
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, 

Richardson’s ground squirrel 



• Seasonal phenomenon  

• Pre-hibernation 

    hyperphagia 

• Gain up to 40% of 

    body mass 

• Need polyunsaturated 

    fats 

• Find hibernaculum: 

    dark, near 0°C 

 

 



• drop in body temperature 

• reduced heart rate 

• apnoic breathing 

• some muscle atrophy 

• periods of torpor lasting weeks 

• non-REM sleep 

• oleamide increases in brain 
Month 

• suppression of carbohydrate  

   oxidation 

• 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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• Metabolism inhibited 

   causing Tb to fall 

• Metabolic rate falls 

    to <5% of normal 

• Smaller animals cool 

    down faster 

• Q
10

 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, 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 

•   mRNA synthesis  

•   Protein synthesis  

•   Ion Pumping  

•   Fuel use (esp. CHO) 

•   O
2
 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 



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,  α-GPDH,  AMPD,  

GAPDH,  FBPase,  Antioxidant enzymes   

  

 PTMs:   Acetylation,  Methylation,  

SUMOylation, etc.  



MRD 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  



Regulatory non-coding RNAs  

 

• Small RNAs ~22 nucleotides in length 

• Highly conserved across species 

• Bind to 3’ UTR of mRNAs 

• Could be 1000, affect 60 % 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.  



Are miRNAs differentially 

regulated in hibernators? 

• Yes!    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 

• Few ‘SAP’ kinases activated 

 

• Gene ‘inactivation’ (      mRNA ) 

 

• Few 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  EPO  



GENE  CHANGES IN  

HIBERNATION 

•  Some Activated :  

     - Mitochondrial Genes 

      - AOE 

      - FABP, CPT, etc. 

      - Shock proteins (GRP, HSP)  

      - Transcription factors 

             

• 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 

TBP 

Transcription Factors 

AUG 
RNA 

Pol II 

AAAAA... * 
Transcription 

Inducible 
Factors 

Upstream 
Factors 

Basal 
Machinery 

Downstream 
Factors 

Regulation of Gene Transcription 



TRANSCRIPTION 

FACTORS   

• ATF (Glucose Regulated Proteins) 

• HIF (O2),    HSF (Hsp)  

• NFkB  (IkB-P),  Nrf-2,  NRF-1 

• PPAR,  PGC,  RXR,  chREBP,  CREB-P 

• STAT,  SMAD,  p53-P,  HNF,  AP (1,2) 

 

• Methods: EMSA, CHiP    



Where do we go from here? 

 Nature’s Tools for MRD  
 

•Novel Enzyme Controls 

• Atrophy,  Autophagy   

• Turning it all off  -- microRNA 

• Epigenetics & adaptation  

• Life span extension 

• Antioxidant Defense 

• Cell cycle suppression 

• Unity through evolution 
 

     

NEW DIRECTIONS 



Novel Enzyme Controls  
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Epigenetics in Adaptation 

miRNA  [PLUS]  



Life  span  extension 



Hibernators as a model for 

metabolic disease?  

• Hibernators show reversible 

insulin resistance 

• Rapid weight gain, 

hyperinsulinemia during 

entry into hibernation, 

reversed in deep torpor 

• Modifications to similar 

pathways: Glucose transport, 

Akt activity, PPAR-γ signaling 

Type 2  Diabetes 

 mellitus 



PRIMATE   HIBERNATION !! 
Gray Mouse Lemur  

Madagascar 

- western dry 

forests 



MRD in Primate hibernation 

[Stress Kinases ]  

Gray Mouse Lemur 

• Warm Hibernator 

• Daily and Seasonal Torpor 

• Uncharacterized model 

• First molecular studies 

* * 

* 

Biggar KK, Wu CW, Tessier SN, Zhang J & Storey KB 

Luminex technology 



Primate Hibernation 

• Novel model of hibernation 

– Short term torpor in mild climate (Tb falls to ~20°C) 

• Reduction of ERK signaling 

• Activation of JNK stress response 

(Wu et al., unpublished) 

Gray mouse lemur 



Hibernation and medicine 

Primates !! 



