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ABSTRACT

The objective of this work was to study the growth and regulation of
brown adipose tissue (BAT) in the rat. BAT is a mammalian tissue
specifically adapted for thermogenesis by uncoupled mitochondrial
re;piration. BAT is an important organ of energy expenditure in small
animals and it increases its thermogenesis and its capacity. for
thermogenesis iq response to trophic stimuli such as cold-acclimation and
overfeedind.

The acute regulation of BAT dis through the sympathetic nervous
system, whose activity is regulated by the hypothalaﬁus..ln the first haif
of the work reported here, I stﬁaged the importance of the central nervous
system {the hypothalamus) in regulating the growth and function of BAT in
response to trophic stimuli. In the first study, I found that, one or two
days after surgery, neither ventromedial hypothalamic (VMH) lesions nor
lateral hypothalamic (LH) lesions caused activation of thermogenesis in
BAT. In the second study, I found that rats having parasagittal knife-cuts
between the YMH and the LH (which causes hyperphagia, decreased energy

expenditure, and obesity) did not have the normal activation of

thermogenesis in BAT when overfed. This result is similar to previous

\\_,,n~~/'\{iQ;ings in a related type of hypothalamic obesity, the VMH-lesioned rat.

In (the third study, I found that rats héving LH lesions (which causes
hypophagia, decreased energy expenditure, and weight 1655) had

proportionally more BAT than non-lesioned rats. They had a normal

response, to cold-exposure and an exaggerated diet~induced g}owth of BAT.
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In the second half of the work reported here, I studied the effects of
environmental and endocrine factors on the growth and regulation of BAT,
with a particular emphasis on thyroxine 5'-deiodinase (T5'D), which
converts thyroxine (T4) to triiodothyrbnine (Tg), since its activity in BAT
great]y'increaﬁes‘in response to cold-exposure, and since T5'D %n BAT is
responsible for a significant proportion of who]e-body T4 conversion in the

%#fat In the first study,’ 1 showed that the act1v1tv of T5'D in BAT
_increased 50-fold within 10*hours of cold- exposure, but that OVerfeed1nq,
another stimulus causing increased thermogenesis in BAT, had no effeci on
T5'D activity. In)the second study, I confirmed this resglt'by showing that
at no time of day did T5'D activity in overfed rats differ from that of .
normaliy-fed ratéi No daily rhythm of T5'D activity was found for cold-
acclimated. overfed, or normal rats. In the third study, using
thyrojdectomized rats 1 showed that Ty was necessary for normal BAT
res;onse to acute cold-exposure and to long-term cold-acclimation. I found
that circulating, injeetéirT3 was as effective as injected Ty in permitting
thesg responses, despite the high activity of T5'D in BAT, showing thgt
the T5'D activity in BAT was not absolutely required for the growth
response. In the final study, I investigated the ro]e of the sympathetic
innervation in the regulation of the growth of BAT) I first showed that
surgical denervation almost completely e]jminated noradrenal ine content of
BAT, and that this redu&tion pérsisted for at least 26 days. I next showed
that unilateral denervation was Equiva1ent to bilateral denervation, thus
validating the use of unilateral denervaf%on as an experimental system

(each animal can be used as its own internal control) and demonstrating

the unilatérality of the nerve supply to half-pads ?f BAT. Finally, 1
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studied, as a time course, the effects of cold-exposure after‘denervat1on.

¢
both in rats previously warm-acclimated and in animals previously cold-

acclimated. This study showed that different aspects of BAT are differently
dependent upon sympathetic innervatiop, and that ﬁhe phanges in time
after denervation follow différent patterns. Activity of T5'D was most
dependent on sympathetic inngrvatioﬁ, followed by GDP binding (a measure
of the thermogenic state of BAT), levels of the BAT uncoupling pfotein (a

measure of the tissug's thermogenic capacity), and toté\ BAT protein.



-y

DEDICATION

I dedicate this work to the memory of my father.

"You'll never see that you had all of me
You'1ll never see the po{etr’y you've stirred in me
Of all the stars I've seen that shine so brightly

1've never known, or felt, in mvself so rightly..."

+ =K, Bush

«



.

-V-'...
ACKNOWLEDGMENTS :

“"No-man is an island, ent?re of itself..." -

. ‘ -J. Donne

In writiﬁg a thesis one is struck forcefully with the number, and the
breadth, of debts owed, S0 it gives me pleasure to acknowledgde these here.

First, I thank the peqp1e of Canada,_acting through'their Parliament
and their Natural Sciencés and Engineering Research Counc11. for the
financial support of the 1967 Science Scholarship. I am also grateful to the
University of Ottawa for scholarships. |

1 owe a very special debt to Dr. Ken Storey for encouraging me to
ap§1y for graduate scholarships. In a ver& real way, he has changed my
1ife, for the better. ' -

1 am most grateful for the contribution of Dr. D. Coscina in the work
on'b}ain lesions. The contributions of Dr. 3. Chambers and Lori Dixon weﬁé
also invaluable. \

I thank Dr. P.R. Larsen and Qr. J.E. Silva for their q:ft of antisera

against rat Ty and T4, which was critical for the success of our study of

l thyroidectomiied rats.

The most difficult task in this work, and the one for which I received
the most help, was the establishment of fhe so]id-ﬁhase radjoimmunoassay
for unﬁoup]iqg protein. i am especially thankful for conversations with,
and communications from, Dr. M. Klingenberg, Dr. M. Desautels, Dr. K.

-

Freeman, Dr: M. Ashwell, Dr. D. York, and Dr. M. Lean.
1 cannot ‘overstate the importance of the Animal Care Services in my
work. I am grateful for the work of everyone in that Department, and



-yij=-

especially fof the help given me by Dr. M. Keaney, Wilfred Brennan, and
Gaetan—Dugas. .

The support 1 have received from the members of my Departménf has
been excellent. The members of the faculty have helped me innﬁmerab1e
times, and I am parficu]ar]y thankful for the advice, the guidance, and the
patience of Dr. J. Patrick, Dr. H. Kaplan, Dr. C. Mavrides, Dr. V. Mezl.’
Dr. M. Tenniswood, Dr. N. Bégin-Heick and Dr. M. Kates. I also thank all
the members of the.support staff, especi§11y Julie Normand, Bob Gricken.
and Art Lysionok, for uncountable services.. 1 especially thank all my
fellow students for all the shared experiences we have had. 1 am
particularly gratefg] for the friendship and help of Mary Hefford, Ray
Oomen, Laura Stewart, Marsha Black, Pascale Garber, Rod Merrill, and
Valerie Weaver. ’

Of course, my greatest debts are to those I worked with every day,
the members of my lab group. Without their help, these years would have
been more than difficult; with their help and fellowship, this‘time has
been tﬁ? bést experience of my life. 1 sincer?1y tnggk Gisdle lLarose,
Cynthia Gwilliam, and Louise St. Jacques for their skilled technical help in
many things. I appreciate the help given me by Dr. J. KopecEﬁ during his
visit to our lab. I thank David Mount for his excellent work in the study
of thyroidectomized rats. I am grateful to Sue Hogan., Greg Moore and
Joan Triandafiliou for all their help when I first arrived in the Jab. I am
- most grateful for the help of Anna-Lisa Kates in the circadian study ;nd
.in the assay for .thyroxine 5'-deiodinase. I thank Gloria Zaror-Behrens for

establishing conditions for the estimation of noradrenaline and for her help

in my doing those assays. And I am so grateful to Lynn Sigurdson and



-viii-
’

Judy Eley for their invaluable help in the opaque world of SPSSy;. And for
just being there. l | |
. My single greatest debt is to my research supervisor, Dr. Jean Himms-
Hagen.‘I don't feel I can express in words all the things ﬁhe has done for
me; indeed, I find I am still discovering in myself things she has taught
me. Nor do I expect this influence ever to end. I particularly appreciate
the patience she has shown: while she has always given me more- than
enough rope, she has never quite let me hang myself, tempting though.the
thought must have been at times. In retrospect, 1 feel that this pﬁgience
"has been rewarded and that our partnersﬁip has been abundantly fruitful.
FinaTly, I thank my family for their support through this work. Who 1
am and why 1 am are rooted so deeply in my family that 1 cannot separate
myée]f ffom tﬁem. 1 am proud to-present this_work as a product of‘mv
family as much as of myself,?and I hope this thesis repays.‘iﬁ some smail

way, all the gifts I have been given by my family.



\ -ix=

TABLE OF CONTENTS

4
2 -3 o - 1o i
Dedication. .. i i i e et v
Acknowledgments. ...t ie it ittt i i et i i EERRRTE vi
Table of éontents ................................... EEREEY MR
List of Tables. ..ot ittt ia e xiv
List of Figures............... e ettt ‘.......;xvi
List of Abbrleations ............................... e Xviii

| \
INTRODUCTION . . .ottt e e et e et a et e et e et ane e e aaaes 1

1. Historical review.....o.ee oo e e inreeneneeennnnnns - .rrfff%B

\ 2. The hypothalamus and central regulation of energy balance...12

a) Background. ..ottt i ittt a e 1é,
b) Acute effects.................. PO S 14
c) Hypofha1amic KNife=CUES . it iri it it it i eriesentaennanns 15
d) Lateral hypothalamus......... T 19
3. Environmental and endocrine effects on the growth ahd
function of brown adipose tissue...{i........Z ............. 22
" a) Thyroxine 5'-deiodinase....... ;..f..., .................. 22
b) Circadian Eyc1es .............. e reeea e . 23
c) Brown adipose tissue in thyroidectomized rats........... 25
4. Role of sympathetic innervation... ......................... :.27
B) Rationale. ...t iiin it i e e 217
‘b) Technical considerations.................. e, 29
¢} Historical review.................. ettt 32

5. Statement of objectives..' .......... A 34



.
6. Rationale for procedgres .................................... 38
a) Body weights...................... e rrereenaas l....38
b) Wet weight of gonadal white adipose tissue.............. 38
C) Body temperature. . ooo ittt vt eser et enans 38
d) Food intake.............. TR 39
e) Serum levels of T3 and Tg.ovvueuenennnnon...L., U 39
) Wet weight of brown adipose tissue..... s e a9
g) Total protein......................;t;.....f ............ 39
R) TOEAT BNA .« m et ettt e e et e e L....00
i) Total activity of cytochrome oxidase.................... 40
‘ .j).GDP o 3T 1 o S 40
K) Thyroxine 5'-deiodinase..........ooeevivuennnnnnnnn ...
1) Specific uncoupling protein (UCP).................. . 41
m) Final considerations............... . 41
MATERIALS AND METHODS. .........covuvrinernnnnnn... PO 43
B R 1 1 - < 43
B) TYPES . e e 43
b) Standard holding conditions...........ccvieernnnnnin., 43
c) Experimental procedures........................ :...- ..... 44
7) Cold-eXposSUre. . . ..ttt ittt it e te i tenrnrennns 44
i1) Cafeteria-feeding................coounn... e 44
111) Pair~feeding........oivuniniiiininnnn.. : ........... 45
d) Food intakes...vvvvinriiineieeernnnnennenenns e, 45
e) Body Weights. ..o in ittt it i ittt e 46
f) Body lengths............ e 46



2. Surgery.......... i eiieaaeas P 46
A) BraTN SUPGO Y . vttt ettt e et e et e et e s e eaneeaneranann 46

b) Denervation of interscapular BAT........ccoiiirnennnnn. 48

3. Brain histology..cvr i i ittt et et e nnenanennn 49
4. Instruments.......................................r ......... 49
5. Reagepts ............................. i ...................... 49
6. Standard preparation.. ... it ittt ettt 49
a) Collection of tissue..... ... ... iiiiiiiiinrinrnnnnnnns 49

b) Isolation of mitochondria.................cociiiiiiant, 50

c) Estimation of GDP binding... ............................. 51

7. Estimation of protein.... ... . i e 52
a) Modified Lowry>assav.....................: .............. 52

b) Coomassie blue ("Bio-Rad") assay....... e e eaaaes 53

8. Estimation of DNA. ... ..ttt iiieeennns 53
'9. Estimation of cytochrome oxidase..x ......................... 53
10. Estimation of thyroxine 5'-deiodinase.........coovvivnunnnn. 54
11. Estimation of serum thyroid hormones............. Meaieeens 56
a) AMerYex Kit.....ooeouuseenannnnnns., e eaeaa e 56

b) Method of Silva and'Larsen...................: .......... 56

12. Estimation of noradrenaline...........o....iteiienrininnnnnn. 58
13. Radioimmunoassay ofuuncoup1ing 1] | P 59
- a) Purification of uncoupling protein...........ccovuvu.... 60

b) Immunization of rabbits and testing of antiserum.., ..... 63

c) Radioimmunoassay of uncoupling protein......o.oeeeeene... 65

. d) Standard procedure;..' ................................... 67
14, Computer programs......... B 68



-

=xii-
-
15, Statistical analysis. . ittt iiireirararserenns 68
RESULT S, oottt ittt ittt tetttnerenoasracsnnasnssnsnssnasanneans 70
PART A. HYPOTHALAMIC CONTROL OF BROWN ADIPOSE TISSUE........... 70
Al. The acute effects of hypotha]amic lesions on the function
of brown adipose tissue....... et eeeaar e, 70
A2. The effects of obesity-causing parasag1tta1 hypotha]amic
knife-cuts on diet-induced thermogenesis in brown adipose
o = . 79
A3. The effects of lesions of the lateral hypothalamus on
brown adipose LisSUe. ... .ttt iiriiiiinnrieneraasannenes a1
PART B. THYROXINE 5'-DEIODINASE IN BROWN ADIbOSE TISSUE:
CONTROL AND FUNCTION. .ottt it et i it i i ittt ranns 106
Bl. Effects of cold and of d1et on thyrox1ne 5'-deiodinase;
activity in brown adipose tissue of rats............... ....106
B2. Circadian changes in thyroxine 5' de1od1nase activity and
GDP binding in warm-acclimated, cold-acclimated,“and
cafeteria-fed rats.... .ot iiiinnnnn ST . 112
B3. The role of fhyroxine 5‘-deiodinase in the response of
brown adipose tissue of thyroidectomized rats to acute
and JTong-term exposure to cold.......coviiiniriinnennnnns %121
a) Acute exposure to cold................ e L...€123
b) ACCTAMALION £0 COTA. wuvnvn s s areraneneereenenanens 129
i
B4. The effects of sympathetic denervation on the growth and |
function of brown adipose tissue............ccciiiiivinnnn 138
a) Effectiveness of surgery........ocviiiiiiiniarernnnnas 139

b) Comparison of unilateral and bjlateral denervation on A
growth and function of brown adipose tissue in cold- |

- exposed and cold-acclimated rats.......cviviirirenn, 144
i) Acclimation to cold after surgery.......covvvvuvuens 145
ii) Acclimation to cold before surgery................. 149

\



-xiij-

¢} Time course of changes in denervated brown adipose
tissue in cold-acclimation of rats and in cold-

acclimated rats. ... ...ttt e 154
i) Acclimation fo cold after surgery......ccovuveeennn, 155
i)} Acclimation to cold befﬁre SUPGErY. v eerernanaunesns 164
DISCUSSION. . ...vvvveeeernnnnnnse, P 175
PART A. HYPOTHALAMIC CONTROL OF BROWN ADIPOSE TISSUE.......... 175
1. Acute effects............covvuns. e 175
2. Knife-CUutS. i i i it e ie e 177
3. Lateral hypothalamic T1esions.......vveiviiieneennrnens 182
PART B. THYROXINE 5'-DEIODINASE IN BROWN ADIPOSE TISSUE:

CONTROL AND REGULATION. ... .t iiiiiiininenrenrnrnsns 186
1. Effects of cold-exposure and cafetéria-feeding ......... 186

2. Thyroddestomy. oo iin ittt iiisirarrenanas e 189 ‘
3..0eNerVALION. .o\ eennnnn. e, 193
THESIS AND SYNTHESIS. ..ottt i i ittt crestenreaannns 201
APPENDICES. . oo ittt ittt it ittt it eateserenensnsnsnsannnnnenans 202
1. Cafeteria menu.....viiiiii ittt ittt ierteneranenanes 202
2. Instrumentation. ..ol i i i i, 203
K 20 Ve =1 ¢ o P 204
REFERENCES. . ...ttt it i it et it et iaaa it ennanens 207

CURRICULUM VITAE



10.
11.

12.

13.

14,

15.

16.

17.
18.

©o=xiv--

. LIST OF TABLES

. STUDY OF THE ACUTE EFFECTS OF HYPOTHALAMIC LESIONS:

2 DAYS AFTER SURGERY..........covevivinnn fererararsaraaaeanns 16
. STUDY OF THE ACUTE EFFECTS OF HYPOTHALAMIC LESIONS:

1 DAY AFTER SURGERY. . .c.. ittt iiiriinnerinnannes 77
. STUDY OF HYPOTHALAMIC KNIFE-CUTS: BODY WEIGHTS............... 83
. STUDY OF HYPOTHALAMIC KNIFE~CUTS: BODY WEIGHT CHANGES, '

NASO-ANAL LENGTHS, AND LEE INDICES.........ciiiiiiivunninnnns B4
. STUDY OF HYPOTHALAMIC KNIFE~CUTS: FOOD INTAKES............... 85"
. STUDY OF HYPOTHALAMIC KNIFE-CUTS: BROWN ADIPOSE TISSUE....... 87
. STUDY OF HYPOTHALAMIC KNIFE-CUTS: TISSUE WET WEIGHTS

AND BODY TEMPERATURES. ... .ottt ittt inanan 88
. STUDY OF HYPOTHALAMIC KNIFE~CUTS: SERUM THYROID HORMONE

LEVELS..... Lt teeeeetea et a e e e eaan 90
. STUDY OF LATERAL HYPOTHALAMIC LESIONS: INITIAL WEIGHT

CHANGES, FOOD INTAKES, AND FOOD EFFICIENCY {DAYS 1-7 ‘

AFTER LESION) .ttt vttt ittt et i ciee st iacastia s nrrnns 95

STUDY OF LATERAL HYPOTHALAMIC LESIONS: BODY WEIGHTS.......... 96

STUDY OF LATERAL HYPOTHALAMIC LESIONS: BODY WEIGHT GAINS

AND FOOD INTAKES. ..ttt i ierartisienasarinsernaas 97

STUDY OF LATERAL HYPOTHALAMIC LESIONS: WEIGHT OF GONADAL

WHITE ADIPOSE TISSUE AT THE END OF PHASE 2........ovavunantn 99

STUDY OF LATERAL HYPOTHALAMIC LESIONS: BODY TEMPERATURES

AT THE END OF PHASE 2. ... viuriiiiiiiiniiiennrrnnnnonnaanns 100

STUDY OF LATERAL HYPOTHALAMIC LESIONS: BROWN ADIPOSE

D 53] U 101

STUDY OF THYROXINE 5°-DEIODINASE: TIME COURSE OF CHANGES

IN BROWN ADIPOSE TISSUE IN RATS EXPOSED TO COLD............. 108

STUDY OF THYROXINE 5'-DEIODINASE: EFFECTS OF A CAFETERIA
DIET ON BODY WEIGHT, BROWN AND WHITE ADIPOSE TISSUE...,..... 110

CIRCADIAN STUDY: BODY WEIGHTS.......... teeetnases s 114

CIRCADIAN STUDY: BODY TEMPERATURES AND TISSUE'HET WEIGHTS...115,



19.
20.
21.

22.

23,
24,
25.
26.

27.
28.
29.

30.
31.
32.
33.

34.

< ’ “-Xy-
!

EFFECTS OF ACUTE COLD-EXPOSURE IN THYROIDECTOMIZED RATS:
BODY WEIGHTS AND BODY TEMPERATURES..........c.ivviivinvenenn. 124

EFFECTS OF ACUTE COLD-EXPOSURE IN THYROIDECTOMIZED RATS
BROWN ADIPOSE TISSUE AND SERUM THYROID HORMONES..... e 125

EFFECTS OF LONG-TERM COLD-ACCLIMATION IN THYROIDECTOMIZED -
RATS: BODY WEIGHTS. . civrirni ittt iiiiiiiersanssnnnanns 130

EFFECTS OF LONG-TERM COLD-ACCLIMATION IN THYROIDECTOMIZED
RATS: BODY TEMPERATURES, BROWN ADIPOSE TISSUE AND SERUM
THYROID HORMONES . . .ottt it it ie i sae o nnnananres 131

DENERVATION STUDY: EFFECTIVENESS OF .SURGICAL DENERVATION
OF BROWN ADIPOSE TISSUE (STUDY 1)...iivriinininnninnninnnnes 141

DENERVATION STUDR® EFFECTIVENESS OF SURGICAL DENERVATION

OF BROWN ADIPOSE TISSUE (STUDY 2).....coviunniiininninennnnn. 142
COMPARISON OF UNILATERAL WITH HILATERAL DENERVATION:
WHOLE-ANIMAL RESULTS..... ... ettt iiann 146

COMPARISON OF UNILATERAL WITH ETEhTERAL DENERVATION:
BROWN ADIPOSE TISSUE...............................:uf ...... 147

COMPARISON OF UNILATERAL  WITH BILATERAL DENERVATION IN RATS
PREVIOUSLY ACCLIMATED TO WARM OR COLD: BODY WEIGHTS AND
CHANGES . ..o i it i i i i it e et e aaanaas PP, 150

COMPARISON OF UNILATERAL WITH BILATERAL DENERVATION IN RATS
PREVIOUSLY ACCLIMATED TO WARM OR COLD: BODY TEMPERATURES
AND TISSUE WET WEIGHTS. ... it iiiene e, 151

COMPARISON OF UNILATERAL WITH BILATERAL DENERVATION IN
RATS PREVIOUSLY ACCLIMATED TO WARM OR COLD: BROWN ADIPOSE
L -5 152

DENERVATION TIME-COURSE STUDY (1): CHANGES IN BODY WEIGHTS:

-OF RATS EXPOSED TO COLD.....ovvvuiiiiiiininneeenennnoaannnns 156

DENERVATION TIME~COURSE STUDY (1): BODY TEMPERATURES AND
TISSUE WET WEIGHTS IN RATS EXPOSED TO COLD...........cvvvnnn, 157

DENERVATION TIME-COURSE STUDY (2): BODY WEIGHTS OF RATS
RATS PREVIOUSLY ACCLIMATED TO COLD....ovovuvrainenrennnnnnns 165

DENERVATION TIME-COURSE STUDY (2): CHANGES OF BODY WEIGHTS
AND GROWTH 'RATES OF RATS PREVIOUSLY ACCLIMATED TO COLD......166

DENERVATION TIME-COURSE STUDY (2): PROTEIN IN RATS
PREVIQUSLY ACCLIMATED TO COLD. ... vviviiiiieiiiiacinvnnnnn. 167



10.

11.
12.
13.

14,
15,
16.

17.

-xvi-

LIST OF FIGURES

. METHODS: SDS-PAGE OF PURIFICATION OF UNCOUPLING PROTEIN...... 62
. METHODS: ANTIBODY DILUTION CURVE FOR IMMUNE AND PREIMMUNE

. METHODS: WESTERN BLOT OF HOMOGENATES OF VARIOUS RAT TISSUES

DEMONSTRATING SPECIFICITY OF ANTISERUM TO UNCOUPLING

PROTEIN . et ettt oee s esnnsennnesonneasnnnonnsssseensnnnns .66
. METHODS: STANDARD CURVE FOR THE RADIOIMMUNOASSAY OF

UNCOUPLING PROTEIN. . iiitttitt ittt rernensnnsonannnnsones 69
. STUDY OF THE ACUTE EFFECTS OF HYPOTHALAMIC LESIONS:

PHOTOMICROGRAPH OF AN ACUTE LESION OF THE LATERAL

HY POTHALAMUS . v ee ettt ettt e et e v s ennnnnnnnnnnnsaannsaaaneenn, 72
. STUDY OF THE ACUTE EFFECTS OF HYPOTHALAMIC LESIONS:

PHOTOMICROGRAPH OF AN ACUTE LESION OF THE VENTROMEDIAL

HY PO THA L AMU S « ittt ittt et e it eetteesesenassaaasessansons 73
. STUDY OF ACUTE EFFECTS OF HYPOTHALAMIC LESIONS: GDP

BINDING . ¢ e ettt et ettt et e et 74
. STUDY OF THE ACUTE EFFECTS OF HYPOTHALAMIC LESIONS:

BODY TEMPERATURE S .« v vt vttt o et e e e eeseeseeeeeeeaeeeeeseenrsens 75
. STUDY OF HYPOTHALAMIC KNIFE-CUTS: PHOTOMICROGRAPH OF A

PARASAGITTAL KNIFE-CUT OF THE HYPOTHALAMUS.......ovvunuuennn. 82

STUDY OF LATERAL HYPOTHALAMIC LESIONS: PHOTOMICROGRAPH OF A

LONG-TERM BILATERAL LESION OF THE LATERAL HYPOTHALAMUS....... 94

STUDY OF LATERAL HYPOTHALAMIC LESIONS: PROTEIN.............. 103

STUDY OF LATERAL HYPOTHALAMIC LESIONS: GDP BINDING.......... 104

STUDY OF THYROXINE 5'-DEIODINASE: TIME-COURSE OF ENZYME

ACTIVITY IN RATS EXPOSED TO COLD. ..vvureeerrnnnnsernnonnanns 109

CIRCADIAN STUDY: PROTEIN......''eeteeeerrnnnerssnnnenaeeas 116

CIRCADIAN STUDY: GDP BINDING.....overvrreonrnmnnnanennnnnns 118

CIRCADIAN STUDY: THYROXINE 5'-DEIODINASE ACTIVITY..... .. 119

1

EFFECTS OF ACUTE COLD-EXPOSURE IN THYROIDECTOMIZED RATS:
GDP BINDING..... et iea i ieeaeaseas e a ittt 127



18.

19.

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

-Xvii-

EFFECTS OF ACUTE COLD-EXPOSURE IN THYROIDECTOMIZED RATS: _
THYROXINE 5'-DETODINASE ACTIVITY......ovvvveninnrnnenanennns 128

EFFECTS OF LONG-TERM COLD- ACCLIMATION IN THYROIDECTOMIZED

RATS: PROTEIN. ... i ittt eie e 132

EFFECTS OF LONG-TERM COLD-ACCLIMATION IN THYROIDECTOMIZED
RAT S DNA. . i i ettt iasasane e aa 133

EFFECTS OF LONG- TERM COLD~-ACCLIMATION IN THYROIDECTOMIZED
RATS: GDP BINDING. .. .etrreeuernseenraranneneanrnecnnesnenns 135

EFFECTS OF LONG-TERM COLD-ACCLIMATION IN THYROIDECTOMIZED
RATS: SPECIFIC UNCOUPLING PROTEIN.......vvvuuiienvennnnrins. 136

EFFECTS OF LONG-TERM COLD-ACCLIMATION-IN THYROIDECTOMIZED
RATS: THYROXINE 5'-DEIODINASE ACTIVITY......cvvvvuvnnnneraan 137

DENERVATION TIME-COURSE STUDY (1): PROTEIN OF RATS EXPOSED
L1 ) 159

DENERVATION TIME-COURSE STUDY (1): GDP BINDING OF RATS
EXPOSED TO COLD. ..ot i et ei e ceannaenn 160

DENERVATION TIME-COURSE STUDY (1): THYROXINE 5'-DEIODINASE
ACTIVITY OF RATS EXPQSED TO COLD..... e seeesier et 161

DENERVATION TIME-COURSE STUDY (1): SPECIFIC UNCOUPLING —
PROTEIN OF RATS EXPOSED TO COLD.......ovvrmnennniannann. 162

DENERVATION TIME-COURSE STUDY (2): PROTEIN OF RATS
PREVIOUSLY ACCLIMATED TO COLD.......ciirrieenaanrnannnnnnnen 169

DENERVATION TIME~COURSE STUDY (2): GDP BINDING OF RATS f
PREVIOUSLY ACCLIMATED TO COLD......oiviiininnnnnnnnnnnnnnn. 170

DENERVATION TIME-COURSE STUDY (2): THYROXINE 5'-DEIODINASE
ACTIVITY OF RATS PREVIOUSLY ACCLIMATED.TO COLD.............. 171

DENERVATION TIME-COURSE STUDY (2): SPECIFIC UNCOUPLING
PROTEIN OF RATS PREVIOQUSLY ACCLIMATED TO COLD............... 172



ADP

ANOVA

BAT
bis-acrylamide
BSA

CAFE

CHOW

DNA

EDTA

9
GDP
HEPES

HPLC
IBAT
i.p.
KC

LH

MH
MOPS
NL
NS

PF
PPO
PTU
RIA_
S.C.
SDS

. SDS-PAGE
S.E.M.
SNS
TEMED
TES

~ Triton X-100
TRIS (Trizma)
Tween-20

“xviii-

r3

ABBREVIATIONS USED

adenosine 5'-diphosphate

analysis of variance

brown adipose tissue

N-methylenebis[acrylamide]

bovine serum albumin

cafeteria-fed animals

animals fed chow

deoxyribonucleic acid

ethylenediamine tetraacetic acid

acceleration due to gravity

guanosine 5'-diphosphate

N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid

high-pressure ligquid chromatography

interscapular brown adipose tissue

intraperitoneally .

knife-cut (between lateral and
ventromedial hypothalamus)

lateral hypothalamus

(ventro)medial hypothalamus

3-(N-morphilinoJpropanesulfonic acid

non-lesioned

not significant

pair-fed

2,5~diphenyloxazole

propylthiouracil

radioimmunoassay

subcutaneously

sodium dodecylisulfate

SDS-polyacryiamide gel electrophoresis

standard error of the mean

sympathetic nervous system

N,N,N',N'-tetramethylethylenediamine

N-tris[hyroxymethylImethyl-2-
aminoethane sulfonic acid

iso-octylphenoxypolyethoxyethanol

tris[hyrdoxymethyl]aminomethane

polyoxyethylene sorbitan monolaurate

thyroidectomized

3,3',5‘-t£€1odothyronine
thyroxine

thyroxine 5'-deiodinase
uncoupling protein
ventromedial hypothalamus



v

INTRODUCTION

"Man can learn nothing except by going from the known to the unknown."

-C. Bernard

BROWN ADIPOSE TISSUE (BAT). a tissue found only in mammals, is
specifically adapted for the production of heat by regulated and reversible
uncoupling of mitochondrial respiration. It is primarily involved in
adaptation to cold, especially im small and young mamma?s. BAT responds
to cold both by an immediate increase in thermogenesis and by a Tong-
" term increase in its size and its capéﬁity for thermogepesis. As well, in
small mammals such as rats, it plays a quantitatively important part in

\
energy expenditure even under conditions of minimal thermal stress, and

increases its thermogenesis in response to stimuli such as-overeaf?;g.
Therefore, {t was suspected that subnormal energf‘expenditure‘by-BAT
might be involved in obesity, a condition which may be described as being
caused by inappropriate positive energy balance. Furthermore, under some
conditions brown adipose tissue may atrophy, and th{s can be associated
with decreased energy expenditure. More recently, it has been discovered
that BAT has a high activity of the enzyme thyroxine 5'-deiodinase {T75'D),
an activity which greatly increases in an{ma]s exposed to cold. Thus BAT
may play a role in the regulation of tﬁyrbid hormones.

I studied BAT in the rat for these reasons: to study acc]imatiqn to
cold, to study energy expenditure in BAT in rats with abnormal energy
balance, and to contribute to the emerging understanding of the role of

T5'D of BAT. A fourth reason for studying BAT in the rat is to help to

establish an understanding of the overall role of BAT in the rat so that it
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can be compared ;o.the role of BAT in other animals studied both in our
laboratory and by other researchers. In general, 1 will not make these
comparisons here as it is Beyond the scope of this thesis. |

Much of the research QQné before 1 started my work had ¥ocused on
the mechaniém of thermogenesis. When I began, it had béen estab11shed.
that thermogenesis' in BAT was acutely regulated by the sympathetic
efferents innervating the tissue. Less.was known about ;he regulation of
growth of BAT in response to different stimuli acting over a longer time,
about the regulation of the sympathetic efferents by the central nervous
system, or about the reguiation of the deiodinase. Therefore, in my work I
focused on three aspects ofﬁBAT function: the thermogenic state of BAT
under different chronic stimuli {as estimated by "GDP binding", described
later), the érowth of BAT caused by those stimuli, and, later in the work.
the regulation of the deiodinase.’

In the rest of this introduction I shall describe the nature of BAT
through a historical review. I shall then present background information on
three effectors of growth and thermogenesis in BAT studied in this work:
the hypothalamus, environmental and endocrine factors: and sympathetic
jnnervation. Following a statemenf of_bbjectives, the introduction is

concluded by a rationale for the procedures used.
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1. HIéTORICAL REVIEW. Brown adipose tissue was first de;cribed in
1551 by Gesner. Until the second half of the twentieth century,
characterization of BAT had beeﬁ in the hdnds of naturalists and a few
confused physiologists. Uncertainty of its role is reflected in the wide
range of names it was given. These include: interscapular gland, primitive
fat organ, adipose gland, oil gland, 1ipoid gland. fat gland, cholestero]
aland, masse hibernal, glandula insularis cervicalis, mu1§ilocu1af adipose
tissue, glandular adipose tissue, Winter?ch1aforgan, and Winterschlafdrus
(Johahsson 1959); my favorite is “"butterfly gland" (Greene 1935). These
terms reflect the two main ideas about.the tissue: same felt that since it
was found particularly in hibernators, it had something to do with
response to cold, while others thought it had an endocrine function.
Current understanding suggests that both these jdeas are correct.

Only by the early 1960s did a clearer ynderstanding emerge. Work
from the laboratories of Smith (1961, Smith and Hock 1963, Smith and
Roberts 1964} and Mrosovsky (1962, 1964) showed specific changes in the
histology, weight, nitrogen ccntent, and oxygen consumption of BAT
~ following cold-adaptation of animals. Smith ascribed to BAT what is still
recognized to be its primary function: it is a tissue specifically adapted
for thermogenesis. o ) ‘ \

Work continued through the 1960s and by ‘1970 enough was known to
justify the publication of a book entitled "Brown Adipose Tissue" (Lindberg
1970). However, the most important work up to 1981, the time I began

1

working on my Eﬁesis, had been done in the 1970s. By 1981, six important

e
discoveries had been made and synthesized into the models with which I

began my work.
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First, the mechanism of cellular thermogenesis was elucidated, largely
through the work of Nicholls (for reviews, see Nicholls 1979, Lindberg et
al. 1981, Nicho11s 1983, Nicholls and Locke 1983, 1984, Nicholis et al. 1986).

The mitochondria of BAT have a specific proton conductance pathway that

permits oxidation of free fatty acids (and other energy substrates), as can .

be measured by in vitro oxygen uptake, at a rate much greater than in

any other tissue, since the rate of respiration in BAT is not limited by the
hydrolysié of ATP. Nicholls and coworkers found that the loosely coupled
mitochondrﬁa could be recoupled by the addition of purine nucleotides, so
it was presumed that BAT mitochondria were not permanently uncoupled
but that the coupling cﬁu]d be changed as the need for thermogenesis
varied. '

Despite this understanding, and previous work showing the thermogenic
nature of BAT, it was felt by many that BAT could not be quantitatively
important in whole-body thermogenesis. This 1idea was supported by
findings that the bjood flow to BAT was not particularly impressive, even
in cold-exposed animals (Kuroshima et al. 1969). However, it was
discovered that the method used by Kuroshima for determining blood flow,
..wh1ch depends on uptake of radioactive rubidium, was invalid for BAT
{Foster and Fryd%éi 1978a). In the second important discovery before
1681, in work that represents the watershed in this field, Foster and
Frydman used radiocactively-labeled microspheres and arterio-venous oxygen
gradients to demonstrate that BAT is the major site of the increased
tissue oxygen consumption found in rats injected with noradrenaline
(Foster and Frydman 1978b). This also confirmed the link between the

previously-known increase in oxygen consumption (energy expenditure) in
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animals injected with noradrenaline (Himms-Hagen 1970) and thermogenic
capacity ‘1n BAT. Foster and Frydman then showed that BAT 1is a
significant site of energy expenditure in conscious rats exposed to the cold
(Foster énd Frydman'1979$. This work remains the single most important
finding in this field, upon which the validity of all later work rests. An
revjew assessing the quantitative importance of BAT has been recently
published (Foster 1986{.

Results with the microsphere technique are the most convincing: this
method can be considered the "gold standard" in this field. However. the
method i; technically difficult and expensive and is usually done only to
estgegish the validity of a 1ine of research. Instead’of this technique, the
methoﬁ’of “GDP binding" is uged extensively. In this technique, the degree
of b#nding of purine nucleotides to isolated mitochondria of BAT, is
measured. This method can Qg used to estimate the thermogenic state of
BAT because the site to which the puriﬁe nuc]eétides bind has been
}dentffied as the protein forming the proton conductance pathway described
above. This "uncoupling brotein" (UCP) was first identified in 1978 by
Heaton et al. whe wused an Qﬁa]ogue of ATP. B8-azidoadenosine
5'-triphosphate, as a photoaffinity label for the binding site of purine
nucleotides to BAT mitochondria. It was then shown, by means of
po]yacry1ahidege1e]ectrophoresis,thatthe1abe]ednroteinhadanw]ecu]ar
weigh£ of about 32000 daltons. This corresponded with a protein of 32000
dalténs, earlier demonstrated by polyacrylamide gel electrophoresis

(Ricquier and Kader 1876), which was more prevalent in cold-acclimated

rats.
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In thermogenically-inactive BAT mitochondria, purine nucleotides bind
to the UCP, blocking the profon éonductance pathway and allowing coupled
mitochondrial respiration. In BAT taken from such aniﬁa]s. labeled purine
nuc]eot%des have minimal binding to isolated mitochondria. However, when
BAT is thermogenically active, increased intracellular free fatty acids
displace the purine nucleotides and activate the proton conductance
pathway, allowing uncoup]ed‘respiration and thermogenesis. Mitochondria
isolated from BAT of such thermogenically-active animals show a high
degree of binding of 1abe1ed‘phrine nucleotides (a "high GDP binding"). See
Nicholls et al. (1986) for_a'hfétorica1 review of the development of these
concepts. .

GDP- binding is well correlated with the thermogenic state of the
tissue. This method, the "silver, standard" of this field. was used in
virtually all the reports discusSed below, and in all the work I present in
the Results section.

