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COLD  HIBERNATION



MONITO del MONTE
Dromiciops gliroides

South American marsupial



TORPOR

Gray mouse lemur,

Microcebus murinus



BEARS ! 



• Metabolism inhibited

causing Tb to fall

• Metabolic rate falls

to <5% of  normal

• Smaller animals cool

down faster

• Q10 values up to 15

• Reversible in arousal

• Torpor bout duration

4 days to 2 weeks 



PRINCIPLES  OF 

HIBERNATION
1.  Metabolic rate reduction 

2. Cold or Warm temperature 

3.  Most Genes & Processes OFF 

4.  miRNA Control of Pathways 

5.  Epigenetics as Central Controller 

Same for ALL MRD



PRINCIPLES  OF 

HIBERNATION

1. Metabolic rate reduction 

2. Control by protein kinases

(SAPKs, 2nd messenger PKs)

Same for ALL MRD
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METABOLISM  IN  

HIBERNATION

• mRNA synthesis 

• Protein synthesis 

• Ion Pumping 

• Fuel use (esp. CHO)

• O2 consumed

ATP turnover      to <5% of normal
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Metabolic Rate Depression  

CHANGES

• Few ‘SAP’ kinases activated

• *Thousands of processes OFF* 

• Gene ‘inactivation’ (      mRNA )

• Few Genes activated  (1-2%)



PROTEIN KINASES

PROTEIN

nATP nADP

PROTEIN-(P)n

• Covalent modification by phosphorylation

• Families of protein kinases:  PKA (cAMP), 

PKG (cGMP),  CaM (Ca2+),  PKC (Ca2+, PL, DG)

• SAPKs : daisy chain phosphorylations 

• Regulation via interconversion of active

vs subactive forms of protein substrates

• p38,  ERK (1/2),  JNK,  AMPK,  AKT (mTOR) 



PATHWAY  CONTROL  IN  
HIBERNATION

• Glycolysis (GP, GS, PFK, PK)

• Fat synthesis  (ATP-CL, ACC)

• CHO fuel use   (PDH)
• Translation     (eIF2α, eEF2)

• Ion pumps       (NaK, Ca-ATPase)

• the usual suspects, TextBook 

Phospho / de-Phospho
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Phosphorylation of  one or more Ser sites 

INACTIVATES  pSer232, pSer293, pSer300



Metabolic Rate Depression 

CHANGES

Few ‘SAP’ kinases activated

• Gene ‘inactivation’ (      mRNA )

• Few Genes activated  (1-2%)



TURNING OFF GENES:

Role of  Epigenetics

Epigenetics:

• Stable changes in gene 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 



Global changes in histone modifications  to 
reduce accessibility to promoter regions by 
transcription machinery

MicroRNAs can coordinate expression of
cell proteins via post-transcriptional action

Global changes in methylation of gene 
promoters  to reduce transcription rates 

Other post-transcriptional controls  can apply –
• formation of stress granules & 
• action of RNA binding proteins 

Transcription and translation are ATP-expensive

Epigenetic modifications can alter rates of 
transcription/translation to produce energy savings in 

hypometabolism 



TURNING OFF GENES:

Role of  Epigenetics

Epigenetics:

• Stable changes (heritable) in gene 

expression that are not derived from 

changes in DNA sequence

Common mechanisms:

• DNA methylation 

• Histone modification / histone variants

e.g. acetylation, phosphorylation

• Regulatory non-coding RNAs [miRNA]



Global changes in histone modifications  to 
reduce accessibility to promoter regions by 
transcription machinery

MicroRNAs can coordinate expression of
cell proteins via post-transcriptional action

Global changes in methylation of gene 
promoters to reduce transcription rates 

Other post-transcriptional controls can apply –
• formation of stress granules & 
• action of RNA binding proteins 

Transcription and translation are ATP-expensive.

Epigenetic modifications can alter rates of 
transcription/translation to produce energy savings during 

hypometabolism. 



DNA Methylation & 

Mammalian Hibernation

Changes in DNA 
methylation 

& DNMTs restrict 
gene transcription 

during torpor
Alvarado, S., Mak, T., Liu, S., Storey, K.B., and Szyf, M. 2015. 

