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Abstract.
Background: Aerobic capacity is associated with metabolic, cardiovascular, and neurological health. Low-capacity runner
(LCR) rats display low aerobic capacity, metabolic dysfuction, and spatial memory deficits. A heat treatment (HT) can
improve metabolic dysfunction in LCR peripheral organs after high fat diet (HFD). Little is known about metabolic changes
in the brains of these rats following HT.
Objective: Our objective was to examine the extent to which high or low aerobic capacity impacts Akt (a protein marker of
metabolism) and heat shock protein 72 (HSP72, a marker of heat shock response) after HFD and HT in hippocampus.
Methods: We measured phosphorylated Akt (pAkt) in the striatum and hippocampus, and HSP72 in the hippocampus, of
HFD-fed and chow-fed LCR and high-capacity runner (HCR) rats with and without HT.
Results: pAkt was lower in the hippocampus of chow-fed LCR than HCR rats. HFD resulted in greater pAkt in LCR but not
HCR rats, but HT resulted in lower pAkt in the LCR HFD group. HSP72 was greater in both HCR and LCR rat hippocampus
after HT. The HFD blunted this effect in LCR compared to HCR hippocampus.
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Conclusion: The abnormal phosphorylation of Akt and diminished HSP response in the hippocampus of young adult LCR
rats might indicate early vulnerability to metabolic challenges in this key brain region associated with learning and memory.
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INTRODUCTION

Low aerobic capacity is strongly associated with
development of type 2 diabetes, obesity, cardiovascu-
lar disease, metabolic syndrome, aging, and all-cause
mortality [1–5]. Low-capacity runner (LCR) rats
show markers of decreased mitochondrial function
in skeletal muscle, heart, and liver [6–8]. We previ-
ously reported that, compared to high-capacity runner
(HCR) rats, mitochondrial markers (e.g., PGC1-�,
Nrf-1, and TFAM proteins) were lower in young LCR
striatum but not in hippocampus [9]. Meanwhile, con-
vincing epidemiological, clinical, and genetic studies
provid substantial evidence supporting a link between
type 2 diabetes and Alzheimer’s disease (AD) [10,
11]. Both young adult and aged LCR rats exhibit
spatial memory deficits [12–15]. In aged LCR rats,
these cognitive deficits are accompanied by hyper-
phosphorylated tau accumulation and neuron loss.
These findings support the LCR rats as a model link-
ing impaired metabolic function and AD.

Previous research reported that peripheral organs
like the liver and skeletal muscle (and the striatum in
the brain) are responsive to the metabolic challenge
of a 3-day high fat diet (HFD) [9, 16, 17]. Mean-
while, Geiger et al. reported that heat treatment (HT)
improves metabolic dysfunction in liver and skeletal
muscles of LCR rats following a 3-day HFD [16].
The goal of the current study was to determine the
extent to which a 3-day HFD and HT affect protein
markers of metabolism and the heat shock response
in LCR hippocampus, as they did in metabolically-
sensitive peripheral organs. We used tissue harvested
from rats that were used in our recently-published
study that focused only on the effects of a HFD in
LCR and HCR rats [9, 16, 17].

MATERIALS AND METHODS

Animals, diets, and HT

Seven-month-old male LCR and HCR rats (N = 48,
generation 25) in our study were the same rats
used in our recently-published study [9]. All pro-
cedures were approved by the Institutional Animal
Care and Use Committees at the University of Kansas

Medical Center, University of Michigan, and Univer-
sity of Missouri, as well as the Subcommittee for
Animal Safety at the Harry S. Truman Memorial VA
Hospital. Animals were housed in a temperature con-
trolled facility with 12:12 h light: dark cycles. The rats
were provided standard chow diets (D12450B, 10%
kcal from fat; Research Diets, New Brunswick, NJ)
and water ad libitum prior to initiation of the exper-
imental diet period. Rats were placed on either the
chow diet or a HFD (D12451, 45% of kilocalories
from fat; Research Diets) for 3 days.

After feeding for 3 days, rats were anesthetized
with ketamine-xylazine (80 mg/kg body wt-10 mg/kg
body wt) and received a single heat or sham treat-
ment in vivo. As a result, four treatment groups
with HCR/LCR strains were generated: Chow-Sham,
HFD-Sham, Chow-Heat, and HFD-Heat. HT con-
sisted of lower body immersion in a 42◦C water
bath to gradually raise body temperature to between
41◦C and 41.5◦C where it was maintained for 20 min.
Temperature was monitored by a rectal thermometer.
Sham treatment consisted of immersion in a 37◦C
water bath and maintaining body temperature.