A ré1ated finding otcurring before I began work was that the amount
of GDP binding to isolated mitochondria does not necessarily correspénd to
the amoqnt of uncoup]ing protein present. This was first noted in 1979
(Desautels and Himms-Hagen 1979), when the 1ess-satisfactpry method of
SDS-PAGE scans were used to quantitate proteins in the 32.000 daiton
band. Since 1 began my work, immunological metheds for the quantitation
of UCP have been develioped (destribed in more detail later). A host of
studies in a variety of animals and under a variety of conditions (including
work reported in this thesis; see Results section B4c) have shown that
there can be a rapid change in GDP binding without corresponding changes
in UCP levels (Desautels 1985, Nedergaard and Cannon 1985, 1987, Swick

1
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.and Swick 1986, Gribskov et al. 1986, Trayhurn et al. 1987, Peachey et él.
1088), thus confirming the original finding. |

This variation in stoichiometry (moles of GDP bound per mole of UCP)
has been interpreted as a "masking" and "unmasking" of purine nuclieotide-
binding sites on the UCP. In this way, the level of UCP in BAT can be
considered,dn index of thermogenic capacity, and the level of GDP binding
an index of the thermogenic state of the tissue. Ideally, both should be
measured in the characterization of BAT. |

The third important discovery before 1981 used the method of GDP
‘binding, In 1978 Himms-Hagen and Desautels reported that the genetically

bese {(ob/ob) mouse had defectivg thermogenesis in BAT, as determined by
EDP binding. While it had been knﬁwn for éome time that this mouse is
very sensitive to cold (Mayer and Barrnett 1953), fhis was the first link
between defective thermogenesis and obesity through BAT. It lead to the
jdea that BAT could act as an "energy buffer" which, if deranged, could
lead to an inappropriate positive energy balance and, hence, obesity. These
results were soon substantiated by determinations of blood flow and
oxygen uptake, by the radioactive microsphere method, of BAT in ob/ob
mice (Thurlby and Trayhurn 1980}.

‘The fourth impeortant discovery was the link between diet-induced
thermogenesis and BAT, made in 1979 by Rothwell and Stock. Diet-induced
thermogenesis. under a variety of names such as specific dynamic action,
thermic effect of food, luxuskonsumption, and heat increment of feeding,
has been described since at least 1902 (Rubner 1902). It can be defined as
"the increase in metabolic rate that follows the ingestion of food, as well

as changes associated with chronic alterations in the overall level of
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energy intake" (Rothwell and Stock 1983). While it is believed by some-
that this represents only the inevitable release of heat associated with the
digestion, absorption, and storage of ﬁutf{ents, it is widely believed that
there is an additional expenditure of energy beyond this, often called
adaptive thermogenesis. The work of Rothwell and Stock showed that BAT
was an important site of this adaptive thermogenesis in rats induced to
overeat. {To induce overeating, rats are fed a varied diet of pa]afab]e
human foods, the so-called: "cafeéteria" diet.) This finding was later
substanfiated by measurements of blood flow and oxygen uptake in BAT by
the radioactively~labeled microsphere method (Rothwe11 and Stock 1981).
This work supported and extended the idea of BAT as an "energy buffer®
since it showed that BAT could act to dissipate excess energy intake in
normal animals, as well as fail to do so in pathological conditions such as

genetic obésity.

The fifth 9important discovery concerned the response of the

sympathetic nervous system (SNS) to feeding. It had been assumed that the

e

SNS was more active in fasted than in fed animals. However. in a series of
papers Young(and Landsberg showed the opposite - that the activity of the
SNS, measured }é the turnover rate of noradrenaline in BAT and heart,
increased with‘feeding, including sucrose overfeeding and cafeteria feeding
(Young and ﬂandsberg 1977a, b, Young et al. 1982). Since BAT is
1hnervated by the sympathetic nervous system, and since noradrenaline was
known to increase thermogeneéis in BAT, these findings of Young and
Landsberg explain the role of BAT in diet-induced thermogengsis when, by
the previous belief, feeding should have Qecreased sympathetic activation

and, hence, BAT the%mogenesis.
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The sixth ihporfant disco;éry made before 1981 (and continuing after
I began my work) was the isolation of khe UCP and the‘establishment of
immune assays for this protein. '

Until December 1982, the method of gel electrophoresis had to be used
to estimate the amount of this protein. This was unsatisfactory because of
jts lack of specificity: many proteins could be in this band. and'even a -
large change in UCP levels could be.obscured.

In 1979, Ricquier et al. Eepovted a partial purification of UCP. Since
they used GDP affinity chromatography to analyze a Triton X;IDO extract
of BAT mitochondria, it i1s possible that the purification was not complete
due to contamination by the ADP, AfP traﬁs]ocator. This problem waé_
avoided by the use of hydroxylapatite, introduced by Lin and K]ingenberé
in 1980. Trifon X-100 extracts of BAT mitochondria were separated at
room temperatd;e on hydroxylapatite columns; Ehe UCP passes through in

the void volume while the ADP, ATP translocator denatures at room

temperature,in the absence of the stabilizer carboxyatractylate and is thus

raise antigera to the protein and thus to start using
immuno1ogica{>methods for quantitation of UCP din mitochondria and
homogenates of BAT. Immuncassays were announced, almost simultaneously,
by tﬁo groups: an enzyme-linked immunosorbent assay (ELISA) by Cannon
et al. (1982) and a radioiﬁmﬁnoassay (RIA) by Lean et al. (1983). Since
then, such assays and similar methods, such as Northern blotting, have

been developed by several other groups, and the mgﬁgg;;\;re in wide use.

v
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Therefore, when I began my work, our understanding of BAT was the
following: brown adipose -tissue is a tissue adapted for facultative
thermogenesis, activated by the sympathetic nervous system. BAT is active

_when- the animal is subjected to cold or to overfeeding. Subnormal

thermogenesis in BAT contributes to obesity in genetically cbese animals.

BAT produces heat by extremely rapid'oxidation of fatty acids 1n'1ts
mitochondria, which can be reversibly uncoupled by a proton con;uctance
pathway; binding of GDP can be used to estimate the thermogenic state of
BAT in animals subjected to various regimens.

Progress in our understanding of BAT. gained both before and after I
began my work, has been collected into two important books: "Mammalian
Thermogenesis" (1983), editéd by Qi;;rdier and Stock, and “Brown Adipose
Tissue" (1986), edited by Trayhurn and Nicholls.

In the time since I began my thesis, workers in the field have tested

the implications of this understanding. I have contributed to aspects of

this work, as demonstrated in this thesis. Some areas in which research

has proceeded include: a) study of BAT thermogenesis"in ’animals‘

undergoing altered energy metabolism (genetic or hypothalamic obesity
(Hogan and Himms-Hagen 1980, 1983, Triandafillou and Himms-Hagen 1983.
Ashwell et al. 1985, Coscina et al. 1985, Hogan et al. 1985, Eley and
Himms-Hagen 1989a, b), genetic and hypothalamic 1eanﬁess (Triandafi11ou et
al. 1984, Corbett et al. 1985, Kopecky é& al. 1986a, Lupién et al. 1986.
Park et al. 1986a, 1988, Arase et al. 1987), and lactation and pregnancy
(Trayhurn 1985, 1986, 1987, Villarroya et al. 1986a. b. 1887)): b) the
invéstigation of the 10ng-terﬁ adaptive responses of BAT, especially of

UCP, in cold-adaptation and overfeeding (as contrasted to the acute
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effects of theée treatments) (Rothwell and Stock 1982a, A§;w911 et al.
1983, 1984, 1985, Lean et al. 1983, Trayhurn et al. 1983, 1987, Nedergaard
et al. 1984, Falcou et al. 1985, Nedergaard and Cannon 1985, Bukowiecki et
al. 1986, Hansen and Knudsen 1986. G&loén et al, 1988); c) investigation of
the neural and hormonal regulation of acute responses of BAT, including
characterization of a- and f~adrenergic receptors in BAT (and the possible
pharmacological modulation of BAT activity) (McMahon and Schimmel 1982,
‘Arch et al. 1984a, b, Ma and Foster 1984, Foster 1985, Rothwell et al.
1985, 1986, Sullivan and Garattini 1985, Harris et al. 1986, Levin and
Sullivan 1986, Bray and Cairella 1987, Grassby et al. 1987, Scarpace 1987,
Sullivan et al. 1987); d) study of intracellular events coupling adrenergic
stimulation and thermogenesis, particularly the roles of cations and inositol
phosphates (Girardier and\§chneider-Pi§ard 1983, Connolly et al. 1984,
Horwitz and Hamilton 1984,\ﬂ9he11 et al. 1984, Schneider-Picard et al.
1985, Girardier and Seydoux féas. Nedergaard et al. 1986, Scpimmel et al.
1986, Nanberg and Putney 1986, Barge et al. 1988); e) isolation and
cloning of mRNA for UCP from several species (Falcou et al. 1985,
Jacobsson et al. 1985, Ricquier and Bouillaud 1986, Ricquier gg'gl.'IQBB.
Reichling et al. 1987, 1988); f) demonstration, in BAT, of thyroxine
5'~deiodinase (T5'D), the enzyme responsible for the conversion of

thyroxine (T4) to triiodothyronine (T3) and characterization of its control

. by the sympathetic nervous system (described in more detail below).
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2. THE HYPOTHALAMUS AND CENTRAL REGULATION OF  BROWN
ADIPOSE TISSUE.

a) Background: The hypothalamus is the region of the diencephalen

which regulates many autonomic, homeostatic functions through the

‘autonomic nervous system and through its control of the release of
pituitary horm;nes. Of particular importance to the subject matter of this
thesis are its roles in the regu1ationfofﬁfdt and carbohydrate metabolism
and in thermoregu1ation§ in these ways, the hypothalamus is important in
the central regulation of energy balance. Since BAT is an important site of
energy expenditure, and therefore important in whole-body metabolism of
fat and carbohydrate, it is reasonable to expect that changes in
thermogenesis in, and growth of, BAT would reflect changes in the
hypothalamus.

Much of our understanding of hypothalamic regulation of homeostasis
has come from experiments in which part of the hypothalamus is Tesioned
or electrically stimulated. The former’approach was used in my work.
There is an immense literature on the effects of hypothalamic lesions and
I cannot present more than a minimal review of a small amount of this,
directly dealing with the effects of lesions on BAT.

In 1940, Heatherington showed that lesions of the hypothalamus (made
with chromic acid!) caused - hyperphagia and obesity in the rat
(Heatherington 1940; Heatherington and Ranson 1940). Later work showed
that this obesity was caused when the- ventromedia1 region of the
hypothalamus (VMH) was damaged, and that it was accompanied by a host
of behavioral and physiological changes now termed the “VMH syndrome"

(Bray and York 1979). In 1951. Anand and Brobeck showed that lesion of a
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‘region lateral to the VMH, the lateral hypotha]amic area (LH), caused a
syndrome in some ways opposite to the VMH syﬁdrome; this "LH syndrome"
is characterized by hypophagia and rapid weight loss (Powley and Keesey
1970). ' |

In 1969, it was shown by two groups that a knife-cut (KC) dividind
the VYMH from the LH caused a syndrome similar to, but not identical to,
the VMH syndrome (Albert and Storlien 1969; Sclafani and Grossman 1969).
This "KC syndrome" dincludes hyperphagia and obesity, as does the VMH
syndrome, but some of t;e behavioral and physiological changes are
different; for example, KC rats tend to be less aggressive than VMH rats;
as well, KC rats do not show hyperinsulinemia as do VMH rats (Bray and

York 1979, Bray et al.

. 1982).

It is important to distinguish lesions of the UMH, in which tissue is
destroyed, from KC, in whigh a fiber pathway just lateral to the VMH (the
"paraventricular _nuc]eus-hindbrain feeding pathway" (Kirchgessner and

- Sclafani 1988, Kirchgessner et al. 1988)) is sectioned. We wanted to study

KC rats because the effects of this lesion appear to be more spécifica]]y
related to éhe pathways involved in the regulation of food intake and body
weight than are VMH lesions.

A further advantage of KC over lesions is that‘they are non-irritative.
When lesions are made electrolytically (by passing current through the
brain), there is a deposition of metallic ions which act to chronically
irritatethehypotha1amus,thuscomp]icatinéinterpretétionofresu]ts(King

and Frohman 1985, King et al. 1988). Therefore, when we used

hypothalamic lesions, we used non-irritating heat lesions.
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Besidé lesions and %nife-cuts, the second major approach used in
stud&ing the hypotha]émic réﬁu]ation of energy expenditure is electrical
stimulation of different regions of the hypothalamus. These are described
in more detail below. In general, the effects of electrical stimulation are
the opposite of those of lesion {or knife-cut).

In my work, I studied the acute effects of VMH and LH lesions on
BAT thermogenesis and the long-term effects of KC and) LH lesions on

growth *and thermogenesis of BAT.

b} Acute effects. Stevenson and Montemurro (1962) reported that both

"LH and YMH lesions had the acute effect of markedly increasing resting
metabolic rate. This elevated metabolic rate persisted for at least three

days and was particularly high in the first day after 1lesion. It is

P

reasonable to expect that BAT is a site for at least part of this increased
energy expenditure.

This idea is supported by later findings on the changes immediately
after brain lesions. Keesey et al. (1984) showed that, over the four days
following LH lesion, rats lost moré weight than fasted, sham-operated rats.
Thus LH-lesioned rats have a higher epergy expenditure than do sham-
lesioned rats. This means that there is a\metabolic component to the acute
changes after lesion; the effects are not d o aphagia alone.

Yoshida et al. (1983) showed that the noradrenaline turnover rate, a
measure of sympathetic activity, was greater in BAT of LH-lesioned rats
(compared to fasted sham-lesioned rats) 18 hours after surgery. Corbett et
al. (1983) showed that the increase in oxygen consﬁmption after LH lesion

could be attenuated by the B-blocker propranolel. Most recently. Corbett
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et al. (1988) showed that immediately after LH leston, there was an
increase in BAT temperature as well as.core temperature. Together. these
" findings suggest that BAT may be a site of increased energy expenditure
seen in the period immediately following 1lesion of the lateral
hypothalamus.

-Given that, in thé long term, VMH lesions cause decreased metabolic
rates, it is surprising that the acute effect is to elevate oxygen
consumption. Yet the findings of Stevenson and Montemurro (1962) show
this to be the case. It is possible that, as for the acute effect of LH
1gsions. BAT is a site of the increased energy expenditure. This ideé is
contradicted by the finding that the rate of firing of the nerves
innervating BAT is greatly reduced immediately after VMH lesion (Niijima
et al. 1984). That the innervation connecting the VMH to BAT is important
was demonstrated by Minokosh et al. (1986); they showed that the
increa  in temperature of BAT in rats having e}ectrica] stimulation of the
VMH -cbuld be prevented by cutting the nerves.

To help resolve these apparently contradictory findings) I studied BAT
thermogenesis one and two days after LH or VMH.lesion (Results section

Al). >

c) Hypothalamic knmife-cuts. The KC syndrome is similar to the VMH
syndrome. Important aspects include hypérphagia and decreased energy
expenditure. Most work has focused upon the former aspect; however: the ’
metabolic changes are significant as well. This is known because obesity
can develop even when ﬁyperphagia is prevented by restricted feeding (Han

1968, Bérnardis and Goldman 1976). In both syndromes, there are multiple
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endocrine disturbances and a disorder of the circadian cycles of activity
and eating, with énima1s eafing during the 1light part of the daily cyc1e,.
when normal rats do not. The;e are behavioral differences between the
two syndromes, as well; in particular, UMH lesions render rats irritable
and aggressive while KC rats are much less so.

Several effects of lesions or electrical stimulation of the YMH on BAT
have been studied. Penﬁﬁns et al. (1981) showed that the temperature of
BAT, increased upon electrical stimulation of the UMH. Holt et al. (1987)
showed that this temperature response in BAT could be graded,
proportional to the stimulus strength, and that the strength of the
response was normal in the genetically obese fatty Zucker (fa/fa) rat.
Yoshida and Bray (1984) studied noradrenaline turnover in BAT of
VMH-lesioned rats and found, surprisindly, an increased turnover in
VMH-1esioned rats two wee“s after surgery. This greater turnover was aliso
seen in fasted rats {both lesioned and non-lesioned), although the decrease
in turnover due“tb fasting was proporti;na11y greater in non-lesioned rats.
Eight weeks after surgery, turnover rates were the same in lesioned and
non-lesioned rats when fed; when fasted, VMH-lesioned rats failed to
decrease the turnover rate as much as did the non-lesioned animals. These
findings seem contradictoryAto the jdea of decreased activity of BAT
contributing to the overall lowered energy expenditqre in VUMH-lesioned
rats.

Later work by this group suggested that lesion of the VUMH did not
affect noradrenaline turnover (Tokunaga et al. 1986) but that electrical
.stimulation (or injection of glucose into the VMH) did increase the firing

rate of the sympathetic efferents_innervating BAT, an effectgb]ocked by
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chemical destruction of the VMH (Sakaguchi and Bray 198%). This group
later studied the daily pattern of firing-of the efferents to BAT (Sekaguchi
et glﬁ 1988a} and found a shallow circadian cycle of nerve activity, with
the hinima1 activity found at night (at the time of maximal food intake)
and the maximum in the middle of. the lights-on period; injections of
.insulin into the VMH caused a dose-dependent suppression of nerve
actj&ity which was more pronounceﬂ in the middie of the lights-on period.

.Perhaps the most convincing study was by Iwai et al. (1987), who
showed that electrical stimulation of the YMH caused a great (about 50:
fold) increase in blood f]hw to BAT.

Taken together, studies of electrical stimulation of the VYMH, ahd
studies of VUMH stimulation by glucose, indicate that these proEbdures
cause the activation of thermogenesis in BAT; insulin injected into the
UM suppressed the firing raie of efferents to BAT. These studies help
establish the importance of the VMH in the regulation of BAT

. thermogenesis. Unfortunately, it is difficult to adapt such protocols to
Tong-term studies. Therefore, in order to study the effects of hypothalamic
manipu]ation on the growth response of BAT, lesions or knife-cuts must be
uséd, as in the work presented in this thesis. .

Sakaguchi et al. (1988b) studied the firing rate of sympathetic
efferents to BAT after chemical lesion of the VMH. In both the acute
phase (30 minutes after lesion) aﬂd the long-term phase (7 to 9 days after
tesion), the firing rate in lesioned rats was markedly reduced (about half
the rate seeﬁ in non-]esioﬁed rats}. In a similar study, it was found that
in rats overfed by tube, UMH-lesioned %ija]s failed to show the 20%

increase in firing rate found in non-lesioned overfed rats (Sakaguchi et al.
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1988c). Taken together, these rasults support the idea that VMH lesions
decrease sympathetic activity in BAT in both the short term and the long
.term. They seem to contradict the earlier finding by the samé group
(Yoshida and Bray 1984) that noradrenaline turnover in BAT of VMH-
lesioned rats was actually increased; however, that report is the only one
to run coqnter to the generai finding, ip many'papers, that VMH 1es1on§
cause a decrease in sympathetic activity“%n BAT.

From the above, it is clearly of interest to make direct biochemical
studies of BAT in_VMH-1esioned rats. Seydoux et al. (1982a) studied GDP
binding in female rats subjected to warm-acclimation, cold-acclimation, or
food restriction after VMH 1e$ion§ or no surgery. GDP binding was reduced
in both warm- and cold-acclimated, YMH-lesioned rats while it was not

| changed in food-restricted rats. Iniour labpratory, Dr, Susan Hogan studied
both male and female rats given either UMH lesions or sham operations
and maintained aﬁ/;£°c o™ exposed to 4°C for 24 hours (Hogan et al.
1982). In female rats she found a reduction in GOP binding in both
warm-exposed and cold-exposed rats that had been given a VMH Tesion; in
‘male rats, reduced GDP binding was fbunﬂ only in cold-exposed VMH-
lesioned rats. The values for GDP binding in the .cold-exposed UMH-
Tesioned rats were not greatly different from the non-lesioned rats.
This study was complemented by a second project in which the effects
of UMH lesions on BAT of cafeteriaffed rats was examined (Hogan et al.
1985). In both male and female rats, GDP bin&inq of cafeteria-fed VMH-
lesioned rats was markedly 19wer than that Jnon-]esioned rats.

From these two studies, it was concluded that VMH-lesioned rats are
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capéb]e of responding.normally to.co]d-éxposuﬁe but had defective diet-
induced thermogenesis in BAT.
We wished to extend these findings to rats with hypothalamic knife-

cuts (KC rats). Dr. Hogan stggjed fhe response of BAT in cold-éxposed KC

‘rats (Coscina et al. 1985) and found, as in the VMH-lesioned rat, that

there was a normgl increase in GDP binding in KC rats exposed to 4°C for
21 hours. My work, reported in Results section A2, was the study of diet-
induced thermagenesis in these rats. The objective of this research was to
characFerizé BAT in cafeteria-fed KC rats, to see if the conclusions
reached from UMHj1esioned rats:cou1d be generalized. Th{s work has.been

previously publighed {Coscina et al. 1985).

d) Lateral hypothalamus. Important asﬁ%cts of the LH.gynHrome include
hypoﬁhagia (or aphagia) and rapid weight loss immediately after surgery,
followed by a period ip which the animal beg{ns to eat and gain yeight
égain, a1though at a reduced level compared to non-lesioned rats. As cited
above, sipce lesioned animals Tose weight more than fasted, non-lesioned
animals, there is a ﬁetabo1ic\component to the syndrome. As with VMH
lesions and KC, most research has focused on the changes in energy
intake, with less attention paid to energy expendituré. I‘wished to
determine whether BAT p]éyed a role in the altered energy expenditure in
the LH syndpqme, and to contrast the situation in LH rats to KC rats.

As with VMH-lesioned and KC rats, LH lesions caJse_ multiple
endocrine disturbances (different from the other two situations) as well as

behavioral changes (the rats become less actiwe, especially in the acute

7
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“recovery from surgery). Adipsia and polyuria are serious problems,
particularly in the first week after surgery.

The effects of LH lesions an the whole-body energy balance have been
carefully studied by Keesey) Corbett, and coworkers (Corbett et al. 1983,
1985, Keesey and Corbett 1984, Keesey et al. 1984). Their principal finding
is that the LH rat loses weight and becomes‘hypophagic initially, then

maintains intake and energy expendituré-afla level appropriate for its
reduced size. They interpret this as a néw "set-point" for the LH-lesioned

animal.

Things are less c1eaf-when fhe possible role of BAT in altered energy
metabolism of LH-]esioned animals is--invesyigated. As with the VMH.
studies of the effects of electrical stimu1atioﬁ of the LH have been used in
trying to understand the acute regulation of BAT by the central nervous
system. Takahashi and Shimazu (1982)\found that electrical stimu1afion_of
the LH did not increase 1ipﬁgenesis 1A BAT. Yoshimatsu et al. (1987) found
an jncréase in the firing rate of sy%pathetic nerves with electrical
stimulation of the LH; in contrast, Holt g;}gl,*(1987) found that electrical
stimulation of the LH did not chapge the temﬁErature of BAT.

As with the VMH, for long-term studies of %he impertance of the LH
in the regulation of BAT activity, lesions are a useful preparation. Yoshida
et al. (1983) studied noradrenaline turnover in LH-lesioned rats. (The acute
effects werée described above.) Three weeks after "lesion, LH :ats had

higher turnover rates than djd non-lesioned animals when both groups had
| been fasted for 18 hours. Similarly, Arase eg_gl. (1987) found that both 18

hours and 18 days after LH lesion, the firing.rates of sympathetic

efferents innervating BAT were significantly greater than controls.

- — e o o
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Supporting.this is the finding by Saito et al. (1987) that e]gctrica1

stimulation of the LH did not increase noradrenaline turnover in BAT.
{Recall that electrical stimulation generally acts in a manner opposite to
that of Iesfons.) Recently, Sakaguchi et al. (19§8d) studied the effect of
LH lesion on the firing rate of sympathetic efferents to BAT, finding an
increase in firing rate 3. 9, 24 and 72 hours after lesion; the firing rate
had returned to control levels by 7 days -after lesion. which seems to
contradiét the finding of Arase et al. (1987).

From the above, it is possible to postulate a ro1g for the LH in the
acute regulation of thermogenesis in BAT. It 1is more. difficult to
extrapolate this to the long-term growth of BAT, but, since the whole-
animal effects are well-characterized. énd given the_ quantitatively
important role of BAT in energy expenditure (at least {n small anima]s}, it
seems ?1ausib1e that thermogenesis in BAT, accompanied by growth of BAT
would dccur in LH-Tesioned rats. Most of the studies cited above support'

thichéncept; others do not. In an attempt to better resolve this problem,

I studied BAT in LH rats, as repbfted in Results section A3.

‘7‘\ -
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| 3. ENVIRONMENTAL AND ENDOCRINE EFFECTS ON THE  GROWTH
AND FUNCTION OF BROWN ADIPOSE TISSUE.
. A wide variety of environmental and endocrine factors are known to
influence thermogenesis and growth in brown adipose tissue. Background
| informatioh for those areas of particular importance in this thesis is given

below.

a) Thyroxine 5'~-deiodinase. Llargely through the work of Silva and
Larsen, the existence of this enzyme in BAT has recently been established
(Leonard gg'él. 1983; Silva and Larsen 1983). This enzyme catalyzes the
peripheral conversion of the thyroid hormone thyroxine (T,) to the more
active hormone tf{ibdbthyronine (T3). In 1985, SiTva and Larsen showed
that T75'D of BAT was an isozyme distinct from the form found in most
tissues (type I): BAT T5'D is similar to that found in brain and has been
described as type II. As such, it has kinetic properties different from ihe
form found in Tiver and other tissues (for example, it has a comparative]y
Tow Ky compgred to the isozyme found in liver and kidney) (Leonard et
al. 1983, Silva et al. 1987); it is reasonable to expect that the reqgulation
of its activity in BAT s also different. Because of this idea, because‘it
has been found fhat, under certain conditions, BAT T5'D can deliver Tq to
the serum (Si1va.ahd Matthews 1984, Silva et al. 1984, Fernandez et al.
1987) in amounts that could be qﬁantitativg]y important as a source of Tq
for the whole body (30-50% of Qho1e-body T3 production in rats kept at
23°C) (Silva and Lar;en 1985, Van Doorn et al. 1985), and since thyroid
hormones havel1ong been associated with the regulation of metabolic rate.

energy'ba1ance, and body temperature, it is clearly of interest to further
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characterize this enzyme in BAT. This was the major objective of the

work presented in the second half of this thesis (Results section B).

b) Circadian cycles. Rats have daily cycles of feeding aﬁd actiJity,
which could be expected to affect BAT. There is a variety of daily cycles
in the‘1evé1s of some hormones (such as corticﬁstqrone, which can be
altered by meal-feeding (Moberg et al. 1975), and thyroid hormones, in
both co1d-exposed and cold-acclimated rats (Kuhn et al. (1983)) but not in
others (meal-feeding does not alter the daily rhythm of growth hormone).
Since .cafeteria-fed animals are given fresh food at thé same time each
day, this entrainment of the cycle of corticosterone levels (or other
hormone levels) could affect the function of BAT. This is important
because a number of studies suggest that corticosterdne can suppress
thermogenesis and sympathetic activity in BAT (Rothwell and Stoﬁk 1986,
Marchington et al. 1986) since adrenalectomy reverses the suppression,
particularly in older rats, where administration of corticosterone then
restores the suppression {Fukushima et gl. 1985, Rothwell and Stock 1984a,
1988, Rothwell et al. 1984a).

Daily cycles in brown adipose tissue itself have also been studied.
Goubern and Portet (1981) studied the circadian variation in activity of
1ipopr9tein lipase in BAT in warm- and cold-acclimated rats; they found a 
large lincr:ase in specific activity of the 1ipase in cold-acclimated rats just
before 1ights-out, with a small increase in warm-acclimated rats during the
period of darkness. Circadian cycles of lipogenesis fn BAT have also been
found (Goubern gnd Portet 1986, Thompson.and Grigor 1987), the highest

rates occurring in the dark phase.



- -28- -

The importance of the activify of the sympathetic nervous system in
the regu]aéion of BAT metabolism has already been mentioned. Circadian
cy§1es in SNS activity have been studied (Fukushima et al. 1985, Yoshida
‘et al. 1987, Sakaguchi et al. 1988a, Yen et al. 1988). In one elegant study,
Yen et al. used the accumu]afion of dopamine in BAT (of mice) fo11ow1ng'
,ﬁnhibition of dopamine B-hydroxylase by l1-cyclohexyl-2-mercapto-imidazole
as an -index of tissue noradrenaline turnover. They %gund a marked
circadian variation of SNS activity in BAT, with the basal "daytiﬁe"
activity rising during the "nighttime" period to a maximum, just before
1ights-on, that was four-fold greater than the baseline. Sympathetic
activity fell sharply at the beginning of the “daytime" peridd.

Rothwell et al. (1983) studied the circadian cycles of several hormones
and of GDP binding in-éhow- and cafeteria-fed rats. GDP binding was
relatively constant in chow-fed rats, but in cafeteria-fed rats binding
peaked with lights-on. Like Kuhn et al. (1983), they_a]so showed daily
rhythms of thyroid harmones in both kinds of animals. J

I was interested in studying the circadian pattern of T5'D activity for
two reasons. First, given the circadian vériation in a variety of indices of
BAT function cited above, it seemed plausible that a circadian cycle in
T5'D activity might be found, especially since this enzyme;s activity is
known to be regulated by the sympathetic nervous system (Leonard et al.
1983, Silva and Larsen 1983), whose activity does vary with a circadian
pattern. Second, the resu]fs of the first study reported in this part of the
thesis (Results section Bl) showed that cafeteria-feeding did not increase
T5'D activity; I wanted to see whethgr this was the case throughout the

circadian period.
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c) BAT in thyroidectomized rats. Although sympathetic innervation is
thought to be largely responsible for the mediation of growth of BAT
(Barnard et al. 1980), at the time I began my work it was felt that
chronic noradrenaline injections did not cause the characteristic changes
of mitochondrial polypeptide composition usually seen in co1d-aéc1imation
(Desautels and Himms-Hagen 1979). However, more recent work indicates
that injections can produce both an increase in the levels of mRNA for
the uncoup}iﬁg protein (Bouillaud et al. 1984, Ricquier et al. 1984, 1986)l
and of the UCP itself (determined by scans of e1ectf6phoretic gels) (Mory
et al. 1984, Young et al. 1984), as expected from our knowledge of the
imﬁortance of the sympathetic nervous system in mediating various aspects
of the adaptation of BAT to thermogenic stimuli.

Nevertheless, there is evidence that other factors beside noradrenaline
are important in the mediation of the adaptive changes in BAT. For
example, from work preéented in this thesis, #t is known that the activity
of T5'D in BAT 1is highly dependent upon its sympathetic innervation
(Results section B4) but that manipu1§tions that increase sympathetic
activity in BAT, such as cafeteria-feeding, fail to increase the activity of
this enzyme (Results sections Bl and B2). Therefore, it is well worth
investigating the importance of other factors in mediating acute and
adaptive responses in BAT. In particular, the role of thyroid hormones is '
of partigular intere;; because of their well-known role in the regulation of
basal metabolism and energy expenditure, because of the presence of T5'D.
?in BAfl and because of the effects it has in modulating the thermogénic

response of BAT to catecholamines (Garcia-Sainz and Fain 1980, Seydoux

et al. 1982b, Sundin et al. 1984, Woodward and Saggerson 1986).
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Using hypophysectomized rats maintained on T, and corticosterone,
Fellenz et al. (1982) showed that neither glucocorticoids nor pituitary
formones were the mediators of the change of polypeptide composition and
that these hormones were required only in maintenance levels. Thyroid
hormones seemed a good candidate as a mediator, given the increase in
their levels in cold-acclimated animals. However, Triandafillou et al. (1982)
studied BAT in thyroidectomized (Tx) rats and concluded that quhad only
a permissive role in the co]d-inducéd changes in BAT. T, rats exposed to
cold for 15 hours did not have the usué]~1ncrgase in GDP binding; T, rats
injected with T4 had the normal r;sponse to cold-exposure. Ty rats,
treated with Tow maintenance doses of T4, could be acclimated to cold and
had normal changes in BAT, including altered polypeptide composition of
BAT mitochoﬁdria. _ ‘

There were two problems with this study, as it turned out. First, ATe
polypeptide composition of the mitochondria was determined by the méthod
ofeleltrophoresisdescribedear\ierinthisIntroduction.Theinsensﬁtivify
and non-specificity of this technique have been noted. More seriously, with
the discovery of T5'D activity in BAT, it was possible that even small
¢ amounts of T, could be sufficient to permit normal changes in BAT in
cold-exposed and cold-acclimated T, rats. due to the high concentrations
of Ty that could be produced in BAT by the deiodjnase. Thefefore. the
conclusion that thyroid hormones play only a permissive role in the‘growth
“of BAT could be wrong. ; : o

To‘jnvestigatg this possibility, I studied both the acute and 1onq-£erm
responses to cold in thyroidectomized rats supplemented with either T4 or

Tgq. as further explained in Results section B3..
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4. ROLE OF SYMPATHETIC INNERVATION.

The Tast section of the thesis deals with a series of experiments in

| which I studied the role of the sympathetic innervation in the regulation

of the acute and adaptive responses to the cold.

a) Rationale. Denervation is a technique widely used in physiological
research. By denervating a structure, one can study in vivo the role of the
innervation in the function of that structure whiie al) other factors (such

as hormones and substrates) remain unaltered. As well, since many

structures are paired, it is often Ipossib1e to performunilateral denervation,

-

thus Teaving the contralateral structure as an internal control. These two
aspects made unilateral denervation of the interscapular depot a desirable
system for the study of.thé role of the sympathetic innervation in the
regulation of the acute and adaptive responses of BAT to cold and to
cafeteria-feeding. |

The advantages of denervation have attracted other workers as well.
This mgthod has been used in four kinds of study.

The first involves the sfudy-of acute changes in BAT (often, changes
in temperature are measured). Electrical stimu]atioﬁ of regioﬁé of the brain
are often the stimuli used (see Introduction Section 2). The effects are
cbserved first with innervation intact and compared fo the effects when
tissue is denervated. A similar design was émp]oyed by Shibata and
Nagasaka (1982, 1984).
| In the second type of study, BAT is denervated to reduce or eliminate

its contribution to whole-body metabolism. This was done by Dulloo and
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Miller (1984), who studied energy balance in rats-having either denervation

r )

or extirpation of BAT.

In the third type of study, BAT is denervated to isolate it from the
sympathetic nervous system in animals which are then manipulated in some
way to change hormone or substrate levels. Changes in BAT, independent
of the sympathetic nervous system,_éan then be studied. With this sort of
system, aépecté of BAT metabolism (cyclic AMP levels and adenylate
cyclase activity, 1ipolysis and oxygen consumption in isolated cells) have
. been studied (Forn et al. 1970; Knight 1974: Gfanneman et al. 1985,
Granneman 1988, Granneman and MacKenzie 1988). Studies of the effects
of manipulation of hormone 1eve1§ {adrenocorticoids and insulin) have a]so'
been made (Rothwell and Stock 1984a; Bartness et al. 1986), including the
effects of injection of corticotropin releasing factor into the
paraventricular nucleus (LeFeuvre et al. 1987). Likewise, the effect of
altered fuel substrates, as in cafeteria-feeding, can be studied in isolation
from the SNS (Granneman and Campbell 1984).

In the fourth kind of.study, into qﬁich my work falls, the role of
sympathetic innervation in theﬁédéitive.and metabolic changes in BAT of
animals subjected to fhermogenic stimuli (cold-acclimation or cafeteria-
feéding) js studied. (Often the thermogenic state of the BAT as measured
by GDP binding is also evaluated.) A historical review ﬁf this type of
study is presented belgy. There are severé] technical points whi;h must be

discussed first, however.
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b) Technical considerations. The intgrscapu?ar depot of BAT is
innervated by five paired sympathétic nerves emerging from betw;Z;*;;;
intercostal muscles near the spine énd running to the ipsilateral half-pad.
There is also evidence that there is a sixth pair which enter along the
blood vessels and presumably innervate them (Foster et al. 1982, Néchad
1986, Girardier and Seydoux 1986).

There are two ways of performing a sympathectomy: local or
systemic. Local sympathectomy‘ can be done by surgical denervation
(axotomy). Systemic sympathectomy can be performed either chemically
(administration of guahethidine, 6-hydroxydopamine, or similar agents) or
immunologically (administration of antibodies to nerve growth factor).
Clearly, for the type of study I wished to do, only surgical denervation
was appropriate. It is completely specific, simple, and highly reproducible
in my hands. Ips action is rapi@, with noradrenaline depleted within 24
hours (Sidman et al. 1962). Unlike chemical sympathectomy, which does mot
produce long-lasting denervation (Seydoux et al. 1981}, surgical denervation
persists for the duration of the experiment (Results section B4b).

It has been suggested that there are two sympafhetic nerve supplies to
BAT. one to the blood vessels and the other to "intrinsic ganglia" and
thence to brown adipocytes (Derry et al. 1969). In the study by Derry and
coworkers, fluorescent histochemistry was used to observe changes in the
location of catecho1am1nes‘ in  surgically- or immunologically-
sympathectomized BAT. Denervation abolished fluorescence arouna blood

vessels but not in pther areas of BAT. Because of this, #t was suggested

that surgical deqervation would not cause denervation Pf brown adipocytes.
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At the time, this idea was supported by others (Barde Qpigl. 1975,
Thureson-Klein et al. 1976a, 1976b). T

There are several reasons for distrusting these findings. The method is
notably non-specific for catecholamines. It cannot be quantified (Derry et
al. 1969). It is insensitive because, as Girardier (1983, page 85) points out,
while Derry and Daniel (1970) could not find catecholamines in the BAT of
newborn raté, Schneider;Picard and Girardier (1982) showed that electrical
stimulation of the nervesl%roduced a maximal response at birth. Since
Derry et al. (1969) studied animals four weeks after surgical denervation,
it is possible that there had been enough regrowth of nerves fo permit
fluorescence. More 1ike1y, something else was\causing the f]uorescence..
Fina11y,‘it seems strange that cutting the nerves would not abolish the
innervation of the brown adipocytes, even if there are ganglia between the
terminal fibers and the axons entering the tissue. since those ganglia
themselves would have to be stimulated somehbw, presumably by the nerves
entering the tissue.

Therefore, in my work I have assumed (along with other researchers)
that surgical denervation does ipdeed eliminate the sympathetic innervation
of the brown adipocytes. Since this procedure results in‘such a marked
‘(but incomplete) reduction in noradrenaline content of the tissue (about
1982; Results section Bda), it seems more likely to me that the innervation
td the blood vessels, not the brown adipocytes, is left intact by surgical
denervation.

Finally, that the design of unilateral denervation experiments be

correct, the innervation of the two sides of the interscapular pad must be
i
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separate. This had always been assumed on anatomical grounds. Despite
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t al. (1977) reported cross-innervation. Eight weeks after

this, Seydoux
unilateral surgicaf denervation, they incubated tissue in the false
neurotransmitter a-methyl-noradrenaline, then performed fluorescent
histochemistry. They found deptetion of "nerve fiber content" on both the
denervatﬁd and contralateral sides.

) The problems with the histological fluorescence method have been
discussed. After eight weeks, it is more than likely that regrowth of
innervation had occurred (see also Results section B4a). Seydoux et al. do
not state their coﬁfro1 for estimating reduction of content in the side
contralateral to the denervation, nor do they validate their method'of
guantitation.

