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EXPERIMENTAL HYPOGLYCEMIA IN THE RAT

CHAPTER I

INTRODUCTION

The l^ p e rin su lin ism  Theory

From 10 to  30 p e r cen t o f the  popu la tion  may s u f fe r  from spontaneous, 

rea c tiv e  hypoglycemia (F redericks and Goodman, 1969; R oberts, 1965); y e t, 

th is  ub iqu itous d isease  remains a n y s te ry . The d iscovere r o f spontaneous 

hypoglycemia (H arris , 1924) named the  d ise ase  hyperinsu lin ism . Although 

i t  i s  now apparent th a t  spontaneous hypoglycemia i s  a d isease  w ith  many 

causes u n re la ted  to  in s u l in  se c re tio n  (Conn and S e ltz e r , 1935), hyperin

su lin ism  may cause most cases of re a c tiv e  hypoglycemia (P o r t is ,  1950; 

Abrahamson and P eze t, 1954; Roberts, 1965; F redericks and Goodman, 1969).

R eactive hypoglycemia i s  hypoglycemia follow ing a meal o r a glucose 

challenge; hence, i t  i s  diagnosed by th e  g lucose to le ran c e  t e s t .  The 

ty p ic a l p a tie n t  has a h is to ry  o f excessive carbohydrate in g es tio n , and 

d ie ta ry  r e s t r i c t io n  o f carbohydrate may a l l e v ia te  synq>toms. These fa c ts  

provide a ra t io n a le  fo r  th e  e tio lo g y  o f hyperinsu lin ism : in  th e  person 

consuming too  much carbohydrate , repeated challenges to  th e  pancreas cause 

hyperp lasia  of the  b e ta  c e l l s  and re a c tiv e  hyperinsu lin ism . The b e ta  c e l ls  

respond to  glucose In g es tio n  by se c re tin g  too  much in s u l in ,  causing hypo

glycemia.
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Need fo r  an Experimental Model fo r  Studying Hypoglycemia 

The hyperinsu lin ism  theory  has a long h is to ry  of acceptance and o ffe rs  

an a t t r a c t iv e  exp lanation  fo r  re a c tiv e  hypoglycemia, but i t  lacks em piri

c a l suppo rt. Few s tu d ie s  have revealed  abnormally high in s u l in  lev e ls  in  

p a tie n ts  w ith  re a c tiv e  hypoglycemia. There i s  no experim ental p roof th a t 

glucose in g e s tio n  can cause ch ron ic , re a c tiv e  hypoglycemia. I t  i s  d i f f i 

c u l t  to  prove a cau se -an d -e ffec t re la tio n sh ip  between d ie ta ry  h a b its  and 

d isease : adequate c o n tro ls  a re  ioq>ossible.

An experim ental animal w ith  chron ic , re a c tiv e  hypoglycemia i s  needed.

A c ru c ia l  q uestion  in  th e  genesis o f such an animal i s  t h i s :  can glucose 

feeding o r exposure o f an animal to  hyperglycemia by any means (physiolog

i c a l ,  pharm acological, o r  p a th o lo g ica l)  produce chronic hypoglycemia sub

sequent to  w ithdraw al o f th e  hyperglycemic stim ulus? I f  so , can hyperin

su lin ism  be dem onstrated, o r  i s  some o th e r c o n tro l system resp o n sib le  fo r  

th e  abnorm ality? These problems can b e s t be solved by choosing a hyper

glycemic stim ulus most l ik e ly  to  produce hypoglycemia.

E ffe c ts  o f Glucose on I s l e t s  

In  se v e ra l mammals. In je c te d  o r o ra l  g lucose in  s u f f ic ie n t  quan tity  

causes a t  l e a s t  t r a n s ie n t  h yperp lasia  o f  i s l e t s ,  but a lso  causes hydropic 

degeneration  o f th e  i s l e t s  and, i f  anyth ing , hypofunction o f th e  beta  c e l ls  

(Brown e t  a l .  1952; W issler e t  1949; W oemer, 1939), Glucose may cause 

p e rs is te n t  d iab e tes  in  th e  c a t (Dohan and Lukens, 1948) and t r a n s ie n t  d ia 

be tes  in  th e  r a t  (P e terson , 1949). I t  appears, th en , th a t feeding of g lu 

cose i s  more l ik e ly  to  produce d iabe tes th an  hypoglycemia.

The p roduction  o f experim ental hypoglycemia by glucose feeding cannot 

be ru led  o u t. Frequent, occurrence o f hypoglycemia in  p red iab e tes  in  man
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suggests th a t  a s tag e  o f hyperfunction o f b e ta  c e l ls  may precede th e  stage 

of exhaustion . Paradoxical e f fe c ts  from glucose feeding a re  l ik e ly .  Few 

in v e s tig a to rs  look fo r hypoglycemia, and is o la te d  cases might be ignored 

o r  merged w ith  normal v a lu e s . In fu sion  o f th e  dog 's pancreas w ith  glucose 

causes severe  hypoglycemia during th e  in fu s io n  (Brown e t  a l ,  1952).

Although production  o f ch ron ic , experim ental hypoglycemia by glucose 

feeding might be p o ss ib le , th e  technique does not look very  prom ising. 

Id e a lly , th e  pancreas should be sub jected  to  abnormally h igh  glucose con

c e n tra tio n s  to  s tim u la te  b e ta  c e l l s ,  bu t hyperglycemia i s  d i f f i c u l t  to  

m aintain  even by fo rce  feeding o f glucose (H iss1er, 1949). The physiolog

ic a l  s ig n if ic a n c e  of hyperglycemia obtained  by intravenous glucose i s  un

c e r ta in .  A technique fo r  e a s i ly  m aintaining and c o n tro llin g  hyperglycemia 

i s  needed.

Hypoglycemia in  In fa n ts  of D iabetic  Mothers (IDM)

The fe tu s  in  a d ia b e tic  mother i s  c o n stan tly  exposed to  h igh  glucose 

le v e ls ; y e t ,  th e  pancreas o f th e  fe tu s  i s  not in h eren tly  abnormal. Ifyper- 

trophy o f i s l e t s  in  in fa n ts  o f human d ia b e tic  mothers (IBM) was reported  

years ago (D ubreuil and Anderodiac, 1920) and has since  been confirmed 

many tim es (Gray and Feemster, 1926; Bowen and H eilbrun, 1932; C arde ll, 

1953).

IDM ty p ic a l ly  e x h ib it hypoglycemia during th e  f i r s t  day o r two a f te r  

b i r th  (Higgons, 1935; Pedersen e t  a l .  1954). Glucose to le ran c e  i s  abnor

m al. A fter g lucose th e re  i s  a rap id  r i s e  in  plasma in s u l in  a sso c ia ted  

w ith  a rap id  f a l l  in  plasma g lucose. At th e  beginning o f th e  glucose t o l 

erance t e s t  (GTT), In su lin  le v e ls  a re  h igher in  i m  than  in  norm als; l a t e r  

in  th e  GTT, th e  s i tu a t io n  i s  reversed ( I s le s  e t  a l ,  1968; Pedersen e t
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1966). The same re la tio n sh ip  holds fo r  in fa n ts  o f g e s ta t io n a l  d iab e tic  

mothers (P ild es  e t  a l .  1969). Although most s tu d ie s  employ th e  radioim

munoassay to  d e te c t in s u l in ,  hyperinsu lin ism  in  IBM has been confirmed 

by a b io lo g ic a l assay fo r  in s u l in  employing r a t  adipose t i s s u e  (Baird 

and Farquhar, 1962).

The cause o f hypoglycemia in  IIM might be as fo llow s: (1 ) The hyper

glycemic blood supply to  th e  f e t a l  pancreas causes h yperp lasia  o r hyper- 

function  o f th e  b e ta  c e l l s .  (2 ) When removed from th e  hyperglycemic blood 

supply (a t  b i r t h ) ,  th e  in fa n t s t i l l  produces too  much in s u l in ,  causing 

hypoglycemia. A lso, th e  b e ta  c e l l s  a re  h y p e rsen s itiv e  to  a glucose cha l

lenge. IDM, th en , provide a v a r ia t io n  fo r  th e  hyperinsu lin ism  theory .

Because hypoglycemia in  i m  u su a lly  abates spontaneously during the 

f i r s t  few days o f l i f e  (Farquhar, 1956), th e  problem has received  scant 

a tte n t io n . But carbohydrate m etabolism in  th e  neonate i s  ancmalous: con

fidence th a t  hypoglycemia w i l l  not recu r i s  unw arranted. A lso, long-term  

s tu d ies  to  determ ine p o ss ib le  e f fe c ts  o f neonatal hypoglycemia on the men

t a l i t y  o f th e  c h ild  a re  needed.

O ffspring o f A 1loxan-Piabetic Rats (OADR)

The search  fo r  a means o f producing chronic hypoglycemia in  an exper

im ental animal converges on o ffsp rin g  from d ia b e tic  mothers fo r  a number 

o f reasons: (1 ) There i s  evidence o f hypoglycemia and hyperinsu lin ism  in

IDM, hence some reason to  expect p o s it iv e  r e s u l t s .  (2) The lyperglycem ic 

environment can be profound o r  m ild , depending upon th e  s e v e r i ty  o f the  

d iab e te s . (3 ) Constant hyperglycemia can e a s i ly  be m ain tained . (4) Ex

posure o f th e  animal ( in  th i s  case , th e  fe tu s )  occurs during a stage of 

development when changes in  organ function  a re  most l ik e ly  to  occur.
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(5) Because treatm ent may range from moderate to  severe , e i th e r  p o s itiv e  

or negative  re s u l ts  a re  s ig n i f ic a n t .  Such a study a lso  promises a wealth 

of in form ation  which might be o f importance to  IDM. Follow-up s tu d ies  can 

be done in  a sho rt p e riod  o f rim e. The r a t ,  fo r  example, grows from in 

fancy to  adulthood in  3 months.

Rats a re  easy to  m ain tain  in  la rge  numbers and are  easy to  handle. 

D iabetes can e a s i ly  be produced in  the  r a t  by in je c t io n  of a lloxan  

(Lazarow and P a l ^ ,  1946). O ffspring of a llo x a n -d ia b e tic  r a t s  (OADR), 

then , a re  id e a l  animals fo r  studying th e  e f f e c ts  o f m aternal d iabe tes on 

Che o f fsp r in g .

There i s  reason to  suspec t th a t  OfDR might e x h ib it neonatal hypogly

cemia s im ila r  to  th a t observed in  IlM. I s l e t  hyperp lasia  occurs in  OADR 

(Kim e t  a l ,  1958; Heilman, 1960), but may be a sso c ia ted  w ith hydropic de

genera tion  (Kim e t  a l , 1960; C arpenter and ^^zarow, 1967). Blood sugars 

o f OADR drop rap id ly  a f t e r  b i r t h  and reach hypoglycemic le v e ls  (cong)ared 

to  norm als) a t  24 h r postpartum  (Kim e t  a^, 1960). Serious problems in  

ob tain ing  v ia b le  OADR may be a n tic ip a te d  (M ille r , 1947; Lawrence and 

Contopoulos, 1960), but th e  grave need fo r  long-term  s tu d ies  o f OADR ju s t 

i f i e s  th e  e f f o r t .



CHAPTER I I  

MATERlAig AND METHODS 

Care and Mating o f Rats

Adult R attus norvégiens females o f th e  King-Holtzman s t r a in  were fed 

labora to ry  chow ^  lib itu m  and m aintained a t  28°C. Water was allowed a t  

a l l  times (even during fa s t in g )  except during t e s t s .

The most convenient and dependable method o f obtain ing  and diagnosing 

pregnancy was as fo llow s: (1) Females were kep t in  the  dark fo r  36 h r

and then  were placed back in  th e  reg u la r l ig h t  cycle  a t  6:00 AM (day 1 ) . 

(2 ) Females were mated on d ^  3 , and v ag in a l smears were performed on th e  

morning of day 4 . (3) Animals in  p ro es tru s  o r e a r ly  e s tru s  were mated

again  on day 4 , and vag ina l smears were performed on the  morning o f day 5 . 

(4 ) Males were removed, and non-pregnant fem ales were given a t  le a s t  a 

7-day re s t  befo re  repeating  th e  procedure. The p a r t i a l  synchron iza tion  of 

e s tru s  cycles by changing th e  l ig h t  cycle  enab les one to  o b ta in  and diag

nose pregnancy w ith  a minimal investm ent o f tim e . Spermatozoa might be 

found e i th e r  on day 4 o r on day 5 .

In sp ec tio n  fo r th e  v ag in a l plug i s  not a dependable procedure fo r  d t  

agnosing pregnancy. Vaginal smears were taken  in  0.9% s a lin e  by an eye

dropper and were inspected  im nediately w ith  no s t a in .  The dgy th a t  sper

matozoa were observed was taken as day 1 o f  pregnancy. Pregnancy was con

firm ed by f a i lu r e  o f th e  r a t  to  e n te r  e s tru s  (a s  determined by v ag in a l

6



smears) during th e  next 8 days.