Tissue harvest

Following a 10 h overnight fast, animals were de-
eply anesthetized with pentobarbital sodium (50 mg/
kg). Brains were then removed and immediately
placed on an ice cold brain block. Samples of hip-
pocampus and striatum were carefully dissected,
weighed, and frozen on dry ice, and stored into –80◦C
for western blotting analysis.

Western immunoblotting

Hippocampus and striatum tissue were processed
for western blotting by methods previously described
[9]. Films were scanned at high resolution, and den-
sitometry measurements were analyzed using Image J
software. Protein content was normalized to the load-
ing control �-actin. Primary antibodies used included
phospho-Akt (Ser473) (Cat # 9271, Cell Signaling),
total Akt (Cat # 9272, Cell Signaling) and HSP72 (Cat
# SPA-810, Enzo Life Sciences, Farmingdale, NY).
Secondary antibodies used included goat anti-rabbit
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(Cat # sc-2004, Santa Cruz) and goat anti-mouse (Cat
# 170-5047, BioRad, Hercules, CA).

Statistical analyses

All data were presented as means ± SEM and
was analyzed using SPSS. Results were analyzed
using a one–way ANOVA followed by post hoc test
(Fisher’s LSD). Partial eta squared (ηp

2) values indi-
cate effect sizes and p values are unprotected for
multiple comparisons (a limitation). Significance was
set at p < 0.05.

RESULTS

Region-specific difference in pAkt/Akt expression
and its response to a 3-day HFD in HCR and
LCR rat brain

In the hippocampus, pAkt/Akt differed signif-
icantly between the four groups (p = 0.036, ηp

2

= 0.26). pAkt/Akt was lower in chow-fed LCR than
chow-fed HCR rats (p = 0.039, Fig. 1A). pAkt/Akt
was greater in the hippocampus of HFD LCR group
than in the chow-fed LCR group (p = 0.007, Fig. 1A).
There were no significant LCR-HCR differences in
pAkt/Akt levels in the striatum, and a 3-day HFD
did not affect pAkt/Akt in this brain region (p > 0.05,
Fig. 1B).

HT affected pAkt/Akt with different diets in HCR
and LCR hippocampus

The effects of HT on pAkt/Akt in HCR hippocam-
pus did not differ significantly between the two diet
groups as shown in Fig. 1C. In the LCR rats, HT
did affect pAkt/Akt differently across the diet groups
(p = 0.016; ηp

2 = 0.29). In chow diet groups, HT did
not affect pAkt/Akt in LCR hippocampus. After a
3-day HFD, pAkt/Akt of LCR hippocampus was
lower in the HT groups than sham groups (p = 0.042,
Fig. 1D).

Heat shock response in HCR and LCR
hippocampus with different diets

In the HCR rats, HT resulted in a significant
overall effect between-groups (p = 0.019; ηp

2 = 0.30).
HT resulted in greater HSP72 levels in HCR rat
hippocampus (p = 0.01, Fig. 2A). This effect was
not altered by a 3-day HFD (p > 0.05, Fig. 3A).
In the LCR rats, the HT resulted in a significant

overall effect between-groups (p = 0.004; ηp
2 = 0.34).

HT resulted in greater HSP72 protein expression
(p = 0.003, Fig. 2B) in chow-fed LCR hippocampus.
Unlike HCR rats, HSP72 levels were lower in the
HFD versus chow LCR rats following HT (p = 0.025,
Fig. 2B).

DISCUSSION

In this study, we report lower pAkt in the hip-
pocampus of LCR rats compared to HCR rats. pAkt
did not differ between strains or diets in striatum.
However, LCR hippocampus exhibited pAkt levels
that were similar to those in HCR rats after a 3-
day HFD. Hippocampal pAkt did not differ between
chow-fed and HFD-fed HCR rats. HT resulted in
lower pAkt levels in LCR HFD rats. Our results
show HSP72 is elevated in both HCR and LCR rat
hippocampus after HT. However, HFD blunted the
induction of HSP72 by HT in LCR rat hippocampus
compared to the HCR group.