In later work, this group used horseradish peroxidase to map the
innervation of the interscapular depot (Seydoux et al. 1984, Girardier and
Seydoux 1986). They found that peroxidase injected into one side of the
interscapular deoot 1abe11ed ganglia 1in both the ipsi]atera] and the
&ontra1atera1 sympathetic chains. However; as they point out (Girardier-and
Seydoux 1986}, this method is not specific for sympathetic nerves.

Foster et al. (1982) studied the question of cross-innervation. They
studied blood flow, noradrenaline content, and dopamine B-hydroxylase
activity in unilaterally-denervated BAT and 'c1ear1v showed the
independence of the two sides. This result is somewhat more convin;inq
that the work of Seydoux and coworkers because both noradrenaline and
dopamine B-hydroxylase are specific to sympathetic nerves. I therefore
assumed that unilateral denervation, with the intact side as an internal

control, was valid. To rule out the possibility that there actually is cross-
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innervation, this-éssumption was further tested as part of ‘my study

(Results sections Bda and Bab). | %

c) Historical review. Surgical denervation of BAT was performed as
long ago as 1934 by Hausberger but, after a brief flurry of activity, was
ignored for twenty years. In 1954, Sidman and Fawcett studied the
histological and metabolic effects of surgical 9enervat10n of BAT in mice.
Like Hausberger (1934), they found a "transient dgposition of glycogen and
a lasting increase.of lipid in denervated brown fat".

_ Nevertheless, it was only after the thermogenic nature of BAT was
understood that sense could be made éf the effects of denervation. Hull
and Segall (1965) showed that.stimu1ation of the cervical sympathetic
herves cauééd an increase in temperature of the ipsilateral side of cervical
BAT in rabbits. They were then able to correctly interpret the retention
of 1lipid in denervated tissue, even when the animals were fasted 48-72

hours, as being due to lack of the sympathetic stimulation which normally

~,

mobilizes the 1ipid. S

Steiner et él. (1970) showed that conversion of labeled glucose into
lipid in cold-acclimated rats was reduced to half by denervation, while it
was much less affected in animals reared at 23°C, reflecting the relative
sympathetic activity at the two temperatures..Interestingly, 1ipid synthesis
in denervated BAT of cold-acclimated rats was still 10 times greater than
in warm-acclimated raﬁs, suggesting that factors other than sympathetic
innervation affect metabo]isﬁ in brown adipose tissue.

Since previous work had not characterized the effects of denervation

on BAT growth and thermogenesis, I studied these aspects both in cold-
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acclimated and.ca?eteria-fed rats,‘meésuring BAT protein, DNA, cytochrome
oxjdase. and GDP binding (Himms-Hagen and Park 1984). I found that
denervation redﬁced, but did not eliminate, the changes in BAT caused by
these éhermogenic stimuli. Rothwell and Stock (1984b) reported a simiiar
study soon afterward and found results that{suggested that changes in BAT
in response to cold or to diet could be completely prevented by
denervation. To resolve this dilemma, ~I studieg the effect o% denervation
as a time-course over two weeks..I studied the effect of cold-acclimation
after unifatera] denervation and I studied the effect of unilateral
denervation in rats which had been previous}y cold-acclimated for two
weeks (Results section Béc). Aé a further control, for the possible effects .
of cross-innervation (not considered likely), or for possible paracrine
growth factors released by the intact side, the effects of bilateral
denervation -were compared to those of unilateral denervation or sham
.surgery in both sjtuations descr%beﬁ above. As well 3s tissué‘protein-and
GDP binding, the activity of T5'D and specific ﬁCP were measured in
these studies.

A study sipi]ar to the second part of this one, in which changes in
unilaterally-denervated BAT of previously warm- or cold-adapted mice were
. determined, has beenlreported by Desautels et él. (1986). Since mice were
used by that group, that study complements mine. It is further consﬁd&g;;

in the Discussion.
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5. STATEMENT OF OBJECTIVES.
The overall objective of this work was to study thermogenedis and
. - growth 1in brown adigose tissue 1n. rats subjected to a variety of
conditions. In each study, conditions were chosen because it was thought
that the "strategy"hof energy eipenditure would be different than that
seen in normal rats, and that this would be reflected in altered
thermogé;;;is in BAT as wef] és an altered growth response. .

Two mgjor approaches were used. In the first, rats were subjected‘to
manipﬁlations of the Mypotha1amus known to cause aBnorma]ities in whole;.
body ene(gy‘metabo1ism. Here, the principal objective was to determine the
contribution of BAT to the altered energy expenditure, to determine any

" changes’ ih respgnse to two stimuli knoyn t; affect thermogenesis and
growth of BAT (exposure to_.cold and overfeeding), and to contribute to
the uﬁderétanding of the cgztra1 regu1afion of energy metabolism.

Three studies were made under this approach..ln-the first, tﬁe acute
response to two tybes of hypothalamic lesion, one thought to chron?%a]]y
actiwate BAT (lesion of thg:la;ggglrhypothgjamus) and the other thought to
chrenically inhibit BAT (1esions‘of the ventromedial hypbtha1amus) was

’.udied. The objective was to determine whether these lesions had. the

L same effects immediately afterlthe lesions, and to determine whether any
Déffects were specific to the type of lesion. )

In the second study, I[* studied the effects on thermogenesis and

growth of BAT in rats having parasagittal knife-cuts dividing the lateral

hypothalamus from the ventromedial 'hypdthalamus. This lesion causes

obesity because of hyperphagia and reduced energy expenditure. The

objective of this study was to evaluate the involivement of BAT to the

d?"



“altered energy expenditure of these rats and to study changes in the

growth of BAT in these rats when challenged with the chronic étimulus of
oveg#eeding.

In the third study, I studied rats having lesions of thé Tateral
hypotha]aﬁug,'which cause hypophagig'and increased energy expenditure.
Here again, the objective was to evaluate- the involvement of BAT
thermogenesis to the increased'energy expenditure, tp study the ability of
the rats to respond to an acute stimulus of do1d—exposure, and to study
the growth responsé of BAT to a chronic. stimulus of overfeeding, since
the response of BAT to these stimuli c$u1d be altered by the hypothalamic
1esion:. | '

Tﬁé second major -approach was . to use environmenta) ~and
endocrinological (including neuroendocrinological) manipulations to study
BAT. As under the first approach, the overall objective was to study how
these manipulations affected thermogenesis and growth in BAT. In addition,
a major objective was. to characperize the regulation in BAT of the
activity of thyroxine 5'-deiodinase (T5'D), the ehzyme converting thyroxine
(Tq) to triiodothyronine (Tj3). Fou}'studies wére performed.

In the first study,_Fhe objective was to characterize the effects'of
acute and long-term cold-exposure, and of overfeeding, on the activity of"
T5'D._These stimuli were chosen since it ﬁas known that they cause
activation of thermogenesis and gfowth of BAT.

The second study followed from the finding‘in Fhe first study that
overfeeding did not cﬁuse an increase of activity of T5'D. The objective of

the second study was to determine whether there was any circadian

variation of T5'D activity, since the result of the first experiment may
) :
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have been an artifact of the time of day that the experiment was
performed. It was thought that, since a variety of factors known to affect
BAT vary with a circadian cycle, and that other indices of BAT function

also show a circadian Qariatiqn, the activity of T5'D'might also. As in the

first experiment, the stimuli of cold-acclimation and overfeeding were used

to elicit response jn BAT.

The objective of the third study was to determine whether Tj
produced in situ in BAT by the T5'D present there was required for the
cold-induced acute activation of therhogene51s or for the long-term growth
of BAT in rats being acclimated to cold. wﬁﬁ1e it had been shown
previously that cirﬁu1atﬁng T4 was sufficient for these responses, the
presence of the T5'D could inva1}date this finding. Therefore,
thyroideétomized rats injected with T3, Ty, or vehicle were studied after
acute or long-term co]Q—exposure. _ )

The objective of the fourth study was to assess the importance of the
sympathetic innervation of BAT in mediating the acute and 1ong;term
responses of BAT to cold, inE1uding its importance in maintaining lhe cold~
adapted state. In the first section of this work, the objectibe was to
demonstrate the validity of surgical denervation as a system; noradrenaline
content was studied at various times ;fﬁer denervatipn. The objective of
the second s;ction of the study was to show the equivalence of unilateral
and bi1ater$1 denervation {to permit the use of the former as a system in
the last part of the experiment, so that animals could be used as their
awn internai contro1s) and to characterize the effects of denervation on

BAT. The objective of the last part was to study, as a time course, the

changes in the most important indices of the function of BAT (total
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protein, GDP binding, T5'D activity, and UCP level), and tpe'importancg of
the innervation in mediating these changes, in rats éxposed to éold either
after or before denervation surgery. This was dbne by, in the first part of
the study, studying the effects of co]d-exposgre I, 3, 6 or 12 days after
unilateral denervation of BAT. The importance of the sympathetic
innervation in maintéining the co1d—adaptep state was studied in the
second ' part of this study, in which rats previdus1y cold-acclimated for two

weeks were subjected to unilateral denervation of BAT, then returned to

the cold for 1. 3, 7 or 14 days.
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6. RATIONALE FOR PROCEDURES. The overa]1 objective 2;,7this work
was to characterize the acute thermogenic response and the chronic
adaptive résponse of BAT in rats subjected to a variety of regimens. From
this objective come the rationale for the methods by which I studied BAT
and for the.experimental designs used. |

In the experiments presented in this thesis, a pumber of standard
ﬁrocedu%es were used. Not all of these précédures were used during all
experiments; with tfme, other methods became available and so 1 used
different combinations of procedures at different times. As the Results

sectionsJare arranged chronologically, one can see how the methods used

progressed in time. I now briefly describe the methods used and why they

were used.

a) Body weights were routinely measured to ensure that animals were
grouped on the basis of equal weights and growth rates at the start of
each experiment. Changes in body weight were determined to characterize

the over-all effects of the experimental manipulations.

b) Wet weight of gonadal white adipose tiSsue was used as a measure
of the adiposity of the rats. With the body weight, change, this
measurement can be used to characterize the.effect on body composition

~p

of the experimental manipulation.

c) Body temperature at death was used as a measure of the overall

thermogenic state of the rat.

1 e
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d) Food intake determinations were done in some sﬁudies to help
assess the effect of experimental manipulations on energy intake and
macronutrient selection.

" e) Serum levels of T3 and T4 were measured -in some experiments.
These hormones are important.in understanding who]e;body metabolic rate
(and hence energy expenditure). They are also important in interpreting
the importance 6f thyroxine 5'-deiodinase. In the experiment with
~ thyroidectomized rats, serum levels of thyroid hormones were useful in

assessing the replacement therapy.

) Wet weight of brown adipose tissue was determined as an estimte
of tissue size. It should be noted that this is anunreliable indicator of .the
1mooftance of BAT in a particular animal because it can be increased for a
number of reasons. In cold-acclimated rats, there is a greét.increase in
protein content while in cafeteria-fed rats there is a great increase in
stored 1ipid. In these two cases, the BAT may have similar wét weights
(2-3 times the weigﬁt of BAT in normal rats) yet the state of the tissue is
very different in these two cases. Thus these wet weights mu;t be

interpreted carefully.

g) Total protein content of BAT is a much better index of the
effective metabolic mass of tissue than is wet weight. and was therefore

determined in all studies.
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h) Total DNA content of BAT was measured in earlier experiments: an
increase in treated rats compared to control rats indicates hyperplasia. In
my hands, cold-acclimation consistently {ncreased total DNA content while
cafeteria-feeding did not. This measurement was not made in later
experiments because the method we were using required too much of the

homogenate.

i) Total activity of cytochrome oxidase of BAT wﬁs measured in some
earlier experiments as an esiimate of mitochondrial mass. In my hands, the
specific activity of this enzyme (per mg homodenate protein) was nearly

constant 1in rats'treated under various experimental regimens, so total
| protein was judged to be an adequate estimate of this index of tissue size.
Therefore this activity was not measured in later studies. This also spared

homogenate for other assays.

1) éDP binding was measured as an est%mate of the thermogenic state
of BAT, as previously explained. (It should be noted that since, in living
cells, adenine nucleotides are much more abundant than guanine
nucleotides, ADP, not GDP, is probably the physiclogical ligand. GOP is
used because of its somewhat greater binding specificity and becausé it is

not transliocated into the mitochondria.)

k) Thyroxine 5'-deiodinase was measured in later experiments when the
hist : : ) .
technique became available in our experiment. [ts importance and meaning,

were described in more detail abgve.
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1) Specific uncbup]ing prdtein {UCP), the molar amount of UCP
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expressed per mass of mitochondrial protein, was determined in later
experiments. It is the most sensitive index yet devised for the thermogenic
capacity of BAT and has replaced the method of gel scans, as described
above. It complements the findings with GDP binding‘in that the former is
a measure of how thermogenic a particular sample of BAT can be (i.e., it
is a measure of the adaptive response) while the latter is an estimate of
how thermogenic a sample of tissue is (i.e., it.is a measure of the acute
response).

Results were expressed as nmol UCP per mg mitochondrial protein to
facilitate calculation of ratios of GDP binding (which are expressed as
pmol GDP bound per mg mitochondrial protein} to UCP concentration. It is ,
this ratio that changes during “masking" and “unmasking"'of GDP-binding
sites. The molar concenﬁratién of UCP ‘was calculated by assuming a

molecular weight of 32 kDa;

m) Final considerations. It is important to note that in measurements
involving homogenates of BAT (total pfbtein, total DNA. total cytochrome
oxidase activity, total deiodinase activity), other cells, not just brown
adipocytes, are measured. This in no way deters from the value of the
observations, since BAT is a complex tissue which requires tﬁé.support of
the other cell types. It is only to be expected that an increase in the
number and size of brown adipocytes wou1d'be=accompanied by an increase
_ intheamountoftﬂoodvesse]s,nérves,interstitia]ce]]s,andextrace]]u]ar

matrix. It should also be noted that these supporting tissues have few
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mitochondria compared to the brown ad%pocytés, so isolated mitochondria
from BAT are almost all from brown adipocytes.

Not all the measurements described aboJe are of equal importance. The
most_important ones, upon which the major conclusions rest, are GDP
binding, total BAT protein, and specific UCP level. These méy be thought
of as estimates of thermogenic state (acute response), active metabolic
mass, and thermogenic capacity (adaptive response). We consider the
activity of thyroxine 5'-deiodinase to be of great importance and to be a

significant index of BAT function, but this is not as well established as

the other indices and its importance is still a matter of dispute.
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MATERIALS AND METHODS

"Check if you can disconnecffthe effect
*ﬁ% And 1'11 go after the cause."

: -P. Gabriel

1. ANIMALS

a) Types. Rats and rabbits were used fsr the work reported in this
thesis. Almost all experimental work was done with male Holtzman rats, of
weight ranges as reported in the Results section for each experiment,
which were obtained from Charles River Breeding Laboratories, Montreal.
(Female Holtzman rats were used in the study of hypothalamic knife-cuts
and were obtained from Canadian Breeding Laboratories, ét. Constant,
Quebec, and were shipped to Ottawa after surgery in Toronto.) Male and
female white New Zealand rabbits, used in the development of antisera to
the uncoupling protein, were obtained from local sources ("Laboratory

Animal Farm").

b) Standard.ho1ding conditions. Animals were'kept at 26°C except as -
noted. (An electrical space heater was used to ensure a constant room
temperature.) Fluorescent lights wére on from 07h00 to 19h00.

On arrival from the suppliier, rats were first placed in large plastic
group cages (3 to 5 rats per cage), with chow (Purina rat chow 5012) and
water ad 1ib., for 3‘to 7 days. After this recovery period, they were placed
in individual hanging wire-mesh cages with chow and water (and, for some
rats, cafeteria food, as described be]ow} fbr the rest of the experimental
veriods. (In the study of thyroidectomized rats {Resulits section B3), all

animals were kept in individual plastic cages after the initial recovery
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period and thyroidectomized rats were given 0.125% calcium gluconate to

drink instead of water.)

Rabbits were kept in large individual metal cages in the rabbit colony

of the Animal Care Services.

c) Experimental proceduresi Three main variations to the standard
holding conditions were used, co1ﬂ-exposure, cafeteria-feeding, and pair-
feeding.

i) Cold-exposure. Animals were subjected to cb1d-exposure for hours
to days, depending on the experiment (éée Resutts sections below) by
ptacing them, in their origin;1 cages, in a rack kept in a cold-room
maintained at 4°C. Feeding and water were as described above. Lighting
was on from 07h00 to 19h00, but it was provided by a small portable
fluorescent source and so the intensity was lower thanlfor the rats kept
in the warm-room. ’

ii)Cafeteria—feeding.Insomeexperiments(seeResu]tssectionsbe]ow)
animals were fed a palatable diet of human food rotated~on a four-day
schedule. The details of the foods given vary for each experiment. but. in
-general, foods given were similar in all experiments. An examplie of a

schedule for a cafeteria diet is given in Appendix 1. In general, a daily
menu consisted of a piece of a sandwich, a cookie, some breakfast cereal
- or snack food, and candy or a piece of a chocolate bar.

Animals-were fed daily just before 1ights-out, and uneaten food’from

the previous day was rgmoved at that time. To control for this daily

disturbance of the cafeterja-fed rats, chow was put into the cages of
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control rats at the same pime as the cafeteria-feeding was done.
(Cafeteria-fed rats-also had chow put_into tﬁeir cages.)

iii) Pair-feeding. In two experiments, pair-feeding wa§_used. In this
procedure, control animals were paired to treated animals on the basis of
pre-treatment body weights and growth rates.

In the first experiment where this methdd was used (Resu]fs section
A2), the amount of chow fed to rats having knife-cuts dividing the lateral
hypothalamus from the ventromedial hypothalamus (which causes the rats
to become hyperphagic) was reétricted to the amount eaten by the paired,
non-lesioned rats the previous day.- In the second experiment (Rgsu]ts
section A3), non-lesisied rats were restricted to the amount eate} tﬁe
previous day by the paired rats having lesions of the 1atera1-hy§otha1amus
{(which causes hypophagia).

In pair-feeding, daily chow iﬁtakes were determined (as described in
Materials and Methods section 1d below) and the appropriate amount of
food, plus 10% extra to account for spillage, was weighed and presented to

the pair-fed rats just before lights-out.

d) Food intakes. Twenty-four hour- food intakes were determined by
weighing the food to be given to the rats (test meal). removing the rat's
previous supply of food, placing the weighed food in the rat'srcage, then
weighing the food left by the rat-aftér 24 hours. Rats were fed the test
meal within four hours before 1ight§-out. Paper towel was placed beneath
each cage to collect fragments of uneaten food.that fell out of thé wire-

mesh* cages. Where necessary, wet left-over food was dried *n an oven
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(55°C). Correction was made for cafeteria food which had dried in the
animal room by leaving a piece of the same food in an empty cage.

From the weight of food left fhe energy and composition (fat.
carbohydrate, protein) were calculated from published analyses. For rat
chow, values supplied by the manufacturer (Purina) were used (2215%
: protein, 4.5% fat, with the balance as carbohydrate). For cafeteria menus,

values from Pennington and Church (1980) were used.

e) Body weights. Except on days of preparations, when body weights
were determiﬂ@ﬁ just before decapitation, body weights were determined

"within four hours of lights-out, usually in the hour before lights-out.

f) Body lengths. After 1ight ether anaesthesia, naso-anal lengths were

determined by stretching the rat full-length on a ruler.

2. SURGERY. Two types of surgery were used. Brain surgery was
performed by Drs. Don Coscina and John Chambers of the Clarke Institute.

Toronto. Denervation surgery was performed by me.

a) Brain surgery. Rats were anaesthetized with sodium pentobarbital
(Nembutal, 35 ma/kg i.p.). The heads of the rats were shaved and the
crania were opened with a dental drill. A Kopf stereotaxic apparatus was
used to direct the insfruments used in making the lesions.

Two types of surgery were performéd. Bilateral radio-frequency heat
" lesions of the lateral hypothalamus or the ventromfdia1 hypothaiamus (see

Results sections Al and A3) were made with a Radionics RFG-4 radio-
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" _frequency génerator and thermistor probe (0.75 mm diameter): The.sham
lesions were made by$1owering the probe but not tupning on the poﬁer.
Knife-cuts dividing the fﬁtera1~hypotha1amus from the ventromedial region
(Results section A2) Qere_made with a retractable wire knife..The sham C
operafions were performed by 16wering the knife-guide but not the wire
knife. | | |

Lesioﬁs of the ventromedial hypothalamus- were made at 55°C for one
minhte for each hemisphere at stﬁreotaxic coordinates 5.5 mm anterior to <(/
thg interaural line, 0.5 mm lateral to thﬁ'mid-sa;itta1 sinus, 8.6-9.0 mm
below the dura, with the heads held flat between the 1aﬁbda and bregma
sutures. This procedure was used in th; study of the acute effects of
hypothalamic lesions (Results section Al}.

Small lesions of the lateral hypothalamus were made at 50°C for one
minute for each hemisphere at stereotaxic coordinates 6.0-6.2 mm anterior
to the interaural line, 1.8 mm lateral to the mid-sagittal sinus, 8.0-8.2 mm
below dura with the heads flat. This procedure was used for both the
acute'and 1ong-£erm studies of lesions of the lateral hypothalamifs (Results

1 ]
sections Al and A3).

Hypothalamic knife-cuts (to separate the ventromedial hypothalamus

.....

and 3 mm dorsoventral from the bottom of the thalamus to'the base of the
brain {see Resufts section A2).
After surgery, the skin around the incision was closed with two to

four 9 mm "Autoclip" {Totco) wound <lips.
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b) Deneqyétion‘éf interscapq}gr BAT. Rats were anaesthetized ?ither.
with ether or with halothane. Hair was cut off the back of the rat over
an area o% about 2x3 cm centered on the midline at the crest of the
scapulae. A midline longitudinal incision of 1.5-2:cm was made. By
retracting the edggp of the incision the interscapular depot of BAT was
exposed. A small incision of the degb fascia at the anterior edge 6f the
depot wag qen made, 2-5 mh lateral to the midline. By blunt dissection,
one side of the BAT pad was lifted from the posterior chest wall. By
‘abducting thé scapula, the five nerves innervating the BAT could be seen
running from the chest wall to the inferior aspect of fhe pad on that side.
The nerves were then cut, at two places.(near the chest wall and near the
BAT) where possible.. In most cases, all five nerves were cut. In some of
the earlier eiperiments {Results Section B4a) only the first four nerves
_were cut when the fifth nerve was too distant to reach easily. In the later
| experiments (Resh]ts Sections Bab.énd B4c) all five nerves were cut in all
- cases. After nerve section, the pad was replaced to its normal position and
the incision was closed with non-dissolving 3-0 silk suture (Ethicon
cuticular 684G).

For most experiments, un11atera1 surgical denervations were performed
asdescr1bedabove Thecontra]atera1s1dewas1eftund1sturbed Inbilateral
.denervat1ons, both sides were denervated as above. In sham operations,

rats were anaesthetized only.

.

Rarely, the surgery was irritating to the rat, which.scratched itself
near the stitches. Such rats were treated daily with a spray antiseptic

powder. Usually, rats stopped scratching within three days of treatment.

-
2l
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3. BRAIN HISTOLOGY. At the end of the studies of Arats having
hypothalamic 1ésions or knife-cuts, placement of the lesions or knife-cuts
was determined for each rat.

After decapitation, the brains of the rats were removed and stored in
. 10%_forma1}n before being'shipped to Toronto for histological examination.
Braias were then frozen -and coronal cryostat sections made through the
sitegofleéionwn‘knife-cut.Niss1stainingwithcresy]violetwasperformed

at the Clarke Institute by'Dr¥ John Chambers.

Y

1

4. INSTRUMENTS. Major instruments used are listed in Appendix 2.

/

5. REAGENTS. Reagents used and suppliers are listed in Appendix 3.

6. STANDARD: PREPARATION. A standard preparation was used in all
experiments. (Not all’ the ﬁrocedures listed 5e1ow were done in all
experiments. For the exact measurements made in éach experiment, see the
appfopriate Results section.)

\/

a) Collection of tissue. Preparations were begun between 07h00 and
08h30, usﬁa]]y at about 08h00. Rats, in their wire cages, were removed
from their holding room te a nearby preparation room. They we;e weighed
and then killed by decapitation immédiate1y thereafter. B]oodlqas collected
at once, without anfi;oagu1ant, and placed in glass centrifuge tubes kepf
at rbom temperature. Nithin.30 seconds core (rectal) quy-témperature was
determiﬁed with a BAI-B digital thermometer‘equipped‘with é thermistor

probe. The interscapular BA{'depot was then removed and placed in ice-

-
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cold isolation medium (;ee below). Gonadal white adipose tissue was then
removed from the carcass. A

Usually gight or twelve rats were killed on each preparation day.
After all animals had been kj11ed,.BAT was cleaned of adhering white fat
and muscle and weighgd. Gonadal white fat was also weighed. Blood was
keqt ét room temperature for 30-60 minutes. then centrifuged at 16,000 g
‘at 4°C for 15 minutes. Serum thus obtained was transferred to 1.5 mL
plastic Eppendorf centrifuge tubes and centrifuged in a benchtop centrifuge
at 4°C for 15 minutes. %his separated serum from fat, particu]ariy in serum
from rats which had been cafeteria-fed. The infranatant serum was then
recovered and frozen in liguid nitrogen. Frozen serum was then kept at
-20°C until assayed for thyroid hormones.

Brown adipose pissue was minced and then homogenized in about 5 mL
jce-cold isolation medium (250 mM sucrose, 0.2 mM EDTA, 1 mM HEPES,
pH 7.2) in a Kontes #23 glass homogenizer, with a teflon pestile, kept ice-
cold during the_homogenization. The homogenate was then made to 10 mL
with isolation medium and small samples taken for later analyses. (When
samp1es were taken for estimation of thyroxine 5'-deiodinase (see Materials
and Methods section 10 below), they were placed in a plastic Eppendorf
microcentrifuge tube and frqagn at once in.liguid nitrogen.)

b) Isolation of mitochondria. Homogénates of BAT remaining after
samples were taken were then made up to 42 mL with isolation medium.
Mitochondria were isolated_and washed three times as described by Slinde
et al. (1975). (When twelve preparations were being made, the resuspension

of the first low-speed pellet was usually omitted to save time.) The final
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mitéchondrial pellet was resuspended in 160-1000 puL isolatfon medium teo
give a final protein concentration of about 10 mg/mL. Usually 250 uL of
isolation medium was used to resuspend mitochondrié from warm-acclimated
rats while 500? uL was used for those from cold-acclimated rats.
Mitochondrial suspensions were kept ice-cold until assayed for GDP
binding, dpne immediately after the isolation was completed. Some of thé&
mitochondrial suspension was saved for estimation of protein concentration;

in later experiments, aliquots were also saved for estimation of uncoup]indr

protein.

c) Estimation of GDP binding. The amount of GDP biﬁding to isolated
mitochondria of BAT ("GDP binding") was estimated by the method of
Desautels et al. (1978). 20 ubL mitochondria (ébout 200 ug protein) were
ingubated for one minute at room temperature (about 21°_C)'in Eppendorf
miérocentrifuge tubes, in 275 ulL incubation medium (1 mM EDTA, 10 mM
choline chloride, 20 mM TES, 100 mM sucrose, S pM rotencone, 100 uM
atractyloside. pH 7.1; 1000 uM ADP was present in half the assay tubes to
allow correction for non-specific binding of GDP; 14c-sucrose (about 2000
Bg per assay {about 54 nCi/assay)) having specific activity 2017.GBq/mmol
(= 560 mCi/mmol) was used to estimate GDP trapped in the pellet but not
bound). Then 5 put. of 10 uM 34-GDP {about 7500 Ba per assay (about 0.20
uCi/assay) having specific activity 418 GBg/mmol (= 11.3 Ci/mmol}) plus
carrier was added, and the suspension was again mixed and incubated for a
further 30 seconds. The tubes were then centrifuged for 2 minutes in a
benchtop centrifuge. Assays were done in quadruplicate except for those

reported in Results Section B4c, which were done in triplicate.

L
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After centrifugation, the supernatant incubation medium was aspirated
and the tips of the tubes, containing the mitochondrial pellets, were cut
into scintillation vials. The pellets were dis;olved overnight in NCS tissue
. solubilizer (1 mL); pellets in NCS were incubated at 55°C to ensure
complete so1ut%on. The next day, samples were- cooled, then 10 mL
scinti11ation cocktail (PPO in toluene, 6.5 g/L) and 50 ulL of a 10% aquéous

solution of ascorbic acid were added to each vial, which was then counted
with a dual-label program,
. ]
. 1. ESTIMATION OF PROTEIN. Almost all protein estimations were
done witﬁ the modified Lowry assay described below, but occasionally the
Coomassié blue (“Bio-Rad") was u§ed as noted in the Results sections.

Samples were measured in trib1icaté. Bovine serum albumin (BSA)Y was used

as the standard for all.assays. . ~N

a) Modified Lowry assay. The protein assay ‘of Lowry et al. (1951} as
modified by Schacterle énd bo11ack (1973) was used. Protein ipesamples was
first precipipated in 5 mL ice~cold trichﬁoroacetic-acid‘(12.5%). The
precipitated protein was pelleted by centrifugation (4000 g for 15 minutes)
. after the samples had stood for at Teast 30 minutes. (Typically,
centrifugation was done the day after “precipitation.) Supernatant
trich]oroacetjg acid was removed and the protein pellet disso{ved in 1 mL
0.5 M sodiﬁgrhydroxide with tbe tubes heated in a 55°C water bath. The
procedure of Schacterle and Pollack was followed from this point. f

For some determinations done in the presence of interfering detergents

(during the isolation of uncoupling protein) the above proceduré-was done
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except that samples were not first precipitated and the copper and sodium
hydroxide solutions were made to 1% with SDS. To keep the SDS dissolved.
the solutions were kept at 30°C and the' 10 minute incubation (copper

reagent) was done at the same temperature;

b) Coomassie blue ("Bio-Rad"™) assay. This assay is based on the work
of Bradford (1976). 1t was performed essentially as described in the manual
accompanying the kit (Bio-Rad): modifications of the volumes used were

made as required.

8. ESTIMATION OF DNA. Content of DNA in BAT was estimated fr‘om.
concentrations found in homogenates by the. diphenylamine method of
Burton (1956). DNA in samples fas hydrolyzéd in 2‘mL 5% trich]droacetic
acid heated'ko a0°C for 10 minutes. After coo1ing; 1 ml 2.25 M perchloric

acid was added to each tube and the rééu]ting suspension was filtered

_undey, vacuum throug Millipore type SS fi¥lters (pore size 3:0 um), to

\

‘remove precipitated

rotein and othler materials. 2 mL of the filtered

sample was mixed with 2 mL of 4% diphenylamine (dissolved in glacial
acetic acid) and with 100 ul of 16 mg% acetaldehyde. This was incubated
at 30°C for 15 hours and aSsorbence at 595 and 700 nm was determined.
Purified DNA from calf thymus, whose cbncentration had been verified by
u]tkavio]et spectrophotometry. was used as the standard. DNA contents of

samples were determined in triplicate.

9. ESTIMATION OF CYTOCHROME OXIDASE. Total tissue activity of
* %
cytochrome oxidase was estimated by a polarographic method, as described
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by Behrens and Himms;Hagen {1977). Tissue homogenates were homogen%zed
, in 0.1 M potassium phosphate buffer, pH 6.6, with Lubrol WX (3 ﬁg Lubrol
per 10 pg protein) and these homogenates were frozen overnight.

The next day, the assay was perférmed by suspénding a volume of the
Lubrol homogenate in a solution of cytochrome c (0.2 mM reduced
cytochrome Euplus 20 mﬁ ascorbic acid in the potassium phosphate buffer)
dt 37°C; to ensure‘oxygen saturation before the beginning of the assay,
the cytochrome ¢ solution had been'Vigorous1y stirred in the chamber for
three minutesbefore incubation. Oxygen consumption of these samples was
mgasured polarographically with a Clarke é1ectrode. The total actjvitg of
cytochrome pxidase.was then calculated. The concentration of re&ucedm
cytochrome ¢ present | in" the reagent solution was verified
spectrophotometrically, with the molar extinction coefficients for oxidized
and redﬁcéd cytochrome ¢ reported by Yonetani (1967) used for calculation.
Samples were tested in triplicate; routinely, different amounts of protein

from the same sample were tested to ensure that the assay varied linearly

with protein assayed.

in. ESTIMATION OF THYROXINE 5'-DEIODINASE. This assay is based
on the methods developed in the Taboratory of Larsen (Visser et al. 1982,
Leonard et _1.11983, Silva and Larsen 1983) as modified in our laboratory
by Dr. Jan Kopecky‘(Kopecky et %l. 1986b). The assay is based on the
release of free iodide from thyroxine (Tg4) as it forms triiodothyronine
(T3), as catalyzed by the enzyme thyroxine 5'-deiodinase (T5'D). The
reaction can be determ{ned by the release of radicactive iodide from Ty

labeled in the outer ring.
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Radioéctive T4 was first-purified by paper electrophoresis (50 mM
ammonium acetate buffer, pH 7.1) at 600 V for 10 minutes. After the
" electrophoresis, T4 was extracted in a 99:1 mixture of methanol and
ammonium hydroxide; the extract was then concentrated under nitrogen.

Samples of homogenate (which had been frozen in liquid nitrogen as
described in Materials and Methods s;ction 6a above) were thawed on ice
and then dincubated for 30 minutes in the assay mixture (10 mM
dithiothreitol (pFepared in the sucrose-HEPES-EDTA}nitochondria1 isolation
buffer ‘described above}, 2.57 nM carrier T4 {dissolved in 50 mM sodium

hydroxide plus 0.1% BSA, then diluted to the final concentration), 0.15 nM
| labeled T4 (high specific activity.reagent:.looo Ba/assay {= 27 nCi/assay)),
and 1 mM propylthiouracil (PTU) as an inhibitor of the type I enzymel all
iﬁ a buffer of 10 mM potassium phosphate plus 1 mM EDTA, pH 7.0). For
warm-acclimated rats, 30 ul homogenate (30-150 ug protein) was used; fof
cofd-acc1imated rats, the homogenate was usually diluted 5- or 10-fold
before the assay. The incubation was done at 37°C in a shaking water
bath. The reaction was stopped by the addition of 50 uL thyroid hormone-
free human serum (whicﬁ binds T3 and T4): after that, all péotein was
precipitated by addition of 300 uL 12.5% trichloroacetic acid. The protein
was pelleted by a two-minute centrifugation in an Eppendorf benchtop
‘centrifuge. Then 500 pL of the supernatant was applied to a short column
of cation ekchange resin: This was washed 3 times with 1 mL acetic acid
(10% glacial acetic acid in wéter) and the supernatant and washing§)
containing the freed radicactive iodide, were counted in a gamma counter.

Assays were done in triplicate for each sample.
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11. ESTIMATION OF SERUM THYROID HORMONES. Two methods were
used for the estimation of serum levels of the thyroid hormones T4 and
T4. The particular method used for each study is mentioned in the

respective Results section. Assays were done in triplicate, for all samples,

A

a) Amer1éx kits. In the earlier studies, thyroid hormone levels were

for both methods. '

measured with kits scld by Amersham'and deQe1oped to determine levels of

thyroid hormones in human serum. These k%ts are liquid-phase systems,

with the antibody bound to solid polymer parti;}es. Serum levels of thyroid

hormones are determined by competition for these antibodies against

radicactively-Tabeled Tq or Ty. These kits were used exactly as directed in
b .

the instruction manuals accompanying the kits.

b) Method of Silva and Larsen. More sensitive radioimmunoassays for
thyroid hormones in rat serum were made possible by the generous gift of
antisera for Ty and for T4 from the laboratory of Dr. P.R. Larsen. The
procedures used were based on those used in his laboratory (Larsen 1972,
Larsen.gg al. 1973; Larsen 1976). The assays were done in liquid phase,
with competition between thyroid hormone in serum and added labeled
hormoné. Here, however, tHe antibodies are not bound to beads: the free
hormone was separated from that bound to 3ntibodies by use of a dextran—'
charcoal mixture.

Hormone-free rat serum was prepared by adding activated charcoal
(2 g/100 mL) and stirring this overnight;' the -suspensioh was then.

centrifuged at 48,000 g for 30 minutes. Radioactive hormone had been
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édded to indicate removal of hormone; when necessary, the charcoal .-
treatment was repeated. This hormone-free serum was then used to prepare )
series of standards for T3 and for T4. (Concentrated solutions of Ty and -
T4 were first made in 50 mM sodium hydroxide plus 0.1% BSA. Hormone
concentrations were.verified spectrophotometrically before the solutionwas
diluted to the final series of concentrations in the hormone-free serum.)

For assay of T4, samples were first di]qted 20-fold in glycine-acetate
buffer (GAB) (200 mM glycine, 200 mM sodium acetate, pH 8.6). 100 uL
aliquots were added to 900 pL volumes of the assay buffer (GAB p1u§ 2%
sodium sa]icy1até and 20 mg% BSA) which contained 120 Bg (= 3.2 nCi)
high-specific activity 1251-T4 per assay and an appropriate dilution of
“antiserum. After an overnight incubation at 4°C, 1 mL of the dextran-
charcoal suspension {0.125 g dextran and 1.25 g activated charcoal in 200
mL ice-cold GAB, diluted 1/16 in GAB just before use} was added. After a
45 minute incubation, tubé; were centrifuged for 20 minutes at 1500 g. The
supernatant was decanted and counted in the gamma counter.

The assay of T, was similar but there were some differences. 25 uL of
undiluted rat serum were}édded to 875 pL of assay buffer (1.14% sodium
salicylate plus 0.1% BSA in GAB (200 mM glycine plus 125 mM sodium
acetate. pH 8.5)) containing an appropriate dilution of antiserum. This was
incubated at 4°C for 48 hours. Only then was tracer radicactive Ty added
(100 uL of the high-specific activity reagent, 33 Bq (= 0.9 nCi) per assay.
This was incubated for 48 hours at 4°C before addition of the dextran-

charcocal mixture and centrifugation as described above.



(- - '58-

12, ESTIMATION OF NORADRENALINE. To assess the importance of
the sympathetic nervous'system for érowth and maintenance of growth in
brown adipose tissue, surgical denervations were performed (Resu1t§ section
B4a). To evaluate the effectiveness of the denervation, noradrenaline levels
- in brown-adipose tissue were determined by reverse-phase high-pressure

1iduid chromatdgraphy (HPCL) with electrochemical detection. This method
was developed for our laboratory by Dr. Gloria Zaror-Behrens, who
standardized all conditions used here (Himms-Hagen et al. 1986). '

BAT frozen on dry ice was homogenized in 3.85 mL %% perchloric acid
(PCET‘p]us 150 uL 1000 ng/mL.3,4-dihydroxybenzylamine {(DHBA) in 0.1 M
PCA (DHBA is used as an internal control for recovery of catecholamines)
for 10 seconds with a Polytron at its maximum setting. Standards were
prepared by addition of 150 uL or 15 uL 600 ng/mL noradreﬁa11ne in
0.1 M PCA to 150 pL DHBA in 0.1 M PCA, with the balance to 4.00 mlL
made up with 1% PéA. (The standards containing the lesser amouﬁt of
noradrenaline were used as standards for denervéted half-pads.)