P roduction . D iagnosis. and Treatm ent of Diabetes

A fte r a 24 h r  f a s t ,  r a ts  were e th e r iz e d , and alloxan monohydrate was 

in je c te d  in tram uscu larly  a t  100 mg/kg body w t. Food was allowed imnedi- 

a te ly  a f te r  a llo x a n . In  t r e a te d  anim als, protam ine zinc in s u l in  (1 u n it 

p e r r a t  p e r day) was in je c te d  in tram uscu larly  a t  4 :00 PM beginning 24 h r 

a f t e r  a llo x an . The in s u l in  dosage was suboptim al. I t  improved h e a lth  

w ithout abo lish ing  hyperglycem ia.

Blood sang*le s  were taken a t  4:00 PM (b efo re  in s u l in ) ,  and plasma 

glucose was assayed by th e  o r th o - to lu id in e  method. Any r a t  c o n s is te n tly  

ex h ib itin g  plasma g lucose le v e ls  above 200 mg/100 ml was considered  d ia 

b e t ic .  T es t- tap e  measurement o f u rin e  glucose proved valuab le  fo r  on-the- 

spot d iag n o sis .

Treatment o f d ia b e tic  ccxna was c a rr ie d  ou t as described  in  Table 9 

(Appendix D). The follow ing techniques were employed in  attem pts to  amel

io ra te  s t e r i l i t y  in  d ia b e tic  r a t s :  (1 ) in tram uscu lar in je c t io n  o f ascor

b ic  ac id  a t  100 iqg p e r r a t  p e r day (C h a tte r je e , 1964), (2) in tram uscular 

in je c t io n  o f c o rtic o s te ro n e  a t  50 to  500 ug p e r  r a t  p e r day (C h a tte r je e , 

1966), and (3 ) in tram uscu lar in je c t io n  o f FSH a t  2 mg per kg body wt pe r 

day. Im paired la c ta t io n  and postpartum  calcium  d ep le tio n  (freq u en tly  

c h arac te rized  by t a i l  chasing) were t re a te d  by in tram uscu lar in je c t io n  of 

3% calcium  la c ta te  (0 .2  to  0 .8  ml as needed).

Treatment and C la s s if ic a tio n  o f  Rats 

A number o f c o n tro l and experim ental groups were developed. These 

groups a re  l i s t e d  in  Table 10 (Appendix D) fo r  easy  re fe ren ce .
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B io log ical T ests  and Measurements 

The Glucose Tolerance Test (GIT)

Blood samples were taken from th e  t a i l  in  heparin ized  c a p illa ry  

tu b es . A 24 h r  fa s tin g  sample was taken , and o ra l  10% glucose (750 mg/kg 

body w t) was g iven  by stomach tube a t  1:00 PM. S e r ia l  samples were taken 

to  6 h r  a f t e r  g lucose . Blood sangles were cen trifu g ed  immediately a f te r  

c o lle c tio n , and plasma glucose le v e ls  were measured by th e  glucose-oxidase 

method.

The Modified Glucose Tolerance T est 

Oral g lucose (750 mg/kg body w t) was adm inistered a f t e r  a 24 h r  f a s t .  

At 3 h r p o st g lucose , a s in g le  blood sample was taken  from th e  t a i l .  In  

some s tu d ie s , s e r i a l  samples were taken  a t  3 h r  p o st glucose from the
t ' #

t a i l ,  frcmi th e  h e a r t ,  and again  frcm th e  t a i l  a t  approxim ately 2 min in 

te r v a ls .  Blood sa u rie s  fo r  hem atocrit determ inations were cen trifu g ed  in  

c a p illa ry  tubes a t  5,500 x g fo r  10 min.

H is to lo g ic a l Techniques 

Rats were s a c r if ic e d  by c e rv ic a l d is lo c a tio n . The pancreas was 

fix ed  fo r  10 h r  in  Helly f lu id ,  washed fo r  8 h r  ini ta p  w ater, and s to red  

in  70% e thano l (changed p e r io d ic a l ly ) .  The t is s u e  was de lydra ted  in  

te trah y d ro fu ran , embedded in  p a ra f in , and sectioned  a t  5 p . Sections 

were mounted w ith  Haupts so lu tio n  and s ta in e d  w ith  a hematoxylin trichrcm e 

s ta in  (Lazarus and Volk, 1962), The alpha c e l ls  were s ta in e d  w ith  b ieb- 

r ic h  s c a r le t  and th e  b e ta  c e l ls  w ith  aldehyde fu ch s in .

For i s l e t  a rea  measurements, sec tio n s  o f a s in g le  i s l e t  were trac ed  

s e r ia l ly  to  th e  la rg e s t  s e c tio n . Although choice o f sec tio n s fo r  area
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in te g ra tio n s  involved su b je c tiv e  judgements, b ia s  was elim inated  by allow

ing th e  In v e s tig a to r  only a code number to  id e n tify  t is s u e s .  Two indepen

dent s tu d ie s  o f i s l e t  a reas were perform ed. In  one study i s l e t  a reas were 

determined by p lanim etry  o f photom icrographs. In  th e  o th er study i s l e t  

areas were determ ined by conçonent q u a n tita tio n  (Lazarow and C arpenter, 

1962). P a r a l le l ,  l in e a r  measurements across i s l e t s  were made w ith  a timed 

scanning device on th e  m icroscope. The p a r a l le l  l in e s  were separa ted  by 

25 p . The i s l e t  was d iv ided  in to  reg u la r  geom etric f ig u re s .

The area  o f th e  i s l e t  i s  the  sum o f th e  a reas  o f th e  in d iv id u a l 

geom etric f ig u re s . I f  th e  d is tan c e  between p a r a l le l  l in e s  i s  sm all, the  

accuracy o f  t h i s  technique i s  very good. E rro r i s  exaggerated in  th e  dia- 

gram.

Glucose-Oxidase Assay fo r  Glucose 

G lucose-oxidase en^m e was used fo r  plasma g lucose determ inations 

req u irin g  maximum p re c is io n  and accuracy in  th e  normal to  hypoglycemic 

ra n g e .(e .g . in  GTT's and fa s t in g  sam ples). A m ic ro an a ly tica l system 

(Beckman Instrum en ts, I n c .)  was ençloyed fo r  a l l  measurements. A 10 p i 

sample o f plasma o r  g lucose s tandard  was p laced in  t e s t  tube A. A fte r
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a d d itio n  o f 150 p i  o f 0.08 N NaOH and 40 p i o f 5.0% ZnSO/ ,̂ th e  t e s t  tube 

was shaken and allowed to  stand  fo r  a t  le a s t  20 m in. The t e s t  tube was 

cen trifu g ed  fo r  2 min, and 100 p i  o f  the  supernatan t f lu id  was t ra n s fe r re d  

to  t e s t  tube 6 . Ju s t befo re  the  f in a l  incuba tion , G lucostat v ia ls  

(W orthington Biochemical C orporation) were d isso lv ed  in  75 ml d i s t i l l e d  

w a te r. This so lu tio n  contained  g lucose-oxidase enzyme, perox idase , and 

o r th o -d ia n is id in e . A 250 p i  a liq u o t o f enzyme s o lu tio n  was added to  t e s t  

tube B. The t e s t  tube was shaken, and the  re a c tio n  was incubated fo r  1 

h r  a t  22°C. The re a c tio n  was stopped by ad d itio n  o f 20 p i  o f 5 .0  N HCl. 

The o p tic a l  d en sity  was read a g a in s t a blank (100 p i  o f d i s t i l l e d  w ater,

20 p i  HCl, and 250 p i  enzyme so lu tio n )  a t  410 mp. Unknowns, s tan d ard s, 

and blanks were processed sim ultaneously , and th e  co ncen tra tion  of g lu 

cose in  th e  unknowns was determ ined from the stan d ard  curve (F ig . 15 in  

Appendix A ).

The O rtho-Toluidine Assay fo r  Glucose 

The o r th o -to lu id in e  assay was employed fo r  measurement o f plasma 

glucose le v e ls  in  normal and d ia b e tic  pregnant r a t s  and in  a l l  o th e r d ia 

b e t ic  r a t s .  The o r th o - to lu id in e  reagent was 3.0% o r th o -to lu id in e  and 

0.35% th io u re a  in  g la c ia l  a c e tic  a c id . A fter a d d itio n  of 350 p i  o f o rth o - 

to lu id in e  reagent to  a 10 p i  p o r tio n  o f glucose s tan d ard , unknown, o r d i s 

t i l l e d  w ater (b lank ), th e  c o lo r re a c tio n  was accomplished by incubation  

a t  lOO^C (b o ilin g  w ater) fo r  7% m in. The re a c tio n  was stopped by plung

ing  th e  t e s t  tube in to  cold  w ater, and the  o p t ic a l  d ensity  was read a t 

630 mp. Unknowns were read from th e  standard  curve (F ig , 17 in  Appendix 

A ).
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The Radioimniunoassay o f In s u l in  

A fte r a 24 h r  f a s t ,  r a t s  received  o ra l 10% glucose (750 mg/kg body 

w t) . S a c r if ic e  was by c e rv ic a l d is lo c a tio n  a t  45 min post g lucose , and 

blood was drawn from th e  p o s te r io r  vena cava. Blood was cen trifu g ed  im

m ediate ly . One p a r t  o f plasma was d ilu te d  w ith  3 p a r ts  phosphate b u ffe r 

(0 .04  M, pH 7 .4 ) con ta in ing  0.9% NaCl. Sang*le s  were s to re d  a t  -20°C.

A m odifica tion  o f th e  double antibody technique of Hales and Randle 

(1963) was eiqployed fo r  th e  radioimmunoassay of in s u l in .  M ateria ls  were 

ob tained  in  a k i t  (Schwarz BioBesearch), and th e  assay was performed ac

cording to  k i t  in s t ru c t io n s .  The guinea-p ig  a n t i - in s u l in  serum and the 

ra b b it  a n ti- (g u in e a -p ig  gamma g lo b u lin ) serum were incubated th e  manu

fa c tu re r ,  and th e  ly o p h ilized  a n t i - in s u l in  conq>lex was supp lied  in  the  k i t .  

U nlabelled  in s u l in  and 1-125 in s u l in  were allowed to  c<mq>ete fo r  binding 

s i t e s  on the  a n t i - in s u l in  conq>lex. Bound in s u l in  was separa ted  from un

bound in s u l in  by f i l t r a t i o n .  F i l t e r s  were wrapped in  f o i l  and counted by 

s c i n t i l l a t io n  (Nal c r y s ta l ) .  Unknowns were determ ined from th e  standard  

curve (F ig . 18, Appendix B). Human in s u lin  s tandards were used; hence, 

th e  r a t  in s u l in  measurements a re  expressed in  human in s u l in  e q u iv a le n ts .

S t a t i s t i c a l  Methods 

The standard  e r ro r  o f the  mean (SE) i s  used in  a l l  i l l u s t r a t io n s  

showing a measure o f v a rian ce . A ll P values a re  from tw o -ta ile d  t - t e s t s ;  

th e  t - ta b le  u t i l i z e d  has th e  follow ing F va lu es: 0 .5 , 0 .4 , 0 .3 , 0 .2 , 0 .1 ,

0 .05 , 0 .02 , 0 .01 , and 0.001. For sioq>licity  P va lues are  expressed in  a 

shortened  form. For exaoçle , P > 0 ,0 5  means th a t  0 .0 5 < P < 0 .1 . P < 0 .0 1  

means th a t  0 .0 1 > P > 0.001.
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Abbreviations and Terminology 

Codes desig n a tin g  treatm ents o f groups are l i s t e d  in  Table 10 (Appen

d ix  D). Other abb rev ia tions and term s a re  as follow s:

OADR — o ffsp r in g  of a lloxan  d ia b e tic  r a ts  

IIM — in fa n ts  o f d ia b e tic  mothers (human)

FSH — f o l l i c l e  stim u la ting  hormone

GTT — glucose to le ran ce  t e s t

i s l e t s  — is la n d s  of Langerhans

IDI — immunologically d e te c ta b le  in su lin



CHAPTER III

RESULTS

Alloxan D iabetes and Pregnancy 

Acute E ffec ts  o f Alloxan

By 3 d ^ s  a f t e r  a lloxan  in je c t io n , r a t s  were se r io u s ly  i l l  and weak. 

