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accoun t  for t he  v e r y  def in i te  fac ts  p r e sen t ed  here.  Fo r  
t he  t h e o r y  suggested  above. . ,  namely ,  t h a t  the  p rec ip i t a -  
t i on  is due  to t he  lowering of so lub i l i ty  b y  neu t r a l i z a t i on  
of po la r  groups  of a n t i b o d y  and  h a p t e n  (or an t igen) ,  and  
c o n c o m m i t a n t  s ter ic  h i n d r a n c e  of o the r  po la r  groups  of 
n e i g h b o r n i n g  molecules  in  t he  complex,  I wish  to propose  
t he  name ,  occlusion t heo ry . '  

PAULING n e v e r  refer red  to t he  occlusion t h e o r y ;  he  
a n d  co-workers  ~2 la te r  found  t h a t  20 hap tens ,  each  
c o n t a i n i n g  two or more  c o m b i n i n g  groups  per  molecule,  
a lways  p r ec ip i t a t ed  w i t h  each of his  4 ant isera .  PAUI, ING 
el al. ~2 d ismissed  BOYD'S c o n t r a r y  resu l t s  b y  saying,  
'... we cons ider  i t  l ike ly  t h a t  his  e x p e r i m e n t s  were car r ied  
ou t  u n d e r  cond i t ions  u n f a v o r a b l e  to  p r e c i p i t a t i o n  - his  
an t i s e ra  m a y  h a v e  been  too weak,  or h is  an t igens  m a y  
h a v e  c o n t a i n e d  m o n o h a p t e n i c  impur i t i e s . '  T h e y  ev iden t ly  
d id  no t  compa re  t he  r epo r t ed  s t r e n g t h  of B o Y n ' s  sera  
w i t h  t h e i r  own, or t h e y  would  h a v e  no t iced  t h a t  B o v n ' s  
s t ronges t  se rum c o n t a i n e d  more  a n t i b o d y  per  ml  t h a n  
did  t he  weakes t  of t h e i r  se ts ,  wh ich  t h e y  never the les s  
found  to  p rec ip i t a t e  all t h e i r  hap t ens .  As to  t he  o the r  
ob jec t ions ;  I s t ick  to m y  guns ;  m y  c o m p o u n d s  were 
pure,  and  m y  cond i t ions  ideal  for  p rec ip i t a t ion .  

As a l r eady  said, t he  l a t t i ce  t h e o r y  was e v e n t u a l l y  
v i r t ua l l y  un ive r sa l ly  accepted.  B u t  t he re  are ind ica t ions  
t h a t  op in ion  is b e g i n n i n g  to change.  MARRACt< ~a, a lways  
one of t he  c leares t  a n d  mos t  ob jec t ive  t h i n k e r s  in  th i s  
field, expressed h imse l f  in 1961 as no  longer  en t i r e ly  
en t i r e ly  sat isf ied w i t h  his  own la t t ice  theory ,  and  s t a t e d  
t h a t  '... we are  now b a c k  to  BOYD'S occlusion t heo ry . '  

The  t he re  are some recen t  e x p e r i m e n t s  t h a t  bea r  
i m p o r t a n t l y  on t he  ques t ion .  I t  was  a lways  obv ious  
t h a t  if specific p r ec ip i t a t i on  should  ever  be observed  w i t h  
a univalent hap t en ,  t h e  la t t i ce  t h e o r y  would  h a v e  to be 
modi f ied  or a b a n d o n e d .  For  i t  is imposs ib le  to  imag ine  
la t t i ce  f o r m a t i o n  w i t h  a n t i b o d y  a n d  a molecu la r ly  

dispersed u n i v a l e n t  hap t en .  W h e n  t he  t h e o r y  was p ropo-  
sed, however ,  t h i s  had  neve r  been  observed ,  even  in the  
ex tens ive  i n h i b i t i o n  s tudies  car r ied  ou t  b y  LANDSTEINER 
and  his  m a n y  followers, i nc lud ing  myself .  B u t  a t  l as t  t he  
u n e x p e c t e d  seems to h a v e  h a p p e n e d .  SPRINGER a n d  
DEsAI ~4 r epo r t  t h a t  t h e  7S g lobul in  of eel s e rum t h a t  
possesses specific b lood  group  a n t i - I t  (0) a c t i v i t y  Preci  p- 
i t a tes  specif ical ly  w i t h  e i the r  of 2 m o n o h a p t e n i c  mono-  
sacchar ides ,  viz.,  3-0-Methyl-D-fucose  a n d  3 -0-methy l -D-  
galactose.  The  possible  ob jec t ion  t h a t  these  monosaccha -  
r ides m i g h t  be aggrega ted  in so lu t ion  was disposed of b y  
v a p o r  pressure  o s m o m e t r y  a n d  freezing p o i n t  depress ion  
measu remen t s .  W i t h  a d m i r a b l e  r e s t r a i n t  SPRINGER a n d  
D~sAI r emark ,  ' I t  is d i f f icul t  to  reconci le  these  f ind ings  
w i t h  t he  l a t t i ce  t h e o r y  of i m m u n e  prec ip i ta t ion . . . ' .  

I t  seems poss ible  t h a t  t he  whole  ques t ion  of t he  
m e c h a n i s m  of specific p r ec ip i t a t i on  ough t  to  be  re- 
considered.  

Zusammen/assung. Neue  Beweise fiir eine Theor ie  der  
P r ~ z i p i t a t i o n s r e a k t i o n  (BoYD'S <(occlusion-theory ~>). 
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S T U D I O R U M  P R O G R E S S U S  

Morphological and Enzymehistochemical Changes 
Adult Guinea-Pigs During Prolonged Exposure to 

I n  m a m m a l s  t he  func t ion  of b r o w n  a idpose  t i ssue  has  
been  descr ibed  as the rmogenic ,  b o t h  in t he  i n f a n t  or 
w h e n  t h e  a n i m a l  is exposed to cold ~. 

