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The Dawn of 

Comparative Physiology
1865: Claude Bernard

“There are also experiments in which it is proper to choose certain animals which offer 

favorable anatomic arrangements or special susceptibility to certain influences.  This is so 

important that the solution to a physiological or pathological problem often depends solely on the 

appropriate choice of the animal for the experiment so as to make the result clear and searching.”



Comparative 

Biochemistry

Unfolds
1920: A. Krogh ~ Nobel Prize

Mid-1900’s ~ Viking Physiologists

P. Scholander

K. Schmidt-Nielsen 

K. Johansen

A Canadian ~  F. Fry

Biochemistry ~  F. Lippman

H. Krebs

O. Warburg

Comparative Textbook ~ E. Baldwin



SYNTHETIC INTUITION

Something Old,

Something New,

Something            

Borrowed, 

Some Glue.



SYNTHETIC INTUITION

IDEAS IN

~ Ecology

~ Physiol. Ecology

~ PHYSIOLOGY

~ Metabolism

~ Methods of 
Biochemistry

~ Molecular Biology

~ Genetics

IDEAS OUT

~ Metabolic Arrangement

~ Reorganization of 

Metabolism

~ Adaptive Change at 

Pathway Level

~ Integration: multi-levels 

of Biological 

Organization 

FILTER

~ Transducer

~ Organizer

~ *Revamp*

~ IDEA LENS



Knut Schmidt-Nielsen:  

A giant that Peter made

my faculty colleague





Kjell Johansen – Viking and Physiologist 

Froze the first

frog as a 

scientist





www.kenstoreylab.com

Metabolic Arrest
“Life in Limbo” 

Ken Storey



Estivation

METABOLIC RATE 

DEPRESSION

Diapause

Freezing

Anoxia

Hibernation



Melvin RG & Andrews MT, Trends Endocrinol. Metab. 20: 490-8, 2009

MAMMALIAN

HYPOMETABOLISM



Myotis lucifugus, little brown bat

Spermophilus tridecemlineatus,

13-lined ground squirrel

Spermophilus richardsonii,

Richardson’s ground squirrel



MONITO del MONTE
Dromiciops gliroides

South American marsupial



Figure adapted from Nelson et al. 2009

Animal studies by Dr. JM Hallenbeck and Dr. DC McMullen, NIH

TORPOR-AROUSAL

IN HIBERNATORS



• 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 



Lessons from mammalian hibernators: molecular insights 

into striated muscle plasticity and remodeling.

Tessier SN, Storey KB.

Biomol Concepts. 2016, 7(2):69-92.  PMID: 26982616

Life in the cold: links between mammalian hibernation 

and longevity.

Wu CW, Storey KB.

Biomol Concepts. 2016, 7(1):41-52. PMID: 26820181

Insight into post-transcriptional gene regulation: stress-

responsive microRNAs and their role in environmental 

stress survival of tolerant animals.

Biggar KK, Storey KB.

J Exp Biol. 2015, 218(Pt 9):1281-9.  PMID: 25954040

Regulation of hypometabolism: insights into epigenetic 

controls.

Storey KB. 

J Exp Biol. 2015, 218(Pt 1):150-9.  PMID: 25568462

To be or not to be: the regulation of mRNA fate as a 

survival strategy during mammalian hibernation.

Tessier SN, Storey KB.

Cell Stress Chaper. 2014, 19(6):763-76. PMID: 

24789358

Biochemical adaptations of mammalian hibernation: 

exploring squirrels as a perspective model for naturally 

induced reversible insulin resistance.

Wu CW, Biggar KK, Storey KB.

Braz J Med Biol Res. 2013, 46(1):1-13.  PMID: 23314346

Biochemical adaptations of mammalian hibernation: 

exploring squirrels as a perspective model for naturally 

induced reversible insulin resistance.

Wu CW, Biggar KK, Storey KB.

Braz J Med Biol Res. 2013, 46(1):1-13.  PMID: 23314346

Metabolic rate depression: the biochemistry of 

mammalian hibernation.