Unity through Evolution   

WWCeD 



The (Real) Living Dead  



WOOD FROG 

Rana sylvatica 



SURVIVING  FREEZING 

• Extracellular  

freezing only 

• Up to 70% of 

body water frozen 

• High ‘polyols’ 

• Acclimation  

required  

• Glucose 

• Glycerol  

• Sorbitol  



FREEZE  TOLERANT  

ANIMALS 

•  Insects  (many) 

•  Intertidal molluscs &   

     barnacles 

•  Amphibians & Reptiles: 

    -  Frogs (6 species) 

    -  Hatchling turtles 

    -  Garter snakes 

    -  Lizards (some) 



VERTEBRATE FREEZE 

TOLERANCE 



WOOD FROG 

Rana sylvatica 



WOOD FROG 

Rana sylvatica 



Diapause 

 Freezing 

Anoxia 

  Hibernation   



FREEZING ( MRD)  

1.Stress Kinases ON  

2.All Cell Processes OFF 

3.Enzymes : Modified & “Off”  

4.Micro RNA   

5.Genes turned OFF – Epigenetics  

6.Key Genes ON   



THE  FUTURE  ?? 









CRYONICS:  TIME 

TIME:  

For BRAIN DEATH from oxygen lack in heart attack or   

stroke is 2-5 minutes  

For corpse to have cryonics started  

For cooling a human body from 37°C down to 5°C 



LIQUID  NITROGEN 



CRYONICS:  DAMAGE 

DAMAGE:  

 

 FREEZING a human in dry ice 

from  5°C to -80°C  

 

 FREEZING a human from 

       -80°C to -196°C  

by immersion in liquid nitrogen  



SOLUTION ????  

   HEAD PREPARATION  

 



NOT  



FREEZING  HUMANS 

DOES IT WORK ?  

A. Liquid Nitrogen Storage ( -196°C) 

       - frogs only to -20°C (cell destruction)   

       - fragility/crush  (neurons)  

B.  Frozen Liquid Expands !  

C. Bits and Bobs ………. 

D. Time to Preservation (oxygen lack, neurons) 

E. You’ve paid UPFRONT for “forever” !   

F.   Legal implications (thawed by your kids)  

      

 



FREEZING  HUMANS 

Is it correct to freeze humans and then 

bring them back in the future for 

“eternal life”? 

A.  Who would be chosen for this (costly)  

       procedure? 

B.  How would we pay for re-animation and  

     re-integration into society?  

     - for 20 subjects 

     - for 2000 subjects 

     - for 2 billion subjects 

C.  Spiritual / Religious implications 

D.  Legal implications 

      

 



www.carleton.ca/~kbstorey 

Dr. Ken Storey 

Institute of Biochemistry 

Carleton University 

Ottawa, Canada 
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ORGANS  FOR  TRANSPLANT 

1. Scientific Solutions 

A. IMMEDIATE:  extend the viability of removed  

    organs by hours/days 

B. FUTURE:  

     - freeze organs to create organ banks 

     - stem cell research  -  grow new organs 

C. FAR FUTURE: 

     - cloning of tissues (one cell --> organ) 

     - artificial tissues (from non-cell sources) 

D. XENOTRANSPLANTS 

     - Dangers and risks? 

E. Clone “NEAR-HUMANS” for parts: 

     - Society plus science (+/- embryos) 

     - Have your own clone, just in case? 

     - The rights of a clone? 

 

 



ORGANS  FOR  TRANSPLANT 

2. Society Solutions:  Dollars, Science, Morals 

A. SELL ORGANS:  $$ from rich to poor people 

    Organs from poor to rich people 

    Morally correct?   How to regulate? 

B. Get organs by “PRESUMED CONSENT” 

     - Will doctors revive or harvest? 

     - How dead do you have to be? 