I n  t he  n e w b o r n  guinea-pig,  t h e  i n t e r s c a p u l a r  ad ipose  
t i ssue  is t yp i ca l  b r o w n  fa t  w i t h  mul t i locu la r  cells and  has  
r e m a r k a b l e  t h e r m o g e n i c  abi l i ty .  However ,  a f t e r  3 or 
4 weeks, t he rmogenes i s  becomes  i m p a i r e d  as t he  mul t i -  
locular  fa t  cells change  to  un i locu la r  ~. Th i s  cytological  
change  is assoc ia ted  w i t h  a d i s appea rance  of the  h is to-  
chemica l  r eac t ions  of c y t o c h r o m e  oxidase,  fl-OH b u t y r a t e  
a n d  succ ina te  dehydrogenase ,  and  m o n o a m i n o  oxidase  
f rom t h e  f a t  cells. Thus,  a f te r  3 weeks, t he  m o r p h o l o g y  
and  the  enzyme  p a t t e r n  of i n t e r s c a p u l a r  fa t  cells resembles  
more  t h a t  of t he  wh i t e  fa t  cell t h a n  of t he  b r o w n  fa t  celIa. 
Thus ,  t he  gu inea-p ig  differs f rom the  r a t  wh ich  r e t a in s  
some b r o w n  adipose  t i ssue  t h r o u g h o u t  life, i r respec t ive  of 
age or a m b i e n t  t e m p e r a t u r e .  

However ,  t he rmogenes i s  in  t h e  un i lozu la r  i n t e r s c a p u l a r  
adipose  t i ssue  can  be r e a c t i v a t e d  b y  expos ing  t he  guinea-  
pigs to  p ro longed  cold. This  effect  is more  p r o n o u n c e d  in 
y o u n g  an ima l s  t h a n  in older  ones. ~Vhen the rmogenes i s  is 
increased,  a t  leas t  p a r t  of t he  fa t  cells in t he  i n t e r s c a p u l a r  
fa t  p a d  are mul t i locular ,  be ing  s ca t t e r ed  a m o n g  the  nni -  
locular  fa t  cells 4. 

Based  on the  above  observa t ion ,  adu l t  guinea-pigs  
ra ised a t  room t e m p e r a t u r e  were exposed to p ro longed  

in the Interscapular Adipose Tissue of 
Cold 

cold s t ress  a n d  t he  h i s tochemica l  r eac t ions  of some oxi- 
da t ive  enzyme  were s tud ied  in t he  i n t e r s c a p u l a r  f a t  in  
assoc ia t ion  w i t h  morpho log ica l  changes .  F u r t h e r ,  t he  
a p p r o a c h  was e x p a n d e d  to  inc lude  e l ec t rophore t i c  
cha rac t e r i za t i ons  of two of t h e  enzymes  wh ich  d i sp lay  
s t rong  h i s t oehemica l  r eac t ions  in b o t h  t ypes  of f a t  cells. 
W e  h y p o t h e s i z e d  t h a t  if t he  r e a p p e a r i n g  mu l t i l ocu l a r  f a t  
cells were indeed  b r o w n  fat,  t h e n  some of t he  enzymes  of 
b r o w n  adipose  t i ssue  t h a t  are n o r m a l l y  assoc ia ted  w i t h  a 
h igh  p o t e n t i a l  for ox ida t ive  m e t a b o l i s m  should  be d i rec t ly  
ver i f iable  b y  h i s tochemis t ry .  

Material and methods. Before t he  m a i n  expe r imen t s ,  a 
p i lo t  t e s t  was m a d e  w i t h  2 guinea-pigs  a t  5 ~ =h 2 ~ for 
i m o n t h  and  1 con t ro l  a t  24 ~ • 2 ~ Af te r  acc l imat iza -  
t ion,  samples  f rom the  i n t e r s c a p u l a r  ad ipose  t i ssue  (IAT) 
were excised and  t he  w o u n d s  were left  to  heal  for 1 m o n t h .  
These  guinea-pigs  were t h e n  inc luded  in t he  f i rs t  longer  
acc l ima t i za t i on  test .  Tile samples  showed  no changes  in 
m o r p h o l o g y  d u r i n g  t he  1 m o n t h ' s  cold acc l ima t i z a t i on  
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w h e n  c o m p a r e d  to t he  con t ro l ;  all  3 an i m a l s  h a d  o r d i n a r y  
un i locu la r  ad ipose  t issue.  The  e n z y m e  reac t ions  were 
s l igh t ly  more  in tense  in t he  cen t r a l  fa t  cells of t h e  cold 
exposed  guinea-pigs .  On t he  bas is  of these  f indings ,  t he  
a c c l i m a t i z a t i o n  t i m e  was e x t e n d e d  to 2 m o n t h s .  

The  f i rs t  longer  e x p e r i m e n t  (2 m on t hs )  was  car r ied  ou t  
w i t h  a d u l t  male  guinea-pigs ,  i nc lud ing  b o t h  y o u n g  adu l t s  
we igh ing  400-600 g and  older  ones f rom 700-950 g, 
because  in o lder  guinea-pigs ,  t h e  i n t e r s c a p u l a r  f a t  ha s  
been  said to  be  less a p t  to  r e spond  to  the  cold 4. 11 
an ima l s  were p laced  in s epa ra t e  cages a t  5 ~ =h 2 ~ and  
the i r  we igh t  m a t c h e d  cont ro l s  (8 animals)  were k e p t  a t  
24~ • 20C. B o t h  groups  rece ived  carrots ,  cabbage ,  
pe l le ted  food a n d  f resh t a p  water .  One of t he  con t ro l  
an ima l s  d ied  1 week  a f te r  t he  b e g i n n i n g  of the  test .  Of the  
co ld-acc l imat iz ing  animals ,  3 died a f te r  4 weeks. No 
il lnesses were d i scovered  in these  animals ,  b u t  t h e y  were 
emac ia ted .  I n  spi te  of t h e  emac ia t ion ,  a sma l l  a m o u n t  of 
b r o w n  adipose  t i s sue  was  f o u n d  in t h e  i n t e r s e a p u l a r  fossa. 
These  an ima l s  were no t  i nc luded  in t he  f inal  analysis .  

