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Myotis lucifugus, little brown bat

Spermophilus tridecemlineatus,

13-lined ground squirrel

Spermophilus richardsonii,

Richardsonôs ground squirrel



HIBERNATION

13-LINED GROUND SQUIRREL
Ictidomys tridecemlineatus



ÅKey characteristics :

ïmetabolic rate depression 

(hypometabolism)

ïlow body temperatures

ïHibernation is a NATURAL  
model system

ÅPurpose is to overcome food 
shortages and the high energy 
costs of endothermic life

MAMMALIAN HIBERNATION



Adapted from Nelson et al.2009

Animal studies by Dr. JM Hallenbeckand Dr. DC McMullen, NIH

TORPOR-AROUSAL



ÅMetabolism inhibited
causing Tb to fall

ωMetabolic rate falls
to <5% of normal

ωSmaller animals cool
down faster

ωQ10 values up to 15

ωReversible in arousal

ωTorpor bout duration
4 days to 2 weeks 
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Polysomes& translation state 
during hibernation

Kidney:  
Å Disaggregation of polysomes
Å 85% decrease in translation rate
Å Phospho-eIF2 increases  
Å Synthesis of organic cation 

transporter (OCT2) decreased

PROTEIN SYNTHESIS CAPACITY 
SUPPRESSED

Brown adipose:  
Å Disaggregation of polysomes
Å No change in translation rate
Å No change in phospho-eIF2
Å Synthesis of H-FABP increased

PROTEIN SYNTHESIS CAPACITY 
UNCHANGED



Antioxidants
Thioredoxin in  BAT & WAT in torpor

SOD1 & SOD2       in WAT in torpor

No change in CAT or PRX

Heat shock proteins 
Rising trend for all in BAT during arousal

HSP90       in BAT in interbout

HSP60      in WAT in entrance

Adipocyte stress response 
in hibernation:  BAT vs WAT 



Phospho-Transcription factors

p-CREB       in torpor & interbout in BAT

p-Elk-1       in torpor in BAT 

p-Elk-1       in torpor & arousal in WAT 

Adipocyte stress response 
in hibernation:  BAT vs WAT 

MAPKs
ERK, p38, JNK      in BAT in arousal

ERK, p38, JNK       in WAT in torpor

- unchanged or partial recovery 
in WAT during arousal 



Å Nrf2-MafG dimer activates 
antioxidant response 
element in antioxidant 
genes

Å Both proteins increase in 
BAT in hibernation adipose:   
Nrf2 by 3.5 x,  MafGby 2 x

Å No change in heme
oxygenase in BAT but HO 
rises in liver, kidney, heart 
& brain

Nrf2 transcription factor 
& antioxidant defense



Antioxidant defenses in hibernation: 
Peroxiredoxins

- Family of crucial intracellular antioxidants

- In BAT during hibernation: 

prdx2 mRNA transcripts        1.7-fold

Prdx1 protein 4-fold;  Prdx2 protein        2.4-fold

- Total 2-Cys peroxiredoxinactivity         3.5-fold

- Improve antioxidant defense for intense BAT thermogenesis in arousal

- Comparable responses seen in ground squirrel heart



Regulation of the ER Unfolded Protein 
Response in Hibernators

Å Increased levels of malfoldedproteins in the ER
activates the UPR & raises GRP78, an ER 
chaperone

Å In BAT during hibernation: 
grp78 transcripts 3.5-fold 

GRP78 protein 1.6-fold   

Å Similar responses in brain with control by 
activating transcription factor 4 (ATF4) 

Å ATF4 protein 1.9 & 2.5-fold 
in BAT & brain of hibernators

Å ATF4 translocated to the nucleus & its
co-activator CREB-1       by 4.3-fold & 
7.4-fold in BAT & brain



PPARɹ  and PGC-1 ihn Brown 
and White Adipose of

hibernating ground squirrels 

Å PPARɹ - regulates multiple enzymes/proteins
of lipid metabolism

Å PGC-1 ςhco-activator of PPARɹ & regulator of
mitochondria biogenesis

Å PPARɹ:  1.4-fold in BAT;  1.7-fold in WAT

Å PGC-1 :h      2.7-fold in BAT;  2.1-fold in WAT

Å PPARɹ  data correlates with up-regulation of
a-fabp and h-fabp transcripts in hibernation



Fatty acid binding proteins in hibernation: 
up-regulation optimizes transport to mitochondria 