Storey KB, Storey JM.

Adv Clin Chem. 2010, 52:77-108. PMID: 21275340

Out cold: biochemical regulation of 

mammalian hibernation - a mini-review.

Storey KB.

Gerontology. 2010, 56(2):220-30. PMID: 19602865

The emerging roles of microRNAs in the molecular 

responses of metabolic rate depression.

Biggar KK, Storey KB.

J Mol Cell Biol. 2011, 3(3):167-75.  PMID: 21177365

COLD  HIBERNATION
Pubmed: Storey kb



TORPOR Warm

Gray mouse lemur,

Microcebus murinus



BEARS ! 



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)

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

Same for ALL MRD
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Metabolic Rate Depression  

CHANGES

• Few ‘SAP’ kinases activated

• *Thousands of processes OFF* 

• 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 



DNA methylation and regulation of DNA methyltransferases in a freeze tolerant vertebrate.

Zhang J, Hawkins LJ, Storey KB.    Biochem Cell Biol. 2020; 98, 145-153

Transcriptional regulation of metabolism in disease: From transcription factors to epigenetics.

Hawkins LJ, Al-Attar R, Storey KB.     PeerJ  2018;  6: e5062.

Gene structure, expression, and DNA methylation characteristics of sea cucumber cyclin B gene during aestivation.

Zhu A, Chen M, Zhang X, Storey KB.     Gene  2016; 594(1): 82-88

The role of DNA methylation during anoxia tolerance in a freshwater turtle (Trachemys scripta elegans).

Wijenayake S, Storey KB.   J Comp Physiol B. 2016;  186(3)  :333-42. 

Dynamic changes in global and gene-specific DNA methylation during hibernation in adult thirteen-lined ground squirrels,

Ictidomys tridecemlineatus.      Alvarado S, Mak T, Liu S, Storey KB, Szyf M.       J Exp Biol. 2015;  218: 1787-95. 

DNA methylation levels analysis in four tissues of sea cucumber Apostichopus japonicus based on fluorescence-labeled

methylation-sensitive amplified polymorphism (F-MSAP) during aestivation. .

Zhao Y, Chen M, Storey KB, Sun L, Yang H.    Comp Biochem Physiol B.  2015; 181: 26-32. 

Global DNA modifications suppress transcription in brown adipose tissue during hibernation.

Biggar Y, Storey KB.    Cryobiology. 2014;  69(2):  333-8.  

.

The dynamic nature of DNA methylation: a role in response to social and seasonal variation.

Alvarado S, Fernald RD, Storey KB, Szyf M.     Integr Comp Biol. 2014;  54:  68-76. 

Mammalian hibernation: differential gene expression and novel application of epigenetic controls.

Morin P Jr, Storey KB.      Int J Dev Biol. 2009; 53(2-3): 433-42.  

DNA  METHYLATION

https://www.ncbi.nlm.nih.gov/pubmed/25461675
https://www.ncbi.nlm.nih.gov/pubmed/25192827


TURNING OFF GENES:

Role of  Epigenetics

Common mechanisms of  epigenetic control:

• DNA methylation 

• Histone modification / histone variants

e.g. acetylation, phosphorylation

• Regulatory non-coding RNAs [microRNA]



Hibernation impacts lysine methylation dynamics in the 13-lined ground squirrel, Ictidomys tridecemlineatus.

Watts AJ, Storey KB.     J Exp Zool A Ecol Integr Physiol. 2019;  331:  234-244. 

Transcriptional regulation  of metabolism in disease: From transcription factors to epigenetics.

Hawkins LJ, Al-Attar R, Storey KB.    PeerJ. 2018;  6:  e5062. 

Roles for lysine acetyltransferases during mammalian hibernation.

Rouble AN, Hawkins LJ, Storey KB.    J Therm Biol.  2018;  74:  71-76. 

Dynamic regulation of six histone H3 lysine (K) methyltransferases in response to prolonged anoxia exposure in a freshwater 

turtle.    Wijenayake S, Hawkins LJ, Storey KB.       Gene 2018;  649:  50-57. 