Because  no  di f ference was obse rved  be t w een  t he  
younge r  and  older  guinea-pigs  in  t he  f i rs t  expe r imen t ,  t he  
second 2 m o n t h ' s  e x p e r i m e n t  was  car r ied  ou t  w i t h  male  
guinea-pigs ,  we igh ing  520-760 g. 12 an ima l s  were m o v e d  
in to  t h e  cold c h a m b e r  (_u 5 ~ ~ 2 ~ and  t h e  8 cont ro l s  
were kep t  a t  24~ A sample  of I A T  was excised f rom 
3 an ima l s  before  the  e x p e r i m e n t  to  cha rac t e r i ze  t he  f a t  
cells of t h e  an ima l s  l iv ing  a t  room t e m p e r a t u r e .  All  h a d  
un i locu la r  IAT,  whose  cells were h i s tochemica l ly ,  
e n z y m a t i c a l l y  inac t ive .  T he  3 guinea-pigs  were t h e n  
inc luded  in t he  co ld-exposure  group.  One gu inea-p ig  of 
t he  co ld-exposure  g roup  died a f t e r  5 days.  Af te r  1 m o n t h ,  
I A T  samples  were t a k e n  f rom 3 o the r  of t h e  cold-exposed 
an ima l s  to  check  t he  expec t ed  change.  The  an ima l s  
were r e t u r n e d  to cold. T he  samples  were processed  as 
those  o b t a i n e d  a t  t he  end  of t he  expe r imen t .  

Af te r  t he  exposure  per iod,  t he  an i m a l s  were weighed,  
killed, and  t he  i n t e r s c a p u l a r  fa t  pad  was excised. I s ample  
f rom each  was  i m m e d i a t e l y  f rozen in  l iqu id  n i t rogen  and  
m o u n t e d  on  a c ryos t a t  chuck  for e n z y m e  h i s tochemis t ry ,  a 
second was  f ixed in 10% n e u t r a l  formal in ,  t he  res t  of t he  
t i ssue  was frozen in l iqu id  n i t r ogen  a n d  p re se rved  for  t he  
e lec t rophore t i c  e n z y m e  studies .  

Histology and histochemistry. The  formal in - f ixed  t i ssue  
was e m b e d d e d  in p a r a f f i n  b y  usual  m e t h o d s  a n d  sect ions  
s t a ined  w i t h  hema toxy l in -eos in .  15 ~zm t h i c k  sect ions  
were cu t  f rom t h e  piece of f rozen t i ssue  in the  c r y o s t a t  
and  m o u n t e d  on  slides. T he  sect ions  were t h e n  p laced  in  
cold (4 ~ ace tone  for  15 m i n  to r e m o v e  t r ig lycer ides .  No 
o the r  t y p e  of f i xa t i on  was ut i l ized.  Us ing  t h e  m e t h o d s  
p r e sen t ed  in the  t e x t b o o k  b y  BARKA and  ANDERSON 5, 
the  fol lowing e n z y m e  reac t ions  were r u n :  

C y t o c h r o m e  oxidase  (CYO): The  N A D I - m e t h o d  of 
BVRSTONE 5. I n c u b a t i o n  t imes  1 h and  2 h. M o n o a m i n o  
oxidase  (MAO) : The  m e t h o d  of GLE~NE~ et al. 5. I n c u b a -  
t i on  t imes  1 h a n d  2 h. Succ ina te  d e h y d r o g e n a s e  (SDH) : 
M e t h o d  b y  NACHLAS et  al. 5. I n c u b a t i o n  t i m e s  i h and  2 h. 
f i - h y d r o x y b u t y r a t e  d e h y d r o g e n a s e  ( /3-OHBDH):  M e t h o d  
of H ~ s s  et al.5 w i th  N A D  as cofactor .  I n c u b a t i o n  t imes  
1 h and  2 h. L a c t a t e  (LDH)  a n d  g -g lyce rophospha t e  
( G P D H )  dehydrogenases :  Me t hods  of HESS et al. s w i t h  
N A D  as cofactor .  I n c u b a t i o n  t i m e s  ~/, h and  1 h. 

Cont ro l  sect ions  were i n c u b a t e d  w i t h o u t  subs t ra t e ,  or 
for CYO in t he  presence  of 0.001 M K C N  a n d  for MAO in 
the  presence  of L- i sonico t inyI -2- i sopropyl -hydraz ine  phos-  
pha te .  Sect ions  f rom cold a d a p t e d  a n d  con t ro l  an i ma l s  
were i n c u b a t e d  s i m u l t a n e o u s l y  in t he  same j a r  in  eve ry  
e n z y m e  reac t ion .  

Electrophoresis. Samples  were p r e p a r e d  for s t a r c h  gel 
e lec t rophores i s  b y  t h e  h o m o g e n i z a t i o n  of 2 g of in te r -  

scapu la r  fa t  in 4 ml  of 0.1 M p h o s p h a t e  buffer,  p H  7.4, 
w i t h  a Vir-Tis  b l ade  homogen ize r  for 3 ra in  a t  m e d i u m  
speed.  The  homogen i z ing  vessels were t h e n  r insed  w i t h  
2 ml  of the  0.1 M p h o s p h a t e  buffer  and  t he  samples  p lus  
wash ing  were cen t r i fuged  a t  10,000 g for 20 mill. 

