
The Living Dead:  
        Metabolic Arrest 

               and the  

   Control of Biological Time 





HIBERNATION  

13-LINED GROUND SQUIRREL  

Ictidomys  tridecemlineatus 



HIBERNATION  

Little Brown Bat  

Myotis lucifugus 



DAILY  TORPOR 

Grey mouse lemur, 

Microcebus murinus 



ESTIVATION  

Milk snail  

Otala lactea 



ESTIVATION  

Spadefoot toad 

Scaphiopus holbrookii 



ANOXIA  

Painted turtle 

Chrysemys picta 

Periwinke 

Littorina littorea 

Red-eared turtle 

Pseudemys scripta 



FREEZING 

Wood frog 

Rana sylvatica 



MAMMALS  ON  ICE:   
Metabolic Rate Reduction  

www.carleton.ca/~kbstorey 



Myotis lucifugus, little brown bat 

Ictidomys tridecemlineatus, 

13-lined ground squirrel 

Urocitellus richardsonii, 

Richardsonôs ground squirrel 



Å Seasonal phenomenon   

Å Pre -hibernation  

    hyperphagia  

Å Gain up to 40% of  

    body mass  

Å Need polyunsaturated  

    fats  

Å Find hibernaculum:  

    dark, near 0 °C 

 

 



Å drop in body temperature 

Å reduced heart rate 

Å apnoic breathing 

Å some muscle atrophy 

Å periods of torpor lasting weeks 

Å non-REM sleep 

Å oleamide increases in brain 
Month  

Å suppression of carbohydrate  

   oxidation 

Å RQ of 0.7 = lipid oxidation 

Stewart JM, Boudreau NM, Blakely JA & 

Storey KB. 2002. J. Thermal Biol. 27, 309-315.  
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Å Metabolism inhibited  

   causing Tb to fall  

Å Metabolic rate falls  

    to <5% of normal  

Å Smaller animals cool  

    down faster  

Å Q
10

 values up to 15  

Å Reversible in arousal  

Å Torpor bout duration  

     4 days to 2 weeks  



PRINCIPLES  OF 

HIBERNATION  

1. Metabolic rate reduction  

2. Control by protein kinases  

(SAPKs, 2
nd 

messenger PKs)  

3. Most Genes OFF  

4. Selective gene activation  

 



 Estivation   

Diapause 

 Freezing 

Anoxia 

  Hibernation   



PRINCIPLES  OF 

HIBERNATION  

1. Metabolic rate reduction  

2. Control by protein kinases  

(SAPKs, 2
nd 

messenger PKs)  

3. Most Genes OFF  

4. Selective gene activation  

     Same as with ALL MRD  
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METABOLISM  IN  

HIBERNATION  

Å   mRNA synthesis  

Å   Protein synthesis  

Å   Ion Pumping  

Å   Fuel use (esp. CHO)  

Å   O
2
 consumed  

ATP turnover      to <5% of normal  
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Metabolic Rate 

Depression  CHANGES  

ÅFew ôSAPõ kinases activated 

Å * thousands of processes OFF  

 

ÅGene ôinactivationõ (      mRNA ) 

ÅFew Genes activated  (1 -2%)  



PROTEIN KINASES  

PROTEIN  

nATP  nADP  

PROTEIN -(P)n  

Å Covalent modification by phosphorylation 

Å Families of protein kinases:  PKA (cAMP),  

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

Å SAPKs : daisy chain phosphorylations  

Å Regulation via interconversion of active 

   vs subactive forms of protein substrates 

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



PATHWAY  CONTROL  

IN  HIBERNATION  

 

Å Glycolysis  (GP, GS, PFK, PK)  

Å Fat synthesis   (ATP -CL, ACC)  

Å CHO fuel use    (PDH)  

Å Translation      (eIF2Ȁ, eEF2) 

Å Ion pumps        (NaK, Ca -ATPase)  

 

Å the usual suspects, TextBook  

Phospho / de -Phospho  



1. Novel Phospho-Enzymes:  

        BioInformatics + Phospho-analysis  

2.  32P-ATP labeling studies 

3.  Purification / Properties  

4.  Structure / Function 

5.  Phospho-sites  



Posttranslational Modification:  

 The Next Generation  

Novel Phosphorylation Control of  

CK,  GDH,  Hexokinase,  G6PDH,  

LDH,  NADP -IDH,  Ŭ-GPDH,  AMPD,  

GAPDH,  FBPase,  Antioxidant enzymes   

  

 PTMs :   Acetylation ,  Methylation,  

SUMOylation , etc.  