Ground squirrel hibernation
Heart type H-FABP:      transcripts     BAT, heart, skeletal muscle
Adipose type A-FABP:     transcripts      BAT, heart

Bat hibernation
Heart type H-FABP:    transcripts     BAT, skeletal muscle;     protein       BAT, heart, muscle
Adipose type A-FABP:  transcripts      BAT;     protein      4-fold



AMP-activated protein kinase 
in BAT & WAT during hibernation 

Å AMPK known as the energy sensor of the cell

Å AMPK activity rose 3-fold in WAT but not in BAT or 3 other tissues during torpor

Å Selective changes only in AMPK-activated proteins: 
- phospho-Acetyl-CoA carboxylase at Ser79 inhibitory site increased in BAT
- phospho-eIF2at Thr56 inhibitory site increased in WAT
- no change in AMPK phosphorylation of hormone-sensitive lipase

Å Overall, AMPK does not appear to regulate changes in lipid metabolism during torpor



Mitochondrial genes, proteins & 
enzyme activities increased during 

torpor in brown adipose of little brown bats

During torpor in brown adipose, compared 
with euthermia:

Å Cytochrome oxidase activity       3-fold

Å Transcripts of coxIIand nad4       3ς4-fold, 
both mitochondria-encodedgenes

Å 2-fold       in carnitine palmitoyl
transferase-1b protein



Differential expression of mitochondrial vs 
nuclear encoded subunits of cytochrome 

oxidase (complex IV) & ATP synthase (complex 5)

Å Increased synthesis of 
mitochondria-encoded subunits
in BAT, kidney & heart:  
cox1 & ATP6/8

Å No change in synthesis of 
nuclear-encoded subunits in any 
tissue:  cox4 & ATPh

Ratio Hib/Euth



Anti-apoptosis in White Adipose:
Cell Preservation during Hibernation

Balance of pro- and anti-apoptotic protein actions determines cell survival vs death

Bcl-2 & its phosphoforms (S70, T56) decline in torpor & rebound in arousal
Bcl-xLunchanged but its phosphoform (S62) decreases in torpor
X-IAP, a caspase inhibitor, increases in torpor & caspase-3 decreases

These measurements in BAT are the next frontier ! 



Hypoxia-inducible factor-1 in 
brown adipose of hibernators

In hibernation, compared with euthermia

Å Hif-1 transcripts did not change

Å HIF-2 protein        1.7-fold in BAT & 1.6 fold in muscle

Å HIF-1 mediated gene expression could increase

Å Unique substitutions in HIF-1 protein sequence may
counteract low temperature effects on conformation. 



PRINCIPLES OF MRD

Most Genes OFF !

Epigeneticsrefers to the study of changes 
in gene expression that are not 
dependent on gene DNA sequence. 



TURNING OFF GENES:
Role of  Epigenetics

Epigenetics:
- Stable changes ingene activity that do
not involve changes in DNA sequence

Common mechanisms:   
- DNA methylation 
- Histone modification / histone variants

e.g. acetylation, phosphorylation
- Regulatory non-coding RNAs 
-άIƛŘƛƴƎ ƳŜǎǎŀƎŜǎέ



Global DNA modifications in hibernation
Ą Epigenetic controls

BAT responses during hibernation show
global suppression of TRANSCRIPTION

Å 1.7-fold        in DNA methylation

Å 50% in Histone H3 Lys23 acetylation
= increased chromatin packing

Å Strong        in histone deacetylases 1 & 4 

Å Strong         in MBD1 and HP1, co-repressors
of transcription



Cuellar TL, McManus MT.  J Endocrinol. 187(3):327-332, 2005. 



MicroRNA expression in hibernation

Å 20 miRNAs measured

Å BAT:  miR-138 up by 3-fold;  6 miRNAs reduced 

Å BAT:   silencingmiR103 in mice led to       expression of ß-oxidation genes 

Å BAT:   silencingmiR107 led to     expression of uncoupling protein 2 in mice

Å BAT & WAT:  miRpathanalysis indicated global changes in MAPK signaling   

miRNA binding to mRNA transcripts
=        translation 

with mRNAs targeted to storage 
or degradation



- Advanced method for microRNA
expression analysis & sequencing

- Key to studies of species with 
non-annotated miRNAs  Ą most
comparative models

- Euthermic vs deep torpor levels
of 5 miRNAs from ground squirrel
brown adipose ςboth sequenced &
quantified expression by new method

Species specific microRNA detection 