The  s u p e r n a t a n t  f rom each  sample  was  c o n c e n t r a t e d  
20 t imes  b y  v a c u u m  dia lys is  *, and  e lec t rophoresed  
fol lowing the  m e t h o d  of FINE a n d  COSTELLO 7, excep t  t h a t  
12% gels a n d  ~ T h a t m a n  No. 3 f i l ter  p a p e r  were  used. 
S e p a r a t i o n  was car r ied  ou t  ho r i zon t a l l y  for 41/2 h a t  4 ~ 
w i t h  an  appl ied  vo l tage  across t he  gel of 8 V/cm.  

Af te r  e lec t rophores is  each  gel was  sliced in to  3 hori-  
zon ta l  sect ions  w i t h  a No. 32 gauge s ta in less  s teel  wire. 
E a c h  sec t ion  was t h e n  s t a ined  for 1 of 3 enzymes.  The  
resul t s  were recorded  b y  p h o t o g r a p h i n g  t he  gels w i t h  a 
Po la ro id  MS-3 L a n d  camera .  

The  enzymes  i n v e s t i g a t e d  were L D H  a n d  G P D H .  The  
m e t h o d  used for t he  d e m o n s t r a t i o n  of L D H  was t h a t  of 
FINE a n d  COSTELLO 7, for  G P D H  t h a t  of H E s s  e t a ] . ,  
excep t  t h a t  p h e n a z i n e  m e t h o s u l f a t e  (1.2 m g  in 50 ml  
s t a in ing  solut ion)  was  added.  

Results. Morphology. After  t he  2 m o n t h s  exposure  13 of 
t h e  an ima l s  k e p t  in t he  cold h a d  lost  we igh t  (80-170 g) 
a n d  6 h a d  ga ined  (25-62 g). Only  5 of t he  warm-acc l i -  
m a t i z e d  an ima l s  t iad lost  weight .  E a c h  gu inea-p ig  h a d  a 
large i n t e r s c a p u l a r  a n d  e p i d i d y m a l  adipose  t i ssue  pad.  
The  colour  of t he  i n t e r s c a p u l a r  fa t  of t he  con t ro l  guinea-  
pigs was yellow. I n  t h e  cold-exposed animals ,  t h e  fa t  p a d  
was  even ly  I ight  b rown,  no  sepa ra t e  masses  of w h i t e  a n d  
b r o w n  fa t  was recognizable  macroscopica l ly .  

Microscopica l ly  t h e  i n t e r s c a p u l a r  fa t  cells of all  t h e  
con t ro l  guinea-pigs  were un i locu la r  in  appea rance .  I n  t he  
ad ipose  t i ssue  of all  an ima l s  - even  t he  o ldes t  ones  - cold- 
exposed for 2 mon ths ,  severa l  pa t ches  of mul t i locu la r  ceils 
were found  a m o n g  t he  un i locu la r  cells (Figure 1). The  
mu l t i l ocu l a r  cells were genera l ly  loca ted  in t he  cen t r a l  
p a r t  of t he  fa t  lobules.  The  borde r l ine  be tween  t he  areas  
accupied  b y  t he  2 d i f fe ren t  fa t  cell t ypes  was n o t  d is t inc t .  
The  p r o p o r t i o n  of m u l t i l o c u l a r  ceils va r i ed  f rom 3 0 - 9 0 %  
of all f a t  cells. The  a m o u n t  of r ed  b lood  cells was  increased  
in sect ions  f rom 3 cold a d a p t e d  guinea-pigs ,  o the r  cold 
a d a p t e d  an ima l s  did  no t  differ  f rom the  cont ro l s  in  th i s  
respect .  Of t h e  I A T  samples  t a k e n  f rom t h e  3 cold an ima l s  
a t  i m o n t h ,  2 con t a ined  a b o u t  10% mul t i l ocu la r  cells, I h a d  
on ly  un i locu la r  cells. A t  t he  end  of t h e  expe r imen t ,  I A T  
f rom these  an ima l s  c o n t a i n e d  30% mul t i locu la r  cells. 

Histochemistry. Qual i t a t ive ly ,  b u t  not q u a n t i t a t i v e l y ,  
t h e  e n z y m e  reac t ions  for t he  samples  t a k e n  a f te r  1 m o n t h  
of cold exposure  were t h e  same  as those  descr ibed  be low 
for 2 m o n t h s  exposure .  

Cytochrome oxidase (CYO). The  r eac t ion  of CYO was 
a b s e n t  or ve ry  weak  in t h e  un i loeu la r  fa t  cells of t he  con t ro l  
an imals .  W i t h o u t  except ion,  in t he  samples  f rom the  cold- 
acc l ima t i zed  animals ,  CYO reac t ion  was m o d e r a t e  or even  
s t rong  in t he  c y t o p l a s m  of mul t i l ocu la r  cells a n d  d i s t i nc t  
in some un i locu la r  cells in  t he  cen t r a l  p a r t  of the  lobules.  
The  reac t ion  appea red  in smal l  granules  c o n c e n t r a t e d  
a r o u n d  l ip id  droplets ,  t h e  res t  of t he  c y t o p l a s m  was pale  
(Figure  2). A m o n g s t  these  pos i t ive  cells t h e r e  were 
n u m e r o u s  un i locu la r  fa t  cells w h i c h  did  no t  d i sp lay  a n y  

5 T. BARKA and P. A. ANDERSON, Histoehemis~ry: Theory, Practice 
and Bibliography (Harper and Row, New York 1963). 

6 E. A. PETERSON and H. A. SOBER, in Methods in Enzymology (Eds. 
S. COLOWICK and N. KAPLAN; Academic Press, New York 1962, 
vol. 5, p. 24. 

v I. H. FINE and L. A. COSTELLO, in Methods in Enyzmology (Eds. S. 
COLOWICK and N. I~,APLAI'~; Academic Press, New York 1963), vol. 
6, p. 958. 



