M1/M2 microglia phenotype by treadmill exercise 

was actually correlated with a change in production of pro-inflammatory and anti-

inflammatory cytokines, ELISA assays were used to measure the levels of specific pro-

inflammatory cytokines (Il-1β, TNF-α) and anti-inflammatory cytokines (IL-4β, IL-10β) in 

the hippocampal CA1 region. As shown in Fig. 4D, the cytokine ELISA assays revealed a 

robust elevation of the pro-inflammatory cytokines IL-1β and TNF-α, and a significant 

decrease in anti-inflammatory cytokines IL-4 and IL-10 in STZ-injected rats, effects that 

were markedly reversed by treadmill exercise.

Treadmill exercise ameliorates STZ-induced oxidative stress damage to basic cellular 
components

Oxidative stress has been well documented to cause oxidative damage to many cellular 

components in AD and other neurodegenerative disorders [43, 52–54]. We therefore sought 

to examine the effect of STZ injection and treadmill exercise upon oxidative damage in the 

hippocampal CA1 region using oxidative markers for peroxynitrite production (3-NT), lipid 

peroxidation (4-HNE), DNA double-strand breaks (P-H2A.X), and oxidized DNA damage 

(8-OHdG). As shown in Fig. 5A, western blot analysis showed a robust increase of 3-NT 

intensity in the hippocampal CA1 region of STZ rats, as compared to the control group. 

Interestingly, treadmill exercise significantly attenuated the STZ-induced increase of 3-NT 
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in the hippocampal CA1 region (Fig. 5B). Confocal microscopy and immunoreactivity 

examinations of 4-HNE, P-H2A.X, and 8-OHDG in the hippocampal CA1 region revealed 

enhanced immunostaining for these oxidative stress markers in STZ rats, and these effects 

were significantly reversed by treadmill exercise (Fig. 5B, C).

Treadmill exercise attenuates STZ-induced mitochondrial dysfunction and the consequent 
activation of caspase-9/caspase-3 apoptotic pathway

Since neuroinflammation and oxidative stress can accelerate mitochondrial dysfunction and 

lead to energy metabolic failure, we thus investigated the function of the intra-mitochondrial 

electron transfer chain where ATP is synthesized. As shown in Fig. 6A and B, STZ infusion 

resulted in a significant decline in cytochrome c oxidase (CCO) activity that correlated with 

a robust reduction of ATP levels in the hippocampus, as compared with control animals. Of 

significant interest, treadmill exercise markedly enhanced CCO activity and ATP production, 

demonstrating the effective recovery of energy metabolism following endurance exercise. 

Furthermore, as shown in Fig. 6C and D, STZ induced a significant enhancement of the 

activity of the pro-apoptotic proteins, caspase 3 and 9, as determined by fluorometric 

substrate assay, and this effect was significantly attenuated by treadmill exercise. Finally, the 

effect of STZ and exercise upon apoptosis was explored by TUNEL staining of hippocampal 

CA1 sections. As shown in Fig. 6E and F, STZ induced a robust increase in TUNEL–

positive cells, as compared with normal controls, and this effect was significantly reversed 

by treadmill exercise.

DISCUSSION

Intracerebroventricular injection of STZ produces a series of pathological effects that 

resembles the features of sporadic AD, and thus has been widely employed as a non-

transgenic model of preclinical investigation for AD treatment [41, 55, 56]. Using the STZ 

model of sporadic AD, the present study provided evidence that treadmill exercise yields 

significant hippocampal neuroprotection and cognitive preservation following ICV STZ 

injection. The neuroprotective and cognitive preserving effects of treadmill exercise are 

likely due to the multifactorial beneficial effects demonstrated in our study, which include a 

reduction of amyloidogenesis and tauopathy, suppression of neuroinflammation and 

oxidative stress, as well as preservation of energy metabolic function in the hippocampal 

CA1 region.