Homogenates were then centrifuged at 3000 g for 30 minutes at 4°C.
Fat was removed from the supernafant by filtration through glass wool;
the filtrate was then quickly frozen and'kept at -80°C until recovery of
catecholamines as described below. -

Catecholamines from samples were purified for chromatography by
adgorption onto, and desorption from, alumina. PCA extracts were melted
and sodium metabisulfite was added to give a final concentration of 0.1%.

‘Samples were alkalinized by addition of 1.3 mL TRIS-EDTA buffer (2 M
TRIS, 5.2% EDTA, pH 8.@) and mixed. 100 mg washed a]umina‘was added

and the tubes were mixed vigorously for 5 minutes. The alumina, with
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adsorbed catecholamines, was washed three times by first sedimenting it
with a benchtop centrifuge and then, after aspiration of the bulk of the
supernatant, resuspending it in doubly-distilled water. After the last
washing, as much of the supernatant was aspirated as possible. The
a]dmina‘was then acidified by addition of 0.5 hL 0.2 M PCA, thereby
desorbing the catecholamines. The tubes were mixed and the alumina
sedimented as above. The supernatant was collected and centrifuged a final
time in Eppendorf microcentrifuge tubes. This supernatant Qas collected
and stored frozen at -80°C until chromatography. Standards were prepared
in exactly the same way.

Noradrenaline content of 50 uL aliguots of samples were estimated in
triplicate by analysis by high-performance 1iquid chromatography (HPLC).
Samples were analyzed by reverse-phase chromatography, with a mobile
phase of 150 mM chloroacetic acid, 2 mM EDTA, 6 mg% sodium octy]l
sulfate, pH 3.1. A Cyg column with mesh size of 5 microns and volump of
4 x 150 mm was used; chromatography was performed at room temperature
(21°C) with a flow rate of 1.5 mL/minute. %%tention times were determined
by amperometric electrochemical detection. Since Dr. Zaror-Behrens had
shown that there was a linear relationship between the amount of
catecholamine assayed and the heighf of the peak, this method (analysis of
peak-heights) was used to calculate the content of noradrenaliné;;n each

sample.

13. RADIOIMMUNOASSAY OF UNCOUPLING PROTEIN. I developed a
radioimmunoassay (RIA) for rat. uncoupling protein (UCP). This assay was

based largely on the method developed by Lean et al. (1983), although

-~
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some procedures were modified from other sources, particularly Cannon et
al. {1982). There were three steps in developing this asséy: purificat1on of
the UCP, raising and testing of the antiserum, and determination and

optimization of the conditions for the RIA.

a) Purifigation of uncoupling protein. Purification of UCPl wés
performed by a procedure based on the method of Lin and Klingenberg
(1982), Qith modifications as noted below.

Rats were cold-acclimated two to three weeks before preparat1oﬁ70f
UCP. They were killed and mitochondria prepared as described in Materiais
and Methods sections 6a and 6b above. Mitochondria were incubated for 30
- minutes at 0°C in a modified "standard medium" (20 mM MOPS, 0.16 %M
EDTA, and 50 mM sodium sulfate (not 20 mM as in the published
procedure), pH 6.7) containing 3.2% Lubro{ﬁ WX. The suspension was
;entrifﬁged at 100000 g 'for‘ 30 minutes at 4°C, then the sﬁpernatant
mediym was removed, along with-as much of the sedimented Lubrol WX ds
could be removed without disturbing-the pellet. The pellet (as well as the
remaining pelleted Lubrol WX) was resuspehded in iée-cold sucrose medium
(300 mM sucrose, 10 mM TRIS, 2 mM EDTA,.DH 7.2) and centrifuged again
as described above. Remaining pe11eted‘Lubro1 WX was again removed with
the supernatant, and the mitochondrial membrane pellet was resuspéhded iﬁ
sucrose medium and again centrifuged. This final washed pellet was then

stored overnight at -80°C.

The next day, the pe11ét was suspended in ice-cold standard médium

containing 5% Triton X-100. After a 30 minute incubatidﬁ at 0°C, the

suspension was centrifuged as above and the supernatant separated at room
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 temperature (about 20°C) on a column of hydroxylapatite that had been

equilibrated with standard medium. The pass-through fractions, containing

the UCP (in Triton X-100 micelles) was pooled. (The beak fractions were

" determined by detection of Triton X-100 by ultraviolet spectrophotometry.)

The purification procedure was stopped at this point; unlike the published
procedure, br‘essure dialysis followed by centrifugation on a,sucrose density

gradient was not performed. .
Determination of protein concentration was done with the modified
Lowry assay in the presence of 1% SDS; determination of Triton X-100
{which was critically important for the RIA, as explained bé1ow) was done
spectrophotometrically’ by determination of absorption aé 290 nm. which
was compared to the absorption of a series of standard so]ution; of Triton.
In an original pilot-scale purification. binding of trifiaﬁed GDP to
Tcolumn fractions was done essentially as described in Lean et’al. (1983) to
demonstrate that the pass-through fractions did indeed bind GDP. (The
t}itia;ed GDP was incubated 10 minutes at room temperature with'25 ulL
fractions from the hydrqu1apatite column, after which bdund GDP was
separated from free GDP by chromat&graphy (Sephadgri§§0).) However.
s

this procedure was not used in the large-scale preparations betause it was

s

too time-consuming.

Uncoupling protein prepared by thzs procedure was homogeneous as
demonstrated by SDS-PAGE done in a 8-20% gradient gei {Figure 1). The
homogeneity of the prepafation was further demonstrated {indirectly) by
the fiqung tﬁat the antiserum raised against it (section b, below) had the

same specificﬁtj as antisera (against hamster uncoupling protein) prepared

independently by Dr. Jan Kopecky in Prague, and that the anti-ha ster
' : LU



FIGURE 1. METHODS: SDS-PAGE OF PURIFICATION OF UNCOUPLING PROTEIN.

Uncoupiing protein was purified as described in the text.
- Electrophoresis was based on the method of Laemmli (1970). Samples (10
ug) from  the, various steps of the purification were denatured in lysis
medium (2.3% SDS, 10% glycerol, 5% mercaptoethanol, 125 mM TRIS, pH 6.8)
for three minutes at ,100°C. Electrophoresis was performed in an 8%-20%
SDS-polyacrylamide gel in a discontinuous system (upper buffer (stacking
gel):125 mM TRIS, 0.2% SDS, pH 6.8): lower buffer (separating gel (400
mM TRIS, 0.1% SDS, pH 8.8); running buffer 25 mM TRIS, 200 mM glycine,
0.1% SDS, pH 8.3) + at 42C,{with cooling) at 100 volts for 20 hours. The
gel was then fixed in 5:5¥1 methancl:water:acetic acid, stained wtth
Coomassie blue, and destained (65:25:8 water:methanol:acetic acid).

Samples analyzed “(left to right): 1. molecular weight standards:
2. purified UCP; 3. supernatant of Triton extract; 4. pellet of Triton
extract: 5. pellet from second wash in sugrose medium; 6. supernatant
from that wash: 7. pellet from first ‘'wash in sucrose medium;
8. supernatant from that wash: 9. pellet from incubation in Lubrol
‘medium: 10. supernatant from 'Lubrol incubation; 11. Lubrol suspension at
the beginning of incubation; 12. isolated BAT mitochondria;
13. homogenate of brown adipose tissue.

™

- RN
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antiseruﬁ reacted specifically with this rat UCP preparation. (It has been

shown in a number of labgratories that there is ggnera] cross-reactivity

A between'antisera and UCP preparations from different species.)

b} Immunization of rabbits and testing of antiserum. Pre-immune serum
was collected from rabbits before they were immunized. Initially, }abbits
were inoculated for three consecutive days: on the first, UCP was prepared
in Freund's complete adjuvant; on the second and third days, it was
prepared 1'nr Freund's incomplete édjuvant. On each day, rabbits were '
-injected (s.c.) in four different Jocations with 50 ug UCP in 2 mbL
adjuvant. -

Rabbits were bled weekly and the antibody titer was assessed from

antiserum dilution series with preimmuge serum used as the control (see

Figure 2). The antibody titer was maximal by six weeks; rabbits were then o

boostéd by s.c. injection (in fohr‘sites) of 50 ug UCP. in 2 mlL Freund's
incomplete adjuvant. Hoﬁever, this did not increase the titers as expected.
Three months after the initial injections. rabbits were again boosted with
100 pg UCP suspenéed in' 2 mL Freund's incomplete adjuvant injected s.c.
in four sites. After Fhree weekﬁf the titer had not increased and it was’
decided that further boosters‘wou1a serve no-purposé The rabbits were_'-
then killed by an overdose of Innovar-Vet (0.2 mL/kg) and blad completely.
The b]ood was co11ected wlthout ant1coagu1ant and centr1fuged at 16000 g
for 20 minutes and the serum thus obtained was divided into 5 mL voaumes

and frozen. Except for current*stock, which was mixed 1:1 with glycerol

and kept at -20°C, all serum was stored at -80°C.
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FIGURJZ. METHODS: ANTIBODY DILUTION CURVE FOR IMMUNE AND PREIMMUNE
SERA.

- M1crot1ter plates were coated with UCP, then washed with RIA buffer,
as desc¥ibed . in Materials and Methods section 1&3. Serial dilutions, of
preimmune..serum (solid c1rc1es) or ‘immune serum (empty circles) were
1ncubated overnight ~at 4°C, . Wells weré then Washed and-incubated with- -

I-protein A as described in section 13c.
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. The specificity of the serum was verified in two ways. First, as was
mentioned above, Dr. Kopecky tested this antiserum, in comparison with
antisera prepared in his Tlaboratory, by performing Western blots of
mitochondfia from BAT and of purified UCP: the same specificity was
observed when blots were developed with his antisera as with mine.

| Sécond, the antiserum was tested for specificity by making ﬁestern
hlots of homogenates of various tissues (BAT, white adipose t1§sue, heart,
liver, kidney, skeletal muscle, and brain). It was shown that the.antibody

reacted only to BAT homogenate and to purified UCP (Figure 3).

<) Radioimmunoassay of uncoupling protein. After some considerable
difficulty, conditions for the radijoimmunpassay of UCP were established.
Cpnsiderab]e time was spent in trying to reproduce the procedure used by
Lean et al., but it was found that the use of "Bio-beads" confounded the
resu1t§. They are intended to remove excess detergent: in my hand;, they\
were equally successful ﬁn removing the UCP. Therefore, ;heir use was
abandoned. .Instead. the concentration of Triton X-100 Dreseﬁt i¥ the UCP
preparation was Eqrefu]]y determined (spectrophotometrically). Then, in .
\\nreparing standard- curVes and samples for assay, it was ensured that
exactly the same final concentration of Triton X-100 yas'present‘in‘a11
- ells. Thus, although the presence of detergent interferes with the binding
of the antibodies, this:interference was the same for\a]] standards and
samples. However, due to this, the dilution of,antiserum'used was.1ower

than that stated‘in reports published by other laboratories.

The preparation of the samples to be assayed was also done differently

8
7t b

I
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FIGURE 3. METHODS: WESTERN BLOT OF HOMOGENATES OF VARIOUS RAT TISSUES
DEMONSTRATING SPECIFICITY OF ANTISERUM TO UNCOUPLING PROTEIN.

Electrophoresis of homogenates of BAT, WAT, heart., liver, kidney,
muscle, and brain (30 upg), and purified UCP (3 ug) were performed as
described in the legend to Figure 1. A Western blot was made of the gel
based on the method of Towbin et al. (1979). After electrophoresis, the
gel was incubated in blotting buffer (150 mM glycine, 20 mM TRIS. 0.02%
SDS, 20% methanol, pH 8.3) for 30 minutes. 1t was transferred to
nitrocellulose {0.2-0.4 um pore size, Bio-Rad) at 4°C at 7 V/cm for 3
hours. The nitrocellulose was frozen overnight. The next day, it.was
incubated with shaking in PBS-Tween buffer, {PBS as described in text
plus 0.05% Tween-20) for 30 minutes at room temperature. It was then
incubated with shaking for 2 hours at. room temperature in PBS-Tween
buffer containing antiserum at a final dilution of 1/100. The blot was
then washed for two hours in PBS-Tween with three changes of washing
buffer. Bound antibodies were detected after a 1-hour wash in
radiciodinated protein A diluted to 20000 Bq/mL (0.54 uCi/mL). The blot
was washed for 10 hours in PBS-Tween buffer with several changes of wash
buffer in that -time. After drying in air, the blot was exposed to X-ray
film in a cassette with intensifying screens for 24 hours at -80°C.
After development. the autoradiograph was pRotographed and then used to
Jocalize the bands on the blot, which were then cut out and counted in a
_gamma counter.

Except for the BAT homoqgiéte (two samples analyzed) and the '

purified UCP, which both had counts more than 15 times the background,
no other band had more than 1.5 timés the background counts. Visible
bands on the autoradiograph were found for only the BAT homogenates and
the purified UCP.

‘

4T
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from the procedure published by Lean et al.; rather, it was done exactly as
described by York (1985, personal communication).
: -

d) Standard procedure. 96-well polyvinylchloride plates were coated
overnigﬁt at 4°C with 50 ul uCP di1ute& to 20 ug/mL. The protein was - .
then recovered for re-use and the plates were washed three ty$g§’with
RIA buffer. (phosphate-buffered saline*(PBS)(6.7 mM potqssium phospﬁate,
2.7 mM potassium éh]oride. 8% sodium chloride) plus 1% RIA-grade BSAIand
0.1% sodium azide, pH 7.4). b

Standards were diluted in PBS to give final protein gontent of 0, 5,
20, 40, 65, 125 and 250 ng; all wells were also made to a final
concentration of 0.01% in Triton X-100, gamples were made to 1 mg/mL
with PBS and solubilized in Triton X-100 at a fipal concentration of 0.5%
for 30 minutes at room temperature ({about 20°C). They were then diluted
5-fold and centrifuged for 1 minute in a benchtop centrifuge. The samp1gs
'wire di]uted 1:10 in PBS (thhs giving a final concentration of 0.01% in °
T;iton X-100). Two different volumes were then assaved to act as an
internal control. (For samples from cold-acclimated rats, smaller vo]umés
were assayed than'for samples from warm-acclimated rats.)} Antiserum was
diluted in PBS to give a final dilution-of 1:1000. The total volume in each
well was 50 . .

The plates, containing antiéefum and standard.or sample, were then
incubated overhight at 4°C. The néxt day, the solutions were aspirated
from the wells and the plates were washed three times with RIA buffer.
- 1251-protein A (;peciﬁ{c activity 1.59 MBaq/ug (=4é.l uCi/ug)) was diluted in
PBS and- each well was incubated with 2000 Bg (=51anii in:SO uL for-2

, : X ‘ 6 :

5] ! . : L

)
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hours at room temperature. The protein A was then aspirated and the’
plates were washed three times with RIA buffer. Finally, the we]1§ wera
cut out and counted in‘a gamma counter.

From this, standard curves were ca1cu1atqd (an exémn1e jﬁfaiQen in -
Figure 4) and UC?lcontent‘of the samples was determinéh. A1l samples and
Ztaqdards were done in trip]icaée; standards were run on every plate. To
ensure re1iabj1ity of the determinations, they were repeated as necaessary; .
this inc1udeq‘changing the volumes assayed so tth the samples assayed
were w%thin the 1inear‘portion of the standard curveX]In general, results

were not accepted unless determinations of two different volumes of the

same sample were in reasonable agreement {differing by less than 10%).

-

14, (:‘?MPUTER PROGRAMS. 1 wrote computer programs to simplify
calculation of yesults of many of the assays described above, including
?ood intakes and assays of GDP binding, protein, DNA, cytochrome oxidase,

and thyroxine 5'-deiodinase. (Program listings are not presented here.)

9
Y

15. STATISTICAL ANALYSIS. Except for the analysis of the effects of
knife-cuts and of lateral hypothalamic lesions {Results sections A2 and
A3}, which were analyzed at the Clarke Institute, all results were analyzed
at the University of Ottﬁwé. The statistical package SP55, was used. One-
way ANOVAs, with Duncan, Sfudent-Newman-Keu]s, and Scheffé postlhoc
tests, and two—&ay ANOVAs were performed as appropriate. Student t-tests
were also performed as needed. a = 0.05 was taken as the critical level of

dignificance for all tests.
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FIGURE 4. METHODS: STANDARD CURVE FOR .THE RADIOIMMUNOASSAY OF UNCOUPLING
PROTEIN. : - -

This standard curve was prepared as described in section 13c of the
Materials and Methods. Logit, a linear transfermation :of the data
(Chard, 1982), was used so that a least-squares analysis could be used
to interpolate the results for the samples. In all cases, r < -0.97 for
the results reported in this thesis. .
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RESULTS
"There was a line
There was a formula
Sharp as a knife

Facts cut a hole in us" |
v g =D. Byrne

N
PART A. HYPOTHALAMIC CONTROL OF BROWN ADIPOSE TISSUE

Section Al. The acute effects of hypothalamic lesions on the function
"of brown adipose tissue.

Objective: 1 studied the acute effect of LH and VMH lesions on
thermogenesis in BAT {estimated by .GDP binding) to answer two questions:
a) what importance, if any, does BAT thermogenesis have in the acute
effects of these hypothalamic lesions; b) is the effect of brainl1esion
specific or nonspecific.

Design: The effects of lesions of the ventromedial hypothalamus were
: comﬁared to those océurring with lesions of the Tateral hypothalamus, with
sham-operated rat; and non-lesioned rats serving as controls. Two
experiments were performed. In the first experiment, rats weighing 280 to
305 g were grouped for equal mean body weights and growth rétes and
subjected to one of six treatments: fed non-lesioned (NL), fasted NL,
bi1atera1 lesion of éhe lateral hypothalamus {LH), sham LH, bilateral lesion
bfr the ventromedial hypothalamus (VMH). or sham VMH. Animais in the
Tast four groups also were fasted for the duratfon of the experiment. Two

-

days (36 to 48 h) after surgery, rats were killed and the standard

preparation of BAT was made.

L2

.
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In the second experiment, rats weighing 270 to 290 g were treated as

above except that there was no fasted NL group. Animals were killed and

the standard preparation was made. 20-23 h after the operg@jgﬁguwere‘.q.hwum.

performed.
After both. experiments, brains- were recovered andzféhé1yzed

histologically as described in section 3 of the Materials and Mefhbds.

The results were analyzed by one-way Analysis of Variance (ANO@A)Z‘}“F'

with @ = 0.05 for a two-tailed test. Post-hoc tests werefby the method of

Duncan.

Resuits: Both LH and UMH Tlesions were bilaterally symmetrical and
were centered from the antero-posterior 1eve1kof the VYMH to the caudal
boundaries of the paraventricular nucleus. Dorso-ventrally, both lesions
were centered at the dorsal -edgé of the YMH; medio-laterally, LH lesions

were centered halfway between the fornix and the medial edge of the zona

incerta while VMH lesions were centered at the lateral edge of the VMH.

Aﬁ example of an acute LH lesion is shown in Figure 5 and one of'aﬁ
acute VMH lesion is given in Figure 6; the lesions are further degcribed
there.

The most imporfant result of this experiment is the lack of acute

effect of any lesion (or sham-lesion) on GDP binding, either after two

days or one day (Figure-T). At both times, there were no significant

differences between groups for all other indices measured except body
temperature: LH-lesioned rats were . hyperthermic compared to
sham-lesioned controls both after one day and two days (Figure 8). Results

for other indices are presented in Tables 1 and 2.
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FIGURE 5. STUDY OF THE ACUTE EFFECTS OF HYPOTHALAMIC - LESIONS:
PHOTOMICROGRAPH OF AN ACUTE LESION OF THE LATERAL
- HYPOTHALAMUS. '

Bilateral 1e§ions of the lateral hypothalamus shown in this
photomicrograph were produced as described in section 2a of the
Materials and Methods; the position of the lesion on left side of the
micrograph is indicated by the arrowhead. Note the large size of the
edematous area surrounding the lesion and contrast this to the size of
Tong-term LH lesions (Figure i10). Compare thé medio-lateral position of.
the lesions to the VMH lesions: shown in Figure 6. In some animals, LH

lesions encroached on the zona incerta and the basal aspects of the
thalamus.



FIGURE 6. STUDY OF THE ACUTE EFFECTS OF HYPOTHALAMIC LESIONS:

PHOTOMICROGRAPH OF AN ACUTE LESION OF THE VENTROMEDIAL
HYPOTHALAMUS . . :

Bilateral -lesions of the ventromedial hypothalamus were made as
described in section 2a of the Materials and Methods: the Tlesfion on the
left side of the micrograph is indicated by the arrowhead. As with the
acute LH lesions (Figure 5), the lesions were markedly larger than are
seen in long-term YMH lesions. While VMH lesions.were generally confined
to the hypothalamus, both LH and VMH 1lesions commonly bilaterally
overlapped for 0.2-0.4 mm in the fornix and syrrounding tissue.

-

1

\
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FIGURE 7. STUDY OF ACUTE EFFECTS OF HYPOTHALAMIC LESIONS: GDP BINDING.

Rats were studied 1 or 2 days after receiving one of the following
treatments: i) unoperated (Control), either fed or fasted (only the 2-
day study had a fasted control), i) Tesioned, either of the lateral
hypothalamus (LH) or.of the ventromedial hypotha]amus (VMH), -or iii)
sham lesioned {Sham tH and Sham VMH).

? There was no significant effect of -any treatment zt either time.
Values shown are means; error bars represent S.E.M. for n values as
given in Tables 1 and 2. - ’ S \

~
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FIGURE 8. STUDY OF THE ACUTE EFFECTS OF HYPOTHALAMIC LESIONS: BODY

TEMPERATURES. ‘

Rats were treated as described in the legends to Figure 7.

There was no effect of any treatment except in LH-lesioned rats,
which were hyperthermic (compares’ to sham-gperated controls) at both
times. Yalues shown are means:; error bars represent S.E.M. for n values
as given in Tables 1 and 2. - g
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—————— CONTROL LESEQNED
S /
: Fed Fasted Sham LH LH Sham VMH * VMH

- (n=5%}) {n=5) {n=9) {n=6) {n=5) ' [n=6)
Hody weights (g)

Initial 303 ¢ 3.9 308 ¢ 3.9 297 + 4.3 291 & 5.7 291 ¢ 2.3 289 + 2.8

Iinal \ 312 ¢ 6.5 262 v 2,78 257 2 2,28 250 + 4.08 759 +71.45 252 2 218

Change 10+ 2.8" -46 + 3,78 =35 + 1.7 -q1 1 2.728 =32 ¢ 1,21 3T e 2.1
Ipididymal lat —

Wel weight {q) 3.0 ¢ 0.07" 230048 190,120 2.1 20,5380 7.z 2 01880 2.0 1+ 0.0080
Brown adipose Lissue

Wel weight (mq} any ¢+ 20" ag + 20069 7um g 23,280 234 4 16,07 325 41725 232 + 15,9

Protein (mg) sa.0 0 L2g® 1460 1.05% 19.5+ 1,538 19,1 1 1258  1B.6 2 0.97% 181 ¢ 1.868

Protein/wet weight

.
{m4/g) 2.3 + 308" 448+ 2.76% 63.2 2 4.32" 8.5 1 3.831 7.8 3.05% 79,7 4 876

TABLE 1. STuDY OF THE ACUTE EFFECTS OF HYPOTHALAMIC LESIONS 2 DAYS
AFTER SURGERY.

Results for unoperated (Control) rats, either fed or fasted. and for
rats receiving lesions (Lesioned), either of the lateral hypothalamus
{LH)} or of the ventromedial hypothalamus (VMH), or sham lesions {Sham LH
and Sham VMH). Determinations were made 2 days after operations,
lesioned rats were fasted during this time. Results are means L+ S.E.M,
for n values as shown in the Table. o

One~way ANOVA was performed. Within each line, means with different
superscripts are significantly d1fferent (p < 0.05 or smaller). Duncan's
post-hoc test was used.



' CONTROL . o LESIONLD -
.
* Control Sham LH Lh Sham VMH ]
(n=8) (n=8) {n=10) T {n=8) (n=10) !
Body wcigh'ts (9} .. _.__
Initial ‘ N.D. 276 £ 1,9 276 &+ 4.0 216 ¢ 1.7 211 2.0
Final ~ . w9528 pa2v295 zase36d a3 paed 240 v 18
" Change n.D. -5 010" -zaa ot -33 4 1.4% -34 ¢ 1.4"8
Epididymal fat wet weight (g} 2.1 2 0.07 1.9 ¢ 0.14 1.9 ¢ 0.12 1.8 ¢ 0.05 2.0 L 011
Brown adipose tissue - .
Wet weight (mg)™ - a19 3 21.7° a7z + 208" 346 + 13.8°5 360 ¢ 1625 344 b q.ad
Protein (mg) 21.2 41,71 IB.G 2 143 20.8 ¢ 163 19.6 & LT 183 0 112
£ 6,665  6l.6 % 6.5 55,7 ¢ 6.20 LS. Y 6.7

Protein/wet weight, {mg/g) 51.8+5.18 H1.4

* - ‘ . — e

TABLE 2. STUDY OF THE ACUTE EFFECTS OF HYPOTHALAMIC LESIONS: 1 DAY AFTER
SURGERY . ‘ -

Results for unoperated (Control) rats and for rats receiving
Tesjons, either of the lateral hypothalamus (LH) or of the ventromedial
hypothalamus (VMH), or sham lesions (Sham LH and Sham VMH).
Determinations were made 1 day after operations: all lesioned rats were
fasted during this time. Results are means * S.E.M. (N.D., not
determined) for n values as given in the Table. T

One-way ANOVA was performed. Within each 1ine, means with different
superscripts are significantly different {(p-< 0.05 or smalier). Duncan's
post~hoc test was used. )
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There may have been some selective ioss of 1ipid in BAT of both LH-

-

.1e§10peqvand VMH-lesioned rats after two days, as suggested by the ratio
of protein peﬁ/;;ta1 wet weighf of BAT (Table 1). This difference was not
‘ggpn after one day (Table 2) and is not due to differences in protein
content (Tables 1 and 2). There was an unexpectedly low amount of

protein in non-lesjoned rats that had been fasted two days {Table 1).

Conclusion: These results suggest that there is no acute effect of
either type of hypothalamic lesion on the functional status of BAT'and
that acute chaﬁges in body weigﬁt in LH rats can be explained by the
effect of fasting and fever alone. The similarity of these results to the

febrile animal is considered in the Discussion.
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Section A2. The effécts of obesity-causing parasagittal hypothélamid

knife-cuts on diet-induced thermogenesis in brown adipose
tissue.

Y

Objective: The objectivelof this experiment was to study the long-
term effects of parasagiftal knife-cﬁts (KC) of the hypothalamus on d1et-
induced thermogenesis in BAT. Previous work in our 1ab6ratory’by'0r.
Susan Hogan had shown that lesions of the ventroﬁed%a\ hypothalamus of
rats caused different patterns of response ., in BAT to cold-exposure
| compared to overfeeding: such rats were able to ;espond norm$11y toibold
stress (Hogan et al. 1982) but were unable to respond normally to aver-
feeding (Hogan et al. 1985). She continuéd this work by studying cold-
induced thermogenesis in BAT in a secbnd, similar preparation.‘the KC rat.
My work, described in ?his sectibn. completed this study. These results

have been published previously (Coscina et al. 1985). LT
Design: Sixty female rats were sent to the Clarke Ihstitute, Toronto
from Canadian Breedirig Laboratories (St. Constant, Que.) and kept in
individual wire cages at 22°C with 1ights on 08h00-20h00 for one week
before surgery. Bilateral paragagittal hypothalamic knife-cuts (36 rats) or
sham lesions (24 rats) were made as described above in section 2a of the
Materials and Methods; surgery was performed at the Clarke Institute by
Dr. Donald Coscina and Dr.'hohﬁ Chambers. After three days for recovery
from Surgery, rats were shipped by car to Ottawa, where they were kept
under the standard ho]ding conditions. Three days after their arrival. they
were subdivided into groups of 12 (three groups for the KC rats and two

for the non-lesioned controls) based on similar body weights.
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iwo‘groups (one KC, oné control) were fed chow ad 1ib. (the CHOW
groups). Two other groups {(one KC, one control) were fed a palatable

“c;?eteria"-diet {the CAFE groups). The fifth (Ké) group was pairé?ed'to
the non-lesioned CHOW group. (For details on cafgferia-féeding'and pair-
feeding, see Materials and Methods.) Food intakes were meaéured twice
and eneégy*énd macronutrient compgsjtion were estimated from food tables
(Pennington and Church 1980).‘ )

Three weeks after the s?art of the diets, all rats were lightly
anéesthetized with ether and naso-anal lengths were measured.

After 28 to 36 days of the feeding regimens, each_of the groups was
subdivided into two subgroups of six, with one subgroup fasted for_36_
hours and the other fed normally. Rats were killed by decapitation and the
standard preparation made over eight cbnsecutive days. The BAT of some
of the KC rd;s was so fatty that it was impossible to homogenize ice-cold;
such samp]es-were warmed to 30°C before homogenization. When this was
necessary, all samples from that day's preparation were similarly treated.

i After the experiment, brains- were recovered and analyzed t
histologically as described in section 3 of the Materials and Methods.

Serum thyroid hormone levels were estimated with Amerlex kits from
Amersham. .

. Statistical analysis was by 2-, 3-, or 4-way ANOVA or t-test; two-

tailed distributions with a = 0.05 were used. p < 0.05 or smaller for all

differences noted to be statistically significant.
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Results: Histology showed that knife-cuts were similar in size and
lacation to those preyjous1y published (Chambers 1983; Clavier, Chambers
and Cosciha 1983)". Cuts descended ventrally from the bottom of the
thalamus to the base of the brain along a sagittal plane parallel to and
medial to'the fornix. Cuts ranged from 2.5-3.0 mm in .antero-posterior
length centered at the anterior td middle region of the yentromed1a1
nuclei. Most cuts were bilaterally symmetrical, “although occasional
asquetries were seen; such asymmetries appeared unrelated to the Aegree

of overeating or magnitude of obesity finally seen. An examp]e of a knife-
cut is shown in Figure 9. | .

Results for body weights are given in Table 3. Even at the start of
the diet regimens the XC rats were significantly heavier that the controls
and these differences increased by the end of the experiment. Analysis of
variance. (ANOVA) showed that CAFE treatment also caused-a significantly
greater weight‘ggin. Fasting for 36 h caused a significant decrease in body
weight.

. Results for body weight changes, body lengths, and the Lee Index of
obesity are given in Table 4. Naso-anal lengths were greater in KC rats
than in controls. CAFE treatment alone did not modify length, but it did
increase length in KC rats compared to chow-fed and pair-fed KC rats.
Both KC and CAFE treatments caused obesity as determined by the Lee
index.

Results of the analysis of food intake are given in Table 5. KC rats
ate more total energy than control rats, as did CAFE-treated rats. ANOVA.

showed interaction between KC and CAFE treatments.
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FIGURE 9. STUDY OF HYPOTHALAMIC KNIFE-CUTS: PHOTOMICROGRAPH OF A
PARASAGITTAL KNIFE-CUT OF THE HYPOTHALAMUS.

Bilateral parasagittal knife-cuts of the hypothalamus,' separating
the lateral hypothalamus from the ventromedial hypothalamus, were made
as described in section 2a of the Materials and ‘Methods. The location of
the knife-cut on the right side of the photomicrograph is indicated by
the 1ine of arrowheads.
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TREATMENT Chow Pair-fed - Cafe

Body weight (g)
At lesion
NL 205 + 2.6 - | --
KC ‘ 209+ 1.9 - —-

At start of diets
NL 213 £ 2.3 - _ -
KC 263 + 3.5 - --

o At start of fasting
NL - ' 267 + 4.1 - 275 + 5.6
KC 381 + 10.8 300 + 2.3 455 + 8.9

TABLE 3. STUDY OF HYPOTHALAMIC KNIFE-CUTS: BODY WEIGHTS.

Results for sham-operated (NL, non-lesioned)’rats, fed either Chow
or a cafeteria diet (Cafe), and for rats receiving knife-cuts (KC)
between.the Tlateral and ventromedial hypothalamus, fed either Chow, a
cafeteria diet (Cafe), or pair-fed to chow-fed controls (Pair-fed).
Results given are means * S.E.M. Blanks in the Table (--) indicate that
there are no animals in those partjcular categories. n = 24 (NL rats) or
n= 36 (KC rats) for the first two time periods shown; thereafter, n =
12 for all five groups. - >

Analysis by ANOVA showed a significant- main effect of cafeteria-
feeding on body weight. At sacrifice, ANOVA indicates that KC rats were
heavier than all NL rats and CAFE rats were heavier than chow-fed rats.




TREATMENT . Chow Pair-fed Cafe

Body weight change (g)
During diet period
NL ' 55 + 3.3 -- " 63 4.0
KC 118 + 11.0 ° 48 + 3.6 180 + 6.2

Buring fasting period
- fed ad 1lib.

NL 0.7 + 1.4 - 1.8 + 2.1
KC 7.0 £ 1.6 2.8 +1.4 6.2 2.0
- fasted
NL -22.0 £ 1.0 - -11.0 + 1.3
KC -34.0 + 3.8 -18.0 + 3.2 -21.0 + 2.7
Naso-anal lengths (mm)
NL 206 + 1.0 -— 205 +'1.3.
KC 214 + 2.0 208 + 1.5 219'+ 1.1
o Lee Obesity index x 103
NL 304 + 1.5 - 308 + 2.5
KC 329 + 4.4 311 ¢ 1.9 337 + 2.7

TABLE 4. STUDY OF HYPOTHALAMIC KNIFE-CUTS: BODY WEIGHT CHANGES. NASO-i
ANAL LENGTHS, AND LEE INDICES.

Rats were treated and statistical analyses were performed as
described in the legend to Table 3. The Lee Index of obesity is the cube
root of body weight (in grams) divided by body length (in cm). n = 12
for all groups except for body weight changes during fasting period,
where n = 6. _

Analysis by ANOVA showed a significant main effect of KC on naso-
anal length. Both KC and CAFE had significant main effects on the Lee
- index, indicating obesity was produced’ by these two treatments. Rats
fasted 36 hours before sacrifice weighed less than corresponding fed
rats (see the body weight change), although there was no significant
difference in the wet weight of their gonadal white adipose tissue (see
Table 7).



TIME | CONTROL KNIFE-CUT

Chow Cafe Chow Cafe

Total energy intake (kcal/d)

+

Period 1 70.0 + 1.9 95.7 + 4.2 129.2 7.7 1755+ 7.5
Period 2 71.3 £ 2.9 81.6 + 3.0 106.9 + 7.2 161.4 + 5.5

I+

Macronutrient intake (g)

Carbohydrate‘
Period 1 10.9 + 0.3 11.2 + 0.6 20.2 + 1.2 20.9 £ 1.0
Period 2  11.0 + 0.4 '9.9 + 0.3 16.6 + 1.1 19.8 + 0.8
Fat
Period 1 0.9 + 0.02 4.5 + 0.1% 1.7 *+ 0.10 8.0 + 0.32
Period 2 0.9 +0.08 3.7 +0.27 1.4 + 0.09 7.4 + 0.31
Protein
'Period 1 4.6 + 0.1 2.7 +0.1 " 8.5+ 0.5 5.0 + 0.3
Period 2 4.7 + 0.2 2.4 + 0.1 7.0 + 0.5 3.9+0.2

TABLE 5. STUDY OF HYPOTHALAMIC KNIFE-CUTS: FOOD INTAKES.

Rats were treated and statistical analyses were performed as
described in the legend to Table 3. Food intakes were determined, as
described in Materials and Methods section 1ld, on two occasions (Period
1 and Period 2). Data for knife-cut rats pair-fed chow are not listed
since they were the same as control rats fed chow (column 1). Results
given are means. £ S.E.M.; n = 12 for all four groups.

Results of ANOVA showed that KC rats ate more total calories than
did controls and CAFE rats ate more than chow-fed rats; for both,
increases in consumption were seen for fat and carbohydrates (except for
carbohydrate intake by CAFE rats, which was not different from chow-fed
rats); protein intake by CAFE rats was lower than in chow-fed 'rats.
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KC ratS ate'ﬁére carbohydrate, fat, and protein than did controls; rats
fed CAFE diets ate more fat but less protein than did CHOW-fed rats. As
with the total energy intake, there was a significant interaction of KC
‘with CAFE to produce.greater intakes of the three macronutrients.

Indices of BAT function are presented in:Table 6. The total profzin
content of BAT was not changed by KC or by fasting, but it was increased
by CAFE-treatment compared to CHOW-feeding. ANOVA showed  an
fnteraction bgtween CAFE—feéding and fasting for protein g?ntent of BAT.

DNA content of BAT was actually reduced in KC rats but increased By
CAFE-treatment. The resu1ts for the activity of cytochrome oxidase were
similar: KC rats were not different from controls, but CAFETtreatﬁgnt
_caused a significant vincrease in activity.

Results for the principal index of thermogenic activity in BAT, Ehe
specific binding of GDP to isolated mitochondria, are also given in Table 6.
Three-way Analysis of Variance showed fhat binding was reduced in KC
rats and increased by CAFE-treatment and by fasting. when results wére
rbroken intoigﬁe‘subgroups, as is shown in Table 6, i} canfhs}seen that the
increase in GDP binding normally seen in CAFE-fed rats Qas reduced (in
fasted) or abolished (in fed) KC rats. Therefore, as in rats having lesions
of the YMH, KC rats have impaired thermogenic response, to overfeeding.

The results for tissue wet weights and body temperatures are given in
Table 7. Wet weight of BAT was significantly increased by KC and CAFE-
treatments. Fasting for 36 h reduced BAT wet weight compared fo fe4
rats. ANOVA also showed a frip]e interaction among KC, CAFE, and
fasting conditions. Body.tempefatures'were significantly lower in KC rats

and in fasted rats.



TREATMENT " Chow Pair-fed Cafe

Protein (mg)

Fed ad 1ib .
NL - 22.6 3.8 o 21.9 + 2.7
KC B 20.3 + 2.2 30.0 + 3.0 28.8 £ 3.2
. L

Fasted ) )

NL . f 16.4 + 1.2 - - 29.0 * 2.2
KC 18.1 + 2.2 22.9+2.9 31.3 ¢ 3.1

-~ DNA {ug)

Fed ad 1ib. : "

NL ‘ 8B1 + 36.4 - 1034 + 138.6
KC . 676-+ 29.9 801 + 48.7 842 + 76.5
Fasted ‘ ) o

NL 819 + 38.8 - 833 + 25.9
KC - 717 + 59.7 820 + 91.4 856 + 39.0

‘Cytochrome oxidase (ug atom 0p/min)

Fed ad 1ib. : -

NL 120 £ 22.9 - 169 + 20.6
KC 61.1 ¢+ 14.5. 104 + 23.0 117 * 34:3
Fasted

NL 49.7 ¢+ 12.0 } - 159 + 28.6
KC 62.3 + 16.1 87.6 £ 14.4 ;148 + 24.7

GDP Binding (pmol/mg)

Fed ad 1ib.