1568 Specialia EXPERIENTIA 29/12 

Fig. 1. Interscapular adipose tissue (IAT) from a cold-exposed guinea- 
pig. Hematoxylin and Eosin. Several multiloeular fat cells among 
unilocular cells. The multilocular cells show different amounts  of cy- 
toplasm. The fat cells of control animals were all uuilocular resembling 
ordinary white fat such as seen on the right side of the photograph. 
x60.  

Fig. 2. Cytochrome oxidase reaction from the IAT of a cold-accli- 
matized animal. Multiloeular and some unilocular fat cells display 
distinct granular reaction. Some uniloeular fat cells stain weakly or 
are negative. These cells are in the periphery of the lobules, x 250. 

C Y O  r e a c t i o n  d e s p i t e  t h e  l o n g  i n c u b a t i o n  (2 h) (Table) .  
T h e  s e c t i o n s  i n c u b a t e d  w i t h  K C N  s h o w e d  no  r e a c t i o n ,  

Monoamino oxidase (MAO).  T h e  r e a c t i o n  of  M A O  w a s  
a b s e n t  in  t h e  a d i p o s e  cel ls  of  t h e  c o n t r o l  a n i m a l s  as  wel l  
as  in  t h e  l a r g e  u n i l o c u l a r  f a t  cel ls  of  t h e  c o l d - a d a p t e d  
g u i n e a - p i g s .  I n  t h e  m u l t i l o c u l a r  f a t  cel ls  of  t h e  c o l d - a d a p -  
t e d  a n i m a l s  M A O  r e a c t i o n  b e c a m e  d i s t i n c t  a f t e r  1 h 
i n c u b a t i o n  a n d  b e c a m e  m o r e  i n t e n s e  w h e n  i n c u b a t e d  2 h.  
T h e  r e a c t i o n  p r o d u c t  w a s  c o n f i n e d  in  s m a l l  c y t o p l a s m i c  
g r a n u l e s  a n a l o g o u s l y  t o  t h e  C Y O  r e a c t i o n  ( F i g u r e  3). 
N o  r e a c t i o n  a p p e a r e d  in  t h e  s e c t i o n s  i n c u b a t e d  w i t h  
i n h i b i t o r .  

Succi~zate and fl-OH butyrate dehydroge•ase. T h e s e  2 
d e h y d r o g e n a s e  r e a c t i o n s  w e r e  a b s e n t  o r  v e r y  w e a k  in  t h e  
u n i l o c u l a r  f a t  cel ls  of  t h e  c o n t r o l  a n i m a l s  (Table) .  

I n  t h e  s e c t i o n s  of a l l  t h e  c o l d - e x p o s e d  a n i m a l s  b o t h  S D H  
a n d  / ~ - O H B D H  r e a c t i o n s  b e c a m e  d i s t i n c t l y  v i s i b l e  in  t h e  
m u l t i l o c u l a r  f a t  cel ls ,  a s  wel l  a s  in  s o m e  u n i l o c u l a r  
c e n t r a l l y  l o c a t e d  f a t  cel ls  w i t h  1 h i n c u b a t i o n  t i m e  
( F i g u r e  4, Tab l e ) .  I n  e a c h  s a m p l e  f r o m  t h e s e  a n i m a l s ,  
t h e r e  s t i l l  we re  u n i l o c u l a r  f a t  cel ls  w h i c h  d i s p l a y e d  a 
v e r y  w e a k  or  no  r e a c t i o n  r e s e m b l i n g  t h e  f a t  cel ls  f r o m  
t h e  w a r m - a c c l i m a t i z e d  a n i m a l s .  2 h i n c u b a t i o n  d i d  n o t  
e n h a n c e  t h e  r e a c t i o n .  

B o t h  S D H  a n d  f l - O H B D H  r e a c t i o n s  we re  g r a n u l a r  in  
c h a r a c t e r .  T h e  g r a n u l e s  ( p r e s u m a b l y  m i t o c h o n d r i a )  w e r e  
h e a v i l y  c o n c e n t r a t e d  a r o u n d  t h e  l i p id  d r o p l e t s .  I n  r e g a r d  
to  t h e  n u m b e r  of  t h e s e  e n z y m e  p o s i t i v e  g r a n u l e s ,  2 t y p e s  
of  u n i l o c u l a r  ce l ls  we re  d i s ce rn ib l e .  O n e  h a d  a d e n s e  zone  
of  i n t e n s e l y  s t a i n e d  g r a n u l e s  a r o u n d  t h e  f a t  v a c u o l e  

Fig. 3. Monoamino oxidase reaction in the IAT from a cold-acclima- 
tized animal. Reaction product is confined in mitochondria that  sur- 
round the fat Iobules. In control animals MAO reaction was absent. 
x 400. 

Fig. 4. fl-hydroxy butyra te  deh'ydrogenase reaction in the IAT of a 
cold-exposed guinea-pig. Strongly positive multiloeular fat cells and 
nnilocular fat cells. Besides these an area of negative uniloeular cells 
is seen. In the multiloeular cells intensely stained granules (obviously 
mitochondria) fill the cytoplasm around fat droplets. • 250. 
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The approximate proportion of unilocular and multilocular fat cells and the intensity of reaction of oxidative enzymes in the fat cells in 
the group of the warm- and cold-acclimatized guinea-pigs 

Uni- Multi~ Cytoehrome Succinate fl-OH-butyrate Monoamino Lactate ~-glycero PO 4 
locular iocular oxidase dehydrog- dehydrog- oxidase dehydrog- dehydrog- 
fat cells fat ceils enase enase enase enase 
(%) (%) 

Cold-acclimatized 10-70 30-90 0 - i / +  + 0--El+ + + 0-~-1+ + 0 / + +  + + / + + +  + + / + + +  

Warm-accIimatized 100 0 0 0-q- 0 0 + + + + 

The reactio~l intensity in the peripheral unilocular fat ceils is given above; that in the multilocular cells beneath the line. 
0, no reaction; •  traces; +,  weak; + +,  moderate; + + +,  strong reaction. 