G lycosuria, hyperglycem ia, and wt lo ss  were observed. Blood was o ften  

th in  and dark . % perglycem ia and g ly co su ria  were perm anent, but th e re  

was u su a lly  some isgirovement in  h e a lth  during th e  second week a f t e r  a llo x 

an. Without in s u l in  therapy or w ith  a llo x an  overdosage, many r a t s  d ied  

between th e  3rd and 5 th  days a f te r  a llo x an . Autopsy revealed  d is te n tio n  

o f stomach w ith  food, dehydration, and hardened masses o f feces in  the  

in te s t in e .

Plasma Glucose Levels

Diabetes was ch arac te rized  g ly co su ria , hyperglycem ia, and wt lo s s . 

Po lyuria  and increased  w ater consunqption were apparen t. Plasma glucose 

lev e ls  u su a lly  were between 200 and 1000 mg/100 ml. I s l e t s  ex h ib ited  

hydropic degenera tion .

Rats c o n s is te n tly  ex h ib itin g  plasma glucose le v e ls  above 200 mg/100 

ml were considered d ia b e tic .  D e fin ite  changes in  plasma glucose le v e ls  

occurred during pregnancy (F ig . 1 ) .  Plasma glucose le v e ls  dropped slowly 

between th e  9 th  and 2nd days before  p a r tu r i t io n  and then  dropped rap id ly

13
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th e  day befo re  p a r tu r i t io n .  Plasma glucose le v e ls  of normal r a t s  a lso  

decreased in  l a t e  pregnancy, but d id  not e x h ib it th e  p re c ip ito u s  drop on 

the  day befo re  p a r tu r i t io n  (F ig . 2 ) .  Because of d iu rn a l v a r ia tio n s  in  

plasma glucose le v e ls ,  such trends as these  a re  apparent only i f  blood 

i s  taken  a t  th e  same tim e each day.

D iurnal v a r ia t io n  in  plasma g lucose le v e ls  o f in s u l in - t r e a te d ,  d ia 

b e tic  anim als was profound (F ig . 3 ) ,  Plasma glucose le v e ls  dropped rap id 

ly  a f t e r  in s u l in ,  remained r e la t iv e ly  low u n t i l  th e  8 th  h r  a f t e r  in s u l in , 

increased  to  the  12th h r ,  and then  lev e led  o f f  u n t i l  th e  next in su lin  in 

je c t io n .  D iurnal plasma glucose le v e ls  o f an in d iv id u a l r a t  do not con

s t i t u t e  a smooth curve; r a th e r ,  they tend  to  be e r r a t i c —perhaps because 

of e a tin g  p a tte rn s  o r uneven abso rp tion  of in s u l in .

Com plications o f  Chronic D iabetes

Even w ith  moderate in s u l in  trea tm e n t, a lloxan  d iab e te s  was p rog ress

iv e ly  d e b i l i ta t in g .  Wt lo ss  was profound. A fte r se v e ra l months, th e re  

was very  l i t t l e  muscle and adipose t i s s u e .  The abdomen was d istended . 

Movements were slow, and weakness and le th arg y  were apparen t. C atarac ts 

and re tin o p a th y  were cmnmon. There was an increased  incidence o f in fe c tio n . 

Rats became dehydrated . Water consumption and u r in e  output increased  to  

10 tim es t h e i r  normal v a lu e s . E stru s cycles stopped, and r a t s  remained in  

d ie s t ru s .  There was a la rg e  in c rease  in  th e  number o f  leu co i^ te s  in  th e  

vag ina l smear.

A cidosis was u su a lly  preceded by increased  weakness and le th a rg y . 

B reathing became ra p id  and shallow , and coma o f te n  occurred . An example o f  

th e  development and trea tm en t o f a c id o s is  i s  g iven  in  Table 9 (Appendix D ). 

Death o f te n  occurred in  a c id o s is  bu t sometimes occurred  in  th e  absence o f
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F ig . 1

Plasma glucose le v e ls  o f in s u l in - t r e a te d ,  d ia b e tic  mothers 
(group 3E) during pregnancy. Blood sa u rie s  were taken  a t  
4 :00  PM. Each p o in t rep re sen ts  a mean determ ination  from 
20 to  30 r a t s .
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Plasma glucose le v e ls  of normal r a t s  during pregnancy. Blood 
sang*le s  were taken  a t  4:00 PM. Each p o in t rep re sen ts  a mean 
determ ination  from 6 to  10 r a t s .
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F ig . 3

D iurnal v a r ia t io n  in  plasma g lucose le v e ls  in  d ia b e tic  r a t s  
receiv ing  d a ily  in je c tio n s  o f protam ine z inc  in s u l in .  Each 
po in t rep re se n ts  a mean determ ination  frcm four r a t s .  The 
f i r s t  blood sample was taken a t  4 :00  PM ( ju s t  p r io r  to  in s u l in  
in je c t io n ) .
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ac id o sis  follow ing a p eriod  o f d e b i l i ta t io n  and wt lo s s .  L ife  expectancy 

was poor. Death was expected a f te r  se v e ra l months o f d ia b e te s . Scxne r a t s  

escaped th e  severe  consequences o f d iab e te s  and remained hea lthy  In  s p i te  

o f e lev a ted  plasma glucose le v e ls .  There was poor c o rre la t io n  between 

the  e x te n t o f  hyperglycemia and th e  s e v e r i ty  o f  i l l n e s s .

E valuation  of Alloxan Technique

Alloxan may be In je c te d  in travenously  (Lazarow and f a la y ,  1946), 

but I t  I s  d i f f i c u l t .  I f  no t im possib le , to  In je c t  in to  th e  t a l l  v e in  

every tim e . I f  any o r a l l  o f th e  a llo x an  does no t e n te r  th e  v e in , the  

e f fe c t  i s  th e  same as a v a r ia t io n  In  dosage. M orta lity  and f a i lu r e  to  

induce d iab e te s  a re  common.

A bsolute r e l i a b i l i t y  was needed fo r  production  o f  d iab e te s  in  preg

nant r a t s ;  hence, th e  in tram uscu lar technique was developed. The animal 

was e th e r iz e d , and a lloxan  (100 vag/kg body w t) was in je c te d  in to  th e  

In s id e  o f th e  th ig h  near th e  femoral v e in . M orta lity  from acute  e f fe c ts  

of a llo x an  was avoided by beginning in s u l in  treatm ent 24 h r  a f t e r  a lloxan  

in je c t io n .

An independent study w ith  37 h ea lth y  non-pregnant r a t s  was conducted 

to  compare th e  r e l i a b i l i t y  o f th i s  method w ith  th a t  o f p revious methods. 

There was no m o rta lity  from acu te  e f f e c ts  o f a llo x an . One r a t  e x h ib ited  

only temporary d ia b e te s . The r e s t  ex h ib ited  permanent d iab e te s  ( in  most 

cases se v e re ) . The mean plasma glucose le v e l fo r  th e  e n t i r e  study was 

570 mg/100 m l. The study was term inated  2 months a f t e r  a llo x an  in je c t io n .  

The r e l i a b i l i t y  o f  th i s  technique (97.3% success) was f a r  su p e rio r to  th a t  

obtained  by in travenous in je c t io n .
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Problems in  Obtaining OADR 

A v a s t expenditure o f  time and r a t s  i s  necessary to  o b ta in  a s in g le  

l i t t e r  o f  OADR. I t  would be d i f f i c u l t  to  exaggerate th e  hazards facing 

th e  p ro sp ec tiv e  OADR. A number of trea tm en ts were developed in  an e f f o r t  

to  circum vent these  problems (Table 1 ) . Groups 3A to  3E were developed 

in  th e  o rd e r th a t  they a re  l i s t e d .  Treatments o f groups a re  l i s te d  in  

Table 10 (Appendix D). Id e a l ly , one would l ik e  to  o b ta in  pregnancy in  

u n tre a te d , d ia b e tic  r a t s  (group 3A), bu t th e  d ia b e tic  anim als were s t e r 

i l e .  C essation  of e s tru s  cycles was a sso c ia ted  w ith  c e ssa tio n  o f f e r 

t i l i t y .  F e r t i l i t y  was no t improved by c o rtico s te ro n e  o r asco rb ic  a c id .

FSB i n i t i a t e d  e s tru s  in  sane r a ts  but had no e f fe c t  on th e  incidence o f 

pregnancy. Moderate in s u l in  treatm ent (group 3B) d id  not h e lp .

The incidence of m o rta lity  in  p rospective  mothers o f groups 3A and 

3B was a sso c ia ted  w ith  th e  problem of s t e r i l i t y .  A fte r months o f m ating, 

a number o f  deaths from chron ic  d iab e te s  occurred . A lso, sane of th e  

deaths in  groups 3A and 3B were from a lloxan  overdosage (p r io r  to  r e f in e 

ment o f tech n iq u e).

Even when f e r t i l i z a t i o n  was acconq>lished, th e  fe tu ses  were l ik e ly  to  

be abo rted , resorbed, o r  s t i l l b o r n .  Neonates faced th e  hazards of im pair

ed la c ta t io n  o r absence o f  m aternal behavior in  th e  m other, and id io p a th 

i c  death  was common.

A fte r  6 months o f mating (w ith d a ily  vag inal smears) and a t o ta l  

investm ent o f  108 r a t s ,  only 4 v iab le  l i t t e r s  o f  OADR were obtained from 

ra ts  th a t  were d ia b e tic  befo re  m ating. The su ccessfu l mothers were ex

c e p tio n a lly  healthy  and r e s i s ta n t  to  th e  e f fe c ts  o f a lloxan  d iab e te s .

There was no a lte rn a t iv e  to  producing d iabe tes a f t e r  conception . At
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le a s t  th e  problem of s t e r i l i t y  would be circum vented.

In creasin g  the  P ro b a b ility  o f Obtaining OADR 

Rats receiv ing  a llo x an  on th e  3rd day o f  pregnancy (group 30) had 

high m o rta lity  and a b o rtio n  r a t e s . No v ia b le  OADR were produced by th i s  

techn ique . The in je c t io n  o f a lloxan  on th e  10th to  12th day o f pregnan

cy (group 3D) d id  not in c rease  th e  percen tage o f success appreciab ly  (1 

v ia b le  l i t t e r  out o f 22 a tte m p ts ) . However, when a llo x an  was in je c te d  on 

th e  10th to  12th day o f  pregnancy and in s u l in  therapy  s ta r te d  24 h r  a f t e r  

a lloxan  (group 3E), th e  incidence of success jumped to  18%. A lso, in  

group 3E i t  was p o ss ib le  to  o b ta in  o ffsp rin g  from severe ly  d ia b e tic  m others, 

Because o f th e  te c h n ic a l advantages o f working w ith  group 3E, th ese  r a t s  

were used fo r  most s tu d ie s .  Unless in d ic a te d  o therw ise , th e  term  OADR 

w i l l  hencefo rth  r e f e r  to  r a t s  o f gro\q> 3E.

Both normal and d ia b e tic  r a t s  a re  more l ik e ly  to  be su ccessfu l 

mothers i f  they a re  no t moved from one cage to  another e i th e r  during o r 

a f t e r  pregnancy. A fte r  m ating, th e  p ro sp ec tiv e  mother i s  moved to  a 

p r iv a te  cage and allowed to  remain in  th e  same cage u n t i l  her l i t t e r  i s  

weaned. G entle handling o f r a t s  i s  h e lp fu l .

S(me p regnant, d ia b e tic  r a t s  d ied inysteriously  between th e  18th and 

20th dfys o f pregnancy. These r a t s  ty p ic a l ly  appeared very hea lthy  and 

m aintained pregnancy up to  th e  day o f d ea th . U sually  th e  r a t s  appeared 

h ea lth y  one evening and were dead th e  next morning. Autopsy revealed  no 

cause o f d ea th . Hypoglycemia i s  suspected , fo r  a number o f hypoglycemic 

plasma g lucose le v e ls  were observed in  in s u l in - t r e a te d  d ia b e tic  animals 

during l a t e  pregnancy. I t  i s  probably w ise to  reduce In su lin  dosages in  

r a t s  th a t  a re  heavy and h e a lth y . In s u lin  dosage should not be in  u n its /k g



TABLE 1

PROBLEMS IN OBTAINING VIABLE OADR: CAUSES OF LITTER FAILURES

Number o f  L i t t e r  F a ilu re s  L is ted  
Under Cause o f F a ilu re

Group

Death
o f

Mother

S t e r i l i t y
o f

Mother

F e ta l
A bortion,

Resorption

Neonatal
M orta lity
S ti l lb o rn

T ota l
L i t t e r

Attempts

T o ta l
L i t t e r

Successes
Percent
Success

1 1 3 1 3 20 12 60

2A 1 0 2 4 9 4 44

2B 1 0 0 4 10 5 50

2C 0 0 1 0 5 4 80

2D 4 0 0 0 5 1 20

3A 30 29 1 4 66 2 3

3B 18 11 2 9 42 2 5

3C 6 0 6 4 16 0 0

3D 14 0 2 5 22 1 5

3E 3 0 5 6 17 3 18

A l i t t e r  i s considered su ccessfu l i f  any lit te rm a te liv e s  to  the  age of 1 month. Some
deaths o f p ro spec tive  mothers o f groups 3A and 3B a re  from alloxan  overdoses (p r io r  to  re f in e 
ment o f tech n iq u e). Attempts to  am elio ra te  s t e r i l i t y  w ith  asco rb ic  a c id , c o rtic o s te ro n e , or 
FSH were not su c c e ss fu l.
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body w t. I f  anything, the  dosage should be in v erse ly  p ro p o rtio n a l to  the 

body w t. In  l a t e  pregnancy th e  vagina o f te n  became clogged, p reventing  

u r in a tio n . Rats which were heavy w ith  pregnancy could not l ic k  th e  vag

in a , and i t  was necessary  to  keep i t  c le a n .