NL 70 + 15.3 -- 146 + 9.4
KC hl1 + 9.2 48 + 5.0 54 £+ 7.0
Fasted

NL 69 + 10.6 - 172 + 25.9
KC - 71 + 20.5 66 + 12.4 118 + 29.2

TABLE 6. STUDY OF HYPOTHALAMIC KNIFE-CUTS: BROWN ADIPOSE TISSUE.

Results for animals treated as described in the legend to Table 3.
Results given are means * S:E.M, n = 6 for all groups. .

Results were analyzed by ANOVA. Only CAFE feeding, not KC nor
fasting, had a main effect on BAT protein content. DNA centent was
decreased by KC and increased by CAFE. Cytochrome oxidase activity was
significantly increased by cafeteria-feeding. GDP binding was reduced by
KC but it was increasgg\both by cafeteria-feeding and by a fast of 36

- hours.
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TREATMENT Chow Pair-fed Cafe

Brown adipose tissue wet weight (mg)

Fed ad 1ib. | |

NL: " 515+ 82 - 974 + 95
KC 1620 * 150 954 + 104 1748 + 193
Fasted

NL . 317 ¢+ 19 : - 453 + 45
KC 947 + 177 484 + 86 1775 * 229

) . Gonadal white adipose tissue wet weight (g)

Fed ad ‘Tib. -

NL 4.2 + 0.8 - 8.8 +1.1
KC : 4.3+ 1.4 7.8+ 1.1 22.9 % 2.4 /
Fasted '(:’
‘NL 2.6 £ 0.6 — 7.0 £ 1.0
KC- . . 12.4 + 1.3 7.1 £ 0.7 22.4 £ 1.0

. Body temperature (°C)

Fed ad 1ib. |

NL .38.1 + 0.30 - & 38.4 + 0.26
KC X 37.8 + 0.20 37.7 + 0.é4 38.1 + 0.24
Fasted i

NL - 37.8 £ 0.32 - 38.1 £ 0.22
KC 37.2 £ 0.10 37.3 £ 0.13 37.8 + 0.24

TABLE 7. STUDY OF -HYPOTHALAMIC KNIFE-CUYTS: TISSUE WET WEIGHTS AND BODY
TEMPERATURES.

Results for animals treated as described in the legend to Table 3.
Results given are means *+ S.E.M with n = 6,

Results were analyzed by ANOVA which showed main effects of KC and
CAFE on the wet weight of brown adipose tissue; fasting before sacrifice
significgotly reduced this measure. It also showed that KC treatment and
fasting Significantly decreased body temperature.
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Results for serum levels of thyroid hormones are given in Table 8.
Serum T4 levels were lower in KC\rats and elevated in CAFE-treated NL
rats; however, KC rats failed to increase their serum T4 levels in response
to bAFE treatment while non-lesioned raﬁs did. ANOVA indicated that the
interaction between KC and CAFE was lower than expected from main
effects alone. Serum T, levels were not different in KC versus control
fats; T4 levels were slightly elevated in CAFE-treated rats.

Pajr-feeding KC rats to non-lesioned, CHON-fgd controls 1;rge1y
prevented the excess increase of body weight seen in ad 1ib.-fed KC rats

(Tables 3 and 4). ANOVA showed that pair-feeding reduced all 1?d1ces of
body mass and tissue mass, compared to ad 1ib.-fed KC rats. However, save
‘for naso-apal length, pair-fed KC rats had increased body- and tissue-mass
indices compared to non-lesjoned controls. Likewise, indices of functional
capacity of BAT (DNA content, and activity of cytochrome oxidase). body
temperature, and thyroid hormone levels (see Tabies 6—8i:were between
those found for KC rats and for ad 1ib.-fed controls, while not differing
significantly (statistically) from either of these groups. GDP binding of
- pair-fed KC rats was almost identical to that of chow-fed KC rats, both
fed and fasted (Table 6). The protein content of BAT waé hiéher than in

either KC or control chow-fed rats (Table 6).

Conclusion: These results suggest that the KC rat, like the rat made

obese by lesions of the ventromedial hypothalamus, cannot éctivate the

thermogenesis: in BAT normally caused by overfeeding.
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TREATMENT Chow Pair-fed Cafe

Serum T3 (ng/dL)

Fed ad 1ib.

NL , 17.8 + 2.1 - 39.8 + 6.3
KC . 10.8 + 3.1 13.5 + 5.0 10.3+ 1.4
Fasted

NL 14.7 £+ 5.0 . - 43.7 + 12.6
KC 10.2 + 2.2 7.0 x3.1 19.8 + 2.3

Serum Tg (ng/mL)

Fed ad 1ib.

NL 21.8 + 2.8 - 28,5 + 4.1
KC 23.7 + 3.3 23.6 + 5.5 19.6 + 2.2
Fasted

NL : 20.9 + 3.3 - 35.1+ 6.0
KC 22.4+4.6 16.6 + 4.1 32.2+ 6.6

TABLE 8. STUDY OF HYPOTHALAMIC KNIFE-CUTS: SERUM THYROID HORMONE LEVELS.

Results for animals treated as described in the legend to Table 3.
Results given are means * S.E.M with n = 6.

Results were analyzed by ANOVA which showed that serum T4 levels
were decreased by KC and increased by CAFE. Serum T4 levels were not
changed by XC and increased by CAFE.



~9]=

Section A3. The effects of lesions of the lateral hypothalamus on
brown adipose tissue.

Objective: The objective of this study was to determine the effects of
bilateral lesion of the lateral hypothalamus (LH lesion) on growth of, and
thermogenesis in, BAT. Since LH 1e§ions- cause increases in body
temperature and weight loss, it seemed reasonable to predict an 1ncrea§ed

growth and thermogenesis in BAT of such rats.

Design: To separate metabolic effects of the lesion from the effects of
lessened foqd intake, typical of the LHKsyndrome,'and to.contrast the
effects of cold-acclimation from those of oveffeedinq, I studied the effects
of both cold-acclimation and cafeteria-feeding; as an additional control.

non-lesioned rats were pair=fed to LH rats during the lesioned rats'

~recovery from surgery.

Ninety-six male rats, initially weighing 140 to 160 g, were used. After
12-14 days under standard holding conditions, rats were divided into three
groups of 32 based on equal body weights and growth‘rates. One group
was given bilateral heat lesions of the lateral hypothalamus (LH group), as
described in thé Materials and Methods (section 2a), while the other two
groups were anaesthetized without receiving surgery. Surgery, performed by
Dr. Donald Coscina of the Clarke Institute, was done between 06h00 and
10h00 over a three-day period.

For two weeks after surgery (Phase 1), LH rats and one group of non-
lesioned (NL) controls were féd chow ad 1ib., while the third group (also

non-lesioned) was pair-fed to the LH group. Food intakes fot all animals

(



92~

were measured throughout this phase. To ensure sufficient hydration, all
LH-1esioned rats received 4 mL ohyéio]oqical saline i.p. for the first three .
days after.surgéry; six rats required continued treatment for four more
days.

After Phase 1. each of the three.groups was subdivided into two
subgroups of 16, based on equal body weights and growth rates. One bf
the sub-groups was fed chow ad 1ib. while the other was given a
“cafeteria” diet. During this phase {Phase 2}, which continued for the next
15-23 days. food intakes were determined four times.

After Phase 2, each sub-group was again équa]]y subdivided based on
body weighfs and growth rates. One of these secondary sub-groups was
kébt at 26°C while the other was exposed to cold (4°C) for 15 h. At 0N8h0OC
the next day, rats were killed by decapitation and a standard preparation
made, as described in the Materials and Methods. .

After the expe}iment. brains were recovered and analyzed
histologically as described in section 3 of the Materials and Methods.

§tatistica1 analysis was by 1-, 2-, or 3-way ANOVA. Corrections for
repeated measurements were made as necessary. Between-group differences

were tested post-hoc by Duncan Multiple Range tests.

Results: Sizes of almost all lesions were “small” (0.4-0.6 mm dijameter)
or "moderate" (one-third of LH tissue, medio-laterally, destroyed). The
centers of the lesions were consistently in the dorso-lateral LH near the.
basal border of the thalamus; bilateral damage to the zona incerta was
common. Damage was always bilateral, although sometimes there was some

leftward or rightward lateral deviation due to slight errors in original
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determination of thesmidline. Antero-posterior placem'ent of the 1gsions was
consistently between the caudal aspects of the paraventricular nucleus and
the middle to caudal aspects of the ventromedial nuclei. The sizes of the
lesions had no clear effect on any of the results reported below. An
example of a large LH-bi1atera1 lesion {several weeks after surgery) is
shown in Figure 10.

Results for the first week after surgery (Phase 1) are given in Tab]e-
9, LH rats and pair-fed (PF) rats lost weight dur1hg this time, but the LH
rats lost significantly more. Their food eff;ciency was also significantly
lower than the -PF rats {p < 0.001), being actually less than zero during
this time. Thus the LH lesions were judged successful,

Resu1ts\f0r body weights are presented in Table 10 and results for
weight gains and food intakes are given in Table 11. By the end of Phase
1, LH-lesioned rats weighed much less than normal rats (Table 16). PF rats
had body weights that were similar to the LH-lesioned rats But they stili
weighed significantly more than the LH rats (Table 10). The rate of weight
gain of the LH-lesioned rats was not significantly different from the PF
rats but these two groups were significantly different from the normal rats
(Table 11).

During Phase 2, chow-fed LH-lesioned rats had the same food intake
and growth raté as normal rats'(Tab1e 11); PF rats gained more weight

_than the other two groups (Table 11) and had caught up to a normal body
weight by the end of Phase 2 (Table 10).

Cafeteria~feeding caused an increase in energy intake in all groups

(Table 11) but this did not affect body weight gain in either the normal or

previously PF rats. Cafeteria-fed LH-lesioned rats gained 30% less weight



FIGURE 10. DY OF LATERAL HYPOTHALAMIC LESIONS: PHOTOMICROGRAPH OF A
LONG-TERM BILATERAL LESION OF THE LATERAL HYPOTHALAMUS.

‘ Bilateral .lesions of the lateral hypothalamus were made as described
in section 2a of the Materials and Methods. The lesion on the left side
of the photomicrograph is indicated by the arrowhead. Rats were killed
five to six weeks after surgery, and this 1is reflected in the well-
defined regions of damage. Note that the edema that cccurs acutely after
lesion (Figure 5) is now absent. The lesions shown here are large; in
most other animals. smaller lesions were produced.



Normal LH-1esioned Pair-fed

Weight gain (g) 52.7 + 1.6 -8.2+4.9% . -2.323.01

Energy intake (kcal) 607 + 7.7" 301 + 18.88 301 + 18.89
Food efficiency '

* + 0.141

(g gain/100 kcal eaten) 8.8 * 0.25 -6.6 + 0.248 1.4

TABLE 9. STUDY OF LATERAL HYPOTHALAMIC LESIONS: INITIAL WEIGHT

aCHANGES,FDOD INTAKE, AND FOOD EFFICIENCY (DAYS 1-7 AFTER
LESION).

For this Table and those foljowing (Tables 10-14), the following was
done. Rats were given LH lesions {(LH-lesioned), or pair-fed to lesioned
rats during phase 1, or fed chow ad 1ib. (Normal). Values shown are
means + S.E.M. for n = 32 for all groups.

Within each line, results of one-way ANOVA (Duncan's Multiple Range
Test used as a post-hoc test) are shown, with significant differences-
(p 2 0.001) indicated by differing superscripts. (If no superscripts are
shotvn, there was no significant difference across groups.)
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DIET GROUP

Normal - LH-lesioned Pair-fed

Initial body weights{g)
Chow 149 * 1.5 147 + 1.1 147 + 1.2

Body weight at lesioning (g)
Chow 253 * 1.7

~

* 242 + 1.08 246 + 1.38

Body weight at end Phase 1 (en&nof pair-feeding) (g)
Chow . 329 + 2.9* 278 + 458 289 + 8.18

Body weight at end Phase 2 (end of chow or cafe period) (g)
Chow 421 + 6.1%. 361+ 7.98 406 * 4.6
Cafe 431 + 5.6" 337"+ 12.1% 399 + 6.81

I+

TABLE 10. STUDY OF LATERAL HYPOTHALAMIC LESIONS: BODY WEIGHTS.

Rats were treated and statistical analyses were performed as
described in the legend to Table 9. Values shown are means * S.E.M for
n = 32 for all means except for those from the end of phase 2, where
n = 16. Coo :

Normal rats were significantly heavier than LH-lesioned rats and
pair-fed rats at the time of lesioning because treatments were staggered
by a day for logistical reasons.

Two-way ANOVA for vajues at the end of phase 2 showed a significant
group effect (p < 0.001) and no diet effect.

‘ '
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DIET ‘ GROUP
. Normal LH-lesioned Pair-fed
Weight gain (g/day)
Phase 0 8.0 + 0.16 8.3 + 0.14 7.9 + 0.14
Phase 1 ' 6.9 +0.28" 2.9 + 0.35% 3.7 + 0.263
Phase 2  Chow 5.0 + 0.23" 4.6 + 0.35" 6.4 + 0.29%
Cafe - 5.6+ 0.26" 3.3 + 0.458 6.0 + 0.37"
Energy intake (kcal/day)
Phase 2
Meal 1  Chow 94.9 + 2.7° 88.1 + 2.0" 104.1 + 3.38
Cafe 122.7 + 4.2 110.8 + 3.8§ - 119.9 % 1.9% .
Meal 2 Chow 83.6 + 3.0" 74.1 + 2.68 85.5 + 2.1*
. Cafe 107.2 + 2.4 99.9 + 4.6 106.8 + 2.3
Meal 3  Chow 73.3 ¢+ 1.9% 85.8 + 3.08 100.3 + 2.6Y
Cafe 124.6 + 4.8" 101.0 * 5.7% 123.2 + 3.5"
Meal 4 Chow 80.2 + 1.8 74.6 + 2.5 80.5 + 3.1
Cafe 106.9 + 4.3 95.0 + 4.0 104.7 + 4.4

TABLE 11. STUDY OF LATERAL HYPOTHALAMIC LESIONS: BODY WEIGHT GAINS AND
FOOD INTAKES.

Rats were treated and statistical analyses were performed as
described in the legend to Table 9. p-values weré less ‘than 0.05 or
smaller for all significant differences. Values shown are means * 5.E.M
for n = 32 for phases 0 and 1, and n = 16 for phase 2.

Two-way ANOVA ¢ for . energy intake results for phase 2 showed
significant main 2ffects of diet and meal (p < 0.001).
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than the chow-fed LH-lesioned rats despite an average energy intake 26%
greater than the chow-fed rats (Table 11). The energy intakes of the three
cafeteria-fed groups was similar, yet the LH-Tesioned rats gained 40% less
than normal rats and 45%_less than the previously PF rats (Table 11). Thus
by the end of Phase 2, cafeteria~fed LH-lesioned rats weighed 22% less
than cafeteria-fed normal, rats while the previously PF rats had a deficit
of only 7% (Table 10). Likewise, chow-fed LH-lesioned rats weighed 14%
less than chow-fed control rats, while the previously PF rats had-a deficit
of on]y 4% (Table 10).

Wet weights of gonadal white aaipose tissue are presented in Table 12.
LH Jesions significantly reduced the size of.gonadal white adipose tissue
{used here as an index of body fat content), even when calculated in
proportion to reduceq body size. This difference was also found in
cafeteria~fed rats. Wet weights of white fat from normal and previously PF
rats did not differ from one another.

Body temperatures are presented in Table 13. Cafeteria-feeding had a
.significant effect on body temperature across all groups. Body temperatures
were maintained in cold-exposed rats; the effect of cafeteria-feeding was
still seen in cold-exposed rats. |

* Findings for brown adipose tissue are given in Table 14. The we£
weight of BAT of chow-fed LH-lesioned rats was lower than that of the
normal rats, probably due to lower fat content in the tissue; since the
total protein content was the same as in nermal animals. BAT protein
content, expressed per tissue wet weight, was actually elevated in chow-

fed LH-1esioned rats. Thus these animals seemed to maintain a lower-than-
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DIET AMBIENT GROUP
TEMPERATURE
' Normal - LH-1esioned Pair-fed
) Total wet weight (g)
Chow Warm 5.2 + 0.40* 3.5 + 0.418 4.9 t 0.28"
Cold 4.7 + 0.25" 3.3 1 0.278 4.9 + 0.15"
Cafe Warm 7.3 + 0.52% 4.3 + 0.498 6.7 + 0.42"
Cold 8.2 0.56 4.9 + 0.785 7.8 £ 0.49"
Wet weigﬁt per metabolic body mass (g/kg?-7%)
Chow Warm 9.9 + 0.71" 7.5 + 0.748 9.7 + 0.52"
Cold 8.9 + 0.44" 7.1+0.468 9.6+ 0.31"
Cafe Warm - 13.6 + 0.89% 9.5 + 0.845% 13.2 +-0.79"
Cold 15.3 + 0.92" 10.8 + 1.328 15.7 % 1.06"

TABLE 12. STUDY OF LATERAL HYPOTHALAMIC LESIONS: WEIGHT OF GONADAL WHITE
ADIPOSE TISSUE AT THE END OF PHASE 2.

Rats were treated and statistical analyses were performed as
described in the legend to Figure 9. p < 0.05 or smaller for all one-way
ANOVA comparisons. Values shown are means + S.E.M for n = 8.

For both total wet weight and wet weight per metabolic body mass,

two-way ANOVA showed main effects of group and of diet {p < 0.0001) with
no interaction. .
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DIET AMBIENT GROUP
' TEMPERATURE \ |
Normal LH-lesioned Pair-fed
Chow Warm 37.2 + 0.17 37.4 £0.19  37.7 £ 0.12
Cold 37.5 + 0.12 37.7 + 0.11 37.7 + 0.10
Cafe Warm 38.3 + 0.17 38.7 + 0.13 38.4 + 0.14
Cold 38.0 + 0.14 3.1+ 0.11 38.3 + 0.17

TABLE 13. STUDY OF LATERAL HYPOTHALAMIC LESIONS: BODY TEMPERATURES AT
THE END OF PHASE 2.

Rats were treated and statistical analyses were performed as
described in the legend of Tahle 9. Values shown are means * $.E.M. for
n =8 for all means.

There were no significant differences for comparisons made by one~
way ANOVA. Two-way ANOVA showed a signifiecant main effect of diet.
{p < 0.0001) and no main effect of group; a significant interaction
{p < 0.002) was found between ambient temperature and diet.
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DIET AMBIENT GROUP
TEMPERATURE .

Normal LH-1esioned Pair-fed

Wet ﬁeight (mg)_
Chow . Warm 692 * 28.2 503 + 74.3 7124

+ 28.9
Cold 532 + 37.6 392 + 56.8 493 + 28.3

Cafe Warm 1304 + 56.1 1162 + 76.3 1138 + 44.8
Cold 1054 *+ 62.8 -822 + 108.9 966 + 83.9

Total protein (mg)

Chow ' warm 21.3 + 2.34 25.5 + 2.75 21.9 + 3.04
Cold 42.0 + 2.78% 32.3 + 2.178 34.7  2.228

Cafe Warm 25.2 + 3.06" 37.3+4.18%8  27.3 & 2.54*
Cold 50.1 + 5.70 44.6 + 4.28 37.6 + 3.30

. Protein concentration (mg/g)

Chow Warm 30.9 + 3.21 45.4 *+ 6.66 32.0 % 6.72
Cold 80.7 + 6.32 75.0 + .16 70.2 + 1.83

Cafe Warm 19.2 % 1.90% 32.4 + 4.218 24.0 + 2.00%
Cold 48.4 + 5.27 59.6 + 8.27 41.2 + 5.09

TABLE 14. STUDY OF LATERAL HYPOTHALAMIC LESIONS: BROWN ADIPOSE TISSUE.

Rats were  treated as described in the legend to Table 9. n = 8 for
all means; p < 0.05 oq?sma11er for all one-way ANOVA comparisons.

Resu]ts of two-way ANOVA are summarized below (NS = not
significant): -
FACTOR | AMBIENT MAIN EFFECT
ANALYZED TEMPERATURE "~ GROUP DIET
Wet weight Warm ) NS p < 0.0001
Cold NS p < 0.0001
Total protein Warm p < 0.0% p < 0.01
_ Cold p < 0.0% p <0.01
Protein concentration Warm p < 0.02 p < 0.01
Cold NS p < 0.0001
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.normal tissue concentration of lipid, even when the‘tota1 amount was
elevated, as in the cafeteria-fed LH-lesioned rats.

The cafeteria treatment almost doubled the wet weight.of BAT, but
. since there was only ah25% increase in total protein content, the increase
was due mostly to stored fat. Cold-exposure con;istent1y decreased BAT
wet weight, 1ikely due tomobilization of 1ipid, since total protein content
and proteiﬁ'éonéentrations increased due to this treatment:

The increased protein concentration in BAT of LH-lesioned rats can be
expressed in terms of metabolic mass (BW'75, where BW = body weight)
and this is presented grﬁbhica]]y in Figure 11. When so expressed, BAT
protein‘ﬁas'nreéenf.in greater amounts than normal in LH-lesioned rats,
especially in those that had been éafeteria-fed. In response to cafeté}ia-
feeding, BAT gréw 51% in LH-Tesioned raté as opposed to 15-25% in normal
or previously PF rats. Thds, expressed per metabolic body mass, cafeteria-
fed‘LH-1esioned rats had 53-77% m&?e metabolically-active-BAT than did
normal or preyiously PF rats. However, growth of BAT (increase in ﬁrotein
content) due to the 15 h cold-exposure, which occurred in all groups, was
smaller in tH-lesioned groups than in other groups.

GOP-binding to mitochondria is presehted }n Figure 12. GDP binding
tended to be h{gher in LH-1esioned rats across groups. It increased due to
cafeterjaFféeding in all warm-exposed rats. Cold-exposure caused a greater
increase h1GDPbinding;in all animals, than did cafeteria-feeding, a result .

found in othgr studies as well. In cold-exposed, cafeteria-fed rats, binding

was higher in LH-lesioned rats than in the other two groups.
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FIGURE 11. STUDY OF LATERAL HYPOTHALAMIC LESIONS: PROTEIN.

adipose

Rats were treated and statistical analyses were performed as

tissue is expressed in terms of body metabolic size (BW-

described in the legend to ‘Table 9. Here. protein content of br$gn

where BW

is the body weight; i.e., the Kleiber relationship). Values

shown are means: error bars represent S.E.M. for n = 8.

For rats kept in the warm (26°C, symbol W), one-way ANOVA showed no

differences between chow-fed groups but a significantly greater protein
content in the LH-lesioned CAFE group than in'CAFE-fed nonlesioned or.
pair-fed groups (indicated by darkened portion of bar}). Two-way ANOVA by

diet and

surgery treatments for W rats showed significant effects of

both of these treatments.

For groups in the cold (4°C, symbol C), one-way ANOVA showed no

significant differences between groups for any diet; two-way ANOVA
+ across diet groups shows a significant diet effect and no group effect.

p < 0.01 or smalter for all significant effects.
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BAT MITOCHONDRIAL GDP BINDING
) pmol/mg protein
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FIGURE 12. STUDY OF LATERAL HYPOTHALAMIC LESIONS: GDP BINDING.

Rats were treated and statistical analyses were performed as
described in the legend to Table 9. Values shown are means; error bars
represent S.E.M. for n = 8.

For animals kept 1in the warm (26°C. symbol W), ANOVA shows no
significant differences between chow-fed groups or between CAFE-fed
groups; two-way ANOVA by diet and surgery showed no group effect but a
significant diet effect.

For animals kept in the cold (4°C, symbol <€), ANOVA showed no
significant differences bhetween chow-fed groups and a significantiy
greater value for CAFE-fed LH-lesioned rats than for nonlesioned or
pair-fed rats. Two-way ANOVA of C rats across diet groups showed no
significant diet effect but a significant effect of surgery.

p < 0.01 or smaller for all significant effects.
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.. Conclusion: These findings suggest that the LH-lesioned rat has more
BAT per body weight than do normal or previously pair-fed rats.'Rats
having LH-lesions are capable of the normal cold-induced increase in non-
Ashivering. thermogenesis in BAT, and demonstrate an exqggerated diet-
induced’growth of BAT. These changes occur in spife of the usual effects

of a reduced food intake, which include atrophy of BAT and suppression of

thermogenesis in BAT.
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PART 8. THYROXINE 5°'-DEIODINASE 1IN BROWN ADIPOSE TISSUE:
CONTROL AND FUNCTION.

Section 1. Effects of cold and of dief on thyroxine. 5'-deiodinase
activity in brown adipose tissue of rats. '

Objective: The objective of this work was to characterize the effects

__of cold and of diet on thyroxine 5'-deicdinase (75'D) activity in brown

adipose tissue of rats.

Design: This work was done in conjunction with Dr. Jan Kopecky of
the Czechoslovakian Academy of Science. We studied the time course of
changes in T5'D activity in rats exposed to cold, a stimulus known to
stimulate activity of this enzyme. To determiné the relationship between
elevations in T5'D activity and in GDP binding, we also studied T5'D in
rats fed a cafeteria diet. known to increase GDP binding.

In the first experiment, changes in 75'D activity in cold-exposed rats
were studied as a time-course. Rats weighing 290 to 340 g, which had been
previously kept under standard holding conditionsf.ﬁere exposed to cold
(4°C) tor 0, 2, 10. or 24 hours or for 3 or 10 days. ﬁafs were then killed
and their BAT was removed and c1ean;d as described in the Materials and
Methods. BAT was homogenized in ice-cold mitochondrial isolation medium,
then aliguots were frozen and stored-at -80°C until assayed for activity of
T5'0D.

In the second experiment, rats were fed either chow, or chow plus

cafeteria food. for 12 days. They were then‘ killed and homogenates

prepared for assay of GDP binding and T5'D activity as described above.
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Results: The timg course of changes in body weight, wet weight of‘
BAT, and total protein in BAT are presented in Table 15. Body weights
were not affected by treatment (except in rats exposed to cold for 2
hours, probably dué to diuresis}. The wet weight of BAT did not )
significantly increase over initial levels until 10 days in the cold; 1ﬁ
contrast, total protein was increased within 10 hours of cold-exposure.

The effect of cold-exposure on T5'D activity (both specific activity
and total activity) is shown in Figure 13. Thé increase in activity after 2
hours of cold-exposure was statistically significant. Nevertheless, it is
after 10 hours that the increase is most gtriking. The specific and total
activities of T5'D then decreased from the peak at 10 hours but remained
greatly é]evated (some 50-fold) over the initial values seen in the warm-
acclimated rats.

The effects of cafeteria-feeding on T5'D activity and other indices of
BAT function are presented in Table 16. The BAT of cafeteria-fed rats had
greater wet weight and protein content than that of chow-fed rats. As
expetted, cafeteria-feedihg greatly increased the level of GDP binding;
however, it had no significant effect on the total activity of T5'D, thus
demonstrating‘a dissociation between these two'indicés, which do rise in
concert in co1d;exposure'and cold-acclimation. Indeed, when expressed as
specific activity, therewas asignificant decrease in the cafeteria-fed rats,
due to growth of the tissue (an increase in total protein)\without a
corresponding ipcrease in total activity'of.TS'D. '

=
Conclusions: Exposure to cold caused an extremely great increase in

activity of T5'D even within 10 hours. Cafeteria-feeding did not affect the
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»

TIME AT BODY BROWN ADIPOSE TISSUE

qoC WEIGHT (g) _

Weight (mg) Protein (mg)

0h 321.3 + 4.8 386 + 22.5 34.9 £ 2.45
2 h 291.5 + 7.4* 393 + 22.5 41.3 + 3.30
10 h 332.3 + 7.4 337 & 33.5 0.7 + 3.55"
24 h 326.8 + 9.3 411 + 28. 69.5 + 8.40%
3d 318.8 £9.2 449 + 36.0 64.9 + 4.35%
10 d 306.0 # *

12.2 859 + 43.5" 119.9 + 10.3

TABLE 15. STUDY OF THYROXINE 5°'-DEIODINASE: TIME-COURSE OF CHANGES IN
BROWN ADIPOSE TISSUE IN RATS EXPOSED TO COLD.

Rats were placed in the cold :.(4°C) for the times indicated. They
were then killed and BAT was isolated, cleaned, and prepared as usual.
Values shown are means + S.E.M. for'n = 4. Asterisks indicate values
significantly diftferent from valdes at 0 hours of cold-exposure
(Student!s t-test); p < 0.05 or smaller for all significant differences.
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_  5'-DEIODINASE RATS
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TOTAL ACTIVITY
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FIGURE 13. SYUDY OF THYROXINE 5'-DEIODINASE: TIME-COURSE OF ENZYME
ACTIVITY IN RATS EXPOSED TO COLD.

Thyroxine 5'-deiodinase activity {both specific and total) in brown
adipose tissues of rats during acute and-long-term exposure to cold
(4°C). Error bars for initial values (0 n and 2 h of cold-exposure) are
too small to show. A1l later values are significantly greater (Student's
t-test) than the initial values {p < 0.0l or smaller).

e
Ly
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CHOW-FED CAFETERIA-FED

Body weight (g) 268 + 4Z§} 232 + 7.7"
Gonadal white adipose tissue (g) 2.23 £ 0:25 3.19 + 0.4}1
Brown adipose tissue ‘
Wet weight (mg) 363 = 28.0 751 + 39.1%
Protein (mg) 16.4 *+ 0.62 26.1 + 1.10%
Ta 5'-deiodinase: . '

Specific activity (fmol/mg/h) 79 + 5.4 38 + 9.0%

Total activity {pmol/h) 1.29 + 0.089 0.97 + 0.219
GDP binding (pmol/mg) 43 + 5.7 208 + 37.0%

TABLE 16. STUDY OF THYROXINE 5'-DEIODINASE: EFFECTS OF A CAFETERIA DIET
ON BODY WEIGHT, BROWN AND WHITE ADIPOSE TISSUE.

Rats, initially having the same mean body weight. were fed either
chow, or a cafeteria diet plus chow, for 12 days. They were then killed
and BAT prepared as described in the text. Values represent means %
S.E.M. with n = 4. An asterisk indicates a significant effect of
cafeteria-feeding (Student's t-test). p < 0.01 or smaller for all
significant differences.
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total tissue activity of this enzyme. This demonstrates that the regulation
of this enzyme is not identical with the regulation of BAT thermogenesis

(as indicated by GDP binding).
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Section 2. Circadian changes in thyroxine 5'-deiodinase activity and
' GDP binding in warm-acclimated, cold-acclimated, and
cafeteria-fed rats.

Objectiﬁe: The objective of this experiment was to determine whether
there is any circadian variation of the activity of thyroxine 5'~dejodinase
(T5'D) in BAT of warm-acciimated, cold-acclimated, and cafeteria-fed rats,
and to correlate this with changes in GDP binding. From the studies cited
in the Introduction showing daily cycles in other aspects of BAT, it was
expected that -a circadian cycle in 75'D activity might be found. A secqu
6Ejective of this study was to determine whether the finding from Results
section Bl, that cafeteria-feeding did not cause the activation of T5'D,

was due to an artifact of the time of day, or was generally true.

Design: Seventy-two rats weighing 190 to 220 g were divided into
three groups of 24 based on equal body weights and growth rates. Rats
were then subjected for two weeks to one of three treatments: a) standard
holding conditions; h) exposure to cold (4°C); c) cafeteria-feeding. Lighting
was on a 12L:12D pattern, with lights-on at 07h00 and 1ights-off at 19h00,
Cafeteria food was changed déi1y and was offered just before lights-out.

Each of the three groups was subdivided into four groups of six based
on body weights and arowth rates. At four different times of day (01h30.
07h30, 13h30, and 19h30) rats from three subgroups (two of each treatment
type) were killed by decapitation and standard preparations were made.
Statistical analyses were as described in the legends to the Tables and

Figures below.
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Results: Results for body weights of rats in the three treatment groups
at the four times studied are given in Table 17. There were no significant
_differences in body weights for any grbups at the beginning of treatments.
There was a significant effect of time of day on final body weights {and,
perforce, on change of body weight during the experimental period), with

the_maxima for all th roups at 0lh30 and minima at 13h30.

This is likely reldted to the rats' circadian pattern of eating, with rats

heaviest in t middle of the dark period (after feeding) and lightest at
13h30, in ghe midd]e of the "daylight" period of fasting.
Body/temperatures and tissue wet weights (for white adipose tissue and‘
brown Adipose tissue) are shown in Table 18. As expected, treatment had
significant effects on body temperature, WAT wet weight, and BAT wet
weight, as documented numerous times in previously-reported studies. More
interkstingly, these results showlthat there is no circadian variation in the
sizel f WAT storeg but there was such a rhythm in both body temperature
and wét weight of BAT. For all three treatmeﬁt.groups. body temperature
was minimal at 13h30 and maximal at 0lh30. This is orobably due to the
amount of activity performed by the rats, which is correspondingly minimal
‘and maximal at those times. Note also that the range of variation is the
greatest for the cafeteria-fed rats and least for the cold-acclimated rats.
A statistically significant variation in the wet Qeight of BAT was also
found but the amount of variation within any one treatmeﬁt group was
small and difficult to interpret.

Results for total protein content of BAT are presented graphically in

Figure 14. Not surprisingly, there was a significant effect of treatment on
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Time of day
TREATMENT =~ °  07h30 13h30 19h30 01h30

Body weight (g)
At the start of treatment
5.0 209.2 + 4.1

WA ' 200.5% 4.6 206.2%4.4 197.2:

‘CAFE o 1947 ¢ 6.5 204.3 % 4.6 205.8 + 3.6 206.8 + 4.2

CA 200.7 + 7.2 204.2 +3.1 204.2+5.7 206.7 * 3.6
Final

WA 311.5 + 8.4 308.8 + 6.7° 315.2 + 7.1° 346.0 £ 7.7§

CAFE 289.0 + 7.0% 290.0 * 6.6 295.8 + 9.0 311.0 + 8.4"

CA 1 281.5 + 10.6°8 268.7 £ 4.7° 287.0 +7.7°8 296.8 + 5.7 °
Change

WA 111.0 + 7.6° 102.7 + 6.0° 118.0 + 5.1% 136.8 5.3

CAFE 94.3+ 1.0 85.7+2.9% 90.0+5.8" 104.2%09.0

cA " . 80.8+ 9.6'5 64.51%3.5" 82.8:+3.9% 8982538

TABLE 17. CIRCADIAN STUDY: BODY WEIGHTS.

For two weeks, rats were kept under standard holding conditions (WA,
warm-acclimated), cafeteria-fed (CAFE), or exposed to +4°C (CA, cold-
acclimated), then killed at 07h30, 13h30, 19h30, or 01h30. Values shown
are means * S.E.M, for n = 6. ,

Results were analyzed by one-way ANOVA (Duncan's post-hoc test).
Across any 1line, means not differing significantly from one another are’
indicated by the same symbol. (If no groups differed from any others, no
symbols are shown.)

Results were also analyzed by two-way ANOVA for main effects of
treatment and of time studied. Np effects were found for body weights at
the beginning of treatments. There were significant effects of both
treatment and time for both final body weight a /pd change of body weight
over the exper1ment
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Time of day !
07h30 13h30 19h30 01h30
TREATMENT. . _ BODY TEMPERATURE (°C)
WA 37.5 + 0.17°8 . 36.9 +-0.26~ 37.8 + 0.24§ 38.1 z 0.16%
CAFE 37.6 + 0.31*% 37.4 + 0.24* 38.3 + 0.158 38.7 # 0.198
CA 37.2 +0.18 37.1+0.30 37.4 +0.39 37.8 £ 0.17
TISSUE WET WEIGHTS:
Gonadal white adipose tissue (g)
WA 26+0.16' 3.2+0.10 3.0%0.22 3.0 +0.28
CAFE 4.1+0.38  4.3£0.22 3.5%0.32 4.53%0.35
CA 20+0.16 2.0%0.13 18007 1.7%0.15
f// -
ﬂ/// Browh adipose tissue (mg)
WA 458 + 24.2 430 £ 19.2 483 + 37.2 539 + 28.4
CAFE 863 + 63.6° 990 + 48. 1*§ 929 + 40.7°§ 1042 + 111.98
CA 972 + 11.0°5 844 + 38.6° 968 ¢‘45.g*§ 1022 + 44.35

TABLE 18. CIRCADIAN STUDY: BODY TEMPERATURES AND TISSUE WET WEIGHTS.

Rats were. treated and statistical analyses were performed as
described in the legend to Table 17.

Refults of one-way ANOVA are presented as described in the legend to
Table 17. Results were analyzed by two-way ANOVA for main effects of
treatment and of time studied. Significant effects of treatment and of
time of day were found for all indices here reported except for wet
weight of white adipose tissue, for which there was no significant
effect of time of day.
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FIGURE 14. CIRCADIAN STUDY: PROTEIN.

Rats were treated and statistical analyses were perfeggpd as
described in the legend to Table’ '17. VYalues 'shown are means for n = 6;
error bars represent S.E.M, (they are too small to be shown for some
data points). Lights-on is indicated by the light area on the time axis:
lights-off by the dark area. :

One-way ANOVA showed that the only pairwise significant differences
were for cold-acclimated rats, where the value for 19h30 was greater
than those for 07h30 and 13h30. Two-way ANOVA showed that there is a
significant effect of treatment on total protein in BAT. Total protein
was not significantly affected by the time of day. -
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this index of BAT function. However, no §1gnif1cant effect of time of day
was found.

Circadian variations in GDP binding are shown in Figure 15. From this
it can be seen that there is no obvious pattern‘of circadian change in
warm-acclimated rats but there is in cafeteria~fed rats (maximum at 07h30.
just after lights-on) and in cold-acclimated rats (maximum at 13h30, in the

“ middle of the lights-on period, when‘muscu1ar activity is at its minimum).
The variation (in relative terms) is most marked-for the caféteria-fed rats.

Variations in total activity of thyroxine 5'-deiodinase (T5'D) are shown
in Figure 16. As shown above jn ResuTts-section'Bl.'cafeter%a-feedihg
failed to increase T5'D activity“above the level seen in chow-fed, warm-
acclimated rats. This was true no ﬁatter what time of day the rats were
studied. In contrast, cold-acclimated réts had greatly increésed T5'D
activity, as eipected from previous finding§ (Results section Bl}. While,
from the appearance of Figure 16 one miéht suspect that there is a
circadian variation in T5'D ;ctivity in co1d-a§t11mated rats, in fact the;e
"are no statﬁstica]1y-significant diﬁferences bet&eenﬂany of the time points
for these rats. fIf all treatﬁents are considebed together (two-way

~ANOVA), there is a significant effect of time of day:on T5'D activity,
with the maximum at 07h30 and the minimum at 01h30. However, such an
analysis is invalid because the T5'D activities in cold-acclimated rats are
so different from those found in the other two groups that the populatien
as a whole is not normally distributed.)
" Conclusions: Circadian variations in body weight, body temperature,

and wet weight of BAT were found in this study. Circadian variation was
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FIGURE 15j CIRCADIAN STUDY: GDP BINDING;

Rats were treated and statistical analyses were pertormed as
described in the legend to Table 17. Results are presented as described
in the legend to Figure 14. '

By one-way ANOVA, there were significant pairwise differences within
two treatment groups. For cafeterja=fed rats, the value at 07h30 was
greater than those for 19h30 and 01h30. In the cold-acclimated rats, the
mean at 13h30 was different from those at 19h30 and at 01h30.