(unilocular b rown fa t  cells), the  second had  a few very  
weakly s ta ined  granules sca t te red  in the  cy top la sm (white 
fat  cell). 

Succinate  dehydrogenase  reac t ion  did no t  develop in 
the  sect ions incuba ted  w i thou t  subs t ra te .  Incuba t ion  in 
the  dehydrogenase  control  solut ion for f l -O t tBDH wi tho u t  
the  specific subs t r a t e  yie lded a weak  reac t ion  in the  
mul t i locular  fa t  cells b u t  no colour in the  unilocular  fa t  
cells. 

Lactate (LDH) and ~-glycerophosphate dehydrogenase 
(GPDH).  The react ion of L D H  was d is t inc t  in t he  uni- 
locular fa t  ceils f rom the  contro l  animals  as welI as in t he  
unilocular and  mul t i locular  cells of the  cold-exposed 
animals.  In  the  areas of mul t i locular  cells in the  cold 
animals,  t he  react ions  were more  intense  t h a n  in t he  
ad jacen t  whi te  fat  cell areas in t he  same section, bu t  the  
difference was no t  as s t r iking as wi th  SDI-I (Table). The 
reac t ion  of t he  enzyme  was b o t h  evenly  d i s t r ibu ted  and 
granular  ill the  fa t  cells' cy toplasm.  

The G P D H  react ion  was ve ry  weak  or somet imes  
nega t ive  in t he  unilocular  (white) fa t  cells of the  control  
animals.  In  the  co ld -adap ted  animals  the  reac t ion  became 
very  in tense  in the  mul t i locular  fa t  cells wi th  30 min  
incuba t ion  (Figure 5). The longer, 1 h incuba t ion  did no t  
increase the  colour. The reac t ion  p roduc t  was b o t h  
evenly  d i s t r ibu ted  in t he  cy top l a sm and  appeared  in 
sinai1 granules (mi tochondr ia  ?). 

Fig. 5. ~-glyeerophosphate dehydrogenase reaction in the IAT of a 
cold-exposed guinea-pig. An area with strongly positive multilocular 
cells is seen). A less intense reaction is seen in some unilocular cells 
amongst the multiloeular ones. Similar patterns were observed in the 
lactate dehydogenase reaction. • 250. 

The dehydrogenase  control  solut ion w i t h o u t  lac ta te  
and e -g lycerophospha te  gave a weak react ion in the  mult i -  
locular ceils, bu t  no reac t ion  in the  unilocular  ceils. 

Starch Gel electrophoresis. An in te res t ing  f inding of t he  
L D H  elec t rophore t ic  s tudies  on guinea-pig in te rscapular  
adipose t issue is the  p rominence  of all 5 isozymes in 
b o t h  the  exper imenta l  and control  animals  (Figure 6, 7). 
This is par t icu lar ly  ev iden t  in the  control  animals  (b and d 
of Figure 6, 1). However ,  in the  exper imen ta l  animals  
(a and c), a l though  all 5 bands  are well defined, there  is a 
defini te  g radua t ion  toward  a higher  concen t ra t ion  of 
LDFI-1. 

In  the  2 expe r imen ta l  an imals  shown, as well as t he  
o ther  cold-exposed animals,  the  p r edomina t e  L D H  
isozyme was LDH-1  while the  least  was always LDH-5.  
In  these  animals  the  overall  ac t iv i ty  of L D H  appeared  
to  be greater  t h a n  t h a t  found  in the  contro l  animals .  

In  the  contro l  group, the  L D H  isozymes did no t  fall 
in to  any  def ini te  pa t t e rn .  2 samples  had  p r e d o m i n a n t l y  
L D H -2 ;  2 others ,  L D H - 2  and  LDH-5,  b o t h  showing 
equal  ac t iv i ty  and  greater  t h a n  L D H -1 ;  the  5th an imal  
had  p r e d o m i n a n t l y  LDH-5  and  the  last  animal  had  a 
p a t t e r n  s imilar  to the  cold-exposed animals.  

In  the  e ry th rocy te  L D t t  pa t t e rns ,  LDH-1  was found 
to be the  p r e d o m i n a n t  isozyme, while LDH-5  ac t iv i ty  was 
very  low, cons iderab ly  less t h a n  t h a t  found  in L D H  f rom 
fat .  There  was  no L D H  se rum act ivi ty .  

The o ther  enzyme character ized,  G P D H ,  showed no 
cons is ten t  differences in the  e lec t rophore t ic  p a t t e rn s  
be tween  the  exper imen ta l  and  contro l  animals.  Nor  
were the re  any  cons is ten t  differences in the  re la t ive  
act ivi t ies  in these  2 groups. Typica l  p a t t e r n s  are seen in 
Figure 6, 2 for G P D H .  The enzyme  had  one major  and  
several  minor  bands  of ac t iv i ty  af ter  electrophoresis .  The 
major  band  was composed  of mul t ip le  sub-bands ;  a 
m a x i m u m  of 5 were found. The p a t t e r n s  of the  minor  
bands  showed no cons i s ten t  differences in the  2 groups of 
animals.  

