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Consequences of hibernation

Total energy savings: ~90%

Dramatic behavioral, physiological and biochemical changes.
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* Metabolism inhibited
causing Tb to fall

e Metabolic rate falls
to <5% of normal

e Smaller animals cool
down faster

*Q,, values up to 15

* Reversible in arousal

e Torpor bout duration
4 days to 2 weeks
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PRINCIPLES OF
HIBERNATION

1. Metabolic rate reduction

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

[ 3. Most Genes OFF ]

4. Selective gene activation



Differential expression of mitochondprial vs
nuclear encoded subunits of cytochrome
oxidase (complex IV) & ATP synthase (complex V)

Printed in Great Britain © The Company of Biologists Limited 2002
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Differential expression of mitochondria-encoded genes in a hibernating mammal

Dustin S. Hittel and Kenneth B. Stor
Institute of Biochemisiry and Department of Biology, Carleton University, 1125 Colonel By Drive, Ottawa, Ontario,
Canada K15 5B6

*Author for correspondence (e-mail: kenneth _ste arleton.ca)

Increased synthesis of
mitochondria-encoded

+ s T subunits in BAT, kidney
' l &heart: cox1 & ATP6/8

thirteen-lined squirrel, Spermophilus tridecemlineatus, was did not change during hibernation. Immunoblot analysis
differentially screened for genes that were upregulated revealed a 2.4-fold increase in Cox 1 protein and a slight
during hibernation. A clone encoding cytochrome c ¥ in Cox 4 protein in kidney of hibernating

vas found and confirmed to have been
upregulated by northern blotting. Differential expression
of Cox] mRNA occurred in multiple organs during
hibernation: in hibernating animals transcript levels were
twofold higher in kidney and fourfold higher in heart and
brown adipose fissue than in euthermic imals, but
were unchanged in skeletal muscle. Transcript levels of
mitochondrial-encoded ATP synthase 6/8 were simila
upregulated in these tissues whereas transcript levels of

Kidney

ared with euthermic controls. Hibernating

increase the expression of the

mitochondrial genome in general, and Cox! specifically, to
prevent or minimize the damage to the electron transport
ed by the cold and ischemia experienced during

Key words: Spermophilus tridecemlineatus, hibernation, ischemia,
kidney, ¢cDNA library.

(] ATP6/8
O CoxlV
O ATPo

Ratio Hib/Euth

Heart

No change in synthesis of
nuclear-encoded subunits
In any tissue

: cox4 & ATPa



Mitochondrial genes, proteins &
enzyme activities increase during
torpor in brown adipose of bats

JOURNAL OF EXPERIMENTAL ZOOLOG 20-630 (200 ring torpor in brown adipose’
pared with euthermia:

Differential Expression of Selected Mitochondrial
Genes in Hibernating Little Brown Bats,

Myotis lucifugus ochrome oxidase activity I 3x

SEAN F. EDDY*, PIER JR. MORIN, axp KENNETH B. STOREY
Institute of Biochemistry and Department of Chemistry Carleton University,
Ottawa, Ont., Canada K15 5B6

ABSTRACT  High rates of non-shivering thermogenesis by brown adipose tissue accompanied - f I I d d 4 3 4
by additional shivering thermogenesis in skeletal muscle provide the powerful reheating of body Tra n SC rl pts o COX a n n a b X
organs that allows hibernating mammals to return from their state of cold torpor back to euthermic

function. Previous studies have suggested that changes to brown adipose mitochondria occur durin .