J. Exp. Biol.  218:  1787-1795



Histone 
deacetylases

allow histones 
to wrap around 

DNA more 
tightly during 

torpor

Histone Deacetylases & 

Mammalian Hibernation



Global changes in histone modifications  to 
reduce accessibility to promoter regions by 
transcription machinery

MicroRNAs can coordinate expression of
cell proteins via post-transcriptional action

Global changes in methylation of gene 
promoters  to reduce transcription rates 

Other post-transcriptional controls can apply 
• formation of stress granules  & 
• action of RNA binding proteins 

Transcription and translation are ATP-expensive.

Epigenetic modifications can alter rates of 
transcription/translation to produce energy savings in 

hypometabolism 



Turning it all off

miRNAs & 
Dicer enzyme 
show organ-

specific changes 
in mammalian 

hibernation 



Regulatory non-coding RNAs 

• Small RNAs ~22 nucleotides in length

• Highly conserved across species

• Reach out to ALL cell processes

• Could be 1000, affect 85 % of genes

• Disease involvement 

• Act to : 

- Block translation of mRNA  

- Target mRNA for degradation 

microRNA



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

MICRO RNA:  Drosha & Dicer



• Skeletal muscle atrophy

• Cardiac hypertrophy

• Insulin resistance

• Suppression of  cell growth 

MicroRNA & Hibernation



Advanced method for miRNA 

expression analysis in species 

not genome-sequenced 

-- key to comparative models

SMIRP – species specific miRNA 

prediction of  NOVEL miRNAs in 

diverse species 

Species specific microRNA 

detection 



Novel miRNA:  Verification and 

Quantification

Novel microRNAs in 13-lined 

ground squirrels

(Ictidomys tridecemlineatus)



Other Animals: 

Hibernating Marsupial

Do different hibernators 

utilize the same 

strategies?

▪ Studied highly 

conserved microRNAs 

in liver and skeletal 

muscle

Dromiciops gliroides
Monito del Monte



• Activation of  mTOR

• Activation of  MAPKs

• Tissue-specific responses:

- Hibernation

- Thermal regulation

- Disuse atrophy

MARSUPIAL TORPOR

Monito del Monte

from Chile



Hibernating Marsupial

▪ MicroRNAs in marsupial and placental hibernators 

behave similarly

▪ Target energy-expensive processes while activating

pro-survival responses



LEMUR model

• Primates, native to Madagascar

• Use daily torpor while sleeping 

• Hibernate long term to deal with chronic food shortages 

in the dry season

• The most closely related species to man that exhibit 

natural hypometabolism

• Enter torpor at high ambient temperatures (Tb ~28-32°C) 

i.e. not confounded by the additional biochemical 

adaptations needed for low temperature function



PRIMATE TORPOR: 

GRAY MOUSE LEMUR



Gray mouse lemur, Microcebus murinus

- Native to Madagascar

Overview: Fewer cellular 

changes needed when torpor is 

at higher body temperature ! 



FZD

WNT

DVL
DAAM1

RAC1

RHO

B-catenin 

stabilization

Cytoskeletal 

Re-arrangement

Calcium 

Regulation

Gene expression

IP3

GSK3b

B-catenin

TCF/LEF

DNA

Novel-miR-2

Novel-miR-3

WNT signaling 

ROCK

5’ UTR ORF 3’ UTR

fzd2 mRNA

n
o

v
e

l-
m

iR
-2

n
o

v
e

l-
m

iR
-3

n
o

v
e

l-
m

iR
-2

1 2 3site

Site 1

Site 2

Site 3 target 5'   A                G 3' 

UCGUUCU GAUUUUUG 

GGUAGGA CUAAAAAC 

miRNA 3' AGAC       C        A 5‘

mfe: -19.3 kcal/mol 

target 5' G      GUU  A           3' 

UUGUCG   UC   GAUUUUUGU 

GACGGU   AG   CUAAAAACA 

miRNA 3'  A           GAC         5' 

mfe: -18.5 kcal/mol 

target 5' U   U      CUGAU         C 3' 

GUG GCGGCA     UUGUCAAGA 

CAC CGUCGU     GGCAGUUCU 

miRNA 3'  U   U      C             U 5' 

mfe: -28.7 kcal/mol

Identification and target prediction of two novel microRNAs 

that increase during torpor in lemur heart

LEMUR HEART miRNA



LEMUR microRNA - Liver
• 16 microRNAs significantly increased during torpor

• 30 microRNAs significantly decreased 

• Pathway mapping shows control over cell cycle and cell survival

• 44 Novel miRNAs discovered
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TORPOR CONTROL BY 

SIGNALING CASCADES

Luminex multiplex panels allowed 

assay of 12 targets simultaneously 

Heart:  activation of JNK only

Liver:  MAPKs , no change !