Discussion. The reappearance  of mul t i locular  fa t  cells, 
coupled wi th  our h is tochemica l  evidence,  conf i rm t h a t  a 
longer exposure  to  cold will r eac t iva te  the  quiescent  
metabol ic  po ten t i a l  of the  in te rscapular  fa t  cells in the  
adult ,  warm-acc l ima t i zed  guinea-pig.  These f indings 
ex t end  the  earlier observa t ions  on the  reappearance  of 
mul t i locular  fa t  cells in th is  species under  similar  con- 
dit ions,  concomi t an t  wi th  an increased capac i ty  for 
nonsh iver ing  thermogenes i s  4. 

In  the  cold-accl imat ized guinea-pigs there  were 2 
d i f ferent  k inds  of fa t  cells in regard to the i r  oxida t ive  
enzymes,  bu t  only i t y p e  in the  controls.  The mos t  marked  
difference was the  appearance  or in tens i f ica t ion  of cyto-  
chrome oxidase (CYO) monoamino  oxidase (MAO), 
succinic dehydrogenase  (SDH), fi-OH b u t y r a t e  dehydro-  
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genase  (~ -OHBDH)  a n d  c~-glycerophosphate dehydro -  
genase (GPDH)  react ion.  These  e n z y m e  reac t ions  were 
a b s e n t  or gave  ve ry  weak  colour  in t he  nn i locu la r  f a t  
eelIs ol t he  con t ro l  guinea-pigs  a n d  in some of t he  nn i -  
locnlar  cells of t h e  co ld-acc l imat ized  animals .  I n  t he  last-  
m e n t i o n e d  animals ,  t he re  were also o the r  un i locu la r  f a t  
cells t h a t  d i sp layed  in tense  e n z y m e  react ions .  These  
resul t s  sugges t  t h a t  h i s tochemica l  t echn iques  are more  
d i sc r imina t ing  t h a n  mul t i locu la r  a p p e a r a n c e  in d is t in-  
guish ing  b r o w n  fa t  ceils. 

The  in tense  reac t ions  of CyO and  S D H  in the  mul t i -  
locular  and  some uni locular  f a t  cells of t he  cold-accl ima-  
t i z e d  guinea-pigs  ind ica tes  e n h a n c e d  ox ida t ive  capac i ty .  
I n  b r o w n  fat ,  ox ida t ion  is connec ted  w i t h  t he  gene ra t ion  
of h e a t  du r ing  cold exposure.  Thus ,  t he  e n z y m a t i c  
changes  are a f u r t h e r  proof  of t he  a d a p t a t i v e  m e c h a n i s m s  
h a v i n g  occur red  in t he  gu inea  pigs k e p t  a t  4~ for 2 
mon ths .  

The  a p p a r e n t  a c t i v a t i o n  of t he  f l -OHBD and  G P D H  
reac t ions  f u r t h e r  suppor t s  t he  v iew t h a t  po r t i ons  of t h e  
i n t e r s capu l a r  adipose  t i ssue  rega in  i ts  h e a t  g e n e r a t i n g '  
capaci ty .  These  enzymes  are associa ted  w i t h  l ip id  
m e t a b o l i s m  and  i t  is k n o w n  t h a t  f a t  is t he  p r i m a r y  energy  
source for  t he rmogenes i s  in  b r o w n  fa t  8. The  presence  of 
MAO reac t ion  in f a t  cells f i ts  well  w i t h  t h e  i m p o r t a n c e  of 
adrenerg ic  i n n e r v a t i o n  in cold expoxure  9 and  the  l ipolyt ic  
effect  of noradrena l ine .  S tudies  conce rn ing  t he  develop-  
m e n t  of a more  dense  adrenerg ic  i n n e r v a t i o n  d u r i n g  
co ld -acc l ima t iza t ion  of guinea-pigs  are in  progress.  

The  sh i f t  t o w a r d  L D H - 1  in t he  cold exposed  an ima l s  
could be  a de novo  change  in e i the r  or b o t h  cell types .  I t  
could  also ref lect  a n  increased c o n t r i b u t i o n  of LDH-1  
f rom e ry th rocy t e s  since t he re  is k n o w n  to be an  increase  
in t he  va scu l a r i t y  of b r o w n  adipose  t i ssue  in cold-exposed 
an ima l s  1. Resu l t s  in  t he  con t ro l  an ima l s  suggest  t he re  
are  two  or  more  sepa ra t e  sources  of L D H .  E r y t h r o c y t e s  
were found  in th i s  s tudy ,  as has  been  shown  b y  VES~LL 
a n d  BEARX ~~ to con ta in  m a i n l y  L D H - 1  and  v e r y  l i t t l e  
LDH-5 .  One s t u d y  n of s u b c u t a n e o u s  ingu ina l  and  peri-  
card ia l  adipose  t i ssue  in dogs showed  t he  greates~ frac- 
t iona l  a c t i v i t y  to  t he  L D H - 5  in t he  fo rmer  and  LDI-I-1 
in t he  la t te r .  I n  i n t e r s capu l a r  b r o w n  adipose  t i ssue  of 
h a m s t e r s  1-~, a sh i f t  t o w a r d  L D H - 5  was observed  w h e n  t h e  
an ima l s  were exposed to  cold (4~ =~ 1~ for  54 days.  

The  G P D H  isozyme p a t t e r n s  f rom Iiver, k i d n e y  a n d  
severa l  o t h e r  o rgans  f rom var ious  an ima l s  h a v e  been  
r epo r t ed  b y  AGRELL and  K J E L L B E R G  13. The  isozymes of 

Fig. 6. Starch gel electrophoresis  of guinea-pig  b rown fat  L D H  and 
GPDH: lactate dehydrogenase (1) and cr dehydro- 
genase (2). In both, a and c are samples from cold-acclimatized ani- 
mals while b and d are samples from control animals. Each was 
stained by methods listed in the text. 