Of these different pathological events, the amyloid cascade has been long proposed as a key 

event that facilitates downstream pathophysiologic processes in AD that culminate in 

neurodegeneration and cognitive decline [49, 57, 58]. Indeed, accumulating evidence has 

shown that insulin affects both Aβ deposit as well as tau phosphorylation by modulating the 

PI3K signaling pathway. For instance, Kang et al. recently reported that ICV-STZ 

administration in rats leads to remarkable Aβ deposit in the brain, possibly via the 

suppression of insulin receptor and insulin receptor substrate, followed by Akt and GSK3α 
inactivation, which was strongly reversed by 6 weeks of treadmill exercise [42]. CDK5 can 

also phosphorylate AβPP and tau and is robustly activated during insulin signaling 

Lu et al. Page 11

J Alzheimers Dis. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



disturbance [59]. However, despite its ability to activate PI3K signaling, treadmill exercise 

did not significantly inhibit CDK5 activity [60].

The human genetic evidence that any mutation in AβPP leading to Aβ aggregation 

invariably causes early-onset of AD strongly supports the amyloid cascade hypothesis [61]. 

In examining the effects of treadmill exercise on amyloidogenesis and tauopathy, the present 

study revealed a significantly elevated C-83/C-99 ratio and hyperphosphorylated tau levels 

in the hippocampal CA1 region following STZ insult, indicating active amyloidogenic 

pathway processing and active tauopathy in STZ rats, which was strongly inhibited by 

treadmill exercise. Interestingly, our study further confirmed that treadmill exercise caused a 

robust decrease in STZ-induced elevations of soluble and insoluble Aβ levels in the 

hippocampus. In agreement with our results, Coreia et al. also found a significant increase in 

hippocampal Aβ1–42 and hyperphosphorylated tau levels 5 weeks after bilateral ICV STZ 

injection (3 mg/kg) [62], although their study did not examine the effects of exercise.

Interestingly, elevation of soluble and oligomeric Aβ species is well known to be associated 

with induction of reactive gliosis and neuroinflammation during AD progression [63]. In 

agreement, we found that STZ rats had a significant increase in activated microglia after 

STZ injection, which was strongly reversed by treadmill exercise. A novel finding of our 

study was that treadmill exercise induced a potentially beneficial change in microglial 

polarization in the STZ animal model of sporadic AD. Along these lines, treadmill exercise 

was found to suppress the STZ-induced M1 “pro-inflammatory” microglia phenotype, and 

enhance the M2 “repair/anti-inflammatory” microglia phenotype in the hippocampal CA1 

region. To our knowledge this is the first report of treadmill exercise exerting a beneficial 

regulation of microglial phenotype in an AD animal model. Furthermore, the decrease in M1 

and enhancement of M2 microglia phenotype by treadmill exercise was associated with a 

parallel decrease in secretion of pro-inflammatory cytokines, and enhanced production of 

anti-inflammatory cytokines. This modulation of the cytokine profile of the microglia is 

likely to contribute to lowered inflammatory damage and increased repair of brain cells, 

which may underlie, in part, the overall beneficial effects of exercise on neurodegeneration 

and cognitive function. In support of this possibility, recent work has shown that 

transplantation of M2 microglia in the brain resulted in reduced neuroinflammation and 

improved cognitive function in an Aβ-treated rat model of AD [64].

In addition to regulation of microglial polarization, our study demonstrated that treadmill 

exercise exerts powerful anti-oxidative stress effects in the hippocampus of STZ rats to 

suppress oxidative damage to lipids, proteins, and nucleic acids. The anti-oxidative stress 

effects of treadmill exercise also likely contribute to the exercise-induced neuroprotection 

and cognitive improvement observed in this study. Furthermore, oxidative stress is well 

accepted as a key pathological event that contributes to AD pathogenesis, and is closely 

linked to induction of neuroinflammation in AD [65–68]. For instance, a number of studies 