Mitogen-activated 

protein kinases (MAPKs)



• Luminex panels used to analyze 

insulin & PI3K/Akt signaling and 

mTOR protein synthesis pathway 

• Heart: GSK3α increase

• Liver: IR increase

TORPOR CONTROL BY 

SIGNALING CASCADES

Insulin signalling

pathway



AMPK signaling & 

gene/protein synthesis

AMP-activated protein 

kinase (AMPK) is the 

“energy sensor” of  the cell 

Heart: AMPK activated  

- switch to fatty acid oxidation in 

torpor 

Liver:  AMPK decrease & 

protein synthesis control at 

eIF4E

TORPOR CONTROL



CELL PROTECTION 

RESPONSES TO TORPOR 

Antioxidant enzymes & 

Chaperone proteins 

Stress tolerance thought to 

require Antioxidant defences

and  Heat shock proteins

Neither Heart nor Liver show 

changes in HSPs or antioxidants



Array-based PCR of 28 genes 

linked with hibernation.    

MOST genes turned *down* 

Heart: some genes increase 

expression. Key function –

heart must keep beating

Liver: increased expression of 

multi-genes. Function via novel 

miRNA   =  Selective gene 

expression aids torpor

GENE RESPONSES TO TORPOR: 

ADJUSTING  KEY SURVIVAL PATHWAYS



PRIMATE TORPOR: Shutting 

down primates,  LIKE YOU !! 

The $1,000,000 Question 

What will allow for long term human 

organ preservation? 

• Many less genes & fewer tissues affected in RT 

torpor than in long-term hibernation at cold 

body temperatures. 

• Organ preservation:  identify the key 

processes in each organ that need adjustment

- Warm preservation may be least injurious



Global changes in histone modifications  to 
reduce accessibility to promoter regions by 
transcription machinery

MicroRNAs can coordinate expression of
cell proteins via post-transcriptional action

Global changes in methylation of gene 
promoters  to reduce transcription rates 

Other post-transcriptional controls  can apply 
• formation of stress granules & 
• action of RNA binding proteins 

Transcription and translation are ATP-expensive

Epigenetic modifications could alter rates of 
transcription/translation to produce energy savings in 

hypometabolism 



Non-coding RNA: 

MicroRNA & Antisense RNA 

regulate HIF-1α in hibernation



Polysome profiles and 

mammalian hibernation

Polysomes
dissociate & 

mRNA moves to 
monosome & 
RNP fractions 
during torpor

Brown adipose 
retains polysomes
& translation of 

key proteins 
e.g. FABP



In press, 2014

RNA binding proteins

& hibernation

Subnuclear
structures formed 
with TIA & PABP 
proteins are greatly 

increased during 
torpor 

Euthermic        Torpor   



Euthermic           Torpor   

Percentage of Cells showing Subnuclear Foci
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RNA Binding Proteins & 

Mammalian Hibernation
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• Metabolism inhibited

causing Tb to fall

• Metabolic rate falls

to <5% of  normal

• Smaller animals cool

down faster

• Q10 values up to 15

• Reversible in arousal

• Torpor bout duration

4 days to 2 weeks 



PRINCIPLES  OF 

HIBERNATION

1. Metabolic rate reduction 

2. Control by protein kinases
(SAPKs, 2nd messenger PKs)

3. Most Genes OFF 

4. Selective gene activation



Gray mouse lemur, Microcebus murinus

- Native to Madagascar

Storey lab:  6 paper series in 

Genom. Proteom. Bioinform.  

2015  [open access]



PRIMATE TORPOR: 

GRAY MOUSE LEMUR

http://www.wild-facts.com/2010/wild-fact-676-real-estate-hog-grey-mouse-lemur/