Two-way ANOVA showed that there were significant main effect for
both treatment and time of day.
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TOTAL T, 5'-DEIODINASE IN BAT
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FIGURE 16. CIRCADfAN STUDY: THYROXINE 5'~DEIODINASE ACTIVITY.

Rats were treated and statistical analyses were performed as
described in the legend to Table 17. Results are presented as described
in the legend to Figure 14, Note the break in the Total Agctivity
{ordinate) axis. ‘ '

By one-way ANOVA, the only pairwise difference within any treatment
group was in cold-acclimated rats, where the value at 07h30 was
significantly different from all other points in this treatment group.
Two-way ANOVA indicated that there were a significant effects for both
treatment and time of day. :
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found in GOP binding of cold-acclimated and cafeteria~fed rats. There was
no circadian variation in wet weight of white adipose tissue or in total
protein content of BAT. As well, when considered separately by treatment
groups (chow-fed, cold-acclimated, or cafeteria-fed), there was no '
significant effect of the time of day on T5'D activity. Therefore, the

finding from Results section Bl is confirmed and expanded: cafeteria-

»”

feeding has no effect on T5'D activity at any time of day.

~



-121-

Saction 3. The role of thyroxine 5'-deiodinase in the response of

brown adipose tissue of thyroidectomized rats to acute and
Jong-term exposure to cold.

Objectives: The objective of. this study was to determine whether
endogenous production of triiodofhyronine (Tg) from thyroxine (Tg) by the
thyroxine 5'-deiodinase (T75'D) in BAT is necessary for the acute
thermogenic response, or-the long-term growth, or both, of BAT “in cold-
exposed rats. A second goal of this project was to study the changes in
composition of BAT mitochondrial proteins with thel newly‘de%e]oped

radioimmunoassay for UCP.

Design: From work done previously in our laboratory by Or. Joan
Triandafi11ou(Triandafi11oug§§l.1982),ithadbeencoﬁc1udedthatthyroid
hormones were needed only in a permissive role for BAT response to cold.
In that study, T4 was injected into thyroidectomized rats. With the

discovery of the T5'D in BAT\ it was pqssible to refinférpret.the findings

onversion in situ of Ty fb.T3. Therefore,

—— —

of that study as representing

the role of T3ﬁm1ght be more than simply permissive. To test the vali&ity
of the previous study, the present experiments were performed by adding a
condition that ruled opt.conveksion of T4 in BAT: the injection of Tq as
the replacement thyroid hormone.

To determine whether endogenously-produced T4 was necessary for
" BAT function, the source of thyroid hormones was removed. Thus.
thyroidectomized (T,) rats supp1eménted with either Tg or T4 (or vehicle)
were studied after acute (15 hours) or Jong-term (3-4 week) exposure to

cold. If the deiodinase were playing an impdrtant role, Ty3-injected rats
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would be similar to vehicle-injected rats; if they were similar to T4~
injected rats, the original conclusion would be supported. 15 hours was
used as an acute stimulus because it was known that this was<sufficient
time to allow a significant réSponse by 75'D (see Resutts section Bl). '

The acute effects of cold-exposure were studied in the first
expériment. Thé benchwork in this experiment, except the determination of.
serum Ty and Tq levels, was done by Mr. David Mount under my
co~-supervision and ié here reported for completeness. Forty male rats,
initially weighing 200 to 225 g, were used. Twenty-seven were
thyroidectomized {Ty) and thirteen were sham-operated by the supplier
{(Charles River). Rats were shipped two weéks after surger&.

On arrival, rats were kept under standard holding conditions except
that, instead of water, Ty rats were given 0.125 % calcium solution to
drink. For four weeks after arrival, rats were given one of four
treatments: a) nine Ty rats were injected with T3 (s.c., 0.5 ug per 100 g);
b) ten T, rats were injected with T4 (s. c., 2.5 ug per 100 g): c) eight T,
rats were injected with vehicle (10% rat serum in normal saline); d) sham-
operated rats were not given any special treatment. Injections were
performed daily between 16h00 and 17h00.

After four to five weeks of treatment, some rats were exposed to cold -
{4°C} for 15 h beginning at }7h00 (for n-values, see tables below). Rats
were killed by sdecapitation and standard preparations were made;
preparations weré done for seven days.

In the second experiment, the long-term effects of cold-acclimation

were studied. Forty-eight rats (35 Ty, 13 sham-operated) were used. Rats

were treated as in experiment 1 except that 14 T, rats'were injected with
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T3, 18 with Ty, and 7 with vehicle. These treatments were continued for
40 days. Then 7 each of the sham-operated, T3-, and Tg-injected rats were
placed for two days at 14°C, then for 18-23 days at 4°C, while all other
: rats_(7T3—ihjectedrats,'7T4-injectedrats,7vehic1e-1njectederats,and
6 sham-operated rats) remained at 26°C. The injections were continued for

this period. Rats were killed by decapitation and standard preparations

made.

Results: a) Acute exposure to cold. The acute effects of exposure to
cold (4°C) on quy weights and body tEmperatureE in Ty and sham-
operated ratg are presented in Table 19. As can be seen from the change‘
in body weight from beginning to end of the experiment, vehicle-injected
T, rats had an almost éomp1ete failure of growth (as expected) while the
Ta-injected rats 1$gged in growth. Vehiclefinjected rats were also
hypothermic; other rats were normothermic. '

The acute effects of cold-exposure on the size of BAT and on serunr
thyroid hormone levels are shown in Table 20. The wet weight of BAT was

significantly reduced in T4- and Tg-injected rats while total protein

content was not affected by agy treatment.

-~

I% protein is expressed per body weight; then it was significaht]y
increased in vehic]e-injectedthyroidectomizedrats(Table%O).ThebrjeflS
hour exposure to cold did not affect the wet weight of BAT or its protein
content in any treatment group. .

Sefum Tq and T4 levels were greatly reducea by thyroidectomy,_as_

expected, a]tﬁbugh Ty Tevels in cold-exposed, vehicle-injected rats were

surprisingly high (Table 20). T3 Tevels were reduced in both T3~ and Ty4-
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TEMPERATURE Sham Vehicle Ta T3
: operated injected injected injected
n VALUES
WA 5 8 5 5
CA 8 4 _ 8 5

Initial body weight (g)

WA 256 * 5.4 237 + 4.0 236 + 5.0 227 + 4.6

CA 252 & 3.3 246\} 6.6 224 + 2.5 225 + 7.9
Final body weight (g)

WA 438 + 21.7 239 + 3.8 808 £ 6.5 375 + 10.2

CA 431 + 9.9 270 + 10.8 391 + 10.9 375 + 12.2

_ Change in body weight (g)

WA 181 + 17.3 2 +7.3% 168 * 5.6 147 + 6.8"

CA 180 + 8.9 30 + 13.6" 168 * 8.7 150 + 4.7"
Body temperature (°C)

WA 37.3/+ 0.2 36.3 + 0.3% 37.1 £ 0.2 37.1 £ 0.1

CA 3706 + 0.1 36.1+ 0.6  37.8 % 0.2 37.3 + 0.1

TABLE 19. EFFECTS OF ACUTE COLD-EXPOSURE IN THYROIDECTOMIZED RATS: BODY
- WEIGHTS AND BODY TEMPERATURES.

Rats were either sham-operated or thyroidectomized and injected with
vehicle, T4, or Tq for 4 weeks, then either left at 26°C (WA, warm-
acciimated) or exposed te 4°C for 15 hours (CA, cold-acclimated). Values
shown are means * S.E.M. for n values as shown. An asterisk indicates
values having a statistically significant effect of a treatment compared
to the corresponding sham group (Student's t-test; p < 0.05 or smaller
for all comparisons). "Initial body weight" refers to the weight of rats
at the beginning of the experimental period; “final body weight", to the
weights at the end of the experiment.

Two-way ANOVA was also performed. It indicated that there was no
significant effect of temperature and a significant effect of treatment
for all four measures reported in this Table.
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TEMPERATURE  Sham Vehicle T

operated injected injegted | 1nj:gted
Brown adipose tissue:
Wet weight (mg)
WA 499 + 24 570 + 58 334 + 31" 334 + 53%
CA 460 * 39 435 + 79 309 + 16" 303 + 26"
' Protein (mg)
WA 31.6 £ 3.81 29.9 +5.54°  27.2+4.03 26.4 % 4.87
CA 39.1+3.76  37.1% 7.00 31.5 + 2.36  31.0 # 3.05
Protein‘per body weight (mg/100g)
WA 5.5+0.89 104 + 1.65" 6.5 + 1.05 5.7 + 1.16
CA 6.7 +0.38 10.1+2.26° ° 7.0 % 0.50 7.1 + 0.99
Serum Ty (ng/dL) G
WA 41.4 + 6.5 < s* 16.9 + 3.6°  17.4 + 0.8"
CA 56.1 + 5.7 < 5* 431+ 11.8% 182 +21"
‘ Serum T4 {ng/mL) )
WA 32.1 + 1.6 0.5 + 0.3% 39.5 + 3.3 3.5 + 2.1"
CA 36.7 %

1.9 5.7 + 3.28 52.3 + 4.3% 1.1 + 0.6

; :
TABLE 20. EFFECTS OF ACUTE COLD-EXPOSURE IN THYROIDECTOMIZED RATS: BROWN
ADIPOSE TISSUE AND' SERUM THYROID HORMONES.

Rats were treated and statistical analyses were performed as
described in the legend to Table 19. An asterisk indicates a significant
effect of .treatment (compared to corresponding sham-operated control)
while a dagger indicates a significant effect of cold-exposure (compared
to warm-exposed rats in the same treatment group), as determined by
Student's t-test, with p < 0.05 or smaller for all differences reported
as significant. Note that the limit of detection for the T3 assay was 5
ng/dL. .

For the measures of the ;%ze of BAT, two-way ANOVA showed that there
was no significant effect of cold-exposure. For wet weight of BAT, and
for protein content of BAT per 100 g body weight, there were significant
effects of treatment; there was no effect of treatment on total protein

content of BAT. For serum Ty and T4 levels, ANOVA showed significant
main effects for both treatment and exposure to cold.
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injected rats; Ty levels wer'et low in Ta-injected rats, as expected.
Exposure to cold caused a significant increase in Ty Tevels in Tq~injected
rats.

GDP binding results for these rats are shown in Figure 17. It can be
seen that both T3- and T4-injected rats were able to increase GOP binding
in response to acute cold-exposure in a normal way: vehicle-injected rats
could not.

The effects of acute cold-exposure on total thyroxine 5'-deiodinase
{T5'D) activity are shown in Figure 18.‘Eo1d4exposure greatly increased the
T5'D activity in all treatment groups; thyroidectomi;ed rats-(in each of the
three treatment groups) showed an enhanced response to cold compared to
sham-operated rats. Note also that warm-acclimated, vehicle~injected rats
had a very high level of activity. Thyroidectomy is thus one of the few
ways by which the activity of T5'D can be increased in animals kept at

temperatures near thermoneutral.

Conclusions: Brown adipose tiSsué of thyroidectomized rats which are
* supplemented with eithef T3 or T4, then acutely exposed to cold. is able
to activate non-shivering thermogenesis normally and shows a supernormal
increase in thyroxine 5'-dejodinase activity. Injected or endogenéﬁs1y-

produced T4 were equally effective in allowing activation of thermogenesis;

Lack of Tq prevented the ;o1d-induced increase in GDP binding.
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FIGURE 17. EFFECTS OF ACUTE COLD- EXPDSURE IN THYROIDECTOMIZED RATS: GDP
BINDING.

Rats were treated and statistical analyses were performed as
“-described in the legend to Table 19. Values shown are means with error
bars representing the S.E.M.; black areas indicate a significant
increase in GDP binding {in each treatment group) compared to warm-
exposed rats of the same treatment group. Comparisons were made by
Student's t-test with p < 0.05 or smaller for all d1fferences reported
as being statistically gignificant.
Two-way ANOVA showed that there was no effect of treatment on GDP
binding but that there was a significant effect of cold-exposure.
Symbols:  SHAM = sham~operated (controls)
Ty = thyroidectomized, vehicle-injected
Ty + T4 = thyroidectomized, T4-1n1ected
Tx + T3 = thyroidectomized, T3-injected
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IBAT S-DEIODINASE
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FIGURE 18. EFFECTS OF ACUTE COLD-EXPOSURE IN THYROIDECTOMIZED RATS:
THYROXINE 5'-DEIODINASE ACTIVITY. °

Rats were treated  and statistical analyses were performed as
described in the legend to Table 19:; the format of this figure and the
key to symbols used are as described in the legend to Figure 17.

Two-way ANOVA showed that there wedbe significant main effects of
both treatment and exposure to cold.
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b) Acclimation to cold. Results for body weights and changes of body

weights of the rats in this second study are given in Table 21. 3

" Initial body weights of all thyroidectomized rats were lower than

sham-operated rats but replacement by T4 or Tq allowed "catcH-up" growth

so that by the beginning of cold-acclimation only vehicle-injected rats
were significantly smaller “than sham-operated control rats® Cold-
acclimation slowed growth in all threé groups (sham-opeyated, T4-injected,
and T3-injected).

Results for body . temperatures, serum thyroid hormone levels, and
brown adipose tissue are presented in Table 22. Ueth1e-injecéed rats were
significantly hypothermic: co]d«acc]imated, T4-injected rats were
hypothermic compared to warm-acclimated Tg-injected rats.

As exqgcted, cold-acclimation significant]y.affected BAT wet weights

and protein per 100 g boqy weight. This occurred in al)l three treatment

groups subjected to cold-acclimation (sham-operated, T4-injected: and Tq-

A

ihjeéted), demonstrating that replacement with either T4 or Ty allowed
norma1 hypertroph§,in r?sponse to cold. \Hﬂfﬂ

In sham-operated rats, cold-acclimation significantly increased Tj
levels while not affecting T, levels. In both T4- and T3-injected rats,
serum Tg levels were lower than in shém-bperated rats and these levels
were not increased by cold-acclimation.

Results for total BAT protein content are shown. in Figure 19. [t can
be seen that there were no differences in protein content in warm-
acclimated rats for each.of the tréatment aroups, gnd that response to

cold-acclimation was completely normal in both T4- and T3-injected rats.

Similar’ findings were made for DNA content (Figure 20}, GDP binding
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TEMPERATURE ~ Sham Vehicle B 7 T3
operated injected injected injected

Body weights (g): Initial

WA 300 + 6.2 249 + 4.3" 229 + 4, 1 233 + 5.5,
CA - 295 + 6.1 -- - 232 + 4. 5 240 + 6.6
Start cold-acclimation
WA 438 + 9.5 250 £ 4-0* . 376 + 8.5 377 ¢+ 9.9
CA 445 + 10.5 - 370 £ 3.8 384 + 5.1
: Final
WA 478 + 9.8 246 + 3.5 426 + 10.4 429 + 11.5
CA - 456 + 12.2 -- ‘ 401 + 4.0 404 + 4.8
Change - first period
WA « 138.5 + 7.1 1.1 * 5.0* 147.0 + 6.4 144.0 + 7.0
QA 148.9 + 6.0 - 138.6 + 5.1 144.6 + 4.5
Change - second period ) '
- WA ] 358+ 3.0 -;.6 + 2.1* « 50.3+ 3.8 52.0 + 2.5
CA 11.3 + 2.9 + 2,65 19:.91+ 338

§ -~ 30.6

TABLE 21. EFFECTS OF -LONG-TERM COLD-ACCLIMATION IN THYROIDECTOMIZED
RATS: BODY WEIGHTS.-

. Thyroidectomized rats were injected with vehicle, T4, or T3 during
the first period (days 0-40). Then groups of sham-operated, T4-injected,
and T3~injected rats were acclimated to cold (4°C) for 20-25 days while
other groups of rats (representing each of the four.treatment groups)
were maintained at 26°C. Values shown are means * S.E.M. for n =7
(except for warm-acclimated sham-operated rats. where n = 6). Asterisks
and daggers are used as described in the legend to Table 19.

"Initial body weights" refer to mean weights of rats on arrival
(before injections), "start of cold-acclimation", to mean weights at the
beginning of cold~acclimation, and "final" to body weights at sacrifice.

Two-way ANOVA showed that there was & significant effect of
treatment on each of the measurements here reported except for change of
body weight during the first period. There was no majn effect of cold-
acclimation onb‘1n1t1a1 body weight, body weight at beginning of cold-
acclimation, or change in the first period; there was a significant
effect of cold-acclimation on final body weight and change in the second
period.

L
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TEMPERATURE Sham Vehicle T4 T3 C
operated injected _injected injected ’

- Body tempetature (°C)
WA 37.7

+0.24 36.2+0.21* 37.8 £+ 0.28  37.7 £ 0.29
. 7
CA 37.5 + 0.10 -- 36.9 + 0.24% 37,5 ¢ 0.12
— e .
Brown adipose tissue
. Wet weight (mg) ’
WA 506 + 44 ‘669 + 44 530 + 32 484 + 23
CA 926 + 508 -- 1033 + 308. - 1163 + 6898
Protgin per body weight (mg/100 g)
WA 6:0 + 0.28  16.6 * 1.40 9.3 + 0.85 8.8 + 0.95
CA ~ 23.1+1.853% - 28.7 + 2.14™% 26.4 + 0.95%
glrum T4 (ng/dL) -
WA 30.7 + 3.2 < 5% 13.1 + 1.4 13.9 + 2.6* .
CA 47.6 + 2.8% -- 178 +1.7° 13.9+ 1.9"
- _ Serum T4 (ng/mL)
g .
WA 32.3 £ 3.1 0.2 + 0.2* 48.0 * 3.6 2.6 +1.1"
1.6 -- T 36.7 ¢ 2.7 1.6 + 1.0"

CA 30.1

I+

TAELEf 22. EFFECTS OF 1ONG-TERM COLD-ACCLIMATION IN THYROIDECTOMIZED -

S RATS: BODY , TEMPERATURES, BROWN ADIPOSE TISSUE AND SERUM
THYROID HORMONES. .

Rats “were treated(wand statistical analyses were performed as
described in the legend 'to Table 21. Note that 5 ng/dt is the limit of -
detection for the radioimmunoassay for T3. ' ‘

Two-way ANOVA showed that there was a significant effect of cold-
acclimation for all indices reported in this® Table. There was no
significant main effect of treatment. on body temperature or on the wet
weight of brown 4&dipose tissue. There were significant effects of

treatment on protein per 100 g body wefght, and on serum Tq and serum
Tg- ]

s
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FIGURE 19. EFFECTS OF LONG-TERM COLD-ACCLIMATION IN THYROIDECTOMIZED
RATS: PROTEIN.

Rats were treated and statistical analyses were made as described in
the legend to Table 21. Values.. shown are means; error bars represent
S.E.M. for n_values as listed in the legend to Table 21. - Black areas
indicate a significant effect of cold-acclimation for each treatment
group (compared to the " corresponding warm-acclimated animals):
differences were determined by Student's t-test with p < 0.05 or smaller
for significant differences. Symbols used are as described in the legend
to Figure 17.

Two-way ANOVA showed that there was no significant main effect of |

treatment on protein content but that there was a significant effect of
cold-acclimation. .
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FIGURE 20. EFFECTS OF LONG-TERM COLD-ACCLIMATION IN FHYROIDECTOMIZED
RATS: DNA. ) -

Rats were treated and st&tistical analyses were performed as
described in the legend to Table 21. Other information about the format
of this figure may be obtained from the legend to Figure 17.

Two-way ANOVA showed that there was no significant main effect of

treatment on ONA content: there was a significant main effect of cold-
acclimation.
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(Figure 21), and specific UCP levels (Figure 22). In other words, BAT of
Tg- and T3-injected, thyroidectomized rats was able to respond to cold~
acclimation in a normal manner, as judged by these indices.

Results for thyroxine 5'-deiodinase (T5'D) activity are presented in
Figure 23. As shown in the first part of this stué& ;Figure 18), warm-
acclimated rats had very low Tevels of éctivity. Nevertheless, while it had
been found in that experiment that warm-acc]imate&, vehicle-injected Ty
rats had an increased activity of T5'D, this result was not reproduced in
‘the long-term experiment. Acclimation to cold caused the usual very great
iﬁcrease in activity for all three treatment dfoups; the increase was

particularly marked in the Tz-injected rats.

Conclusions: Brown adipose tissue: of thyroidectomized ’rat;
'supplemented with either T3 or Ty responds normally to Tong-term cold-
acclimation, as determined by a variety of indices (BAT total protein, DNA
- content, .GOP bindiﬁg, specific UCP 1levels, and T5'D activity). Thgse
results, taken with those from the first part of the study (acute exposure
to the cold), suggest that circu]éting T, alone may be sufficient to permit
the co1J—stimu1ated growth of BAT and that endogenous production 6f.T3
by T5'ﬁ is not necessary for grthh of the tissue.in résponse to acute and

long~term cold-exposure.

"
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FIGURE 21. EFFECTS OF LONG-TERM COLD-ACCLIMATION IN THYROIDECTOMIZED
RATS:, GDP BINDING. .

Rats were treated and statistical analyses were performed as
described in the legend to Table 21. Other information about the format
of this figure may be obtained ‘from the legend to Figure 17. .~

Two-way ANOVA demonstrated that there were significant main effects
of both treatment and cold-acclimation on GDP binding.

o
oita
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. FIGURE 22. EFFECTS OF LONG-TERM COLD-ACCLIMATION IN THYROIDECTOHIZED
RATS:SPECIFIC UNCOUPLING PROTEIN.

Rats were treated and. statistical analyses were performed as
described in the legend to Table 21. Other information about the format
. of this figure may be obtained from the legend to Figure 17.
Two-way ANOVA showed that there were significant main effects of
both treatment and cold-acclimation for specific UCP content.
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FIGURE 23. EFFECTS OF LONG-TERM COLD-ACCLIMATION IN THYROIDECTOMIZED
RATS: THYROXINE 5'-DETODINASE ACTIVITY.

Rats were treated and statistical analyses were performed as
described in the legend to Table 21. Other information about the format
of this figure may be obtained from the legend to Figure 17.

Two-way ANOVA showed that there were significant main effects of
both treatment and cold-acclimation on total thyroxine 5'-deiodinase
activity.
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. Section 4. The effects of sympathetic denervation on the growth and
function of brown adipose tissue.

Objective: The objective of these experiments was to determine the
importance of sympathetic innervation in both the acute and long-term
responses of brown adipose tissue to cold-exposure, including its role in

the maintenance of the cold-acclimated state.

Rationale: The study was done in three parts. In part a, the
effectiveness of surgical denervation, as judged by decreased noradrenaline
content of the pad, was determined. The effects of unilateral dehervation
were compared to those of bilateral denervation in part bf Here. several
~indices of BAT function and growth were studied in both warm- and cold-
acclimated rats. The time-course of changes in intact versus denervated
- BAT was studied in ovart c. In the first part.of that study, rats were
exposed to cold, after surgery, to demonstrate the importance of
innervation to growth of BAT in response to :Co1d-exposure and
cold-acclimation. In the second‘part, surgery was performed on rats that
already had been cold-acclimated, to demonstrate the importance of the
innervation in maintaining the changes caused by cold=-acclimation.

In general, unilateral surgical denervation of the interscapu]ar half-
pads was performed. In this way, each animal could act as its own control.
Some parts of the study were used to validate this procedure (parts a and

b).
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a) Effectiveness of surgery.

Objectives: The objectivg of these studies was to validate the
technique qf surgical denervation by determining the amount of residual
noradrenaline remaining in denervated tissue at various times aftersu;gery.
A second objective was the demonstration of the unilaterality of the nerve

supply of the half-pads of the interscapular depot.

Design: Two experiments were performed. In the first, rats were first
grouped on the basis of equal body weights. One side of the interscapular
pad of BAT was surgically denervated under ether anaesthesia (“unilateral
denervation"; see Materials and Methods section 2b). Groups of five rats
were subjected to one of three treatments for 3 or 26 days. The
treatﬁents were cold-exposure (at 4°C), cafeter%a—feeding; and chow-
feeding (standard holding conditions). Rats were killed by decapitation and
BAT quickly remoyed, cleaned of adhering white fét and muscle, and--
frozen on dry ice. (Half-pads were treated separaté]y.) Later, the weights
of the frozen tissues were found and acid extracts (for determination of
noradrenaline) were made as described in the Materials and Methods
(section 12). Tissue noradrenaline content was dete?mined by HPCL analysis
as described in the same section.

In the second experiment, the effectiveness of bilateral denervation
was compared to that of unilateral denervation. Rats were grouped by body
weights and interscapular BAT of 16 rats was unilaterally denervated:
bilataral denervatiohs were performed in 16 other rats. Half of each group

was exposed to cold (4°C) and the other half was kept warm (26°C) for
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two or six weeks. Rats were killed by decapitation and tissue prepared as
before; Half-pads were treated separately for both unilaterally~ and
bi]ateraﬁy-denervated rats. Tissue noradrenaline content was determined as

before. Statistics used are described in the legends to the Tables.

Results: Cold-acclimation had the usual effect of causing a slowing of
growth. However, surgery did not affect the growth of either warm- or
cold-acclimated rats, as shown by ANOVA of final body weights (data not
shown). |

Results from the first study are shown in Table 23. These results show
that denervation reducrd noradrenaline content to very low levels and that
they remained Tow over the time period studied. The tissue noradrenaline
content was not reduced to zero and presumably this was due to remaining
sympathetic nerves innervating blood vessels.

Results from the second study are shown in Table 24. The results from
two weeks post-surgery confirm tpg‘jjndings from the first study, that
surgical denervation greatly reduced noradrenaiine content of BAT in both
warm- and cold-acclimated rats. These results also show that unilateral and
bilateral denervation cause similarly great reduction of the noradrenaline
content, and suggest that previous findings of the unilaterality of the
innervation of BAT are indeed correct {Foster et al. 1982).

By 6 weeks post-surgery, theré is some recovery of noradrenaline
content, especially in cold-acclimated rats. This recovery was more rapid
in unilaterally-denervated rats, possibly indicating growth of new axons

from the intapt side,
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SURGERY Control Cold- Cafeteria-
acclimated fed

3 days after surgery:
Tissue weights (mg)

Sham-operated side 183 + 15.2 205 + 13.4 257 £ 19.2
Denervated side 233 + 14.4 269 + 32.0 288 + 22.1

Noradrenaline content (ng)
Sham-operated side 258 + 7.3 321 + 19.7 178 + 12.1
Denervated side 13+ 1.0 10+ 1.3 ‘ 26 + 4.1

26 days after surgery:

~ Tissue weights (mg) ‘
Sham-operated side 230 + 27.2 531 + 34.9 404 + 36.5
Denervated side 229 + 30.5 219 + 38.9 -380 £ 55.1

. _ Noradrenaline content (ng)

Sham-operated side 334 + 28.8 477 + 24.0 389 + 40.9
Denervated side 25+ 5.9 25 + 5.6. 26 + 3.4

TABLE 23. DENERVATION STUDY: EFFECTIVENESS OF SURGICAL DENERVATION OF
BROWN ADIPOSE TISSUE (STUDY 1). '

Interscapular brown adipose tissue was unilaterally denervated and
rats were then kept for 3 or 26 days under one of three treatments:
standard holding conditions {CONTROL), acclimation to cold {4°C) (COLD-
ACCLIMATED), or cafeteria-feeding (CAFETERIA-FED). Noradrenaline content
of separated half-pads was determined by HPCL with electrochemical
detection. Yalues shown are means + S.E.M. for n = 5,

Three-way ANOVA was performed. It showed significant main effects of
time after surgery and of treatment on wet weight of BAT; there was no
significant effect of operation on this measurement. There were
significant main effects of time, treatment, and surgery on the
noradrenaline content of the half-pads.
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TEMPERATURE BILATERAL . UNILATERAL
Left Right Sham | Denervated

© 2 weeks after surgery:
Tissue weights (mg)

WA 241 + 33.7 281 * 26.1 195 + 21.8 240 '+ 39.0
CA 231 36.2 244 * 141 376 + 8.5 205 + 27.9
Noradrenaline content (ﬁg)
WA 9+1.7 8+1.1 223 £ 19.8 16 + 0.5
CA 8+ 1.7 9 +1.5 ° 335 + 42.3 6+ 2.2
6 weeks after surgery: i . iﬁ:
. . 5 Tissue weights (mg)
WA . 206 + 25.9 196 + 20.1 286_1 51.5 280 + 27.9
CA 341 + 8.0° 374 + 46.1F 560 + 55.2 359 + 29.6
' Noradrenaline content (ng)
WA 19+ 3.4 24 + 2.7 332 + 24.9 64 + 10.2
CA 46 + 12.6" 52 + 15.2% 455 + 32.6 96 + 6.7

TABLE 24. DENERVATION STUDY: EFFECTIVENESS OF SURGICAL DENERVATION OF
BROWN ADIPOSE TISSUE (STUDY 2). '

Interscapular brown adipose tissue of rats was denervated, either
unilaterally or bilaterally, as noted in the Table. Rats were then kept
either under standard holding conditions (WA, warm-acclimated) or at 4°C
(CA, cold-acclimated) for 2 or 6 weeks after - surgery. Values shawn are
means * S.E.M. for n = 4 (except as noted with *, where n = 3). .

Three-way ANOVA was performed on the results. It showed that there
were significant main effects of time after surgery, type of surgery
{sham or denervated), and temperature of acclimation.
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Conc]usiohs:-These results demonstrate that surgical denervation of
BAT virtually abolishes its noradrenaline content and that this reduction of
noradrenaline content persists for at least 26 days (longer than the time

period used in the experiments reported below).
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b) Comparison of unilateral and bilateral denervation on growth and
function of brownA}adipose tissue in cold-exposed and cold-
acclimated rats.

‘Objectives: The objective of these experiments was to further validate
the equivalénce of uni]atéra1 and bilateral deneQ@ation as shown {n part a.
A second objective was to investigate the effect of denervation on a .
number of indiéeﬁ of growth and function of BAT in animals acclimated to

cold before or after surgery.

-

& R

Design: Two experiments were done. In the first expériment, rats were
’ grsuped by body weights and growth rates at the time of- operation.
Twelve rats were bilaterally denervated, twelve were unilaterally
denervated, apd twelve were given sham denervations (anaesthetized only).
Halothane was the anaesthetic.‘Half of each group was placed in the cold
(4°C) for 12 days while the other half was kept under standard holding
c;nditions for the same time. Rats were ki]led by decapitation and
standard preparations made; half-pads of unilaterally-denervated ratswere
treated separately.’

In the second éxperiment, rats were first grouped by body weights and
growth rates. Iwo groups of twelve rats were cold-acclimated or képt in
the warm. After two weeksfﬁBAT of half of each of the two griups was
bilaterally denervatéd th]e the other half of the rats received sham
operations (anaesthetit only). Following surgery, rats were returne& to
their previous holding conditions. Fourteen days after surgery, rats were
killed by decapitation and standard preparations made. (Results from

uni]atgra]ly-denervated rats from the l4-day point of the second
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L4
4

experiment of pert c were compared to the/Jesults of this part.) Statistics

+
L3

used are described in legends to Tables and Figures.

Results: i) Acclimation to cold after surgery. Results for bpdy weights,
body temperature, and gonadal white .adipose tissue are diven in Table 25.
There were no significané effects of type?of surgery or temperature of
egposdre on init}a1 body weights,, body weights at operation, or the change
in body weight inl this time perijod (data not shown). After the
denervations, there was an effect of surgery on body weights (see change
in body weight) for warm-exposed rats but not cold-exposed rats. Surgery
affected rats having unilateral lesions and bilateral lesions to the same
extent. As always, the groﬁth rate of cold-exposed rats was lower than in
warm-exposed rats. ‘

Surgery had no effect on thermoregulation (as judged by the body
temperétures) or wet wéight of gonadal ﬂhite fat. (Cold-exposure reduced
wet weight of gonadal white adipose t1ssue as expected.)

Results for brown adipose t1ssue are presented in Tab1e 26. In warm-
acclimated rats, denervation had 1ittie effect on any indices measured. In
rats acclimated to cold after surgery, denervation reduced but did not
eliminate the usual effect of cold. Thus protein levels are half those found
in BAT having intact 1nnervat1;n but stilil tw1ce-the levels found in warm-‘
acclimated rats. GDP binding was also half the normal value but 4-5 }imes
the warm-acclimated level. T5'D was mdch more depehdant on sympathetic
innefvation yet was also 5-6 times the level found 15 warm-ecclimated

rats. Specific UCP levels, again less than half those-eeen in- BAT having

-
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Ambient Sham Unilateral ~ Bilateral

" temperature operated denervation " denervation

Body weight {g)

‘ At surgery
WA 252 + 4.7 241 + 4.1 ° 241 + 7.0
CA 245 + 3.3 243 + 1.9 . 239 £ 4.5
l Final .
WA 329 + 3.3 - 309 5.7 302 £t 4.1
CA 284 + 2.8° 280 + 4.3 271 + 9.4
) b . Change
WA 87 + 1.0 . 68 + 5.4 6l + 7.7
CA " 39+ 3.4 37 +4.7 +33£5.9
, .
‘ Body temperature (°C)
WA . 37.5 * 0.15 37.5 £+ 0.08, 37.0 + 0.12
CA 37.2 + 0.22 - .37.1 + 0.26 37.0 £ 0.32
J// : Gonadal white adipose tissue (g)
WA I 0.18 2.6 +0.12 . 2.7 £+ 0.17
CA 1.7 + + 0.15

0.10 1.6 +0.09 1.5

TABLE 25. COMPARISON OF UNILATERAL WITH BILATERAL DENERVATION: WHOLE-
: ANIMAL RESULTS. ’

Rats were subjected to one of three treatments: {surgical) bilateral
denervation of interscapular brown adipose tissue {IBAT), unilateral
denervation of IBAT, or sham operation. They were then kept under
standard holding conditions {WA, warm-acclimated) or exposed to cold

-(4°C) for 12 days (CA, cold-acclimated). Results shown are means *

S.E.M. for n = 6.

Two-way ANOVA . was performed on: the results. There were no
differences in body weight between any groups at the time of operation.
There were significant main effects of ‘surgery and of temperature of

‘exposure on both final body weight and change of body weight. There were

no “differences in body temperature between any groups. There was a
significant main effect of temperature'of exposure, but not of surgery,
on wet weight of white adipose tissue. ' '
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_Ambient Sham . Unilateral Unilateral Bilateral
temperature operated (sham side) (denervated) denervation

Wet weight (mg)
WA 475 + 26.8 225 + 18.9 231 + 13.6 455 + 20.8

Te

CA 837 * 51.7 . 435 + 47.5 230 + 11.4 459 + 32.8

. Protein content (mg)
WA 21.9 + 3.37 9.4 + 0.82 9.7 x1.42 18.8 * 2.06

CA 88.4

I+

9.87 ° 39.1 * 1.67 17.7 £ 1.05 39.4 + 8.12

GDP binding (pmol/mg)
WA 50+ 7.5 6l ¥ 6.3 43 + 3.3 35+ 4.7

i+

: CA .\ 456 + 26.0 523 + 48.9 257 + 56.3 268 + 26.9

LA T4 5'~deiodinase (pmol/h)
WA 2.2 £0.13 0.9 + 0.07 1.2 + 0.16 1.5 +£0.13
CA 94.4 + 4.90 44.0 + 2.78 5.5+ 1.05 10.4 + 1.17
4 .
Specific UCP (nmol/mg)
WA 0.44 + 0.028 0,42 + 0.034 0.30 + 0.022 0.37 £ 0.028
CA 2.24 + 0.066 2.21 + 0.099 0.98 % 0.062 0.99 + 0.051

S

TABLE 26. COMPARISON OF UNILATERAL WITH BILATERAL DENERVATION: BROWN
ADIPOSE: TISSUE.

Rats were - treated and statistical analyses were performed as
described in the legend to Table 25.

Two-way ANOVA showed that there were significant main effects of
both operation and temperature of acclimation on all indices reported in
this Table. - :
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intact 1nﬁervation, were nevertheTess 2-3 times the levels found #n warm-
acclimated rats.

These results (Tab]e 26) demonstrate ?he equivalence of unilateral and
bilateral denervation. Yalues for half-pads having intact innervation are
almost exactly half those for sham-operated rats (where both sides of the -
pad were combined and the preparation made of ;he.whole pad); likewise,
results for denervated half-pads were almost exactly half those for
bilaterally-denervated rats {again, here both sides of the BAT péd.were
prepared together). For specific measurements (specific GDP binding and -
specific UCP- levels) the results are d{rectTy compérab]e (sham-operated
BAT to tissue having intact innervation inunilaterally-denervated rats, and
bilaterally-denervated BAT to unilaterally-denervated rats). Two-way
ANGVA showed.no significant effect. of type of surgery {unitateral versus
bi1aterai denervation) for any index measured; sham-operated tisshes were

also not different from one another.

Conclusions: For the indices of BAT function tested here, unilateral
denervation was equivalent to bilateral deﬁervation and, therefore,
unilateral denervation is a valid experimental design. Furthermore, these
findings confirm the previous findings (from analysis of tissue
noradrenaline content after denervation; see‘part a above) that there is no
cross-innervation of BAT. In rats placed in the cold after surgery,.
denervation reduced but did not prevent the cold-induced increases in the

indices of BAT function measured here.
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ii) Acclimation to cold before surgery. In the second experiment, the
effects of bi]atgra1 denervation were compared to thoge of sham-operation.
and of unilaterafihenervation in rats previously wari— or cold-~acclimated.
Rats were studied 14 days after denervation.

Results for body‘weights ahd changes of body weights are given in
Table 27. As exngcted. cold-acclimation reduced the growth rate of rats
(change - period 1). Continued exposure to cold affer surgery did not
cause a further difference in growth-rate (change - period 2}. Rats haviﬁq
un{lateral denervation had a greater growth rate in period 2 than did the
othe} two groups. This was because the results reported here for
un11atera11y-deﬁervated rats are repeated from the first part of this
experiment {the i4-day point) where (for logistical réasons) faster-growing
rats had be?n used.

~ Results for body te%peratures and tissue wet weights are presentéE\Tﬁr\
Tab]e 28. Ne1ther surgery nor cold- acc11mat1on s1gn1f1cant1y affected
thermoregulat1on {as.indicated by body temperature) L1kew1se %here was
no significant main effect of surgery on the wet weight.of gonaq$1 white
fat: as before, cold-acclimation significantly reduced the ﬁet.wéiqht of
gonadal white fat.