have found that increased ROS accumulation within mitochondria can feedback and 

facilitate mitochondrial dysfunction, leading to structural damage to the electron transfer 

chain and resultant ATP synthesis failure [69–71]. In fact, impaired oxidative 

phosphorylation and decreased ATP generation have been observed in the brains of AD 

patients, and is viewed as a sensitive index for monitoring cognitive alteration in AD 
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progression [72–74]. It is thus of significant interest that in our study, treadmill exercise 

reversed STZ-induced reduction of cytochrome c oxidase activity and subsequent ATP 

depletion in the hippocampal CA1 region. Furthermore, it is well known that neurons in the 

brain can undergo apoptosis due to increased oxidative damage, neuroinflammation, and 

metabolic energy failure. In support of this, our study found that STZ rats displayed robust 

activation of pro-apoptotic proteins caspase 3 and caspase 9, and a corresponding increased 

number of TUNEL-positive cells in the hippocampus. Treadmill exercise had a strong anti-

apoptotic effect as evidenced by its ability to suppress the STZ induction of the pro-

apoptotic caspases and reduce the number of TUNEL-positive cells in the hippocampus.

The current study demonstrates that treadmill exercise exerts profound neuroprotective and 

cognitive preserving effects in an STZ-induced animal model of sporadic AD. Although the 

neuroprotective mechanism of treadmill exercise requires further study, the results of the 

current study suggests that the beneficial effects of treadmill exercise are due to a 

multifactorial effect to inhibit amyloidogenesis and tauopathy, suppress oxidative stress and 

neuroinflammation, and preserve metabolic energy function in the hippocampus. As a 

whole, these findings provide novel insights into the mechanisms underlying the beneficial 

effect of treadmill exercise in AD, and support further studies upon the therapeutic potential 

of exercise for preventing or ameliorating the devastating neurological consequences of AD.
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Fig. 1. 
Effect of treadmill exercise on STZ-induced spatial learning and memory deficits in rats. A) 

Representative tracking plots of Barnes Maze test for the indicated rats on the third trial day: 

(a) Control, (b) STZ, (c) STZ + Exe. Escape latencies and the average velocity were 

recorded and statistical data are shown in (d and e). B) Tracking plots and occupancy in 

target quadrant (green color) were recorded on probe day 4. (a)–(c) indicate the typical 

tracking plots for control, STZ, and STZ + Exe, respectively. Relative quadrant occupancy 

and errors made during Barnes Maze testing were recorded and statistically analyzed (d and 

e). C) The step-through latency (a) and numbers of rats that stayed in the bright chamber 

over 300 s (b) are shown in the passive avoidance test. D) Five-min novel object recognition 

tests were subsequently performed to compare the recognition memory. Representative 

traces are displayed for rat exploration of the familiar object (red) and a novel object (Cyan) 

(a: control, b: STZ, c: STZ + Exe). Diagram analysis of exploration time for different objects 

(d) and discrimination index (e) are indicated. n = 8 per group. *p < 0.05 versus normal 

control; #p < 0.05 versus STZ group.
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Fig. 2. 
Effect of treadmill exercise on STZ-induced hippocampal neuronal degeneration. A) 

Representative confocal pictures of rat hippocampal pyramidal CA1 neurons from control, 

STZ, STZ + Exe groups stained with the neuronal marker, NeuN and the neurodegenerative 

marker, F-Jade C, indicating robust neuron loss and neuronal degeneration following STZ 

insult, which was significantly attenuated by treadmill exercise. Scale bar = 20 μm. B) 