Some d ia b e tic  r a t s  c a r r ie d  th e  young beyond th e  normal term .

Caesarian d e liv e ry  saved th e  mothers bu t no t th e  young, fo r  th e  young were 

s t i l lb o r n .

In  group 3E, th e  problem of s t e r i l i t y  was e lim inated  by g iv ing  a llo x 

an a f te r  conception , and o th e r  problems were a t  le a s t  p a r t i a l l y  elim inated  

by in s u lin  th e rap y . The enphasis was s h if te d  from try in g  to  o b ta in  and 

m aintain  pregnancy to  keeping neonates a liv e  once they a rr iv e d . L ac ta tion  

and m aternal behavior were im paired. In je c tio n  o f 3% calcium  la c ta te  

(0 .2  to  0 .8  m l) inproved both  behavior and la c ta t io n  (e sp e c ia lly  in  r a ts  

chasing t h e i r  t a i l s ) .  Beef p i tu i ta r y  e x tra c t  was o f some va lue  in  induc

ing m aternal behav io r. When a v a ila b le , a normal fo s te r  mother ( w ith  

young le s s  th an  1 wk o ld ) was th e  b e s t so lu tio n  to  th e  problems of 

in p a ired  la c ta t io n  and lack  o f m aternal behav io r. U sually e i th e r  a l l  o r 

none o f th e  l i t te rm a te s  d ied . Some d ied  fo r  no apparent reason . Id iopath 

ic  death in  OADR may o r may not resemble h y a lin e  membrane d isease  in  IBM.

OADR 

B ir th  Weights

Although f e ta l  g igantism  in  IBM i s  firm ly  e s ta b lish e d , th e  e f fe c t  of 

d iabe tes on b i r th  wt in  th e  r a t  i s  u n c e r ta in . Most in v e s tig a to rs  rep o rt 

increased  b i r t h  w t, but some re p o rt decreased b i r th  wt in  OADR. The 1-day 

increase  in  leng th  o f g e s ta t io n  in  d ia b e tic  r a t s  allows more th an  normal 

time fo r  f e t a l  growth, but does not adequately exp la in  e x is tin g  d iscrepancies ,
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Neonates in  groups 3A, 3C, and 3D were s ig n if ic a n t ly  h eav ie r than 

normal neonates (Table 2 ) .  Neonates in  group 3E were s ig n if ic a n t ly  l ig h te r  

than  norm al, bu t only because th e  mean value was depressed by th e  l ig h t  

wts o f a s in g le  l i t t e r  o f OADR. I f  th e  abnormal l i t t e r  in  group 3E i s  

om itted , th e  mean b i r th  wt i s  th e  same as th a t  fo r  norm als. B ir th  wts in  

group 3B were no t s ig n if ic a n t ly  d if fe re n t  from norm al. A p a t te rn  emerges: 

groups whose m others received  in s u l in  have normal b i r th  w ts, bu t OADR 

whose mothers were not tr e a te d  e x h ib it f e t a l  g igan tism . O ccasionally , a 

d ia b e tic  mother may give b i r th  to  a l i t t e r  whose wts a re  decidedly  below 

normal.

Low Body Weight in  Young OADR

Many OADR ex h ib ited  depressed body w ts, p a r t ic u la r ly  during  th e  f i r s t  

month of l i f e  (F ig . 4 ) .  I r o n ic a l ly ,  th is  depression  of body wt was most 

pronounced in  OADR whose mothers received  in s u l in  (groups 3B and 3E). An 

exp lanation  i s  p o ss ib le  by p u ttin g  a few fa c ts  to g e th e r .

A g lance a t  th e  standard  e r ro rs  in  F ig . 4 shows th a t  th e  depression  

o f th e  body w ts i s  no t c o n s is te n t .  One l i t t e r  o f OADR may eadiib it ex

trem ely low body w ts; y e t ,  ano ther l i t t e r  o f OADR may e x h ib it normal body 

w ts. OADR e x h ib itin g  severe  hypoglycemia had very  low body w ts , and a t 

f i r s t  i t  was thought th a t  low body wt was a p a r t  o f th e  hypoglycemic syn

drome; however, i t  now appears l ik e ly  th a t  low body wt and hypoglycemia 

a re  independent m aladies, both  o f which a re  more l ik e ly  to  occur when the  

mother o f th e  OADR i s  severe ly  d ia b e tic .

More l ig h t  i s  shed on th e  problem o f depressed body wt by a con tro l 

group th an  by th e  OADR. A l i t t e r  in  group 2C, whose mother rece ived  a llo x 

an on day 19 o f pregnancy, was s p l i t .  Three males were reared  by th e i r
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TABLE 2

BIBTH HEIGHTS OF OADR AMD CONTROLS 
COMPARED TO NORMALS

Group

B ir th  H eight, g

Mean SE N
P

(vs Norm)

1 5.45 0.090 97 -

2A 5.43 0.049 23 > 0 .5

3A 5.70 0.046 17 < 0 .0 1

3B 5.46 0.137 18 > 0 .5

3C 6.33 0.142 10 < 0 .001

3D 6.20 0.037 10 <0.001

3E* 5.28 0.078 43 <0.02

*One l i t t e r  In  group 3E e x h ib its  very  low b i r th  w eigh ts . 
I f  t h i s  l i t t e r  I s  om itted , th e  mean weight I s  5.46 and P > 0 .5 .  
OADR whose mothers rece iv ed  no In su lin  e x h ib it  f e t a l  g igantism , 
bu t OADR whose mothers rece ived  In su lin  e x h ib it  normal o r sub
normal b i r th  w eigh ts.
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Body w eights o f o ffsp rin g  a t  1 month o f age. D iabetic  mothers 
o f groups 3B and 3E rece ived  in s u l in . D iabetic  mothers o f 
groups 3A and 3D d id  no t rece iv e  in s u l in .
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d ia b e tic  mother, and th ree  females were reared  by a normal fo s te r  mother 

(sep ara tio n  o f sexes was c o in c id e n ta l) . At 1 month o f age the  mean body 

wt o f the  r a t s  nursed by th e  fo s te r  mother was 73.0 g , and th e  mean body 

wt o f th e  r a t s  nursed by th e  d ia b e tic  mother was 24.0  g . The d iffe ren c e  

was highly  s ig n if ic a n t  (P < 0 .0 0 1 ). None o f th e  r a t s  in  th is  l i t t e r  ex

h ib ite d  hypoglycemia a t  th e  1 month GTT. A pparently, th e  depression  of 

body wt in  many l i t t e r s  o f OADR i s  caused by impaired la c ta t io n  in  the  

m other, and th e  in ça ire d  la c ta t io n  i s  c o rre la te d  w ith  th e  se v e r ity  o f d ia 

b e tes  .

Only r e la t iv e ly  healthy  animals in  groups 3A and 3D (no in s u l in )  were 

ab le  to  have l i t t e r s .  In su lin  therapy (groups 3B and 3E) enabled r a ts  

w ith  severe d iab e te s  to  have l i t t e r s .  In su lin  therapy (perhaps u n fo rtu 

n a te ly )  was freq u en tly  om itted a f te r  OADR reached th e  age of 1 wk, and 

la c ta t io n  probably was ingiaired in  the  m others. In  summaty, some la c ta -  

t in g  mothers in  groups 3B and 3E were severe ly  d ia b e tic ; whereas. In s ta 

t in g  mothers o f  groups 3A and 3D were h ea lth y .

Plasma Glucose Levels

Factors in fluencing  plasma glucose le v e ls . Hypoglycemia i s  no t as 

e a s i ly  diagnosed as d ia b e te s . Small d iffe ren c e s  in  plasma glucose lev e ls  

may be iiqportant; th e re fo re , s tr in g e n t c o n tro l o f experim ental cond itions 

i s  necessary . Several s tu d ie s  of fac to rs  in fluencing  plasma g lucose 

le v e ls  demonstrated th e  importance of keeping a l l  c o n tro lla b le  cond itions 

c o n stan t. To avoid bulk in  th is  se c tio n , th ese  s tu d ie s  a re  included  in  

Appendix G.

I t  i s  d i f f i c u l t  to  g e t r e l ia b le  plasma glucose lev e ls  in  neonates 

fo r  two reasons: (1) Carbohydrate metabolism in  th e  neonate i s  anomalous.
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and plasma glucose le v e ls  a re  in fluenced  by fa c to rs  not in g o rta n t in  the 

a d u lt .  (2 ) I t  i s  d i f f i c u l t  to  c o n tro l cond itions o f th e  newborn animal 

(e .g .  leng th  o f f a s t in g ,  feeding h a b its  o f mother ju s t  p r io r  to  p a r tu r i 

t io n ) .  Figure 19 (Appendix C) shows th e  e f f e c t  o f fa s t in g  teiq>erature 

on plasma glucose le v e ls  o f th e  neonate . This anomaly was discovered  by 

se re n d ip ity ; i t  m ight he r e la te d  to  poikilotherm y in  th e  newborn r a t .

Any type o f s t r e s s  may a f f e c t  plasma glucose le v e ls .  Plasma glucose 

le v e ls  a re  h igher i f  blood samples a re  taken 15 min a p a rt in  a GTT than 

i f  they a re  taken  1 h r  a p a r t .  A nesthesia  causes e r r a t i c  and e lev a ted  p la s 

ma glucose le v e ls  (F ig . 20, Appendix C). Oral 0.9% s a l in e  (c o n tro l fo r 

GIT) causes a t r a n s ie n t  r i s e  in  plasma glucose (F ig . 21, Appendix G).

Plasma g lucose le v e ls  vary  w ith  both  age and sex (Table 7 , Appendix 

C). The e f fe c t  o f  age i s  considerab le  (e sp e c ia lly  during f a s t in g ) ,  and 

comparisons between d if fe re n t  aged r a t s  should not be made. But th e  e f fe c t  

o f sex i s  sm all (about 3 qg/100 m l), and fo r  most purposes, th e  sexes can 

be lunq>ed. The e f f e c t  o f sex on th e  GTT i s  apparent only i f  va riance  i s  

reduced by constan t experim ental cond itions ( e .g .  time o f day, room teng»- 

e ra tu re , handling techn iques, f a s t in g  tim es, and ag e).

A lso, th e re  a re  fa c to rs  in flu en c in g  plasma glucose le v e ls  th a t  cannot 

be c o n tro lle d . W ithin th e  same group, th e re  i s  v a r ia t io n  among l i t t e r s .

Glucose to le ra n c e  and hypoglycemia in  OADR. Since th e  prim ary pur

pose o f  th e  p re sen t in v e s tig a tio n  i s  to  study long-term  e f fe c ts  o f  alloxan  

d iab e te s  on th e  o ffsp r in g , engihasis w il l  be on glucose to le ran c e  o f r a ts  

a t  le a s t  1 month o ld .

There was no evidence o f permanent d iab e tes  in  OADR from atqr group.

A few OADR had s l ig h t ly  depressed glucose to le ran c e  a t  2 wks o f  age, but
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a l l  evidence o f d iabe tes d isappeared by the  1-month GTT. No d iabe tes was 

found in  r a t s  o f c o n tro l group 2C, whose mothers received  a lloxan  on day 

19 of pregnancy.

Many OADR had normal GTT’s .  There was evidence o f hypoglycemia in  

some OADR (F ig . 5 ) . Some in d iv id u a ls  exh ib ited  severe  hypoglycemia (F ig . 

6 ) ,  This abnorm ality w i l l  be c a lle d  the  "hypoglycemic syndrome," The 

hypoglycemic syndrome a f f l i c t e d  two l i t t e r s .  With one exception , a l l  r a ts  

in  th e  two l i t t e r s  e x h ib ited  hypoglycemia. Body wts were very low. The 

GTT lacked th e  c h a r a c te r is t ic  peak follow ing g lucose in g es tio n . Blood 

samples became in c re as in g ly  hard  to  g e t as hypoglycemia progressed . In 

deed, i t  became im possible to  o b ta in  blood from th e  t a i l .  The blood sup

ply to  th e  t a i l  was ex ac tly  l ik e  th a t  o f a r a t  i n  severe shock, but the 

r a t  was no t p ro s tr a te .  The hypoglycemic syndrome i s  a chronic d isease  

(F ig . 7 ) ,  but hypoglycemia i s  no t q u ite  as severe  a t  2 months of age as 

a t  1 month o f age.