Resuits for brown aﬂipose-tissue_are shown in Table 29. The results
were very similar to those presented above for—rats not previousiy
acclimated to cold (Table 26). As before, .these results demonstraté‘fhe
equivalence of uH%]étera1 and bi13tera1'surgica1 denervation under this

‘ experimenta1 protocol. Results of wet weight of BAT (Table 28)ﬂ total

protein, and total thyroxine 5'-dejodinase activity for haif—pads having

-~ v

either intact or severed innervation were almost exactly half of those for
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Ambient Sham - Unilateral Bilateral
temperature - .operated denervation denervation

Body weight (g)

Initial
WA 134 + 1.9 138 + 3.6 131 £ 2.2
CA : 130 + 4.0 137 + 3.3 131 + 2.6
At surgery
WA 285 + 5.9 286 + 2.7 290 + 4.8
CA ; 249 + 5.0 257 + 3.8 - 263 2.5
Final
WA 350 + 9.0 379 + 2.7 360 + 7.6
CA 305 + 5.7 348 £ 6.0 311 + 2.6
) Change - Period 1 7
WA 151 + 6.5 149 + 2.4 158 + 5.8
CA 120 + 7.5 120 + 5.5 122 + 4.4
.
. Change - Period 2
WA 65 + 3.5 94 + 4.1 . 71 + 3.6
CA 56 + 3.7 91 +-4.7 57 + 0.9

TABLE -27. CBMPARISON OF UMILATERAL WITH BILATERAL DENERVATION IN RATS
. PREVIOUSLY- ACCLIMATED = BODY WEIGHTS AND CHANGES.

" Rats were first kept eith er standard holding conditions (WA,
warm-acclimated), or placed}dn the cold (4°C) for two weeks (CA, cold-
acclimated), then subjected to one of three treatments: bilateral
denervation of interscapular brown adipose tissue, unilateral
denervation of IBAT, or sham-operation. The rats were then maintained as
before for 14 days. Results shown are means + S.E.M, for n = 6. Period 1
refers to the time between the beginning of treatment (warm- or cold-
acclimation) to surgery: period 2 is the time from surgery to the end of
the experiment. .

Results were analyzed by two-way ANOVA. There were no significant
\tnain effects of temperature of acclimation or of type of surgery on
initial body weight. At operation {(and for change of ~weight during
period 1) there was no effect of type of surgery but there was an effect
of temperafhre of acclimation. There were significant main effects of
both type of surgery and temperature of acclimation on f1na1 body weight
and change in body weight during period 2.
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Ambient Sham Unilateral Bilateral
tempeyature operated denervation denervation

- -

. | Body temperature (°C)
WA , "37.5 £ 0.18 37.1 £ 0.20 37.2 £+ 0.21

CA s 371.3 Q.27 36.7 + 0.19 37.6 * 0.25

-

Gonadal white adipose tissue (g)

WA . 3.2 +0.16 3.6 £+ 0.23 3.0 £ 0.27
CA . - 1.5+ 0.06 1.9 +0.22 2.1 £ 0.05
¥
Brown adipose tissue {mg)
Sham Unilateral Unilateral Bilateral
operated (sham side) {denervated) denervation
WA | 547 + 24.6 - 297 + 11.6 293 + 11.8 592 & 38.5
CA 977 % 50.0 622 + 33.0 451 + 34.2 858 * 28.1

TABLE 28. COMPARISON OF UNILATERAL WITH BILATERAL DENERVATION IN RATS
PREVIOUSLY ACCLIMATED TO COLD: BODY TEMPERATURES AND TISSUE
WET WEIGHTS.

Rats were treated and the statistical analyses were .performed as
described in the legend to Table 27.

Results were analyzed by ANOVA. Two-way ANOVA showed that neither
type of  operation nor - temperature of acclimation affected body
temperatures. There was:a significant effect of temperature of
acclimation on the ‘wet weight of gonadal white adipose tissue:; there was
no effect of type of operation. Both type of surgery and temperature of
acclimation had significant main effects on the wet weight of BAT. When
sham operations were compared alone (unilateral sham operation versus
rats receiving anaesthetic only), these main effects persisted. When
denervated pads were compared alone (unilateral versus bilateral
denervation)} there was no main effect of type of surgery. there was an
effect of the temperature of acclimation.

¢

X3
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Ambient Sham Unilateral Unilateral Bilateral
temperature operated (sham side) {(denervated) denervation

Protein (mg)
WA 17.0 * 1.57 8.1 + 0.99 6.2+ 0.55 18.8 + 1.91

CA 109 + 13.2 53.9 + 1.31 23.1 + 1.09 47.4 + 6.00

GDP binding (pmol/mg)

WA 53 + 10.2 49 + 3.2 37 + 3.0 38 + 3.7

CA 376 + 26.5 376 + 20.0 - 64 * 3.3 95 + 16.0
L0 T4 5'-deiodinase (pmol1/h}

WA 1.9  0.15 1.0+ 0.05 0.9 + 0.05 2.0 £ 0.18

CA  93.4+6,66 '51.1+%4.15 1.1 £ 0.15 (J 6.2 + 0.99
Specific UCP {pmol/mg)

WA - 165+ 1.28 13.5% 0.5 10.5 + 0.59  11.2 + 0.92

CA 70.0 £ 2.93 75.9+4.16 20.8 % 1.13  17.5 & 1.86.

"TABLE 29. COMPARISON OF UNILATERAL WITH BILATERAL DENERVATION IN RATS
' PREVIOUSLY ACCLIMATED TO COLD: BROWN ADIPOSE TISSUE.

Rats were treated and the statistical analyses were performed as
described in the legend to Table 27.

Results were analyzed by two-way ANOVA. Results from rats rece1v1nq
sham operations were compared with those from the half-pad having intact
innervation of unilaterally-denervated rats; likewise, results from rats
receiving bilateral denervations were compared to those from rats having
unilateral denervation of BAT. For all indices reported in this Table,
there was a significant effect of temperature of acclimation. Unilateral
denervation was equivalent ~ to bilateral denervation (i.e., no
significant main effect) for all indices measured except for thyroxine
5'-deiodinase activity, where there was a significant difference between
the unilaterally- and bilaterally-denervated groups.



-153-

the corresponding whole-pad results (i.e., for sham-sperated or bilaterally-
denervated rats): for specific GDP binding and spgcific uncoupling protein,
resu]tsfortis§ueswith1ntactinnervation.orsevergdiﬁnervation.ahevery
similar no matter whether the surgery was unilateral or bilateral.
o ‘ 7
Conclusions: As before, for the indices of BAT function measured here,
uni]atera1‘denerva£ion was equivalent to bilateral denervation. Again, the

.independence of innervation to the two sides of the interscapular depot of

brown adipose tissue has been confirmed.
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c) Time course of changes in denervated broun adipose tissue in co]d-
acclimation of rats and in co]d-acc]1mated rats.

Objective: The objective of this study was to continue the work

described in part b by following the time course of the chénges following

unilateral denervation of BAT.

Design:’ Two experiments were performed. In the first, rats were
exposed to cold after denervation and changeé were sfudied as a time
course. fn the second, changes in réts subjected to denervation after
previous cold-acclimation was studied to demonstrate the importance of the
innervation {n maintaining the cold-induced trophic changes in BAT.

I; the first experiment, 48 rats weighing 200 to 230 g were grouped
on the basis‘of equal growth rates, with animals grouped to minimize
diffefences in body weights at the~times of operations and sacrifice. Rats
were unilaterally denervated under halothane anaesthesia as described in
the Materials and Methods (section 25). Half were then placed in the cold
(&°C) and the othef half were kept uﬁderAstandard holding conditions. Rats
were killed by decapitation 1, 3, 6, or 12 days after surgery (four rats per
preparation, twoe of each of the warm-expoﬁed and cold-exposed groups at
each time point, with preparations staggered over three da}s to give a
total of six animals per treatment for each of the four time pointﬁ) and
standard preparations made. Half-pads were prepared separate1y.

The second experiment was similar to the first except surgery was
performed after acc]iﬁation to co]d. Groups of 24 rats weighing 120 to 150

g were grouped by body weight and growth rate and given one of two
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treatments for two weeks: co]d-exposure (4°C), or standard holding
“conditions. Unilateral denervations were‘fﬁen performed under halothane
anaesthesia. Rats were killed by decapitation 1, 3, 7, or 14 days after
surgery (preparations were staggered as described for the previous study in
part ¢) and standard preparations made. Half-pad were treated separately.

Statistics used are {described in the legends to the Tables and Figqures

presented below.

Results: i) Acclimation to cold after surgery. Results for body weights
and growth rates of rats for the first part‘of the first experiment
{acclimation to cold in rats having unilaterally-denervated BAT) are given
in Table 30. Body weights at surgery for the l-day and 12~day groups were
Jower than those for the other two groups because surgery was performed
first on the l-day and 12-day groups for logistical reasons. More
importantly, the growth rates of all groups before surgery were not
statistically different from one another (data not shown). After surgery,
growth rates for warm~acclimated rats continued to be similar to one
another; growth rates for the cold-exposed rats were considerably less
than for the warm-acclimated rats, as expected.

Results for body temperatures and tissue wet weights are g{ven in
Table 31. Cold-exposed rats were able to thermoregulate normally, as
shown bx the mean. body temperatures. (There was a significant main
effect of temperature' of exposure on body temperature, by two-way
" ANOVA, but the means were very little different from one another (mean

values 37.7°E for warm-acclimated rats versus 37.2°C for cold-acc)imated
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Temperature 1 Day 3 Days 6 Days 12 Days

Body weights (g)

At surgery
WA 209 + 2.3 224 + 2.0 224 + 3.8 '209 + 4.1
CE 208 + 1.2 223 £ 2.3 224 £ 2.6 209 + 2.8
Final
WA 223 1.8 254 + 2.7 275 +* 4.0 315+ 5.6
.CE 213 2 3.1 230 + 2.4 242 + 4.4 262 + 10.3
) . Change .
WA 14 + 1.3 31 + 2.1 52 + 2.1 106 + 2.0
CE b+ 2.1 7+1.8 19 £+ 5.3 54 + 9.3
Growth rate (g/d)
WA 13.8 + 1.28 10.2 + 0.71 8.6 ; 0.35 8.8 +0.17
CE 4.5 +2.14 2.3 + 0.59 3.1 + 0.88 4.5 +0.77

'TABLE 30. DENERVATION TIME-COURSE STUDY (1): CHAﬁG%S IN BODY WEIGHTS OF
RATS EXPOSED TO COLD,,

Rats were subjected to un11atera1 denervation (surgical) of their
interscapular brown adipose tissue., then held under standard holding
conditions (WA, warm~acclimated) or exposed to cold (4°C) (CE, cold-
exposed) for 1, 3, 6, or 12 days. The values shown are means * S.E.M,
for n = 6. '

Two-way ANOVA showed that there were differences in body weights at':
the time of surgery (these are explained in the text). Rats that were*
put into the cold did not have different body weights at the time of
surgery compared to the corresponding rats kept in the warm. ANOVA also
showed that there were significant main effects of time after surgery
-and temperature of exposure on final body weight, on change of body
weight after surgery, and on growth rates post-surgery.
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.
. Temperature 1 Day 3 Days 6 Days ' 12 Days
Body temperature (°C)
WA 37.5 + 0.22 37.3 + 0.11 37.9 + 0.22 37.9 + 0.21
CE 37.6 + 0.20 37.0 + 0.17 37.1 = 0.3 37.2 £ 0.19
Gonadal white fat (g)
WA 1.5 + 0.06 1.8+ 0.11 2.1 + 0.06 2.7 +0.13
CE 1.3 +0.08 1.5 + 0.07 1.4 + 0.08 1.3 + 0.10
Bfown adipose tissue (hg)
WA '
Shmn 171 *+ 11.4 192 + 10.5 219 + 11.5 233 + 16.4
Denervated 189 + . 7.5 173 + 53 226 + 8.0 247 *+ 12.9
CE - .
Sham 141 + g9 3 186 + 12.2 232 + 25.2 ‘ 392 + 47.8

+

Denervated 180+ 10.8 189

T4

11.1 205 + 25.4 360 + 57.0

TABLE 31, DENERVATION TIME-COURSE  STUDY (1): BoDY TEMPERATURES AND
TISSUE WET WEIGHTS IN RATS EXPOSED TO coLp,

_ Rats were treated and statistical analyses preformed as described in
the legend to Table 30. '
Two-way ANOVA showed that there was no significant effect of time
after surgery on body temperature; there was an effect of temperature of
‘exposure. There were significant main effects of both time and

Three-way ANOVA was performed on the results for wet weight of brown
adipose tissue. There were significant main effects of temperature of
éxposure and of time after Surgery. There was no effect of surgery
{denervated side Versus sham-operated side) of wet weight of BAT.
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rats). By one-way ANOVA' (Duncan*s post-hoc test), only the higﬁést two

temperatures were different from the lowest two.)

Wet weights of gonadal white adipose tissue inéreasgd with longer
"treatment timés in warm-acclimated rats but not in cold-acclimated one;.
This increase in size was Tikély due to the continuing growth of the rats
.in the warm.

In warm-acclimated rats, wet weight of BAT was relatively uné%fected .
by denervation. The expected increase in wet weight of BAT half-pads

haaing intact innervation in cold-exposed rats did occur; this increase was

~ paralleled in the denervated side.

Results for other indices pf BAT function are shown in Figures 24, 25,

26, and 27. fn warm-acclimated Eats, neither denervation nor time of

treatment post-surgery affected the indices measured and these rats will
not be described further.

In cold-exposed fats, tﬁe time-course of changes of total protein in
BAT_ha]f*péds h;;ing intact innervation is presented in Figure 24. As
expected, there was a significant increase within three days; which
increased wikh.furthér cold-exposure. Denervation prevente&%&he cd]d-
induced in;rease in nfotein for 1, 3, and 6 days post-surgery, @;f“by;QZ
days there was a significant increase in prbteingcontent of BAT. 1§ng
before there coﬁ1d have been regrowth of sympa€hetic nerves (sée Results
section Bda).

GDP binding increased Qithin:one day for BAT half-pads having intact
innervation; the 1éve1s approacheﬁ their maximum by 3 days (Figure 25). In
denervated h&{flpads. there was a significant .increase in GDP‘binding

within one day (albeit smaller than the increase seen in half-pads havian

»

~ ' ) \-/'
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BAT PROTEIN
Wanm—acclimated'pats
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20} o
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Innervation: I D I D IDID I DID IDTID
Exposure: warm Cold - Warm Cold Warm Cold Warm Cold
Oays Post-op: 1 3 6 12
(I: intact side D: denervated side)

FIGURE 24. DENERVATION TIME-COURSE STUDY (1): PROTEIN OF RATS EXPOSED TO
CoLD.

Rats - were treated and statistical "analyses were performed as
described in the legend to Table 30. Bars represent means for n = 6,
with error bars representinhg SNEaM. Black or hatched areas 1in bars
indicate a significant increase over tissue of warm-acclimated rats
having the same surgical treatment (denervation or intact innervation).
These comparisons were made by Student's unpaired t-test with p < 0.05
or smaller for all differences indicated as being significant.

Three-way ANOVA was also performed. It showed that there were
significant main effects for time after surgery, temperature of
exposure, and surgery (intact versus denervated).
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BAT MITOCHONDRIAL GDP BINDING
Warm—acclimated Fats
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Innervation: I D I D IDIOD I DID I DID
Exposure: Warm Cold Warm Cold Warm Cold Warm Cold

Days Post-op: 1 3 6 12

(I: intact side D: denervated side)

FIGURE 25. DENERVATION TIME-COURSE STUDY (1): GDP BINDING OF RATS
£XPOSED TO COLD..

Rats were treated and the stat1st1ca1 analyses 'were pérformed as
described in the legend to Table 30. The format of the ngure 1s as
described in the Tegend to Figure 24. .

Threé -wdy ANOVA - was also performed. It showed that there were
significant main effects for time after surgery, temperature of
exposure, and surgery {intact versus denervated).
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" TOTAL vaﬁ'—DEfODINASE IN BAT
Warm—acclimated rats ﬂ
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Innervation: I D * D 1 DID IDIOD I DID
Exposure: Warm Cold Warm Cald Warm Cold Warm Cold

Days Post—op: 1 3 B 12.

{I: intact side D: denervated side)

FIGURE 26. DENERVATION TIME-COURSE STUDY (1): THYROXINE 5'-DEIODINASE
ACTIVITY OF RATS EXPOSED TO COLD.

. Rats were treated and the statistical analyses were performed as
described in the Tegend to Table 30. The format of -the F1gure is as
described ‘in".the Tegend to Figure 24.

Three- way ANOVA was also "performed.. It showed Jﬁhat there. were’
-significant main effects for: temperature of exposure :and surgery..(intact -
versus denervated); there was no significant effect of time after
surgery. '
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BAT MITOCHONDRIAL UCP
Warm—acclimated rats

o
|

nmol-mg protein”?

H

Innervation: I D I D IDID I DID I DID
Exposure: warm Cold Warm Cold Warm Cold Warm Cold

Days Pcét*op: 1 3 B 12

(I: intact side D; denervated side)

FIGURE 27. DENERVATION TIME-COURSE STUDY (1): SPECIFIC UNCOUPLING .
~ " PROTEIN OF RATS EXPOSED TO COLD.

Rats were treated and the statistical analyses were performed as
deg¥ribed in the legend to Table 30. The format of the figure is as
described in the legend to Figure 24. . -

Three-way ANOVA was also performed. It showed that there were
significant main effects for time after surgery, temperature of
exposure, and surgery (intifffxggsus denervated).

/‘.

.,
Ly
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“intact innervation). By the twelfth day post-surgery, there was a large
increase in GDP binding, baraﬁle]ing the increase in protein content.

In ﬁonﬁrast to the results for protein content and GDP binding, the
cold-induced increase in the activity of thyroxine 5'-deiodinase {T5'D) was
a]mostftota11y dependant upon intact sympathetic innervation (Figufe 26).
Cold-exposure caused maximal increase within one day in BAT haif-pads
‘having intact innervation, as previously found (Results section Bl). Cold-
exposure caused'a statistically significant increase in activity of 75'D in
denervated half-pads, but these increased levels were very much smaller
thah those in half-pads with intact innervation; indeed, maximal levels in
denervated half-pads were échieved in the first day.

Figure 27 shows the pattern of increase in specific levels of the
uncoupling protein (UCP) (nmol UCP per mg mitochondrial protein). The
pattern was similar to that seen for GDP b%nding and protein content. In
half-pads having intact innervation, there was a steady increase in UCP
content. In denervated half-pads, there was a small increase by 6 days and

a larger one by 12 days.

Conclusions: The time-courses of the cold-inauced changes in BAT
protein, GDP binding, T5'D, and UCP (as seenwﬁn ha]f-pads having'ﬁntACt
innervation) were not the same, with TS'D'increasing to magimum within
one day while GDP binding rapidly intpe;sed to reach a maximum by three
days. The greatést increase in protein was aft%r six days, while the
infrease in UCP content of mitochondria wds steady over the 12~day

period.

/
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The importance of sympathetic innervation in acclimation to cold was
demonstrated by the effect of denervation. The cold-induced increase in
T5'D actiﬁity was almost entirely dependent upon sympathetic innérvation,
while thé increases in the other three indjcés were -reduced but not

eliminated by'sympathetic denervation {as predious]y found; see Results

—

section B4b). In particular, there seems to be some process which begiﬁs f)

ey

L I—

after 6 days and which a1lows’increases‘of WCP. GDP binding, and proteinu
to approach appreciable fractions of those seen in half-pads h;ving intact
“innervation. | .

i1) Acclimation to cold before surgery. In this second experi%ent, rats
were first -cold-acclimated (or warm-acclimated) fot two weeks, then
subjected to denervation and studied 1, 3, 7, or 14 dgys after surgery.

Results for body weiéhts are‘ﬁiven in Table 32; results for changes in
body weight and.for growth rates in Table 33. Not surprisingly, rats that

'had first been cold-acclimated weighed less at the time of surgery than
did war;-acc]imatgd rats; they also Had slightly smaller growth rates
during this time.("period.l"). After‘surgery, growth rates of cold- and
warm-acclimated rats were the same (period 2), so the difference in body
weights at the time of surgery was mainféined until the end of the
experiment.

Results for body temperatures and tissue wet weights are given in
Table 34. The teﬁperature of acclimation aid not affect thermogenesis (as
indicated by body temperature). As usual, cold-acclimation reduced the wet
weight of gdnada] whité;adiQSSe tissue; in both warm- and cold-acclimated

) -,

&
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Temperature 1 Day . 3 Days 7 Days 13 Days

Body weights (g) T
Initial ' o~

WA 141 * 1.9 141 + 0.9 136 + 1.3 138 + 3.6
CA _ 145 + 2.4 142 + 1.3 136 + 1.5 137 % 3.3
At surgery
WA 204 + 2.8 296 + 4.9 287 + 5.3 \ 286 + 2.7
CA 264 + 4.5 270 + 2.9 260 + 3.2 \2;:: 3.8
: Final o
WA 308 + 3.7 " 318 + 4.8 336 + 6.3 379 + 2.7
CA 281 + 3.9 292 + 4.7 299 + 6.1 348 + 6.0

TABLE 32. DENERVATION  TIME-COURSE STUDY (2): BODY WEIGHTS OF RATS
‘ ) PREVIOUSLY ACCLIMATED TO COLD. .

Rats were acclimated to cold (4°C) for two weeks (CA, cold-
acclimated), or kept under standard holding conditions (WA, warm-
acclimated), then subjected to wunilateral denervation of interscapular
brown adipose tissue. They were then studied 1, 3, 7, or 14 days after
surgery (being maintained under the same treatment. conditions as
previously). Values shown are means * S.E.M. for n = 6.

Results were analyzed by two-way ANOVA. There was a significant
effect of time after operation on initial body weight because operations
had to be staggered for logistical reasons. There was no significant
effect of treatment on initial body weight. There were significant main
effects of both time after surgery and treatment on the body weight at
surgery and the final body weight. oo

L]
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Temperature 1 Day 3 Days 7 Days ‘14 Days

Change in body weight (g)

Period 1
WA 153 + 4.1 156 % 5.6 ‘151 ¢ 6.2 149 + 2.4
CA 120 + 6.2 129 + 4.0 125 + 4.2 120 + 5.5
bériod 2 A
WA 14 + 1.9 22 + 3.0 49 + 2.2 93 +4.1
CA 16 +.2.1 . 22 + 2.6 T 38 + 4.7 91 + 4.7

LY
Growth rates (g/d) _
Period - . ‘
WA 8.0+ 0.09  7.1%0.26 6.9 + 0.19 7.8 £ 0.19
CA 6.3 + 0.29 5.9 +0.17 - 5.6+ 0.13 6.3+ 0.25
Period 2 ,
WA 13.8 + 1.85 7.3+0.99 . 6.9 + 0.31 6.6 + 0.29
CA 16.3 + 2.12 7.3 + 0.85 5.5 + 0.68 6.5 + 0.34

TABLE 33. DENERVATION TIME-COURSE STUDY (2): CHANGES OF BODY HEIGHTS AND
GROWTH RATES OF RATS PREVIOUSLY ACCLIMATED TO COLD. '

Rats were treated and the statistital analyses were performed as
described in the legend to Table 32. Period 1 refers to the time between
the beginning of treatment (warm- or cold-acclimation) and surgery;
period 2 is the time between the surgery and the end of the experiment.

Analysis by two-way ANOVA showed that neither change in body weight
nor growth rate was significantly affected by the treatment. During
period 1, there was a significant effect of time .after surgery on change
of body weight but not on growth rate. During period 2, there was no
effect of time after surgery on change of body weight, but there was a
significant effect on growth rate.

N\
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Temperature 1 Day 3 Days 7 Days” 14 Days

Body.temperéture (°C) :
WA 37.5 £'0.19 @70+ 040  36.9 * 0.11 37:1 £ 0.20

CA 37.5 £ 0.23 37.4 £+ 0.24 37.1 £ 0.24 36.7 + 0.19

Gonadal white fat (g) -
WA 2.2 £ 0.12 2.2 +0.14 2.5+ 0.18 3.6 +0.23

CA: 1.2 £ 0.11 1.3 +£0.15 ' 1.6 + 0.14 1.9 + 0.22

Brown adipose tissue (mg)
WA '

Sham 262 + 22.6 249 + 18.6 299 + 13.5 297 + 11.6

Denervated 322 + 24.1 308 + 18.6 309 + 8.6 293 + 11.8
CA )

Sham 387 + 24.6 455 + 12.3 541 + 22.2 622 + 33.0

Denervated 425 % 24.1; 390 + 18.2 419 + 19.3 451 + 34.2

TABLE 34. DENERVATION TIME-COURSE STUDY (2): BODY TEMPERATURES AND
TISSUE WET WEIGHTS IN RATS PREVIOUSLY ACCLIMATED TO COLD.

Rats were treated and the statistical analyses were performed as
described in the legend to Table 32.

Results were analyzed by ANOVA. Two-way ANOVA showed that body
temperature was significantly affected by time after surgery but not by
type of treatment. The wet weight of gonadal white fat was significantly
affected by both time and treatment.

Wet weight of BAT was analyzed by three-way ANOVA. This showed that
there were significant main effects of time after surgery, treatment,
and operation (sham-operation or denervation).
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rats, the gonadal white fat continued to grow with time after operation as
the rats continued to grow.

As in the first experiment, denervation had 1ittle effect on-wet weight’ -

of BAT in warm-acclimated rats. In cold-acclimated rats, BAT half-pads. .~

having intact innervatiom continued to show increases in wet weight foff?}:
the duration of the experiment. Wet weights of denervated BAT in cold-
acclimated rats did not increase. but neither did they decrease to the
levels seen in the warm-acclimated rats. ‘

' Resuifs for the other indices of BAT function are shown in Figures 28,
29, 30, and 31. As in the first half of the study, neither denervation nor
time of treatment after surgery affected the indices measured in warm-
acclimated rats and thus these results will not be describéd further.

In general, in cold-acclimated rats. indices of BAT function did not
change in the half-pads having intact innervation; rather, they were
maintained at fully cold-acclimated levels for the duration of the
experiment. Total protein levels in BAT increased slowly (Figure 28) as the
tissue continued to grow {protein content increased in concert with the
Increases in wet weight of BAT shown in Table 34). Specific GDP binding
had declined slightly by 7 and 14 days afterlsurggry (Figure 29) but this
change was small. The total activity of thyroxine 5'-deiodinase (T75'D)
(Figure 30) and the specific uncoupling protein (UCP) Tevels (Figure 31}
were almost unchanged.

The importance of syhpathetic innervation in maintaining the trophic
~changes in BA% caused by cold-acclimation can be seen from the results
for denervated half-pads of the cold-acclimated rats. Total protein content -

declined within a day of surgery (Figure 28) but did not decline much
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BAT PROTEIN t
Warm— or cold-acclimated rats
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Innervatipn: I D I D IDIOD I DIOD I DIOD
Exposure: Warm Cold Warm Cold Warm Cold Warm Cold

Days Fost-—op: 1 c 3 7 14

(I: intact side D:denervated side)

FIGURE 28. DENERVATION TIME-COURSE STUDY (2): PROTEIN IN RATS PREVIOUSLY
- ACCLLIMATED TO COLD. T :

Rats were treated and the statistical analyses were preformed as
described in the legend to Table 32. The format of the Figure is as
described in the legend to Figure 24.

Three-way ANOVA showed significant main effects of treatment (warm-
or cold-acclimation), time after surgery, and operation {sham-operation
or denervation). '
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BAT MIT'O_CHONDHIAL GDP -BINDING
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Innervation: I D I D I DID I DID I DIOD
Exposure: Warm Cold Warm Cold . Warm Cold Warm Cold
Days Post-op: 1 3 7 i4
(I: intact side D: denervated side)

F{GURE 29. DENERVATION TIME-COURSE STUDY: GDP BINDING IN RATS PREVIOUSLY
ACCLIMATED TO COLD.

Rats were treated and the - statistical analyses were preformed as
described in the legend to Table 32. The format of the Figure as is
described in the legend to Figure 24.

Three~way ANOVA showed significant main effects of treatment (warm-
or cold-acclimation), ‘time after surgery, and operation (sham=operation
or denervation).

"
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Q.

TOTAL T4 5'—-DEIODINASE IN BAT '
Warm— or cold-acclimated rats
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Innervation: I D I D IDIDBb -IDIGEDO I QID

Exposure: wWarm Cold Warm Cold Warm Cold Warm Cold
Days Post-—op: 1 3 7 o 14

‘ (I: intact side - D: fenervated side)

?
. | e
FIGURE .30. DENERVATION TIME-COURSE STUDY (2): THYROXINE 5'-DEIODIﬁﬂSE
ACTIVITY IN RATS PREVIQUSLY ACCLIMATED TO COLD..

) Rats were treated and the statistical analyses werd preformed as
described in the legend to Table 32. The format of the Figure is as
described in the legend to Figure 24.
Three~way ANOVA showed significant main effects of treatment (warm-
or cold-acclimation) and operation (sham-operation or denervation).
- There was no significant effect of time after surgery: :



"

-172-

b
9

BAT MITOCHONDRIAL UCP
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Inmervation: I D I D I DID I 0ID IDID

Exposure: Warm Coid Warm Cold Warm Cold Wwarm Cold

Days Post-~op: 1 3 7 14

(I: intact side 0: denervated side)

FIGURE 31. DENERVATION TIME-COURSE STUDY (2): SPECIFIC UNCOUPLING
PROTEIN IN RATS PREVIOUSLY ACCLIMATED TO COLD.

Rats were treated and the statistical analyses were prefofmed as
described in theslegend to Table 32. The format of the Figure as is
described in the legend to Figure 24. '

Three-way ANOVA showed significant main effects of treatmeny (warm-
or cold-acclimation), time after surgery, and operation (sham-operation .
or denervation). )
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further for the rest of the exper1menta1 per1od Since the prote1n content
in the half-pad having intact 1nnervat1on continued to increase, the gap in
protein levels between sides having .1ntact and severed 1nnervat10n
1ncreaseg_y}th the time after surgery. Nevertheless, by the fourfgenth day
after surgery, protein levels in denervated BAT half-pads in cdld-
acclimated rats were still significantly greater than the levels found in
warm-acé]imated rats and still about 40% of the level in ha1f~pads‘haﬁing
intact innervation in cﬁ]d-acc]imated rats.

Denervation caused a rapid decrease (within one day of surgery) in
specific GDP binding of BAT mitochond;ia from previously cold-acclimated
ra:s (Figure 29) and this decline continued for the rest of the experiment:
by the fourtéenth day after surgéry. levels had declined almost to the
Jevels found in warm-acclimated rats.

In the first part of the study (Figure 26)., it was found that the
activity of T5'D was extremely dependent upon presence of an intact
sympathetic innervation; this finding was con%irmed in this hart of the
experiment (Figure 30). Denervation caused an almost immediate decrease.
in T5'D activity, which reached levels seen in warm-acclimated rats within
3 days of denervation.

The specific UCP levels also declined after denervation (Figure 31).°
Unlike the decline in GDP binding, this decrease did not occur at once;
rather, it was only three days after surgery that there was any decline.
This suggests that "masking" of GOP pind{ng sites occurred in the first‘
day fo119wing denervation, before‘the decline in specific UCP 1eve1§. As
with GDP binding, by the fourteep{h.day post—surgery spécifiﬁ UCP levels

were approaching levels seen in warm-acclimated rats.
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Conclusions: As shown in the first part of this study, éympathepic
innervation is the most important, but nét-the'on1y, faéfor regulating fhe
changes in BAT seen in cold-acclimated rats. in previously cold-acclimated
rats, denervatio; h?d a more profound effect on the indices of BAT
function than it had on these indices in rats placed in the cold for the
firs£ time after surgery. In other words, sympathetic innervation is more
important in the maintenance of the.co1d-acc1imated state than it is for
acclimation to cold. Thyroxine 5'-deiodihase activity is the moét sensitive
to denervation, followed by GDP binding, fo11owed'by specific UCP levels,
and finally tota1_protein levels, which-were somewhat resistéﬁt to tée

N

effects of denervation. T
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DISCUSSION
"A11 of Nature speaks to me -
If only I could figure out
What\QF‘s trying to tell me"
- L..Anderson

v
Pis

PART A. HYPOTHALAMIC CONTROL OF BROWN ﬁbIPOSE TISSUE.

1. Acute effects. The principa)l finding of this study was that neither
LH 1es%on nor UMH lesion caused the acute activation of thermogenesis in
BAT, as judged by GDP binding (Figure 7). In fact, except for an effect of
LH lesions on body temperature the 1es1ons had no effects on any of the
measured 1nd1cesl(Tab1es 1 and 2). The fact that LH-Tesioned rats were
hyperthermic (Figure 8) supports the histological finding that the lesions
were correctly placed. Fu;ther support for that conclusion is that other
rats. operated on in the same way and at the same time, exhibited the LH
syndrome over a longer time period (Results section A2). Therefere. I
conclude that the LH lesions were successful.

The finding that LH lesions did not acutely activate thermogenesis is,
at first. surprising. From the work of others cited in the Introduction
(Yoshida et al. 1983,IAfase et al. 1987), an increase in BAT thermogenesis

would be predicted. In fact. it has been reported by one group that there

was a significant increase in GDP binding soon after LH lesions (Lupien et

al. 1986} .-
Balanced against this are the findings of Stevenson and Montemurro

(1962), that the acute increase in metabolic rate of VMH-lesioned rats was

even greater than LH-lesioned rafs, despite the fact that. in the tong
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term, VMH rats become markéd]y'hypometabo11c. This suggests that the
acute effect of the 1esions is non-specific. For example, the marked edema
found around the lesions (Figure 5) could contribute to a non- specific
hyperthermia. (It is also of interest to note that hyperthermia is not
present in LH rats studied after the acute recﬁvery {Results section A3),
supporting the idea of a non-specific hyperthermia.) |

Furthermore, it is possible that BAT does contribute significantly to
the hypfrthermia in the time before the measurements made in these
studies. ‘

The hyperthermia observed acutely following LH Jesion (i.e., occurring
within the first one or two days following the lesion) is reminiscent of
endotoxin-induced hyperthermia, the acute rising phase of which has been
agsociated with increased thermogenesis in BAT (Harris et al. 1985,
Jennings and E1ia 1987, Jepson et al. 1988). Interestingly, once an glevated
body temperature is attained, it is not sustained by BAT thermogenesis
{Harris et al. 1985, Jepson et al. 1987); in- fact, .it is likely that
thermaogenesis in BAT is then suppressed, as is seen in other states vhere
other organs cause an increase in body temperature sgeh as exercise
(Arnold et al. 1986} and hyperthyroiaism (Triandafillou et al. 1982). Such
"sparing” of BAT thermogenesis by other heat sources could explain the
results of my studies. .

Another possible explanation for the discrepancy between my results
and thoze of Lupien and coworkers is the nature and placement of the
lesions. In my studies, heat-lesions were used, while Lupien et al. used
e1ectro1ytic1esions;theprob]emsassociatedwiththe]atterwerédescribed

in the Introduction. More importantly, Lupien et al. placed their lesions
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considerably more anterior than did we, and may have injﬁ¥Ed the anterior
hypothalamus. Injury to this ‘structure may have removed its tonic
inhibitory effect on BAT thermogenesis (Imai-Matsumura. and Nakayama
1987) which, comblned with the coo\er housing conditions used bg Lupien
et al. (19- -220C), could explain the 1ncreased GDP binding found by them.
The hypothesis offered here, that “other thermogen1c mechan1sms '
"gpared" BAT thermogenes1s in the acute period following hypothalamic
lesion, could be tested bv plac1ng d1fferent groups of lesjoried rats into a
graded set of cold stresses (e.g., 26°C, " 19°C,- 12°C, and 4°C}. 1 would
expect that, if other thermogenic mechanisms ‘were compensating for BAT

thermogenesis, there would be a decreased elevation of GDP binding in

lesioned animals, especially at the higher temperatures.

2. Knife-cuts. The srincipal finding.of this study was that KC rats
were ;nab1e to normally activate BAT thermogenesis in response to
overfeeding (Table 6). Taken with the work done on this model of obesity
by Dr. Susan Hogan in our laboratory (Coscina et al. 1985), which showed
that KC rats wére able to respond normally to cold, it can’ be contluded
that KC rats are like VMH rats (Hogan et al. 1982) in that they have
normal response in BAT to cold but not to overfeeding. The general
conclusion from this work is that the hypothalamic regulation of response
to cold is distinct from the regulation of the response to diet.

In the study of the resp;nse to acute cold-exposure, ipuwgs_shown,
that KC rats were able to increase protein and GDP binding iﬁ BAT in a

manner similar to normal animals (Coscina et al. 1985). In chow-fed, warm-

acclimated KC rats in this same study. there was a failure to activate BAT
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thermogeneéis déspite the féct tHat these rats became hyperphagic. In non-
lesioned rats that overeat, such as in cafeteria-fed rats, there in normally
an increase in GDP binding in BAT (Himms-Hagen et al. 1981; see also
Table 6). This did not happen in that first study or in my study, even
when KC rats were given the additional thermogenic stimulus of cafeteria~
feeding (Table 6). Indeed, the only manipulation that did .induce an
increase.in GDP binding in KC rats was'a 36 hour fast in KC rats that
had been previously cafeter{a~fed. I speculate that this may have been due
to an increased level of free fatty acids.in the BAT of the fasted rat.
caused by the starvation, which could have d%ép1aced puriﬁe nucleotides
from the UCP.

That the BAT of KC rats could not respond to the stimulus of
overfeeding (both due to the behavioral changes (i.e.. hyperphagia) caused
by the knife-cut, and to the cafeteria-feeding) suggests that BAT is the
site for at least part of the metabolic component (hypometabolism) of the
weight gain in these animals

Interestingly, pair-feeding KC rats to the chow intake of non-lesioned
rats largely prevented the abnormalities of growth and body weight (Table
4) but did not_cpuse a suppression of GDP binding below normal levels,
which might have been expected since such animals are, effectively,
starving. (Starving tends to reduce BAT size and thermogenic activity
(éothwe11 and Stock 1982b, Hayashi and Nagasaka 1983, Rothwell et al.
1984b). It may be that the BAT of such KC rats js at the minimal possible
level of thermogenesis, consistent with the fact that they were kept at

\ ‘
26°C. their thermoneutral temperature, and hence were under no thermal

stress.
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V' The similarity of KC rats to VMH rats has been noted. One area in
which this is partidﬂlar{y notable is food intake (Table 5). As in a similar

t al. 1985), KC rats ate more total energy, and

study of UMH-rats (Hogan
more of—each of “the three macronutrients. This effect was furthff
exaggerated by cafeteria-feeding. A . .

In the present study, KC rats had Towered serum Ty levels but normal
Ta levels, suggesting that the results of this study}cou]d be at}]east
partially explained By hypothyroidism. This was particularly notable in
cafeteria-fed rats, where the iﬁ;;éase in T3 levels found in non-lesioned
rats was not found in KC rats. However, when the GDP binding results
were re-analyzed by Analysis of Covariance to equate for the different T%
levels, the statistical differences in GDP binding results remained,
suggesting that hypothyroidism alone does not explain the findings of this
study. ‘ . .