Akt (protein kinases B, PKB) is a critical reg-
ulator of cell growth, survival, proliferation, and
metabolism. pAkt is Akt activated by phosphory-
lation at Ser473. Activation of Akt is particularly
important for protecting neurons against a variety
of stressors, including ischemia-reperfusion [18],
amyloid-� [19], tau pathology [20], and aging [21].
Considerable data suggests that diminished Akt phos-
phorylation is associated with cognitive deficits in
hyperglycemic conditions [22, 23]. pAkt can be
reduced in hippocampus by hyperglycemia [23].
LCR rats display signs of type 2 diabetes with
reduced whole body insulin sensitivity and hyper-
glycemia [16]. Our finding that pAkt is significantly
lower in young adult LCR hippocampus is consis-
tent with those previous findings. We previously
reported lower mitochondrial markers (PGC1-�, Nrf-
1, and TFAM) in young adult LCR (6-7months)
striatum, but not hippocampus [9]. Meanwhile, oth-
ers have reported lower PGC1-� and TFAM in aged
(23 months) LCR hippocampus, with concomitant
cognitive deficits, hyperphosphorylated tau accumu-
lation, and neuron loss [15]. These findings suggest
that phosphorylation of Akt might be affected earlier
than mitochondrial markers in LCR hippocampus.
However, whether lower pAkt is accompanied by
tau or amyloid-� pathologies in young adult LCR
hippocampus requires further investigation.

Phosphorylation of Akt is aberrantly regulated in
hippocampus after HFD. One study reported clear
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Fig. 1. A) Hippocampal and B) striatal pAkt/Akt expression in HCR/LCR with chow diet versus a 3-day HFD. pAkt/Akt expression in (C)
HCR and (D) LCR rat hippocampus following HT. Rats were fed a chow diet or 3-day HFD and received either a single in vivo sham (37◦C)
or heat (41◦C) treatment. Black bars represent chow diet and white bars represent 3-day HFD. Values are expressed as mean ± SE. N = 5-6
rats per group. ∗p < 0.05, ∗∗p < 0.01 denotes significant difference from HCR versus LCR within diets (post hoc); #p < 0.05, ##p < 0.01 denotes
significant difference from chow diet versus HFD within strains (post hoc); £p < 0.05, ££p < 0.01 denotes significant difference from HT
versus sham treatment within diets (post hoc).

decreases in pAkt/Akt in rat hippocampus after a
10-week HFD [24]. Another study reported that a
5-month HFD resulted in elevated pAkt/Akt in rat
hippocampus [25]. Here we provide evidence that
despite whole body insulin resistance [16] and lower

pAkt in the LCR hippocampus with normal chow,
LCR rats exhibited greater pAkt expression in hip-
pocampus but no difference in pAkt in striatum after
a 3-day HFD. LCR striatum has also exhibited greater
mitochondrial proteins after a 3-day HFD [9]. Those
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Fig. 2. HSP72 expression in (A) HCR and (B) LCR rat hippocampus following HT. Rats were fed a chow diet or 3-day HFD and received
either a single in vivo sham (37◦C) or heat (41◦C) treatment. Black bars represent chow diet and white bars represent a 3-day HFD. Values
are expressed as mean ± SE. N = 5-6 rats per group. #p < 0.05, ##p < 0.01 denotes significant difference from chow diet versus HFD within
treatments (post hoc). £p < 0.05, ££p < 0.01 denotes significant difference from HT versus sham treatment within diets (post hoc).

data suggest the low aerobic capacity increases the
vulnerability of brain to metabolic stress of HFD, and
there are different responses to metabolic challenge
in different brain regions.

HT can improve metabolic dysfunction in liver and
skeletal muscles of rats followed HFD [16, 26]. Heat
shock proteins (HSP) played a key role in protec-
tion following HT. One of the most studied HSPs
in mammalian models is HSP72 (inducible HSP70),
due to its protective effects in cerebral ischemia,
neuronal cultures, cerebral trauma, and neurodegen-
eration [27–29]. HSP72 is a cytosolic chaperone,
is highly inducible following heat stress, and has
anti-oxidation, anti-inflammatory, and anti-apoptotic
properties [30]. Our results show that HSP72 is ele-
vated in both HCR and LCR rat hippocampus after
HT. However, induction of HSP72 by HT is lower
following a 3-day HFD than following a chow diet
in LCR hippocampus. A previous study reported that
LCR rats exhibit a blunted induction of HSP72 fol-
lowing HT in skeletal muscle, liver, and adipose tissue
[16]. To our knowledge, our study is the first to report
that low aerobic capacity is related to deficient induc-
tion of HSP72 following HT in hippocampus after a
3-day HFD. Meanwhile, we found that the elevat-
ing effects of a HFD on pAkt are reversed in LCR

hippocampus after HT. Neither HFD nor heat stress
affected pAkt in HCR hippocampus. Previous stud-
ies report that aged LCR rats exhibit worse spatial
memory than HCR rats with eventual increases in
hyperphosphorylated tau accumulation and neuron
loss in hippocampus [14, 15]. Our results suggest
that the abnormal phosphorylation of Akt and dimin-
ished HSP response in the hippocampus of young
adult LCR rats might indicate early vulnerability to
metabolic challenges in this key brain region associ-
ated with learning and memory.
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