S(xne OADR ex h ib ited  only s l ig h t  depression  o f plasma glucose le v e ls . 

The d iagnosis o f hypoglycemia i s  d i f f i c u l t .  C e rta in ly , fa s tin g  plasma 

glucose le v e ls  (as one might expec t) a re  too v a r ia b le  to  be very  u se fu l 

and, furtherm ore, would no t be u se fu l in  diagnosing re a c tiv e  hypoglycemia. 

The choice o f  a c u t-o f f  p o in t below which hypoglycemia should be diagnosed 

i s  a rb i t r a r y .  In sp ec tio n  o f normal GTT's suggests th a t  a plasma glucose 

lev e l below 70 mg/100 ml a t  any tim e a f te r  th e  g lucose challenge i s  ab

normal. Using th i s  c r i t e r io n  to  diagnose hypoglycemia, th e  percentage of 

hypoglycemia in  each group was c a lc u la te d  (Table 3 ) .  No hypoglycemia was 

diagnosed in  normals and c o n tro ls , w ith  2 minor exceptions in  group 2A. 

Hypoglycemia was p resen t in  a l l  groups of OADR except group 3D in  both
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Lunqped 1-month GTT's. Normals (N»56) are rep resen ted  by the  do tted  l in e ,  co n tro l 
group 2B (N"24) by th e  broken l in e ,  and OADR group 3E (N"13) by the  so lid  l in e .



30

150

E
i

^  ICO
«»

UJ(/)
83
0  50
1
S
a_

1/2

TIME AFTER G LU C O SE, h r

F ig . 6

GTT's o f two OADR (group 3E) ex h ib itin g  th e  hypo
glycemic syndrome a t  1 month o f age ( s o l id  l in e s ) .  
For conq>arison, th e  broken l in e  re p re se n ts  the 
lowest GTT in  any o f th e  56 normal r a t s .  The GTT's 
o f th e  two OADR were term inated  a t  th e  3 rd  h r 
because o f  d i f f ic u l ty  in  ob tain ing  blood sang les.
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Two-month GTT's o f  same r a ts  shown in  F ig , 6 confirm ing hypoglycemia 
in  th e  OADR (s o l id  l in e s )  and dem onstrating th a t  th e  syndrome i s  
ch ron ic .
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TABLE 3

PERCENTAGE OF BATS FROM EACH GROUP EXHIBITING HYPOGLYCEMIA* 
DURING THE SIX-HOUR ORAL GLUCOSE TOLERANCE TEST

One Month Old Two Months Old

No Rats Percen t No Rats Percent
Group in  Group ^poglycem ia in  Group %poglycemia

Normal and Control Groups

1 56 0 52 0
2A 25 8 4 0
2B 24 0 13 0
2C 10 0 8 0
2D 3 0 3 0

OADR

3A 12 25 9 22
3B 8 25 6 33
3D 6 0 5 0
3E 14 36 7 86

*An anim al w ith  a plasma glucose le v e l below 70 iqg/100 ml 
a t  any tim e a f t e r  o ra l  glucose i s  considered  hypoglycemic. Actual 
hypoglycemic measurements in  c o n tro l group 2A a t  1 month o f age 
a re  67 and 65 ag/100 ml.

A ctual hypoglycemic measurements in  1 month OADR a re  69,
69, 69, 68, 67, 66, 63, 61, 61, 61, 60, 59, 58, 57, 54, 53, 52,
48, 46, 39, 36, and 34 mg/lOO m l. A ctual hypoglycemic measure
ments in  2 month OADR a re  69, 68, 67, 63, 61, 59, 58, 57, 56, 56, 
53, 51, 39, and 39 mg/lOO m l.
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1-month and 2-month GTT's.

T esting  fo r  a r t i f a c t s . A number o f  questions a re  ra is e d  by these  

d a ta . Why do some but not a l l  o f th e  OADR e x h ib it hypoglycemia? In  a n i

mal; w ith  th e  hypoglycemic syndrome, wly do plasma g lucose le v e ls  f a i l  to  

r i s e —a t  le a s t  i n i t i a l l y —a f t e r  glucose? What i s  th e  s ig n if ic a n c e  o f th e  

a sso c ia tio n  o f hypoglycemia w ith  h a rd -to -g e t blood samples? Could the  

hypoglycemic syndrome be an a r t i f a c t ,  produced by d i lu t io n  o f blood w ith  

t is s u e  f lu id s  w hile  squeezing th e  t a i l  in  h a rd -to -g e t blood samples?

U nfo rtunate ly , r a t s  w ith  th e  hypoglycemic syndrcmoe were dead befo re  

adequate te s t in g  was done. The f i r s t  l i t t e r  w ith  th e  syndrome died mys

te r io u s ly  w ith in  3 days of th e  1-month GTT. In d ire c t  methods were de

v ised  to  t e s t  th e  p o s s ib i l i ty  th a t  th e  hypoglycemic syndrome i s  an a r t i 

f a c t .  A question  th a t  can be answered em p irica lly  i s  t h i s :  i s  th e  m ild

hypoglycemia in  OADR an a r t i f a c t?  The m odified GTT was devised to  t e s t  

th is  p o s s ib i l i ty .  At 3 h r  post glucose blood was taken  f:$m the t a i l ,  

from th e  h e a r t ,  and again from th e  t a i l  (F ig . 8 ) .  I f  hypoglycemia were 

an a r t i f a c  : o f th e  sanpling techn ique, i t  should d isappear in  th e  h e a rt 

sample, hypoglycemia was p resen t in  th e  OADR in  a l l  3 sam ples. A lso, i f  

samples from OADR were d ilu te d  w ith  t is s u e  f lü id s ,  th e  hem atocrits should 

be low er. But th e  hem atocrits o f OADR were normal (F ig . 9 ) .

Another approach i s  to  determ ine whether h a rd -to -g e t blood samples 

a re  l ik e ly  to  be d ilu te d  w ith  t is s u e  f lu id s .  A number o f  th e  samples from 

th e  m odified GTT were hard  to  g e t .  Some animals went in to  shock a f t e r  

th e  ca rd iac  punctu res. Hem atocrits from h a rd -to -g e t blood samples were 

no t lower than hem atocrits from easy -to -g e t blood samples (F ig . 10).

There ^as r>.o c o rre la tio n  between h a rd -to -g e t sang*lea in  th e  m odified GTT
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The m odified GTT; plasma glucose le v e ls  in  2-monCh-old r a t s  a t  3 h r  post 
g lucose . Blood was taken  from th e  t a i l ,  from th e  h e a r t ,  and again from 
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H em atocrits in  2-m onth-old r a ts  a t  3 h r  post g lucose. Blood 
was taken fr« n  th e  t a i l ,  from th e  h e a r t ,  and again  from th e  
t a i l  a t approxim ately 2 min in te r v a ls .



36

5 4 r

5 52
o
O
k
su 50 
X

48

I I BLOOD EASY TO 
GET 
[BLOOD HARD TO 
GET 

(MEAN±SE)

N=B4 N=I5
P>0.2

F ig . 10

Comparison o f hem atocrits from blood samples which were hard  to  
g e t w ith  hem atocrits frcmi blood samples which were easy to  g e t .  
A ll t a i l  sang*le s  frcxn th e  m odified GIT were c la s s i f ie d  sub jec
t iv e ly  as e i th e r  hard  to  ge t o r easy to  g e t ,  reg a rd le ss  o f the  
group.
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and hypoglycemia. A lso, when the  t a i l  o f a normal r a t  was b ru ised  d e lib 

e ra te ly  to  make blood hard to  g e t ,  th e re  was no hypoglycemia.

A ll t e s t s  fo r  th e  p o s s ib i l i ty  of an a r t i f a c t  were n e g a tiv e . Also, 

i f  an a r t i f a c t  i s  responsib le  fo r  the  hypoglycemic syndrome, i t  i s  an 

a r t i f a c t  th a t  recu rs  in  the  same anim als. I t  appears th a t  i t  i s  indeed 

hypoglycemia th a t  i s  being measured, but th e  problem o f th e  a sso c ia tio n  

o f hypoglycemia w ith  h a rd -to -g e t blood samples i s  unreso lved .

The m odified GTT—a more s e n s it iv e  t e s t . P r io r  to  th e  s tu d ie s  in 

volving th e  m odified GTT, i t  was known th a t  s t r e s s  o f blood sampling a f 

fe c ts  plasma g lucose le v e ls . I f  blood sang*le s  a re  taken  freq u en tly , p la s 

ma glucose le v e ls  a re  h igher than  i f  blood sang*le s  a re  taken  in freq u e n tly . 

The f i r s t  t a i l  sample in  the  m odified GTT i s  taken under cond itions of 

minima l  s t r e s s .  The r a t  has not been d is tu rb ed  fo r  3 h r  (s in c e  the  ad

m in is tra tio n  o f g lu co se ). During a GTT, where sang*le s  a re  taken s e r ia l ly ,  

the  mean plasma g lucose le v e l fo r  2-month-old normal r a t s  a t  3 h r  post 

glucose was 98 to  99 mg/100 ml (Table 7 in  Appendix C ). The corresponding 

value in  th e  m odified GTT was about 90 mg/100 ml (F ig . 8 ) .  In  th e  second 

t a i l  sangtle (F ig . 8 ) ,  taken 4 min a f te r  th e  f i r s t  t a i l  sample, plasma 

glucose le v e ls  were h igher than  in  th e  f i r s t  t a i l  sample in  a l l  groups. 

S tre ss  Increases va riance  and masks hypoglycemia. A group o f OADR w ith  

e s s e n t ia l ly  normal 1-month GTT's ex h ib ited  s ig n if ic a n t  hypoglycemia a t  

the  f i r s t  t a i l  sample in  th e  2-month, m odified GIT.

I s l e t  H istology

The gross appearance o f i s l e t s  from OADR was not much d if fe re n t  from 

normal. O ccasionally , th e re  was evidence o f hydropic degenera tion . There
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was enough variance  in  i s l e t  s iz e s  to  make su b je c tiv e  e v a lu a tio n  of the  

presence o r absence of h y p erp lasia  w orthless* Measurement o f th e  area 

o f the  la rg e s t  se c tio n  o f each i s l e t  provides a sim ple method fo r  quan ti

ta t in g  r e s u l t s .  Variance i s  la rg e , but a t  le a s t  some in d ic a tio n  o f r e la 

t iv e  q u a n ti t ie s  of i s l e t  t i s s u e  may be ob tained .

Areas were measured by planim etry  and by component q u a n ti ta to r  (F ig . 

11). Both methods produced s im ila r  r e s u l t s .  There i s  a tendency fo r  i s 

le t s  from OADR to  be la rg e r  than  those  from norm als, bu t th e  d iffe ren ce  

i s  not s ig n i f ic a n t .  Perhaps a more re fin e d  technique would demonstrate 

i s l e t  h y p e rp las ia  in  OADR, bu t a more c ru c ia l  question  in  th e  presen t 

study invo lves function  o f th e  b e ta  c e l l s .  On th e  b a s is  o f i s l e t  h i s to l 

ogy (hydropic degeneration  in  some i s l e t s ,  p o ss ib le  hy p erp lasia  in  o th e rs ) , 

one might hypothesize e i th e r  hypo- o r hyperfunction  of b e ta  c e l l s .

Plasma In s u lin  Levels 

The presence o f a n t i - in s u l in  an tib o d ies  in  th e  o ffsp rin g  of an in su 

l in - t r e a te d  mother might cause a f a ls e  e le v a tio n  o f  immunologically de tec

ta b le  in s u l in  (ID I), bu t th e  an tibod ies probably d isappear w ith in  a few 

days a f t e r  b i r th  ( I s le s  and Farquhar, 1967), P o ss ib le  e f f e c ts  o f in s u lin  

treatm ent on IDI o f OADR were c o n tro lle d  fo r  by group 2B, whose mothers 

received  in s u l in  during p r e g n a n t .

In  OADR plasma IDI a t  45 min p o st glucose was s ig n if ic a n t ly  below 

normal bu t was no t s ig n if ic a n t ly  d if f e r e n t  from c o n tro l group 2B (F ig . 12). 