G P D H  repo r t ed  here  are  s imi la r  to  those  of these  in- 
ves t iga to r s  in  t h a t  t he re  are 3 b a n d s  of ac t iv i ty .  I n  t h i s  
s tudy ,  t h e  s lower  m i g r a t i n g  b a n d  was a lways  t h e  m o s t  
in t ense  b a n d  a n d  possessed up  to  5 sub -bands .  These  were  
found  in  b o t h  t h e  con t ro l  a n d  t h e  cold-exposed animals .  

T h e  e n h a n c e d  e n z y m e  reac t ions  were associa ted  w i th  a n  
increase  in the  n u m b e r  of m i t o c h o n d r i a  in  t h e  fa t  cells. 
The  n u m e r o u s  m i t o c h o n d r i a  b o t h  in mul t i l ocu la r  a n d  
uni locular  b r o w n  fa t  cells were e v i d e n t  as g r a n u l a r  cyto-  
p l a sm in h e m a t o x y l i n - e o s i n  s t a in ing  an d  as enzyme-  
pos i t ive  granules ,  p a r t i cu l a r l y  in  CYO, MAO, /5 -OHBDH 
an d  S D H  react ions .  These  en zy mes  are k n o w n  t o  be  
loca ted  in mi tochondr i a .  The  grea t  n u m b e r  of m i t o c h o n -  
dr ia  i nd i ca t e  new syn thes i s  i nduced  b y  t h e  cold stress, as 
suggested  in earl ier  s tud ies  on  gu inea  pigs ~4 a n d  on 
ra t s  15,16 

A l t h o u g h  the  co ld -acc l ima t i za t ion  changes  in t h e  I A T  
of r a t  an d  gu inea-p ig  r e semble  each  other ,  in  some ways  
the re  are also differences.  The  r a t  r e t a in s  mu l t i l ocu l a r  
b r o w n  fa t  regardless  of a m b i e n t  t e m p e r a t u r e  a n d  a d a p t i v e  
changes  to cold can  be read i ly  fol lowed in th i s  species ~7, ~s. 
On t h e  o the r  hand ,  t h e  gu inea-p ig  appea r s  to  lose mu l t i -  
locular  b rown  fa t  f rom the  i n t e r s c a p u l a r  region,  w h i c h  is 
rep laced  b y  wh i t e  f a t  2, 8. S imi la r  i n v o l u t i o n  of b r o w n  fa t  
occurs  also in m a n  be tween  10 an d  20 years  a~. There  
is no i n f o r m a t i o n  on possible  changes  in t h e  h u m a n  adipose  
t issue a f te r  p ro longed  cold exposure .  Based  on t h e  p re sen t  
resul t s  a n d  those  on  man19 t h e  gu inea-p ig  is p r o b a b l y  a 
more  su i t ab le  model  t h a n  t h e  r a t  in  co ld-exposure  
s tudies  for man .  

Zusammen/assung. D a u e r e i n w i r k u n g  yon  K~ilte (2 Mo- 
n a t e  4-4 ~ ff ihrte  be im  Meerschweinchen  zu m A u f t r e t e n  
mu l t i l oku l a r e r  Fe t tze l len ,  welche in t ens ive  h i s t ochemische  
R e a k t i o n  ffir meh re r e  o x y d a t i v e  E n z y m e  zeigten.  Die 
Zah l  der  Mi tochondr i en  u n d  LDH-1  war  im K ~ l t ev e r s u ch  
v e r m e h r t .  

J .  HIRVONEN 20, 21, D .  W E A V E R  2g a n d  
D .D. WILLIAMS 22 

Department o/ Forensic Medicine, Kajaanintie 52 D, 
Oulu (Finland) ; and University o/Washington Medical 
School, U.S. .Public Health Service, Arctic Health _Research 
Center, College (Alaska 99701, USA), d June 1973. 

8 j .  R. WILLIAMSON, S. PRUSINER, M. S. OLSON and M. FUKA~I, Li- 
pids 5, 1 (1970). 

9 G. STEINER, E. SCHONBAUM, G. E. JOHNSON and E. A. SELLERS, 
Can. J. Physiol. Pharmac. 46, 453 (1968). 

10 ][~. A. VESELL and A. G. BEARS, J. gen. Physiol. 45, 553 (1962). 
11 j .  p. SPITZER, Proe. Soe. exp. Biol. ~qed. 725, 640 (1967). 
12 J. ALLEN and R. CHAFFER, Physiologist 7, 81 (1964). 
1~ I. AGRELL and B. KJELLBERG, Comp. Biochem, Physiol. 76, 515 

(1965). 
1~. 3. RAFAE L, D. KLAAS and H.-J.  HOHORST, Hoppe-Seyler ' s  Z. Phy-  

siol. Chem. 349, 1711 (1968). 
in J.  C. ROBERTS and R. E. S_~IIT~, Am. J.  Physiol.  272, 519 (1967). 
16 J. F. THOIvlSON, D. A. BECK, S. L. NANCE and K. L. BERTHAS, J. 

Cell Biol. dl, 312 (1969). 
17 I. L. CAMERON and R. E. S_~ITn, J. Cell Biol. 23, 89 (1964). 
18 G. STEINER and G. F. CAHILL, Am. J.  Physiol .  207, 840 (1964). 
19 j .  H~.ssI, Scand. J. clin. Lab.  Inves t .  Suppl.  716, 4 (1971). 
2o Acknowledgment .  This  s t u d y  was in i t i a t ed  when Dr. J.  HIRVONEN 

worked as a post-doctoral fellow of NIH, U.S. Public Health Ser- 
vice (No. F 05 T'~u 1546) at Arctic Health Research Center, Fair- 
banks (Alaska). 

~i Department of Forensic Medicine, gajaanintie 52 D, Oulu (Fin- 
land). 

22 University of Washington Medical School U.S. Public Health 
Service, Arctic Health Research Center, College (Alaska 99701, 
USA). 