hibernation and are partially resigonsible for its fapacity for nanl—):hivering thermogenesis. ThE - b ot h m Ito-e n co d e d ge n e s

current study shows that selected mitochondrial enzyme activities are elevated and selected genes

and proteins are induced during torpor in brown adipose tissue of the little brown bat, Myotis

lucifugus. Cytochrome oxidase activity in brown adipose tissue was more than 3-fold higher during

torpor than in euthermic animals. Transeript levels of mitochondria-encoded genes, cox!I and nad4,

were also 3—4-fold higher during torpor, as evidenced by northern blotting. By contrast, transecripts . t . . t t

of these genes were unchanged in skeletal musele during torpor. Protein levels of carnitine palmitoyl C p I yI f - 1 b
transferase-1pB, an enzyme embedded in the outer membrane of the mitochondria that is the rate- a rn I l n e a m I o ra n s e ra se

limiting step enzyme in B-oxidation, were also elevated by 2-fold during torpor in brown adipose

but were unchanged in skeletal muscle. Cloning and sequencing of a 624bp segment of ept-1f protei n I zx

revealed a number of amino acid substitutions in the bat protein as compared to CPT-1f from other

mammals; these may be beneficial for enzyme function at low body temperatures during torpor. This
study provides further evidence for a key role of mitochondria in hibernation. .J. Exp. Zool. 3054
G20-630, 2006. [i» 6 Wiley-Liss, Inc.



Metabolic adjustments during daily torpor
in the Djungarian hamster

Heldmaier, Gerhard, Martin Klingenspor, Martin
Werneyer, Brian J. Lampi, Stephen P. J. Brooks, and
Kenneth B. Storey. Metabolic adjustments during daily
torpor in the Djungarian hamster. Am. J. Physiol 276
(Endocrinol. Metab. 39): ER96-E906, 1999. —D]undmm ham-
sters (Phodopus sungorus) acclimated to a short photoperiod
(8:16-h light-dark cycle) display spontaneous daily torpor
with ad libitum food availability. The time course of body
temperature (T,), metabolic rate, respiratory quotient (RQ),
and substrate and enzyme changes was measured during
entrance into torpor and in deep torpor. RQ, blood glucose,
and serum lipids are high during the first hours of torpor but
then gradually decline, suggesting that glucose is the primary
fuel during the first hours of torpor, with a gradual change to
lipid utilization. No major changes in enzyme activities were
observed during torpor except for inactivation of the pyruvate

dehydrogenase (PDH) complex in liver, brown adipose tissue,
and heart muscle. PDH inactivation closely correlates with
the reduction of total metabolic rate, whereas in brain,
kidney, diaphragm, and skeletal muscle, PDH activity was
maintained at the initial level. These findings suggest inhibi-
tion of carbohydrate oxidation in heart, brown adipose tissue,
and liver during entrance into daily torpor.

Pyruvate Dehydrogenae Complex
& Metabolic Rate Depression
in Nature

KEY ELEMENTS:
major regulatory point

nactivation correlates with MRD !



Glucose Metabolism

| Glucose
<>

Cytoplasm m

Glucose-6-P
LDH 7 steps later...

= Pyruvate |

Acetyl-CoA \=======1| Pyruvate | -7

PDH
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Phosphorylation of one or more Ser sites > INACTIVATES
pSer232, pSer293, pSer300

Regulation of Pyruvate Dehydrogenase

[ 3ATP ‘ 3ADP
PD Products /+' '\k PD Substrates

NADH

f
Acetyl CoA
A Glucocorticoids; Insulin; Growth and NAD, CoA

Thyroid hormones; Tyr kinases




Methods

Western Blot

Proteins resolved on SDS- PAGE
Proteins transferred to PVDF

Substrate

throughput
e \Western blots on STEROIDS!

96-well format

Each well can measure up to 100

different targets

Enzyme, Immuno, DNA & Receptor-

ligand assays
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Licqd kinotics - beads ane suspanded in solution

Lo i,
My F ‘ Py M
Step One: Step Two:
Dispense - Add samples &
capture beads - Incubate

Wash plate 2 times - Wash plate 3 times

Streptavidin-phycoerythrin

Biotinylated Histone H3 Ab  se—)

Histone containing PTM s

_"'" LT _.'“i-l
'L?*.* h.?mﬂ' Chet
o S 2]
d Claa;n‘icaticun ) Reporter
laser laser
Step Three: Step Four: Step Five:

- Add streptavidin-PE
reporter dye <:

- Incubate

- Wash plate 3 times

- Resuspend beads

- Perform fluorescent
sorting

- Analyze data

- Add biotinylated
detection antibody .{

- Incubate

- Wash plate 3 times




Pyruvate Dehydrogenase Regulation

PDH Kinase

Acetyl-CoA
H+

NADH

CO2

?=0
L.
Pyruvate

Pyruvate
Dehydrogenase
INACTIVE
PDHK1
PDHK?2 PDP1 PDH Phosphatase
PDHK3 PDP2
Pyruvate
Dehydrogenase
ACTIVE Pyruvate
— CoA-SH
NAD*

NAD* b NADH
lipoate, N S-CoA
FAD

pyruvate dehydrogenase
complex (E, + E, + E,) CH3

Acetyl-CoA

AG'" = -33.4 kJ/mol



PDH in 13LGS: Hibernation

Luminex compares:

active euthermic, entrance, late torpor, interbout arousal

LIVER:
* During Torpor P-S300 I
* No change in total PDH, P-S232, P-S293

activity is inhibited during torpor

Relative MFI

SKELETAL MUSCLE

PDH (Total) ~ PDH (pS232) PDH (pS293) PDH (pS300)

Skeletal Muscle:
* No change in total PDH, P-S232, and P-S300

- ps293 ||
* Limited regulation of PDH during torpor

Relative MFI

PDH (Total) PDH (pS232) PDH (pS293) PDH (pS300)



PDH-K in 13LGS: Hibernation

Immunoblotting: euthermic, entrance, torpor, arousal

PDHK1  PDHK4

ACR "wommma S camin

EN  Se— - 3oy
0 —— LIVER Hibernation:
. PDHK1, PDHK3, PDHK4 |

* Corresponds to p-PDH data
PDH activity is inhibited during torpor

Relative Protein Expression Levels
(Arbitary Units)

MUSCLE

2.5

=
3l

Skeletal Muscle:
* All PDHKs either reduced or do not change
during torpor

* Limited regulation of PDH during torpor

(Arbitary Units)
=
o

Relative Protein Expression Levels

PDHK1 PDHK2



Heart PDH + PDHK in hibernation

Luminex analysis: euthermic, entrance, Immunoblotting: euthermic,
torpor, arousal torpor, arousal
PDHK4
3
g
S
m 22
= oc
g 52
o cg
o
2
8
&
- 0
PDH (Total) PDH (pS232) PDHK1 PDHK2
* During torpor P-S293 and P-S300 I * During torpor PDHK4 I
* During entrance all phospho sites l * Corresponds to P-S300 increase

PDH activity is inhibited during hibernation but may be active during entrance.
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Gray mouse lemur, Microcebus murinus
- Native to Madagascar




PRIMATE HIBERNATION !
Gray Lemur

adagascar
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forests
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The stress response
and signal transduction

Regulation of
gene/protein
expression

Metabolism, fuel
utilization, and
cytokines
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Luminex: insulin, PI3K/Akt signaling &
mTOR protein synthesis pathway

Elements of Insulin/IGF signaling
inhibited in muscle & white adipose

-- indicates suppression of nutrient-based

anabolic /growth responses

Heart showed strong activation of GSK3al
indicating a role in cardiac responses

Inhibition of carbohydrate catabolism
occurred at PDH in muscle

TORPOR CONTROL BY SIGNALING
CASCADES: Insulin signaling
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Freeze Tolerance

“a

Righting reflex
Normal posture

‘ Limb reflex
Nerve excitability

Cardioacceleration;
Glycogenolysis begins

Glucose accumulates;
Organs dehydrate Cardiac arrest:
Breathing ceases;
Immobility

| | m(')motit!n

!