     - Religious / spiritual implications 

 

  Tens of thousands wait for a few organs 

     - who decides? 

     - should you be able to pay for an organ? 



CRYOPRESERVED  

HUMAN TISSUES 
 

• SPERM 

• EMBRYOS 

• SKIN 

• CORNEA 

• VEINS 

• BLOOD CELLS 

• HEART VALVES 

 

 

 

• TEETH,  BONE 

• BONE MARROW 

• PANCREATIC TISSUE 

• THYROID TISSUE 

• PARATHYROID TISSUE 

• FETAL TISSUES (some) 

• **RAT LIVER** 

 



THE  FUTURE  ?? 



CONTROL REGION OF A 

TYPICAL EUKARYOTIC GENE 

 

Epigenetics = OFF) :  

• microRNA 

• phospho-RNA Polymerase 

• Histones modified  

• HDAC / HAT changes  



CELL PROCESSES 

•   DNA/RNA synthesis 

•   Protein synthesis  

•   Fuel metabolism 

•   Ion pumping  

•   Work done  

ATP turnover     to <5% of normal 
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FREEZE INDUCED 

CHANGES 

• Few ‘SAP’ kinases activated 

 

• Results:  p38, AMPK, JNK, ERK, 

PKA, PKC, PERK, Fuel Pathways 

• Protein Phosphatases (1, 2A, 2C)  

Zhang J, Tessier SN, Storey KB. 2011. In: Hypometabolism: Strategies of Survival in Vertebrates and 

 Invertebrates. (Nowakowska, A. and Caputa, M., ed.), Research Signpost. pp. 147-182.  



FREEZE  INDUCED 

CHANGES 

Metabolic Depression : 

• Few ‘Stress’ kinases activated  

  

• Gene ‘inactivation’ (    mRNA) 

• Few Genes activated   

 

 Dieni CA, Storey KB. 2011. Comp. Biochem. Physiol. B 159, 236-243 

 Dieni CA, Storey KB. 2010. J. Comp. Physiol. B 180, 1133-1142.  

 Dieni CA, Storey KB. 2009. Comp. Biochem. Physiol B 152, 405-412. 



FREEZE  INDUCED 

GENE  CHANGES 

 * Few Genes activated  

      - Frozen Life ! 

 

  - Transcription factors  

     - shock proteins 

    - antioxidant enzymes 

         

     

 



cDNA Arrays 

- Methods 

- Materials 

- Sources 

 

DNA Libraries 



Molecular Adaptation to 

 Climate Change: 
Challenges for Amphibians & Reptiles 

Freezing 

 survival 

Estivation 

Anoxia  

tolerance 



Garter snake, 

Thamnophis 

sirtalis 



Painted turtle  

hatchlings 

 

Chrysemys picta 

marginata 



Box turtle, Terrapene carolina 

“OSCAR” 



GRAY TREE FROG 

Hyla versicolor 



SPRING PEEPER 

Pseudacris crucifer 

CHORUS FROG 

Pseudacris triseriata 



ANHYDROBIOSIS 

Tardigrade 



Atrophy – Hypertrophy 



Unavoidable metabolic costs   





 Transcription Suppression 

in Hibernator Muscle 

• Phospho-Histone H3 (Ser10) levels reduced 

           * Inhibits transcription  

• Histone Deacetylase activity increased 80% 

• Acetyl-Histone H3 (Lys23) levels reduced 

           * Both inhibit transcription *  

• HDAC 1 & 4 protein levels increased 

• RNA Polymerase II activity Decreased  

   

 

    



GENES 

Transcription 

RNAs 

Control by 

transcriptional regulation 

Control by 

translational regulation 
Translation 

PROTEINS 

(ENZYMES) 

Control by 

proteases INACTIVE 

ENZYME 

No 

Modification 

FUNCTIONAL 

ENZYMES 

Covalent 

modification 

Degradation 

Control by post- 

translational 

modification 

ACTIVE 

ENZYMES 

Inhibition 

and 

Activation 

Control at level of 

enzyme function 