MRD CHANGES  

 Few ôSAPõ kinases activated 

 

ÅGene ôinactivationõ (      mRNA ) 

 

ÅFew 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  



Regulatory non -coding RNAs  

 

ÅSmall RNAs ~22 nucleotides in length 

ÅHighly conserved across species 

ÅBind to 3ô UTR of mRNAs 

ÅCould be 1000, affect 60 % of genes 

ÅDisease involvement  

ÅAct to :  

      - Block translation of mRNA   

  - Target mRNA for degradation  

 

microRNA  



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



Are miRNAs  differentially 

regulated in hibernators?  

ÅYes!    Selected miRNAs were  regulated in heart, 

muscle & kidney of hibernating 13-lined ground squirrels 

         

 

 

 

 

 

 

 

          (Morin, Dubuc & Storey, 2008, Biochim Biophys Acta 1779:628-633) 

 

miRNA Fold change Process in higher 

vertebrates 

Mir-1 2.0 Myogenesis  

Mir-133a 2.4 Myogenesis  

Mir-206 2.6 Myogenesis 

Let-7 2.0 Cell cycle 

Mir-26 2.4 Hypoxia 

Mir-451 2.6 Erythropoiesis 



Turning it all off  
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MRD CHANGES  

ÅFew ôSAPõ kinases activated 

 

ÅGene ôinactivationõ (      mRNA ) 

 

ÅFew Genes activated  (1 -2%)  



GENE CHIPS  
TRANSCRIPTION FACTOR  

PROFILING  

Data Leads  

ELISAs in plates  

 

 

Confirm by EMSA  

Confirm by  

RT-PCR,  

Northern blots  

Tf 

Downstream  genes  

  Protein levels 

    - enzyme assay 

    - antibodies : protein 

    - functional analysis 

       e.g. HIF Ą EPO Ą 



GENE  CHANGES IN  

HIBERNATION  

Å  Some Activated :  

     - Mitochondrial Genes  

      - AOE  

      - FABP, CPT, etc.  

      - Shock proteins (GRP, HSP)  

      - Transcription factors  

             

Å DNA Chip  ~1 -2%   



In: Hypometabolism in Animals: Hibernation, Torpor and 

Cryobiology (Lovegrove, B.G., and McKechnie, A.E., eds.) 

University of KwaZulu-Natal, Pietermaritzburg, pp. 101-108. 

Upstream TATAA  mRNA Coding Sequence 
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Regulation of Gene Transcription  



TRANSCRIPTION 

FACTORS   

ÅATF (Glucose Regulated Proteins) 

ÅHIF (O2),    HSF (Hsp)  

ÅNFkB  (IkB-P),  Nrf-2,  NRF-1 

ÅPPAR,  PGC,  RXR,  chREBP,  CREB-P 

ÅSTAT,  SMAD,  p53-P,  HNF,  AP (1,2) 

 

ÅMethods: EMSA, CHiP    



Where do we go from here?  

 Natureõs Tools for MRD  
 

ÅNovel Enzyme Controls  

Å Atrophy,  Autophagy   

Å Turning it all off  -- microRNA  

Å Epigenetics  & adaptation  

Å Life span extension  

Å Antioxidant Defense  

Å Cell cycle suppression  

Å Unity through evolution  
 

     

NEW DIRECTIONS  



Novel Enzyme Controls  
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Epigenetics in Adaptation  

miRNA  [PLUS]  