The failure to increase serum T3 levels in KC rats, coupled to the
findiné such rats do not increase GDP binding when ouef?%d, suggests that
T5'D activity in BAT of KC rats might be subnormal. However, the finding
that this enzyme has low activf%y in rats kept at thermoneutral
temperatures,‘even if rags are overfed (Results sections Bl and B2), tends
to rule this.out.

The overall conclusion f}om this study is that the effects on BAT of
KC (Coscina et al. 1985) are similar to those of VMH lesion (Hogan et al.
1982, 1985) and that thelpathways for the activation of BAT thermogenesig

and growth in response to diet are distinct from those pathways mediating ..

the response to cold.
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The KC rat has been extensively studiedlby Vander Tuig, Romsés. and
coworkers. They have shown that KC rats fed chow ad lib. have . normal
GDP biﬁding despite the marked increase in calories ingested (Vander Tuig
et al. 1985) and that pair-feeding of KC rats suppressed GDP binding. The
first result is in agreement with my findings (Table 6); the second is not.
(It'shou1d be noted that Vander Tuig et al. found much higher basal levels
of GDP B?Hdiﬁg than 1 did, possibly because the rats were mildly cold-

stressed \in that they were held at'23°C.) The general conclusion of this

‘work was in agreement with mine: decreased thermogenesis in BAT of KC

rats contributes to their lower energy expenditure and, hence, their
obesity. .

In a later work’ (Vander Tuig et al. 1986) it was—found that KC rats
kept in the cold for 16 days after surgery had lower GDP binding than did
non-lesioned rats, but that KC rats were similar to normal rats by 30 days
after surgery. The first finding is contradictory to the finding of Or.
Hogan in our laboratory (Coscina et al. 1985) but, again, the final
cdnc1usion is the same, that the KC rat does (at least eventually) respond
normally to cold.

This research group has also shown, in KC rats fed a high-fat diet,
that adrenalectomy both suppresses hyperphagia and, of more interest to
us, increases energy expenditure (Romsos et al. 1987); this latter finding
was correlated with increases in GDP binding. (See the Introduction for
further discussion of the effects of adrenalectomy.) This study also
supports my conclusion that decreased diet-induced thermogenesis in BAT

is part of the overall decreased energy expenditure in KC rats.
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Most recgnt1y, this group has shown a decreased turnover of ‘
noradrenaline in BATrof KC rats both 3 days and 4 wgeks after surgery
(Vander Tuig g£ al. 1587). (This occurred despite a Jong-term activation of
.other sympathetica11y-innervated organs, as shown by increased
noradrenaline turnover rates found in.the heart and pancreas at 4 weeks
post-surgery.) Thié finding is h]sa consistent with, and he1bs to explain,
my findings. ‘

It appears that parasagittal knife-cut is a relatively specific
manipulation that results in preventing the BAT response to feeding while
Jeaving intact the response to cold. (Given its areater specificity,
parasagittal knife-cuts should bg preferred over VMH lesions as an
experimental system.) Further work.cou1d be aimed at trying to find the
pathway or pathways responsibie for éhe resﬁonsé to cold (although 1
suspect that this would be extremely difficult since thermoregulation is one
of the most critical homeostatic functions of the hypothalamus and
disruption of it might not be compatible with 1ife; perhaps comparative
studies of poikilotherms and heterotherms would be of use).

Although, as mentioned above, T would predict that T5'D activity in.
KC rats reared at thermoneutral temperatures would be normally law, it
would be of interest to'verify this. Of greater interest would be tﬁé
response of this enzyme to cold-exposure of KC rats; given the normal
response of other indices of BAT function, I would expect it to increase
normally. Likewise, it would be of interest to study the effect of KC on
UCPWevels,irlcéfeteria-fedrats, in cold~exposed and cold-acclimated rats,
and partigu]ar]y in pair-fed KC rats, where it might help to show‘whether

in fact BAT is at its minimal thermogenic capacity, as suggested above.
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3. Lateral hypothalamic lesions. The principal findings of this study
were that LH rats have more BAT per body weight than do normal rats

(Table 14 and Figure 11), that'such rats are capable of the normal cold-

induced increase of BAT thermogenesis (Figure 12), and that they have an

exaggerated diet-induced growth of BAT (Table 14 and Figure 11).

Beyond the histological findings, there is evidence that the LH lesions
were successful. In the first week following the lesions, LH rats lost even
more weight, and had a marked1y lower food efficiency, than did pair-fed
rats (Table 9). The smaller body weights and rates of weight gain typical
bf the LH rat were found, even in cafeteria-fed rats (Tables 10 and 11).

Th%'sma11er size of gonadal whife fat {Table 12) indicates that the LH rats

were leaner than normal rats, also consistent with ghe LH syndrome. As

previously n;ted. LH rats were not hyperthermic (coﬁpare to the
hyperthermia acutely after lesions: Figure 8). .

The most important results concern BAT protein and GDP binding
(Table 14 and Figures 11 and 12). Incfeases in total protein were found in

LH rats; these differences are made'more distinct when expressed per gram

BAT wet we1ght (Table 14) or per metabolic body mass (Figure 11). The

" key finding was that LH rats fed a cafeteria diet showed an exaggerated

response (Figgre 11). It is possible that this difference did not occur in
chow-fed rats because, as in KC rats previously discussed, £he,fack of
thermogenic stimulus prevented expression of this difference.

Like YMH rats and KC rats, LH rats were able to normally activate
BAT thermogenesis (increase GDP binding) is response to acute cold-

exposure (Figure 12), reinforcing the idea that the hypothalamic response
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to cold and to diet (as‘seen by the effects on BAT) are mediated by
different pathways.

LH rats fed cafeteria food had smaller weight gains than non-lesioned
rats déspite the,féct that the two groups had similar food intakes (Tab1e
11). This is consistent with the idea that there is a metabo1it component
to the LH syndrome (Keesey and Corbett 1984, Corbett et al. 1985). The
finding that the pair-fed non-lesioned rats were essentially the same as'
the normally-fed non-lesioned rats reinforces the idea that the previous
feeding histor& does not fully explain the findings in LH rats, further
supporting the idea of a metabolic component. The finding of an
exaggerated growth of protein in BAT of LH rats suggests that BAT is
likely a site involved in this increased energy expendifure.

As mentioned in the previous section of the Discussion, restricted food
intake or starvation usually causes a suppressioﬁ.of BAT thermogenesis.
This did not happen in the present study (a1though,'at the times measured,
food intake of the LH rats was not lower than normally seen), sugge§ting
that either the LH rat fails to suppress BAT thermogenesis, or that the
Jevel seen represents the minimal posgjb1e activity of the tissue. One
expgriment that could test these hypotH:ses'wou1d be the measurement of
GDP binding in food-restricted LH rats; if the former idea is correct, a
supﬁression of GDP binding would be found; if the latter idea is correct,
no lowered GDP bindfng would be found.

Because of the minimal requirement for BAT thermogenesis at
thermoneﬁtrq] holding temperatures, {t took the cafeteria-feeding reﬁimen
to demonstrate the exaggeraféd BAT response in LH rats. Since it is

essentially impossible to produce a series of cafeteria menus with stepwise
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‘ variation of energy content (the rats, having a free choice of food items,
~ tend to eat different\& from one another), one could not quantitate the
relationship between degree of overeating and degree of BAT hypertrophy.
Hoyever, such a study could be done by forceffeeding-sucrose solutions.
-Such a regimen hou1d have the addjﬁiona1 advantage that non-lesioned rats
could be pair-fed for the entire duration of the experiment, something tha£
was impossible 1n the current study. .
On the other hand, cold-exposure is such a powerful stimu1us to
thermageneéis that differences between LH and non-lesioned rats may have
been obscured. .Severa1 additional experiments could be performed to
further test the idea that BAT is hyperreact1ve in LH rats. First, a range
of milder cold stresses could be used {as described in the prev1ous section
of the Discussion); if the BAT of LH rate,is hyperreact1ve. an increase in
GDP_binding would be found at a higher ambient temperature (although a
quantitative interpretation of the results of GDP binding is difficult teo
make). Second, a study of the time-course of changes in coldlexposed LH
and non-lesioned rats would be of use; here, a faster response would be
predicted for the LH rats. Third, a study of UCP levels in LH rats would
be useful. Both specific and total UCP could be determined in such an
exper1ment That would also allow a determ1nat1on of total GDP binding,
since percent recovery of BAT mitochondria could be found. Measurements
of total GOP binding and of total UCP would be the single best ways of
showing that LH rats have more active BAT than do non-lesioned rats.
Holt and York (1988) studied lean (Eg/?)'and obese (fa/fa) Zucker rats

and found an increase in GDP binding in lean, LH-lesioned rats and a

decrease in GDP binding in non-lesioned rats pair-fed to the levels eaten

5
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by lesioned rats. These results are somewhat contradictory to mine in that‘
1 found no effects of these two treatments on GDP binding (Figure 12).

There are several possible reasons for the different results. Holt and
York reared their rats at 23°C, a mild cold stress for rats, and they did
have higher basaf GDP binding levels than I usually find for such rats.
Second, they studied rats 10 days after 1esion;whi1e my study was done
‘much later (4 weeks or more aftér lesion). Th;rd. the kinds of 1esiqps used
differed both in kind (1 used non-irritating radio-freqguency lesions while
Holt and York used e1ectro1ytic lesions) and location (in my study, the
lesions we;e more antgribr). Fiva11y, it may be difficult to compare
'Ho1tzman\rats. which 1 used, to 1éan Zucker rats, about two-thirds of

which were, presumably, heterozygoﬁs for the fa allele.
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PART B. THYROXINE 5'-DEIODINASE 1IN BROWN ADIPOSE  TISSUE:
CONTROL AND FUNCTION.

1. Effects of cold-exposure and cafeteria-feeding. The principal
findings of these studies were that exposure or acc]imat1oﬁ:ﬁo\‘old greatly
increased the activity of thyroxine 5'~dejodinase (T5'D), whﬁle cafeteria-
feeding had no effect on this enzyme's activity {Results section B1), and
that fhese findings were independent of thg time of day (Results section
B2). . |

Exposure of warm-acc11m ed rats to cold (4°C) caused a statistically
significant increase in’ T5'D activity within 2 hours and a very large
(greater than 50-fold) increase after 10 hours. This finding is in good
agreement with the work of others (Silva and Larsen 1983). Tﬁe increased
T5'D activity fell slightly thereafter but remained massively elevated above
the levels seen in the wargfacc1imated controls. The rate of increase of
T5'D activity was much greater than the %ncreaée in total protein content
of BAT (Table 15), indicating that a specific process is responsible for the’
activation of T5'D.-

The ten-hour lag before maximal response sﬁggests that a rapid
activ;tion process, such as protein phosphorylation or dephosphorylation, is
not acting here. Rather. the time-course is more suggestive of a process
involving de novo synthesis of the enzyme. In fact, the work of Jones et
al. (1986) shows that gene transcription and protein synthesis are required

for the increase in T5'D activity in animals subjected to cold or to

injection of noradrenaline..This conclusion is supported by the finding that
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cycloheximide and actinomycin D block noradrenaline-induced increase in
T5'D activity (Silva and Larsen 1986).

Given the importance of sympathetic stimulation for the increase in
T5'D activity (indeed, as shown in Results section B4, sympathetic
stimulation is an almost absolute requirement for the increase in activity
of T5'D in cold-exposed rats), and the known increase in sympathetic
activity in cafeteria-fed rats, it was somewhat surprising that cafeteria-
feeding failed to increase T5'D activity in the present study {Table 16).
Thé cafeteria feeding diﬂ increase GDP binding (Table 16), so presumably
sympathetic activity was indeed increased. One possibility is that
sympathetic stimulation is "necessary but not sufficient"; that is, that some
other féctor necessary for the increase in enzyme activity is elaborated in
co]d:Ekposed rats but not in cafeteria-fed ones. Altetnate1y. cafeteria-
feeding may cause the release 'of some factor inhibiting the
sympathetically-mediated stimulation of enzyme activity. (A parabiosis
experiment could be used to test these ideas.) A third possibility, tested in
the second study discussed here (Results section B2), is that an effect of
cafetéria-feeding would be seen if T5'D activity were determined at
different times of the day.

In short, despite the known circadian cycle in sympathefic activity,
no circadian variation in T5'D activity was found for any experimental
treatment used (chow-feeding, cafeteria-feeding, or cold-acclimation)
(Figure 16). (The finding that there is no circadian variation in T5'D
activity in chow-fed rats is in agreement with a recent report (Murakami
et al. 1988).) There is evidence that the cafeteria-feeding was successful

(increases in total protein (Figure 14) and GDP binding (Figure 15) were
.;J ‘

—
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found)} and circadian variations in GDP binding were found in both
cafeteria-fed and cold-acclimated rats. The finding of a circadian cycle in
GDP binding in cafeteria-fed rats, with a maximum at the end of the dark
period, is in general agreement with the.previous findings of .others
{Rothwell et al. 1983). One might expect this to be the time' for the
maximal activation of diet-induced thermogenesis since it corresponds to
the end of the feeding period for rats, when the level of free fatty acids
in BAT, wﬁich activate thermogenesis, would be highest. The maximum of
GDP binding in cold-acclimated rats, which occurred in the middle of the
I;th phase, can be explained by the fact that the rats are least active at

this time and thus have a greater requirement to on-shivering

thermogenesis in BAT at that time. The relative constancy o GDP bindin

in warm-acc1imated; chow-fed rats can be explained by the fact
rats were at their thermoneutral temperature, 50 BAT thermogenesis
a minimum at all times. | |

As-with the studies of the effects of lateral hypothalamic lesions a d
parasagittal knife-cuts, the present studies offer evidence of the
differences in the regulation of response to diet versus co]d. The presen
studies could be explained by a difference in regulation in the central
nervous system, or a difference in peripheral (hormonal) regulation, or
both. Further studies would be focused on testing these ideas. One peculiar
finding already made is thgt the two factors most strongly increasing T5'D
‘activity are noradrenaline and insulin (Silva and rsen 1986). whose
actions are usually considefed to be opposite. The undgrstanding of the
Combﬂex regulation of T5'D activity would be greatly advanced by an

explanation of this phenomenon.
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2. Thyroidectomy. The principle finding of these studies is that T5'D
activity js not abso]uteiy required for either the acute or the long-term
responses of BAT to cold. Some thyrbid hormone is required for these
responses, but circulating T4 was as effective as Tq produced in situ by
T5'D.

In the first study, of the effects of acute cold-exposure, vehicle-
injected thyroidectomized rats were hypothermic and failed to grow, as
expected (Table 19}; for the qther groups, the dosages of injected T and
T4 were sufficient to completely normalize body temperatures and growth.
The finding that vehicle-injected rats had higher BAT protein per body
mass (Table 20) was probably due %o the dincreased need for BAT
thermogenesis in the face of reduced thyroid hormone-mediated
thermogenesis elsewhere. This  idea is\supported by the increased GDP
binding found in warm-exposed, vehicle-injected rats (Figure 17).

The conclusion that T5'D activity is not required for acute response
to cold is supported by the results for GDP binding (Figure 17) and T5'D
activity (Figure 18). The cold-induced increase in GDP binding was normal
in both Tz-injected rats and Ty-injected rats. The increase in T5'D
activity was present and even somewhat exaggerated, especially in the Tq-
injected rats, but again the pattern is similar to that seen in the sham-
operated rats. Thus even low levels of circulating T4 were sufficient to
sustain a normal cold-induced response.

Lack of thyroid hormone (vehic]e-injeéted rats) prevented the c61d~-
induced increase in GOP binding, demonstratiﬁg that there is an absolute
requirement for some thyroid hormone for normal response. Interestingly,

the activity of T5'D was very high. One could argue, teleologically, that
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the elevation of this activity is an attempt to utilize whatever small
amount of Tz might be available. The same thing was seen in the Ta-
injected rats. This suggests a possible role of T4 as a negative feedback
inhibitor of T5'D. activity.

In the second study, of the effects of long-ferm cold-acclimation.
injection of Tq or of T4 permitted regain of weight lost due to
thyroidectomy (Tab1e-é1). As in the first stud;:\Véhicle—injected rats were
hypothermic {Table 22): cold-acclimated, Tq-injected rats were also
hypothermic compared to similar Qarm-acc1imagéd rais. for reasons that
are unclear (Tq-injected rats had simitarly~low Ty levels yet were not
hypothermic).

The major conclusion, that circulating Ty is as effective in mediating
‘the adaptation to cold of BAT, is supported by Figures 19-23. Both T3-
and Tg-injected rats had protein, DNA, GDP binding, specific UCP, and
T5'D responses that were very similar to sham-operated rats, sometimes
almost e#act]y the same. There was a somewhat greater increase in T5'D
activity in T3vinjected rats, as seen in the first study. GOP binding in T3-'
injected rats was lower than in sham-operated or T4-1njected rats. perhaps
indicating ‘a submaximal response and therefore a preference for
endogenously-produced T4; still, the increase over the levels found in
warm-acclimated Ts-injected rats was substantial. Finally, the increase in
specific UéP levels was submaximal in bofh T;; and T4-injected rats. but
the response in the supplemented rats was equal in each. Thus, except for
the GDP binding results, injection of Ty was as effective as Tg in

normalizing the responses. Therefore, the original conclusion of
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Triandafillou et al. (1982), that thyroid hormones play only a permissive
role, has beén supported in these studies. |

There are two problems withlthe work presented here. The first .is
a“fhe discrepancy between the findings for T5'D activity in warm-acclimated,
vehic}e-injécted rats in the two studies; in the first study, the activity
was very high, while in the second, it was at the level normally seen in
animals held at their thermoneutral temperaturd. The reason for this
difference is unclear., other than the fact that the assays were done by
different people. It might be worthwhile to repeat thiﬁﬂ%art of the study.

The second, and more serious, problem is the disagreement betieen
my results and thgse of Biancd and Silva (1987a. b). They studied the
effect of acute exposure to coid (48 hours) and concluded that serum T4,
even at superporma] Jevels, could not mediate the co1d-inducedrincrease in
UCP Tevels that were produced by T4. They calculate that even the highest
dosages of injected Ty could produce only 90-95% occupancy of nuclear T3
receptors, while it is thought thai 100%-dccupancy is required for complete
expression of UCP synthesis {Bianco and Silva 19é7c, 1988). (In contrast.
animals reared at room temperature have an occupancy of about 70%, a
condition associated with minimal levels and synthesis of UCP (Bianco and
Silva 1987c, 1988).)

To resolve the difference, several suggestions may be made. First, it
may be that in thyroidectomized rats maintained on low Tevels of T3 or
T4, as ours were, may somehow adapt to permit full activation despite
.1ncomplete occupancy of receptors, If, for exampie, there is an increase in

the number of receptors, a critical number of hormone-receptor complexes,
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sufficient to fully activate protein synthesis, may be formed without
producing complete occupancy.

Second, it s important to distinguish GDP binding from UCP levels.
As described in the Introduction, the phenomenon of “unmasking" of GDP-
binding sites has been well-characterized. Cogp]ed with the finding that
UCP levels change slowly even in cold-exposed animals (Trayhurn et al.
1987), the discrepancy can be explajned by the statement-that endogenous
production of Tq is not required for the increase of GDP binding caused
by unmasking {which has been postulated as being due to mitochondrial
swelling (Nedergaard and Cannon 198f5) but is required fér (maximal)
stimulus of the synthesis of UCP. (This idea is also compatible with my
finding of normal cold-induced synthesis of UCP in thyroidectomized
animals kept in the cold for a long time since, even at submaximal rates
of synthesis, there would have been enough time to synthesize the UCP to
a maximum final level.

This model is also compatible with the findings from Results section
B4 (discussed in more detail in the next section). Here, there was an
almost total dependence on symgathetic stimulation for the maintenance of
T5'0D activity (Figu}e 26). Yet there was significant synthesis of UCP, 6
and 12 days after denervation, in the absence of significaﬁt T5'D activity.
Likewise, in Results sections Bl and B2, it was shown that there %s a
dissociation between increases in GDP binding and T5'D activity in
cafeteria-fed rafs. Therefore, I conclude that T5'D activity (endogenous
production of Ty in BAT) i§ not required for the cold-induced increase in
GDP binding. It is required for maximal synthesis of UCP in the acute

period following cold-exposure (Bianco and Sjlva 1987a, b) but its absence

Q
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does not completely prevent a slower synthesis of UCP, mediated both by
the primary noradrenaline signal and.by circulating T4 causing a partial
increase in occupancy of nuclear T3 receptors (Silva 1988).

It is clearly desirable to do more experiments. Ideally, GDP binding,
UCP Tevels, and nuclear Tq receptor occupancy would all be'done on the
same sample.\}kgime-course, such as 0, 2, 10, 24, 48 hours and 5 and 10
days aftér co1d-exposﬁre, would be the best design. Another attractive
mode] would be the study of denervated BAT in thyroidectomized rats.
Since denervation essentially eliminates- the activity of T5'D,.even in
animals kept in the cold (Figure 26), there would be almost no production

éliof Tq in BAT. Such a model could be used to further test the conclusions
feached in the present study.

3. Denervation. The effect of denervation on the adaptation of BAT
to cold was studied in the last part of the thesis (Results section B4). The
principal findings of these studies were that surgical denervation
effectively removes sympathetic stimulation from BAT, that unilateral and
bilateral denervations have equivalent effects on a variety of indices of
BAT function, that the key indices of BAT function measured (protein,
specific UCP levels, GDP binding, and T5'D activity) were dependent to
different degrees on sympathetic stﬁmuhation (protein Jeast, then UCP

levels, then GDP binding, then-T5'D activity), and that sympathetic

stimulation is more important in maintaining the cold-acclimated state
it is in mediating the acclimation. In’ﬁEheia1, the sympathetic ipfervation
u

js the single most important factor regul}ating the indices pfeasured. but

;
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other factors must also operate because denervafion alone does .not
completely abolish the effects of cold for any of the indices measured.

In part a, the effectiveness of surgery as a means of removing the
sympathetic innervation of interscapular BAT was deﬁonstrated. In the
first study, the noradrenaline content of the denervated tissue was-almost
abolished by surgery (Table 23) and this reduction was maintained;for at
least 26 days. Therefore, in the later experiments, where the longest time
studied after denervation was 14 days, there could not have been
measurable regrowth of sympathetic nerves.

In the second experiment, there was evidence of some regrowth of
nerves in that, six weeks after surgery; noradrenaline levels were
significantly greater than levels two weeks after surgery (Table 24), inone
case reaching 21% of the level found in the sham-operated half-pad. It is
of interest to note that the recovery on noradrenaline content was faster
in unilaterally-denervated BAT, suggestiné that local trophic factors may
be involved.

| At two weeks after surgery, a time perﬁod more germane to the rest
of the studies here, unilateral denervation was as effective in reducing
noradrenaline content as bilateral denervation, supporting the use of
unilateral denervations in later studies. I found no.evidence to support the
claim of Girardier and Seydoux (1986) that there is cross-innervation. My
results are in excellent agreement with those of Foster et al. (1982). Like
them, I found residual noradrena1igé_ggptent after denervation, presumably
from the innervation of the rich vascu{éture of BAT.
. The studies in part b weré done to continue the work begun in part

a and to characterize the long-term effects_gf denervation on BAT of

I
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animals raised in the cold before or after the surgery (Tables 25 to 29).
These studies showed that denervation greatly reduced but did not abolish
the trophic effect of cold-acclimation on the indices of BAT function. and
they showed that unilateral and bilateral denervation had equivalent effects
on the indices of BAT function studied here, since, for measures of total
quantities (such as protein) unilateral denervations were almost exactly
half those of bilateral denervations; for specific quantities (such as GDP
binding) unilateral and bilateral denervations gavé almost exactly theisame
results. | |

These studies also showed that the importance of intact sympathetic
innervation ;as different for the d@fferent indices, with T5'D activity
being almost totally dependent on sympathetic innervation, UCP level less
so, GDP binding still less, and protein levels most resistant to the loss of
sympathetic stimulation. It is difficult to interpret these findings; it may
be that protein levels are regulated by a number of factors while T5'D is
requiated by few factor§f or even exclusively by the sympathetic nervous
system.

‘The most information was gained from part c. {See Figures 24-31.)
This study was a continuation based on the results of part b. By use of a
time-course it was possible to more clearly determine the relative
importance of the sympathetic innervation for the indices of function
studied. The other thing learned from this study is that the sympathetic
innervation is more important in maintaining the cold-acclimated state than
in mediating the transition to the cold-adapted state, since in the latter

case all the indices atrophy from the maxima previously achieved by cold-
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acclimation while, in the former, there is actually growth from the warm-
_ gcclimated state. (This is further discussed below.)

The extreme]y'rapid decline of T5'D activity in denervatedfﬁAT of
previously cold-acclimated rats (Figure 30}, and 1£s failure to increase in
BAT of previously warm-acclimated rats (Figure 26).are in good agreement
with previous work showing the dependence of the enzyme on sympathetic
stimulation and its short haif-iife (Jones et al. 1986, Silva and Larsen
1986). The rapid increase of T5'D activity in BAT having intact 1pnervation
' incold-gxposedratsﬁs h1agreementwithpreviousfindings(Resu1tssection

B1). The increase in protein in the present experiment was somewhat
slower than in Results section Bl, possibly due to the different ages of
the rats.
| The time course of increase of UCP levels in the BAT ;aving intact
innervation in cold-exposed rats was similar to that found by others
(Bianco and Silva 1987a, b, Peachey et al. 1988) but not by Trayhurn et al.
{1987) who found a slow increase for 2 days followed by a continual, more
rapid increase for the next 18 days. These latter results may have been
due to the rearing of the rats: before being exposed to the cold. the rats
had been kept at 29°C, which could have been warm enough to cause
atrophy of BAT and a slowed response to the cold.

Similar denervation studies done by two other groups deserve special
attention because of the similarity of design to my work. In the first, by
Rothwell and Stock (1984b), it was concluded that surgical denervation
completely prevented cold~induced changes in BAT protein and GDP binding
when measured 7 days after surgery. (UCP and T5'D were not measured, )

They found GDP binding results (for denervated half-pads) of 116 + 11
/
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pmol1/mg protein for cold-exposed rats and 72 + 9 pmol/mg protein for rats
* kept in the warm (means % S;E.M.). The differenée is stated to be not
statistically significant but, since they do not state their sample size, this
cannot be verified. My findings for GDP binding at the 6-day point were
similar; w1th n =6, the difference was statistically significant. More
significantly, since Rothwell and Stock did not go beyond 7 days, they d1d
not find the more striking increase that had occurred 12 days after
~sﬁrgery. (Indeed, given the results of the present study, it would be
worthwhile testing rats left in the cold for longer than 12 days, provided
that it could be shown that the nerves had not regrown; assays of tissue
homogenates for dopamine B-hydroxylase could be used.)
The second important study was that of Desautels et al. {1986). They
used a design similar to mine in that they studied changes in unilateraily-

denervated BAT caused by cold-exposure, as a l4-day time-course. They

studied mice in this work. Like me, they found intact innervation is -

largely but not entirely responsible for the response of BAT to cold. In
particular, they found that protein and UCP levels in denervated half-pads
of cold-exposed mice were greater that the corresponding levels in warm-
exposed mice, although the levels in dener;ated tissue tended to decline
with time, unlike my results. They also found, as I did, atrophy of protein
and UCP levels in BAT of anima]s-that had been co]h-acc]im;ted before
denervation (aTthough this atrophy was exaggerated in their study because
they placed,the mice at 33°C after surgery). Unfortunately, they did not
\ measure T5'D activity, so we cannot make this comparison to my results.

The results of part ¢ of my studies a]sok9ffer an excellent example of

the phenomena of masking and unmasking, the change in the stoichigmetry

]
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of the interaction between GDP and UCP. For example, by comparing
Figures 25 and 27, it can be seen that one day and three days after cold-
exposure, there was a significant increase in GDP binding 'with a smailer
increase in the levels of UCP (unmasking). In rats pre§1ous1y cold-
acclimated, denervation caused a rapid decrease in GDP binding without 3
change in UCP levels (masking; compare Figures 29 and 31).

As mentioned in the preceding section of the Discussioﬁ, part c of
this study demonstrated another examp]e of the dissociation between T5'D
activity and UCP synthesis. Since denérvation almost abolished the activity
of T5'D, the nuclear T3 receptors were probably not saturated, preventing
optimal synthesis of UCP. Yet in this study, UCP synthesis did occur,
albeit likely noﬁ at its maximal possible rate. Therefore, full occupancy of
T4 nuclear receptors is not an absolute requirement for UCP synthesis.

The overall conclusion from this work is that the sympathetic nervous
system is the most important factor mediating BAT fesponse to cold, but
nof the only one. One focus of future studies would be an attempt to
identify this factor or factors. One clue might be the pattern of atrophy
found in denervated BAT of rats that had been previously cold-acclimated.

The pattern of atrophy of the Jarious indices dépends on the half-1ife
of the component, the effect of any rémaining sympathetic stimulation: and
any circulating or local factors affecting BAT. It is interesting to note
that previous cold-acclimation seems to prevent iﬁb partial acclimation
seen in rats that had been previously in the warm. There are two possible
explanations. First, it may be thaf the sympathetic-independent changes
were occurring but were obscured by the atrophic declines from the cold-

acclimated levels. Second {and more 1ikely), there may be a critical period
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after which the sympathetic-iqdependénf factors cannot operate. as cher
thermogenic adaptations, come into play. 1 speéu]atq.that'fhere is some
*cold factor" (or factors) mediating the sympathetic-indepfndent.changes
seen in warm-acclimated, cold-exposed rats with ‘denervated BAT. This
"factor" might mediate the proiﬁferétion and.‘differentiation of
preadipocytes; after the "critical period", it might not be e]aboréted, or
the sensitivity to it might be changed.

The finding that the most dramatic changes in protein, GDP binding,
and UCP levels in the previous1} warm-dccijmatedJrats occurred after 6
days supports this ideé, since it would take that ‘long -for the
differentiation of brown preadipocytes.:Two experiments could be done to
test this. First, the changés in the cell types p}esent in BAT fo]]owing

denervation could be'determihed by the method of Bukowiecki et al. (1986) .
Second, by u§e of a variety of times of go]d-exposure, the "eritical period"
- could be better defined. .

’ Almost any circulating hormene, or indeed locally-released paracrine
factor, could be considered as a candidate for the “cold factor®.
Circulating catecholamines are attractive éandidates, especiallygiven tﬁat
one would predict receptor superseﬁsitivity following the denervation.
Against this is the finding that, in_denervateH“BAT. acute cold-exposure

_does not cause an increase in blood flow (Foster et al. 1982).

Two other factors that may be good candidates are nerve growth
factor (NGF) and é]ucagon. It would be expected that, fﬁl]owing section of
the nerves innefyating jt, BAT would produce considerable quantities of
NGF. This would exp{ain the return of noradrenaline in denervated tissue

(part a). 'As well, in a unilateral denervation of BAT, NGF produced by a

.
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denervated half-pad mighf attract growth from the intact nerve in the
other'ha1f-pad, explaining reports of‘dros§-1nnervation (Seydoux et al.
1977). This would also explain the more rapid recovery of noradrenaline in
uni]atera11y?denervatedBATcomparedtotﬁlatera]]y;denervatedtissue(part
a).

Glucagon is an %nteresting candidate. The work of Billingtoﬁ et al.
'(1987) has shown that injections of glucagon produced increases in BAT
grotein. DNA, cytochrome oxidase, lipoprotein lipase, and éDP binding.
Most importantly, it was found that the responses of 1ipoprotein lipase and
Eytochrome oxidase to injected glucagon were preserved after surgical
denervation. o

Two experiments could be done to tést the possibility that glucagon
is the “cold factor“. First, it would be useful to characterize the effect of
glucagon on denervated BAT for the other usual indices of function ({BAT
protein, GDP bjnding, 75'D, and UCP Jevels). Second, it could determined
whether the injectioq of anti-glucagon antiserum into cold-exposed rats

having denervated BAT blocks the changes found in the present work.
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THESIS AND SYNTHESIS

The purpose of the work presented here was to study the growth and
regulation of brown adipose tissue. In retrospect, it has turned out that
the regulation of thermogenesis and growth of BAT is more complex and
more subtle than it seemed when 1 began. Aﬁthough non-shive%ing
thermoéenesis and diet-induced thefmogenesis share a "“final common
.pathway" - browﬁ adipose tissue -~ ample evidence has 5ccumu1ated that
_there is a great difference in how these pathways are regulated. The
differences in both central regulation (Part A of the thesis) and peripheral
reqgulation (Part.B) of. the reSﬁonses in BAT to cold and to diet are a-
common thread through this work.'

I believe that there are evolutionary reasons explaining the different
strategies of modulation of energy expenditure in these two situations.
From a teleological perspective, it makes sense to have different responses
to environmental coldness, which comes at regular, predictable times and
persists for a long time, and oﬁereating, wh{ch would occur unpredictably
and adventitiously. From these different evolutionary pressures have come
different physiological and regulatory strategies.

* And while it is often frustrating to deal with the complications that
these two pathways pose, ultimately it is rewarding because they offer us

perspective. By comparing the two, we can learn about both.
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APPENDIX 1
~ CAFETERIA MENU

This menu was used in the experiment on rats having lesions of the

lateral hypothalamus (Section 3 of the Results). Menus used in other

studies (Results Sections 2, 4, 5, 6, and 8) were similar to this menu.

DAY 1:

DAY 2:

DAY 3:

DAY 4:

Peanut butter on a "vegetable thin" (cracker)
1/2 soft fudge cookie

1/8 "Mr. Big" (chocolate bar)

3 "Bugles" (corn snack) ‘

Pate de foi on "Ritz" cracker

Vanilla wafer cookie .

1/8 "Milk Nut" (chocolate bar)

Onion ring

"Cheeze-whiz" {cheese spread) on corn cracker
1/2 soft mint cookie

1/8 “Malted Milk" (chocolate bap) /

1 1] \//
2 “Cheese Balls" (snack food)

"Ham spread on soda cracker

Oreo cookie
1/8 “Sweet Marie" (chocolate bar)

4 “Honeycomb" (sugared breakfast cereal)




INSTRUMENT
beta counter
gamma counter

HPLC
u]tracentrifuges
centrifuges

benchtop centrifuges
spaectrophotometers

analytical balance

balances

thermometer
polytron

oxygen monitor

vertical electrophoresis

Western blotting

computer

microcomputers
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APPENDIX 2
INSTRUMENTATION

MODEL
Beckman LS6800
Beckman Gamma 5500

Varian 5000 with BAS LC-4B amperometric
detector

Beckman L8-55M
Beckman L2-65B

Sorvall RC2-B
Sorvall RC-58

Eppendorf 5412
Eppendorf 3200

Spectronic 20
Gilford 2400-2

Mettler AE 163

Mettler PE 1600
Sartorius 1Z216MP

Bailey Model BAT-8
Brinkman Model PCU-2-110 :

Yellow Springs .Instruments
YSI Model 52

Bio-Rad Model! 220 cell
I1SCO Model 450 power supply

Bio-Rad Trans-Blot cell
Bio-Rad Model 200/2.0 constant voltage nower
supply

Amdahl 470V8

IBM XT -
IBM PC
Radio Shack TRS-80 Model 3



~-204-

APPENDIX 3
REAGENTS

Biochemicals used were of the highest purity available. Commoniy=-
available reagents (sucrose, toluene, etc.) were obtained from the company
which had the institutional contract at the time (CanLab or Fisher).
Veterinary supplies (halothane, Innovar-Vet, pentobarbital, saline) were
obtained from the Animal Care Services. Food for rats, also of the highest
purity available, were obtained from local grocers. Other reagents were
obtained as listed below.

REAGENT SUPPLIER
A) BIOCHEMICALS AND REAGENTS

acetic acid, glacial Baker
acrylamide/bis-acrylamide (29:1) Bio-Rad
ADP, sodium salt Sigma
alumina Baker
ammonium acetate Sigma
ammonium, persulfate Bio-Rad
ascorbic acid Sigma
atractyloside, sodium sait Sigma
Bio-Beads Bio-Rad
bovine serum albumin

-for protein assay {fraction V) Sigma

-for RIA {RIA grade) Sigma
cation exchange resin (AG 50 W-X2

100-200 mesh, hydrogen form) Bio~-Rad
charcoal {activated) (NORIT) Sigma
chloroacetic acid , Sigma
choline chloride Sigma
chromatography paper

(Whatman #1 Chr) Fisher
Coomassie blue reagent

(dye concentrate) Bio-Rad
Coomassie blue R-250 Sigma
cytochrome c (from horse heart) Sigma
DNA (from calf thymus) Sigma
dextran, clinical grade Sigma
DHBA Sigma
diphenylamine BDH
dithjothreitel ' Sigma
EDTA '

-free acid Sigma
-sodium salt Sigma
-potassium salt Sigma
filter paper (Whatman #3) " Fisher

Freund's complete adjuvant Sigma
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REAGENT

Freund's incomplete adjuvant
glycerol

glycine

GDP, sodium salt

HEPES

human serum

Lubrol WX
MOPS :
2-mercaptoethanol, type 1
methanol

NCS (tissue solublizer)
nitrocellulose

nitrogen (gas)
noradrenaline

perchloric acid 70%

phenol reagent (Folin-Ciocalteu)
polyvinylchloride microtiter plates
potassium chloride
potassium phosphate

-monobasic

-dibasic

PPO
PTU _

rotenone, $rade 11
SDS, electrophoresis purity
Sephadex G-50
sodium acetate
sodium azide
sodium chlioride
sodium metabisulfite
sodium octyl sulfate
sodium salicylate
TEMED
TES
thyroxine, sodium salt
trichloroacetic acid
trijodothyronine, sodium salt
Triton X-100
Trizma (free base)
Tween-20

X-ray film

SUPPLIER

Sigma
Baker
Sigma
Sigma
Sigma
AMF Biologicals
Sigma
Sigma

. Sigma

BOH

Amersham

Bio-Rad

Air Products
Sigma

Fisher

Fisher

Becton Dickenson
Baker

Fisher

BDH

Sigma

Sigma L
Sigma S
Bio-Rad it
Pharmacia o
BDH

BDH

BDH

Baker

Eastman Kodak
Fisher

Bio-Rad

Sigma

Sigma

Baker

Sigma

Sigma

Sigma

Bio-Rad

Picker International
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REAGENT
B} RADIOCHEMICALS
[8-3H]-guanosine 5'-diphosphate,
ammonium salt
[U-14C]-sucrose

[3'~1251]-trijodothyronine, high
specific activity

.[3',5'-1251]-thyroxine, high
specific activity

1251 protein A

C) KITS

Amerlex Tq kit
Ameriex Tq kit
Protein assay kit

SUPPLIER

Amersham
Amersham

Amersham

Amersham
ICN Biochemicals

Amersham
Amersham
Bio-Rad
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