Metabolic suppression in the pelagic crab, Pleuroncodes planipes, in oxygen minimum zones.

Seibel BA, Luu BE, Tessier SN, Towanda T, Storey KB.  Comp Biochem Physiol B. 2018;  224:  88-97. 

Histone methylation in the freeze-tolerant wood frog (Rana sylvatica).

Hawkins LJ, Storey KB.     J Comp Physiol B. 2018;  188(1):  113-125. 

The role of global histone post-translational modifications during mammalian hibernation.

Tessier SN, Luu BE, Smith JC, Storey KB.     Cryobiology. 2017;  75:  28-36. 

Regulation of torpor in the gray mouse lemur: transcriptional and translational controls and role of AMPK signaling.

Zhang J, Tessier SN, Biggar KK, Wu CW, Pifferi F, Perret M, Storey KB.   Genom Proteom Bioinform. 2015;  13(2):  103-10. 

Regulation of hypometabolism: insights into epigenetic controls.  

Storey KB.     J Exp Biol. 2015;  218: 150-9

Global DNA modifications suppress transcription in brown adipose tissue during hibernation.

Biggar Y, Storey KB.     Cryobiology 2014;  69(2):  333-8. 

Metabolic suppression during protracted exposure to hypoxia in the jumbo squid, Dosidicus gigas, living in an oxygen minimum

zone.    Seibel B, Häfker N, Trübenbach K, Zhang J, Tessier S, Pörtner H, Rosa R, Storey K.   J Exp Biol. 2014;  217:  2555-68. 

HISTONE  MODIFICTION



Sassone-Corsi Science 2013;339:148-150

Principle: use epigenetic 

reprogramming to remodel chromatin 

accessibility under anoxia 



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. 



MRD: Hibernation &

MICRO RNA:

PUBMED:  
Storey KB microRNA



Turning it all off

miRNAs & 
Dicer enzyme 
show organ-

specific changes 
in mammalian 

hibernation 



Regulatory non-coding RNAs 

• Small RNAs of ~22 nucleotides in length

• Highly conserved across species

• Reach out to control genes of 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



• Activation of  mTOR

• Activation of  MAPKs

• Tissue-specific responses:

- Hibernation

- Thermal regulation

- Disuse atrophy

MARSUPIAL TORPOR

Monito del Monte

from Chile



Gray mouse lemur, Microcebus murinus

- Native to Madagascar

Overview: Fewer cell changes 

needed when torpor is at 

higher body temperature ! 



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

DAILY TORPOR



Primate Torpor Series

Stress response 

& signal 

transduction

Regulation of 

gene/protein 

expression

Metabolism, 

fuel use & 

cytokines



LEMUR model

• Enter torpor at high ambient temperatures (Tb may only fall 

to ~28-32°C) so MRD is not confounded by adaptations 

needed to endure Tb at 0-5°C as during hibernation in most 

mammals 

• Fewer Changes [ 5% of changews of cold hibernation]

• Ex. lack of “stress response” & shock proteins

• Translation Arrest occurs : mTOR, eIF4E

• AMPKinase increases for fuel shifting 

• miRNA responses = pathway control  



FZD

WNT

DAAM1

DVL

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

LEMUR miRNA



PRIMATE TORPOR: Shutting 

down primates,  LIKE YOU !! 

The $1,000,000 Question →

What is needed for long term

human MRD ? 

• Many less genes & fewer tissues 

affected in RT torpor than in 

long-term hibernation at cold 

body temperatures. 

• Organs:  identify key processes 

in each organ that need adjusting

• Warm preservation may be the 

least injurious



www.kenstoreylab.com

Thanks to:

D. Hittel J.  Hallenbeck

S. Eddy D. Thomas

P. Morin S. Brooks

S. Tessier M. Rider

K. Biggar M. Perret

C-W. Wu F. Pifferi

J. Zhang J.M. Storey

B. Luu



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 