Quantification analysis was performed by counting surviving neurons and F–Jade C-positive 

neurons. The results indicate that neuronal loss and acute neuronal degeneration were 

induced by STZ administration at early stage of AD progression, whereas treadmill exercise 

exerted significant neuroprotection by increasing neuronal survival and decreasing 

neurodegeneration. n = 8 per group. Values are means ± SE. *p < 0.05 versus normal 

control; #p < 0.05 versus STZ group.
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Fig. 3. 
Effects of treadmill exercise on STZ-induced amyloidogenic processing of AβPP, Aβ 
accumulation, and tau phosphorylation in rat hippocampal CA1 region. A) Western blot 

analysis for C-terminal fragment of AβPP after α-secretase cleavage (C-83) and β-secretase 

cleavage (C-99), and the quantification analysis of C-99 to C-83 fragments ratios. B,C) The 

levels of Triton soluble Aβ1–42 and Guanidine HCL soluble Aβ1–42 were analyzed, and the 

data were expressed as fold changes versus control group. D) Representative Aβ1–42 staining 

for control, STZ, and STZ + Exe groups in hippocampal CA1 region. Scale bar = 20 μm. E, 

F) Phosphorylation of tau protein (PHF) was examined by immunofluorescent staining and 

western blot analysis, respectively. Scale bar = 20 μm. n = 5 per group. Values are means ± 

SE. *p < 0.05 versus normal control; #p < 0.05 versus STZ group.
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Fig. 4. 
Treadmill exercise shifts microglial polarization from M1 to M2 phenotype and suppresses 

pro-inflammatory cytokines production. A) Confocal analysis of hippocampal CA1 neurons 

immunostained for IBA1, a marker of microglia. As shown above, STZ enhanced microglia 

activation and this effect was markedly suppressed by treadmill exercise. B, C) Western blot 

analysis for M1 and M2 markers of activated microglial revealed that treadmill exercise 

shifted activated microglia to M2 phenotype, while M1 phenotype was significantly 

inhibited. D) Levels of representative pro-inflammatory (a) & (b) and anti-inflammatory 

cytokines (c) & (d) were detected. Consistent with microglial polarization, treadmill exercise 

reversed STZ-induced elevation of pro-inflammatory cytokines and decrease of anti-

inflammatory cytokines. Scale bar = 20 μm. n = 5 per group. *p < 0.05 versus normal 

control; #p < 0.05 versus STZ group.
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Fig. 5. 
Treadmill exercise ameliorates STZ-induced oxidative stress damage. A) Western blot 

analysis of reactive nitrogen species (RNS) generation, marked by 3-NT. STZ-induced RNS 

accumulation was markedly attenuated by treadmill exercise during AD progression. B) 

Confocal analysis for oxidative stress-induced damage to basic cellular components: lipid, 

histone and DNA, marked by 4-HNE (a–c), P-H2A.X (d–f), and 8-OHDG (g–i) respectively. 

Note that treadmill exercise significantly attenuated STZ-induced cellular oxidative 

damages. C) Relative immunoreactivity was analyzed in a diagram form following the 

confocal analysis above, with data expressed as fold changes versus normal control. Scale 

bar = 20 μm. n = 5 per group. Values are means ± SE. *p < 0.05 versus normal control; #p < 

0.05 versus STZ group.

Lu et al. Page 22

J Alzheimers Dis. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Treadmill exercise attenuates STZ-induced mitochondrial dysfunction and the consequent 

activation of caspase-9/caspase-3 apoptotic pathway. A, B) ELISA analysis of mitochondrial 

cytochrome c oxidase activity followed by the total ATP production were performed to 

examine mitochondrial oxidative phosphorylation level. C, D) The activities of pro-apoptotic 

proteins caspase 3/9 were subsequently analyzed, revealing that the enhanced activations of 

these pro-apoptotic proteins were inhibited by treadmill exercise. E) Representative confocal 

images of TUNEL staining revealed aggravated neuron apoptosis following dramatic 

mitochondrial dysfunction. F) TUNEL-positive cells per 250 μm in each confocal image 

were counted and expressed in graphic depiction. Values are means ± SE. Scale bar = 20 μm. 

n = 5 per group. *p < 0.05 versus normal control; #p < 0.05 versus STZ group.
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