Variance i s  la rg e  and tends to  obscure d if fe re n c e s . Whether o r not th e  

in su lin  trea tm en t o f th e  mother depresses IDI i s  no t c le a r .  Although th e  

re s u l ts  a re  not firm  in  most re s p e c ts , one p o in t seems c le a r :  OADR do
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I s l e t  a reas in  2-month-old OADR and norm als. I s l e t  sec tio n s  were 
trac ed  s e r ia l ly  to  th e  se c tio n  contain ing  th e  la rg e s t  a re a , and 
th e  a rea  of th a t  se c tio n  was determ ined. Two independent s tu d ie s  
o f i s l e t  a reas were performed: one conqponent q u a n ti ta to r  and
one by p lan im eter. OADR a re  cooq>ared w ith  normals by t - t e s t s .
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Plasma in s u l in  le v e ls  in  2-month-old r a t s . Animals were s a c r if ic e d  
a t  45 min post g lucose, and blood was taken  from th e  p o s te r io r  
vena cava.
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not have e lev a ted  IDX. B yperinsnlinism  i s  not in d ic a te d  by th e  radioim 

munoassay. I f  anything, plasma in s u l in  lev e ls  a re  below normal in  OADR.

These d a ta  a re  not a c tu a lly  s u rp r is in g . The hypoglycemic syndrome 

does not resem ble hypoglycemia caused by exogenous in s u l in .  A fte r  in 

je c tio n  of in s u l in ,  th e  blood supply to  th e  t a i l  i s  in c reased , and blood 

flows p ro fu se ly  when th e  t a i l  i s  c u t. This e f fe c t  may be caused by the 

response o f th e  adrenal m edulla to  hypoglycemia; in je c te d  epinephrine 

produces a s im ila r  e f f e c t .  In  OADR w ith  th e  hypoglycemic syndrome, hypo

glycemia i s  a sso c ia ted  w ith  decreased blood supply to  th e  t a i l —ju s t  the  

reverse  o f th e  e f f e c t  observed a f te r  in s u l in  in je c t io n . The hypoglycemic 

syndrome, th en , might be c h a rac te rize d  by a decrease in  in s u l in  re s is ta n c e  

ra th e r  than by hyperinsu lin ism .   ^

Attempts to  Reproduce and C haracterize  

th e  Hypoglycemic Syndrome 

D if f ic u lty  o f repeating  r e s u l t s . The hypoglycemic syndrome has n o t, 

thus f a r ,  been reproduced. I t  takes many months to  o b ta in  a s in g le  l i t t e r  

o f OADR, and id io p a th ic  death  i s  conmon. The poor h e a lth  o f OADR w ith 

th e  hypoglycemic syndrome suggests th e  p o s s ib i l i ty  th a t  r a ts  th a t  would 

have had th e  syndrome are  th e  ones th a t  d ie .  Even i f  th e  hypoglycemic 

syndrome should prove to  be a u se fu l model fo r  studying hypoglycemia, th e  

tim e investm ent necessary  to  ob ta in  th e  syndrome i s  p ro h ib it iv e .  Adequate 

te s t in g  o f th e  syndrome might take  y e a rs .

I f  th e  hypoglycemic syndrome (o r anything rem otely s im ila r )  could be 

reproduced by a s h o r t - c i r c u i t  technique, a number o f problems might be 

so lved . A "shotgun" approach to  th e  problem was enq>lqyed. Negative re -
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s u i ts  might have l i t t l e  va lu e , bu t p o s it iv e  r e s u l ts  would be exceedingly 

v a lu ab le .

Specia l d i e t s . Although th e re  i s  l i t t l e  precedent fo r  inducing hypo

glycemia by sp e c ia l  d ie t s ,  th e  development o f a s e n s i t iv e  and r e l ia b le  

t e s t  fo r  hypoglycemia ( th e  m odified 6TI) makes th e  problem worthy of in 

v e s tig a tio n . Rats m aintained on sp e c ia l d ie ts  (N u tr itio n a l Biochemicals 

Corporation) from 1 month o f age were te s te d  a t  2 months of age by the 

modified 6TT (F ig . 13). The r e s u l t s  c o n s titu te  a dram atic dem onstration 

o f the  a b i l i ty  o f s t r e s s  to  mask hypoglycemia.

Rats m aintained on a h igh  p ro te in  d ie t  were no t s ig n if ic a n t ly  d i f f e r 

ent from norm al. In  th e  f i r s t  t a i l  sanq>le, r a t s  m aintained on th e  high 

carbohydrate d ie t  were s ig n if ic a n t ly  hypoglycemic compared to  normals 

(P < 0 .0 2 ), and r a t s  m aintained on th e  high f a t  d ie t  ex h ib ited  severe hypo

glycemia (F <  0 .0 0 1 ). In  th e  h e a r t  sang)le, hypoglycemia in  r a t s  on the 

high carbohydrate d ie t  d isappeared , and in  th e  second t a i l  saoqile, even 

ra ts  on th e  h igh  f a t  d ie t  were not s ig n if ic a n t ly  d if fe re n t  from normal 

(P > 0 .3 ) .  Four min o f s t r e s s  to ta l ly  masked even severe hypoglycemia. 

Hypoglycemia encountered in  r a t s  on sp e c ia l  d ie ts  does not resemble 

the  hypoglycemic syndrome. Hypoglycemia in  r a t s  on th e  high  carbohydrate 

d ie t  i s  m ild . Blood samples a re  easy to  g e t in  r a t s  on th e  h igh  f a t  d i e t ,  

and hypoglycemia i s  confirmed in  a fa s tin g  sample (Table 4 ) .  I ro n ic a lly ,  

r a ts  on th e  h igh  f a t  d ie t  a re  s ig n if ic a n t ly  hyperglycemic compared to  

normals i f  blood samples a re  taken  w hile food i s  allow ed. The hypogly

cemia in  r a t s  on sp e c ia l d ie ts  deserves a t te n t io n , but i t  does no t shed 

l ig h t  on th e  hypoglycemic syndrome in  OADR.
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Modified GTT in  animals on high p ro te in  (group 6 ) , h igh  carbohydrate (group 4 ) , and high 
f a t  (group 5) d ie t s .  At 3 h r  post g lucose , sang les were taken from th e  t a i l ,  from the 
h e a r t ,  and again  from th e  t a i l  a t  approxim ately 2 min in te r v a ls .  Each group i s  compared 
to  normal (group 1) by t - t e s t .  In  th e  f i r s t  t a i l  sample, groups 4 and 5 are  s ig n if ic a n t ly  
d if f e r e n t  from group 1. In  th e  h e a rt sample, only group 5 i s  s ig n if ic a n t ly  d if fe re n t ;  
and in  the  second t a i l  sample, none of th e  groups a re  s ig n if ic a n t ly  d if fe re n t  from normal.
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table 4

FASTING AND REACTIVE HYPOGLYCEMIA IN 
RATS MAINTAINED ON HIGH FAT DIET

Plasma Glucose Measurements

Group Mean SE N P

Fed

Normal 106.3 3.00 12
<0.01

High Fat 119.5 2.55 23

Fasted

Normal 75.9 1.33 56
<0.001

High Fat 54.6 3.55 25

3 Hr Post Glucose

Normal 87.6 1.79 31
<0.001

High Fat 49.4 1.93 22

Fed anim als received  food ^  lib itu m , and 
th e i r  blood samples were taken a t  4 :00 PM. 
Fasting  samples and sanq>les a t  3 h r  post glucose 
were taken  under cond itions id e n t ic a l  to  those 
in  the  m odified GTT.

I f  food i s  allow ed, r a t s  m aintained on a 
high f a t  d ie t  a re  s ig n if ic a n t ly  hyperglycemic 
compared to  norm als. Fasted o r  a t  3 h r  post 
g lucose, animals on a high f a t  d ie t  e x h ib it 
hypoglycemia.
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In je c tio n  o f a lloxan  in to  th e  s e l l a  tu r c i c a . The in je c t io n  o f a llo x 

an in to  the s e l l a  tu rc ic a  was decided upon because o f re p o rts  th a t  alloxan  

decreases growth hormone t i t e r s  (Lawrence e t  a l ,  1958), Perhaps a lloxan  

c ro sses  th e  p lac en ta  and permanently damages th e  p i tu i ta r y  o f th e  fe tu s . 

A c tua lly , c o n tro l group 2C (a llo x an  on day 19 o f pregnancy) c o n s titu te s  

a reasonable t e s t  fo r  th i s  h y po thesis . No p re te n se  i s  made th a t  the  

p resen t experiment c o n s titu te s  hypothesis te s t in g :  i t  i s  one o f many

attem pts to  f in d  a sim ple so lu tio n  to  a complex problem.

Alloxan was in je c te d  v ia  th e  e a r  canal in to  th e  s e l la  tu r c ic a .  Over

dosage caused d e a th . In je c tio n  o f  0.7 ml o f 3% alloxan  monohydrate in to  

th e  s e l l a  tu rc ic a  o f  a 1-month-old r a t  caused coma, followed by severe 

p a in . Hind leg s were te n ^ o ra r ily  para lyzed , and growth of long bones 

was a r re s te d . The r a t  became obese. Glucose to le ran c e  was norm al.

Adrenalectomy. Because th e  ad renal i s  involved in  m ain tain ing  blood 

p ressu re  and blood glucose le v e ls ,  th e re  i s  reason  to  suspect th a t  adrenal 

damage might be involved in  th e  hypoglycemic syndrome. Adrenalectomies 

were performed to  in v e s tig a te  p o ss ib le  s im i la r i t i e s  between adrenalectom ized 

r a t s  and r a t s  w ith  th e  hypoglycemic syndrome.

Two r a t s  were adrenalectom ized a t  1 month o f  age. A 1% s a l in e  so lu 

t io n  was s u b s ti tu te d  fo r  th e  d rink ing  w a te r, and a high carbohydrate d ie t  

was allowed in  a d d itio n  to  standard  lab o ra to ry  chow. The 2-month GTT's 

were c h a rac te rize d  by p rog ressive  hypoglycemia a sso c ia ted  w ith  h a rd -to - 

g e t blood sanq>les (F ig . 14). The r a t s  were i l l  a t  th e  fa s t in g  sample, but 

they inqproved a f t e r  o ra l  g lucose . As hypoglycemia p rogressed , th e  r a ts  

became very i l l ;  one r a t  d ied  in  convulsions ju s t  a f t e r  th e  5 h r  sample.

The i l l n e s s ,  h a rd - to -g e t blood, and hypoglycemia suggest a s im ila r i ty  between
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GTT's in  2-m onth-old adrenalectcnaized r a t s .  Each l in e  
re p re se n ts  a s in g le  r a t .  As hypoglycemia p rogressed , 
blood sa u r ie s  became in c re as in g ly  hard  to  g e t (as in  
OADR w ith  th e  hypoglycemic syndrome).
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th e  adrenalectom ized r a t s  and r a t s  w ith  th e  hypoglycemic syndrome. Un

lik e  r a ts  w ith  th e  lypoglycem ic syndrome, th e  adrenalectom ized r a t s  ex

h ib ite d  increased  plasma g lucose le v e ls  a f t e r  th e  glucose challenge.



CHAPTER IV

DISCUSSION

The Road Less Traveled ^

Basic resea rch  (invo lv ing  d ie t s ,  s tu d ie s  o f i s l e t  h is to lo g y , o f f 

sp rin g  of d ia b e tic  an im als, and glucose to le ra n c e )  has been app lied  to  

th e  problem o f d ia b e te s , but th e  problem of re a c tiv e  hypoglycemia has 

been la rg e ly  ignored . Hypoglycemia i s  harder to  d e te c t than  d ia b e te s . 

Even in  severe  hypoglycemia, the  dev ia tio n s o f plasma glucose le v e ls  

fr<m normal a re  sm all conçared to  th e  dev ia tions observed in  d ia b e te s : 

accuracy, s p e c i f ic i ty ,  and p re c is io n  o f the  g lucose assay a re  i s ç o r ta n t .  

S e n s itiv e  and p re c ise  b io lo g ic a l t e s t s  a re  necessary  fo r  d iagnosis of 

hypoglycemia, and a l l  cond itions must be c o n tro lle d . S tre s s , a n e s th e s ia , 

and age a re  o f l i t t l e  consequence in  the  d iagnosis o f  d iab e te s ; y e t ,  a l l  

o f  th e se  fa c to rs  a re  inq>ortant in  th e  d iagnosis o f hypoglycemia.

In  th e  p re sen t in v e s tig a tio n , hypoglycemia was found to  r e s u l t  from 

a number o f common trea tm en ts ; y e t ,  previous s tu d ie s  o f  these  trea tm en ts 

have not dem onstrated hypoglycemia. The f a i lu r e  o f  o th e r  in v e s tig a to rs  

to  f in d  hypoglycemia i s  no t s u rp r is in g . T heir assay  systems and tec h 

niques were designed to  d e te c t d ia b e te s—not hypoglycemia. Even moderate 

hypoglycemia was apparent in  th e  p resen t in v e s tig a tio n  because th e  t e s t s  

were designed to  d e te c t hypoglycemia.