Pulmonary breathing

1

Exotherm Perfusion
Heartbeat

Endotherm

-~
-.--.-----.-
-

12

Time after freezing onset (h) Time after thawing onset (h)




PDH: Responses to Freeze/Thaw

Luminex: Control 5°C, 24 h Frozen -3°C, 8 h Thawed 5°C

LIVER PDH

I Control

LIVER in Freeze/thaw:
=Wl - No change in total PDH protein

During freezing P-S293 & P-S300 I
During thawing all 3 phospho-sites l
PDHactivity is inhibited in the frozen state

Relative MFI for Liver

LIVER PDH Kinases

I Control
[ 24hrF
I 8hrT

w
wn

PDH-total PDH-5232 PDH-S293 PDH-S300

w
o

N
4l

in Freeze/thaw:
 PDHK1 and PDHK3 I in freezing

* Phosphorylation of PDH I
e Corresponds to p-PDH data

N
o

(Arbitary Units)
=
(6]

Relative Protein Expression Level
=
o

o
3

 PDH activity is inhibited in the frozen state

o
o

PDHK1 PDHK2 PDHK3 PDHK4



Metabolic Rate Depression &
Regulation of Other Mitochondrial Enzymes

GENERAL PRINCIPLES of reversible transitions:

1. A few genes & proteins are specifically altered

Most do not require major.changes in GENE expression

Most do not require: majorichanges in PROTEIN expression
REVERSIBLE mechanismsisuch as POSTTRANSLATIONAL
MODIFICATIONS mainlyfadapt enzyme function

5. Many types — e.g. phosphorylation, acetylation, methylation, etc.
6. Mediate coordinatedichanges’in enzyme & pathway function

7. Mechanisms conserved across phylogeny

e




Glutamate dehydrogenase
in Hibernation

—&— E-GDH activity

* Two forms of GDH separable on CM cellulose

maswswesm sl < Two forms differ in K . glutamate, V__, and

acid phosphatase 2 -iv ati on by ADP

) R V-
L] e memane |
N . —— Phosphatase treatment shifts euthermic
| JW formitorbehave like hibernation form
2 30 40 50
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Protein’kinases have opposite effect
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Glutamate Km (mM)
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AMPK CaMK | PP2B PP2C



Mn-SOD in Freeze Tolerance

Mitochondrial Mn-SOD Purified from muscle

Enzyme from Frozen Frogs (Vs control)

B Control
Frozen

* Phosphorylation state
Serine-P | 2.4 fold

(Arbitrary Units)

P-Thr  P- Tyr

Relative Fluorescence

[

Total Phosphorylatiol



Urea Cycle & Freeze Tolerance

Fumarat
* Frogs accumulate UREA to et

defend against dehydration
during freezing

* NH; is toxic = convert to urea
* Urea cycle mainly in liver

* Involves both mitochondria and
cytosol

* Rate limiting step is carbamoyl
phosphate synthetase | (CPS1) —
activated by N-acetylglutamate

* Ornithine transcarbamylase
(OTC) is 2" step to produce cP
o o NAG
citrulline

HCO,+2 ATP

Glu T a-KG + NH,* Krebs

G L, Cycle




B

CPS1 & OTC Response to Freezing g’% B
N

* Liver OTC from frozen frogs showed:
- increased affinity for ornithine and carbamoyl phosphate
(=lower K values )
- increased serine phosphorylation

* Liver CPS1 from frozen frogs showed:
- lower K for NH;
- reduced phosphorylation
- decreased protein stability(melting temperature)

* Modifications to urea cyclelincreaseraifinity for substrates

OTC

Ornithine Affinity n Ammonia Affinity E

Carbamoyl Phosphorylation
Phosphate Affinity

Serine Thermal stability
Phosphorylation (T.,)



PRINCIPLES OF
HIBERNATION

1. Metabolic rate reduction

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

[ 3. Most Genes OFF ]

4. Selective gene activation
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MAMMALIAN HIBERNATION

* Key characteristics :
—metabolic rate depression
(hypometabolism)
—low body temperatures

—Hibernation is a NATURAL
model system

* Purpose is to overcome food
shortages and the high energy
costs of endothermy
(warm-blooded)