48
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Hypoglycemia in  Rats Fed High Fat D iet 

Hypoglycemia in  r a t s  fed h igh  f a t  d ie ts  has not been rep o rted , but 

hyperglycemia has freq u en tly  been reported  (Roberts and Samuels, 1949; 

Blazquez and Q uijada, 1968; Zaragoza and F e lb er, 1970). In  each case 

f a i lu r e  to  d e te c t hypoglycemia may be accounted fo r  by some ccmibination 

o f th e  follow ing fa c to r s :  (1 ) Blood sang*le s  were taken  only from fed

r a t s .  (2) Rats were an esth e tized  fo r  blood sam pling. (3) Rats were 

s a c r i f ic e d  fo r  blood sang*ling.

X confirmed hyperglycemia in  r a t s  m aintained on h igh  f a t  d ie ts  when 

blood sang*le s  were taken  in  r a t s  rece iv ing  food ad lib itu m , but th e  hyper

glycemia was moderate (mean-119.5 mg/100 ml as cmnpared to  106.3 mg/100 

ml i n  norm als, F < 0 .0 1 ) .  Blazquez and Quijada (1968) repo rted  a mean 

plasma glucose le v e l  o f 210 mg/100 ml in  r a t s  on the  h igh  f a t  d ie t  and 

156 mg/100 ml in  norm als. Probably th e  r a t s  were severe ly  s tre s s e d , and 

I  have dem onstrated th a t  r a t s  on th e  h igh  f a t  d ie t  a re  more s e n s it iv e  to  

s t r e s s  than  normals (F ig . 13). Blazquez and Quijada d id  not sp ec ify  th e  

blood-sang*ling techn ique , but in  a s im ila r  study by th e  same in v e s tig a to rs  

(Blazquez and Q uijada, 1970), r a t s  were d e ca p ita te d , and blood was c o l

le c te d  from th e  neck v e in s . I  have measured th e  response o f plasma g lu 

cose le v e ls  to  th e  s t r e s s  o f s a c r i f ic in g ,  and th e  response i s  ra p id .

Although hypoglycemia in  animals on th e  high f a t  d ie t  i s  profound in  

the  fa s t in g  s ta te  (mean»54.6 qg/100 ml c(mg*ared to  75.9 mg/100 ml in  norm

a l s ,  P < 0 .001), t h i s  f a c t  has been overlooked because o f  inadequacy of th e  

t e s t s  fo r  d e tec tin g  hypoglycemia. Blazquez and Quijada (1968) repo rted  

a mean fa s tin g  plasma glucose le v e l in  r a t s  on high f a t  d ie t  o f 86.7 mg/100 

ml compared w ith  115.8 mg/100 ml in  norm als. The s ig n if ic an c e  o f th is  

d if fe re n c e  was obscured by th e  v a rian ce . In  th e  s tu d ie s  o f Blazquez
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and Quijada (as in  many s tu d ie s ) ,  hypoglycemia was masked by th e  e f fe c ts  

o f s t r e s s .

S ign ificance  of th e  Hypoglycemic Syndrome 

The hypoglycemic syndrome in  some OADR provides support fo r  th e  theory  

th a t  a hyperglycemic stim u lus can, under app ropria te  co n d itio n s , permanent

ly  m od i^  glycémie c o n tro l system s, causing chronic hypoglycemia. I t  can

no t be proved th a t  hyperglycemia i s  resp o n sib le  fo r  th e  syndrome, but o th e r 

p o ss ib le  causes a re  u n lik e ly . Groups 2A and 2B provide adequate co n tro ls  

fo r  e f fe c ts  o f f a s t in g , e th e r ,  and in s u l in  in je c t io n s . A pparently, a llo x 

an i s  necessary  in  th e  genesis  o f th e  hypoglycemic syndrome. Whether a l 

loxan might c ross th e  p lac en ta  and cause hypoglycemia d i r e c t ly  i s  a more 

cong)lex problem, but th e re  a re  some in d ic a tio n s  th a t  i t  does n o t. When 

alloxan  i s  g iven on day 19 o f pregnancy, one should expect to  observe th e  

e f fe c ts  o f a llo x an  on th e  fe tu ses  but n o t th e  e f fe c ts  o f d iab e tes  ( a t  m ost, 

one day o f d iab e te s  i s  p re sen t before b i r t h ) .  Alloxan on day 19 of p reg

nancy does no t cause hypoglycemia in  th e  o ffsp rin g . The problem w ith 

th is  type o f c o n tro l i s  th a t  a lloxan  i s  given a t  a l a te  s tag e  of pregnancy, 

and one can never be su re  th a t  th e  e f f e c ts  a re  th e  same as they  would be 

e a r l i e r  in  pregnanqr. I f  th e  hypoglycemic syndrome could be demonstrated 

in  o ffsp rin g  o f r a t s  g iven  a lloxan  b e fo re  conception, th e  p o s s ib i l i ty  

o f d ire c t  e f f e c ts  o f  a llo x an  could be e lim in a ted . Although th e  hypo

glycemic syndrome was no t observed in  r a t s  given a llo x an  befo re  p reg

nancy, m ild hypoglycemia was observed. F a ilu re  to  o b ta in  th e  hypoglycemic 

syndrome in  th ese  r a t s  may be explained by the  f a i lu r e  to  o b ta in  OADR 

from severe ly  d ia b e tic  mothers in  th e se  groups. These f a c ts ,  to g e th er 

w ith  th e  precedent fo r  a n tic ip a tin g  hjrpoglycemia in  o ffsp rin g  of d ia b e tic



51

anim als (see In tro d u c tio n ) im p lica te  d iab e te s  as th e  cause o f th e  hypogly

cemic syndrome. Whether th e  cause involves hyperglycemia o r seme o th er 

m etabolic  abnorm ality of d iab e te s  i s  open to  sp e cu la tio n .

The occurrence o f th e  hypoglycemic syndr<me in  1- and 2-month-old 

OADR suggests th a t  m aternal d iab e te s  may produce chron ic  e f fe c ts  on th e  

o ffsp r in g . There i s ,  a t  p re s e n t , no reason  to  b e liev e  th a t  s im ila r  abnor

m a li t ie s  w i l l  be found in  IDM; b u t, c e r ta in ly ,  extended s tu d ie s  are  

w arran ted .

The hypoglycemic syndrome seems to  provide a model fo r  studying 

ch ro n ic , re a c tiv e  hypoglycemia, but a number o f re se rv a tio n s  a re  no te

worthy: (1) I t  i s  never s a fe  to  presume th a t  one sp ec ie s  re a c ts  in  th e

same way as ano ther sp e c ie s . (2 ) The hypoglycemic syndrome r e s u l ts  frmn

a h igh ly  s p e c if ic  trea tm en t, and th e re  i s  no reason to  b e liev e  th a t  i t  i s  

a g en era lized  response . (3 ) The hypoglycemic syndrome i s  a sso c ia ted  w ith  

poor h e a lth , low body w t, and c irc u la to ry  problem s. (4 ) The hypoglycemic 

syndrome involves an abnormal response no t u su a lly  observed even in

re a c tiv e  hypoglycemia: t o t a l  absence o f  th e  u sua l in c re a se  in  plasma

glucose le v e ls  follow ing a g lucose ch a llen g e . With th e se  re se rv a tio n s , 

th e  hypoglycemic syndrone might be used advantageous ly  in  th e  study o f 

re a c tiv e  hypoglycemia.

I t  i s  s ig n if ic a n t  th a t  a g lucose challenge depresses plasma glucose 

le v e ls  in  r a t s  w ith  th e  hypoglycemic syndrome. R eactive hypoglycemia i s  

p re se n t, but th e re  i s  no evidence o f  hyperin su lin ism . A pparently, in s u l in  

re s is ta n c e  i s  depressed , and th e  same amount o f in s u l in  th a t  i s  se c re ted  

in  th e  normal r a t  has an exaggerated e f f e c t .  Such fin d in g s  do not in v a l

id a te  th e  theory  o f  hyperinsu lin ism , bu t i t  should no t be assumed th a t
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hyperinsu lin ism  i s  th e  cause o f hypoglycemia m erely because th e  hypogly

cemia i s  exaggerated by a glucose ch a llen g e .

The Road Rot Taken

There a re  many reasons fo r  suspec ting  th a t  th e  ad ren a l i s  involved 

in  th e  hypoglycemic syndrome. Both th e  ad renal co rtex  and th e  adrenal 

medulla a re  involved in  in s u l in  re s is ta n c e , and both  a re  involved in  

m ain tain ing  blood p re s su re . F a ilu re  to  m ain tain  blood p ressu re  might 

account fo r  th e  a s so c ia tio n  o f  hypoglycemia w ith  h a rd - to -g e t blood sam ples. 

Since epinephrine causes v a so d ila tio n  in  th e  t a i l  (W eathers, unpublished), 

a lack  o f  epinephrine might cause v a so c o n s tric tio n —ano ther p o ss ib le  ex

p lan a tio n  fo r  h a rd -to -g e t blood sa n p le s . The ad rena l i s  necessary  fo r  

meeting th e  demands o f s t r e s s . OADR w ith  th e  hypoglycemic syndrome o fte n  

d ie  a f t e r  s t r e s s  ( e .g .  a f t e r  fa s t in g  and GTT). A lso, ad ren a l fa i lu re  

might e x p la in  id io p a th ic  death  in  OADR. In  a conprehensive studÿ o f organ 

wts in  newborn OADR, A ngervall (1959) repo rted  hypertrophy in  almost a l l  

organs (a t t r ib u te d  to  hyperinsu lin ism ) w ith  one n o tab le  exception : th e

adrenal was a tro p h ied . Although th e  GTT's o f adrenalectom ized r a t s  a re  

d if f e r e n t  from those o f  OADR w ith  th e  hypoglycemic syndrome, th e  s im ila r 

i t i e s  a re  remarkable enough to  suggest some c o rre la t io n  between the  two 

ab n o rm a litie s .

I t  i s  in te re s t in g  to  sp ecu la te  w ith  regard  to  th e  e f f e c ts  o f m ater

n a l d iab e te s  on th e  f e t a l  ad ren a l. The ad renal o f th e  fe tu s  i s  bathed in  

hyperglycemic blood. C e rta in ly , th e  ad renal has no cause to  r e s i s t  hypo

glycem ia. As a r e s u l t  o f  d isu se , th e  adrenal a tro p h ie s . The adrenal o f 

th e  d ia b e tic  mother I s  ly p e rtro p h le d , and th e re  I s  a 38% in c rease  In  

m aternal s te ro id  p roduction  (D evecerskl and Frawley, 1963). The s te ro id s
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cro ss th e  p lac en ta , in h ib i t in g  ACTH production  in  th e  f e tu s .  The r e s u l t ,  

once ag a in , i s  atrcphy o f  th e  adrenal c o rte x .

The ex ten t o f ad ren a l atrophy in  th e  fe tu s  i s  probably  c o rre la te d  

w ith  th e  se v e r ity  o f d ia b e te s . Adrenal atrophy i s  more l ik e ly  to  occur 

when OADR have been ob ta ined  from mothers w ith  severe  d iab e te s  ( e .g .  group 

3E). Most o f th e  neonates w ith  severe ad rena l a tropby d ie  fr<m adrenal 

f a i lu r e  soon a f t e r  b i r th  ( id io p a th ic  d e a th ) . O ccasionally , OADR w ith  

severe  atrophy o f th e  ad ren a l l iv e  and e x h ib it  th e  hypoglycemic syndrome. 

Techniques a re  being dev ised  to  t e s t  t h i s  h y p o th es is .

Many questions concerning th e  e f f e c ts  o f m aternal d iab e te s  on 

o ffsp rin g  a re  unanswered. The theory  th a t  ly p e rin su lin ism  accounts fo r  

f e t a l  g igan tism , in c reased  organ w t, and hypoglycemia (Pedersen, 1967) 

i s  a t t r a c t iv e ,  but i t  i s  an o v e rs im p lif ic a tio n . The m etabolic  and 

p h y sio lo g ica l abno rm alitie s  o f  d iab e te s  a re  many, and a  c le a r  understand

ing o f  th e  e f f e c ts  on o ffsp r in g  w i l l  be p o ss ib le  only when th e  pancreas, 

in s u l in ,  and blood sugars are. viewed as only a sm all p a r t  o f a very 

co n p lica ted  cy b ern e tic  system .



CHAPTER V

SUMMARY

A r e l ia b le  techn ique fo r  producing a llo x an  d iab e te s  w ith  v i r tu a l ly  

no m o rta li ty  was developed. M aternal plasma glucose le v e ls  were found 

to  decrease  during th e  l a t t e r  h a lf  of pregnancy in  both normal and d ia 

b e tic  r a t s .

Problems in  o b ta in in g  v ia b le  o ffsp rin g  from a llo x a n -d ia b e tic  r a ts  

(OADR) were encountered, and some so lu tio n s  to  th e  problems were found. 

F e ta l g igan tism  was found in  OADR frcm u n trea te d  mothers b u t not frcan 

in s u l in - t r e a te d  m others. OADR, under ap p ro p ria te  c o n d itio n s , e x h ib ited  

depressed bodÿ w ts, poor h e a lth , hypoglycemia, and c irc u la to ry  abnor

m a l i t ie s .  I s l e t s  o f OADR e x h ib ited  m ild h y p e rp la s ia  in  some areas and 

hydropic degenera tion  in  o th e rs , making in te rp r e ta t io n  d i f f i c u l t . Plasma 

in s u l in  le v e ls  in  OADR from in s u l in - tr e a te d  mothers were s ig n if ic a n t ly  

lower th an  normal, bu t were not s ig n if ic a n t ly  d if f e r e n t  frcm those  of 

c o n tro ls  whose mothers were t re a te d  w ith  in s u l in .

E ffe c ts  o f age, se x , tem perature , s t r e s s ,  a n e s th e s ia , d iu rn a l rhythm s, 

and drugs on plasma g lucose lev e ls  were no ted . Techniques fo r  ev a lu a tin g  

p o ss ib le  a r t i f a c t s  in  plasma glucose determ inations were developed. A 

m odified GTT fo r  d e te c tin g  re a c tiv e  hypoglycemia was developed.

Moderate re a c tiv e  hypoglycemia was found in  r a t s  on a h ig h  carbo

hydrate  d i e t .  Severe hypoglycemia was found in  r a t s  on a h igh  f a t  d ie t
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in  blood samples taken  during fa s tin g  o r  a t  3 h r  post g lucose , but mild 

hyperglycemia was found i f  blood sa u rie s  were taken in  r a t s  rece iv ing  

food ad lib itu m .

The p ro b a b il ity  th a t  inadequate c o n tro l o f s t r e s s  and sampling tech 

niques has masked hypoglycemia in  many prev ious s tu d ie s  was d iscussed . 

Adrenal f a i lu r e  was proposed as th e  cause o f  severe  hypoglycemia in  OADR. 

S tudies o f  OADR provided va luab le  in fo rm ation  concerning re a c t iv e  hypo

glycemia and suggested th a t  long-term  s tu d ie s  o f  in fa n ts  o f human d ia b e tic  

mothers a re  w arran ted .
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Timed re a c tio n  fo r  th e  g lucose-oxidase  assay  fo r  g lucose .
Three co n cen tra tio n s o f g lucose  were employed: 50 mg/100 ml (o), 
100 mg/100 ml (A), and 200 mg/100 ml (o ) .  Each l in e  rep re sen ts  
a s e r ie s  o f  measurements from th e  same t e s t  tu b e .



TABLE 5

PRECISIW OF THE GLUCOSE-OXIDASE ASSAY FOR GLUCOSE

Glucose Percent
C oncentration E rro r in

(mg/100 ml) O p tica l Density U nits (R ep lica te s ) Mean P rec is io n

10 0.037 0.037 0.037 0.037 0.037 0.0370 0

50 0.164 0.164 0.165 0.166 0.162 0.1641 0.61

100 0.339 0.340 0.342 0.342 0.342 0.3409 0.35

200 0.650 0.650 0.650 0.645 0.655 0.6499 0.32

300 0.90 0.92 0.93 0.93 0.93 0.922 1.04

400 1.05 1.10 1.10 1.05 1.15 1.090 2.94

500 1.25 1.21 1.18 1.18 1.25 1.214 2.48

A re p l ic a te  i s  a s in g le  measurement from one t e s t  tu b e .
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Standard curve fo r  th e  radioimnunoaasay o f  in s u l in :  human in s u l in  
s tan d ard s . Each p o in t re p re se n ts  a mean value from f iv e  determ in
a tio n s .



TABLE 6

PRECISION OF THE RADIOIMMUNOASSAY FOR INSULIN

U nlabelled Percent
In s u lin E rro r in
(|iU/ml) CPM in  P re c ip i ta te  (R ep lica te s) Mean P rec is io n

0 7999 7694 7617 7322 7373 7371 2.76

12.5 7023 7229 7284 6877 7140 7081 1.89

23.0 6987 6933 6973 7079 6732 6915 1.50

30.0 6824 6785 6711 6667 6552 6678 1.27

100.0 6133 6006 6179 6101 3996 6033 1.19

200.0 2346 2303 2314 2320 2493 2313 0.56

O '
O '

A re p l ic a te  i s  a s in g le  measurement from one t e s t  tu b e .
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E ffe c t o f tem perature on fa s t in g  plasma g lucose le v e ls  in  newborn 
r a t s .  Normal l i t t e r s  were s p l i t  a t  b i r t h  and fa s te d  a t  21%  and 
29% , and blood samples were taken s e r i a l ly  (from d if f e r e n t  r a t s )  
to  30 h r  a f t e r  b i r th .
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E ffe c t o f  a n e s th e s ia  during a GIT. The r a t  was e th e r is e d  
befo re  th e  g lucose feed ing , and an es th e s ia  was m aintained 
w ith  sodium p e n ta b a rb ita l  (dosage determ ined e m p ir ic a lly ) .
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Plasma g lucose le v e ls  a f t e r  o ra l  feed ing  o f 0.9% s a l in e  (co n tro l 
fo r  GTE). A ll cond itions a re  id e n t ic a l  to  those  in  th e  GIT 
except th a t  s a l in e  i s  used in s tea d  o f  g lucose.
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TABLE 7

EFFECTS OF AGE AND SEX ON PLASM& GLDCOSE 
OF NORMAL RATS DURING A GTT

Hours
A fte r

Glucose Sex

Plasma

1 Month Old 
Mean SE

Glucose (mg/100

2 Months Old 
Mean SE

ml)

3 Months 
Mean

! Old 
SE

M 77.0 2.12 92.0 2.95 97.3 2.59
0

F 75.0 1.68 93.2 3.16 94.4 2.91

M 150.5 3.88 154.1 2 .70 133.7 1.94
1/2

F 145.3 2.99 146.4 2.92 138.6 2.58

H 118.7 3.37 131.6 2.04 128.4 1.35
1

F 113.7 1.94 123.0 3.54 122.9 3.41

M 99.4 3.04 99.3 1.19 94.9 1.90
2

F 96.2 1.37 97.9 2.07 98.3 2.13

H 100.0 2.50 98.8 1.24 93.8 1.79
3

F 97.6 1.35 97.9 1.51 95.8 2.17

M 99.5 2 .40 101.4 1.46 95.9 1.61
4

P 97.2 1.45 99.1 1.41 94.8 2.11

M 101.4 2.42 101.5 1.20 95.8 1.61
5

P 98.9 1.75 97.8 1.52 93.2 2.23

M 100.5 2.29 99.4 1.17 95.3 1.66
6

F 98.1 1.54 97.5 1.82 92.0 2.46

Large sanp le  s ls e a  (M*24 to  30 fo r  each m eaauresieat), 
c a re fu l  c o n tro l o f co n d itio n s surrounding th e  CtTC, and th e  
e x c e lle n t p re c is io n  o f  th e  g lucose-ox ldase  ass#y (T able 5) 
make I t  p o ss ib le  to  dem onstrate th a t  plasma glucose le v e ls  
In  females a re  c o n s is te n tly  lower (by iq>proxlmately 3 mg/100 ml) 
th an  In  m ales. D ifferences In  plasms g lucose le v e ls  a t  d if fe re n t  
ages a re  a lso  ap p aren t.
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TABUS 8

BODY WEIGHTS OF NORMAL BATS 
FROM BIRTH TO 4 MONTHS

Body Weight, g

Age Sex Mean SE N

B irth ? 5.45 0.090 97

M 59.9 1.39 20
1 Mb

F 55.9 1.10 22

2 Mo
M 179.5 3.27 22

F 133.5 2.40 25

M 253.8 6.29 17
3 Mo

F 172.9 2.32 21

. M 277.8 7.92 12
4 Mo

F 191.5 3.28 14



TABLE 9

TREATMENT OF DIABETIC COMA-INSULIN SHOCK CRISIS (SAMPLE)

S o lu tio n s: s o l 'n  A—hypotonic b icarbonate  (100 meq sodium, 60 meq c h lo r id e , 40 meq 
b ica rb o n a te ) , s o l 'n  B--5% g lucose, 30 meq potassium  as KCl.

Rat no 45: group 3A, re c . a llo x an  1-16-69, re c . a sco rb ic  ac id  (100 mg/kg, i .m .)  d a ily
since  2-1-69, mean plasma glucose le v e l s ince  a lloxan  i s  440 mg/100 ml.

Date Time D escrip tion

Plasma 
Glucose 

(mg/100 ml) Treatment

2-10-69 8:30 AH gasping , a ta x ic , bloody
nose and eyes, wt 85 g

4:00  PH coma, gasping , near death

6:30 PM much improved, conscious,
not gasping fo r  b rea th

7:00 PH unconscious, convulsions, 
bulging eyes

7:40 PM unconscious, b rea th ing  
re g u la r , no g lucose in  
u rin e

64

35

1.0  ml s o l 'n  A; 1% U in s u lin  
(protam ine z in c ) , i.m .

1 .0  ml s o l 'n  B, i.m .

2 .0  ml s o l 'n  B, i.m .

O'

8:40 PM gasping , convu lsions, eyes 
g la s sy , fe e t  cold

9:15 PM conscious, pawing w ith  fe e t

0 .5 ml 30% g lucose , o ra l ;  
0 .3  ml 30% g lucose , i.m .



TABLE 9*»**Cont Inued

Date Time D escrip tion

Plasma 
Glucose 

(mg/100 ml) Treatment

2-10-69 9:30 PM a c tiv e  during blood
sanq)le; dark , v iscous 
blood

10:40 PM unconscious, convulsions, 
stopped b rea th in g

10:55 PM conscious, much improved
fo r  th e  next hour

2-11-69 1:00 AM unconscious, g la ssy  eyes

1:05 AM conscious, much improved

3:30 AM s t i l l  conscious and w ell

6:30 AM not b rea th in g , co ld  f e e t ,  
appears dead, but f a in t  
h e a rtb ea t

7:00 AM b rea th in g  resumed a f t e r
continuous r e s c i t a t io n

8:00 AM s t i l l  unconscious

11:30 AM deep coma, re n a l f a i lu r e
(no u rin e  p assed ), 
c o n d itio n  hope less , fu r th e r  
f lu id  w i l l  drown

230

tube-to-m outh re s c u s c ita t io n ;  
0 .5  ml 30% g lucose , o ra l ;
0 .5  ml 30% g lucose , i.m . 
(b rea th in g  resumed)

0 .5  ml 30% g lucose , o ra l ;  
0 .5  ml 30% g lucose , i.m .

tube-to-m outh re s c u s c ita t io n ;  
0 .5  ml 30% g lucose , o ra l;
1 .0  ml 30% g lucose, i.m .

0 .5  ml 30% g lucose , o ra l;
1 .0  ml s o l 'n  B, i.m .



TABLE 9«Continued

Date Time

Plasma
Glucose

D escrip tion  (mg/100 ml) Treatment

2-11-69 12:02 PM shallow  r e s p ira t io n ,  weak, % U in s u l in  (p ro tam ine-zinc);
near death , wt 81 g 1.0 ml s o l 'n  A, i .m .;

0 .8  ml 30% g lucose, o ra l
12:20 PM sem iconscious, b rea th ing

ra p id ly , may be drowning

2:10 PM drop o f  u r in e --d a rk  yellow .
con ta in s g lucose , b rea th ing
shallow  and f a s t ,  convulsions

2:55 PM death : sp leen  a troph ied  and
hyperemic, h e a r t darkened on
one s id e , lungs edematous

00
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TABLE 10
DESIGNATIONS AND TREATMENTS OF GROUPS 

OADR and th e i r  Controls

Code

Group

Class Treatment o f Mother

1 Normal none

2A C ontro l fa s te d , e th e r iz e d , and in je c te d  w ith  0.9% 
sa l in e  on dsy 10 to  12 o f  pregnancy

2B C ontrol same as 2A bu t w ith  in s u l in  treatm ent

2C C ontrol a lloxan  on day 19 o f pregnancy

2D C ontrol a lloxan  a f t e r  p a r tu r i t io n

3A OADR allo x an  before  pregnanqy

3B OADR same as 3A but w ith  in s u l in  treatm ent

3C OADR alloxan  on day 3 o f pregnancy

3D OADR alloxan  on day 10 to  12 o f  pregnancy

3E OADR same as 3D but w ith  in s u l in  treatm ent

The same codes a re  used to  designate  both  mothers and 
o ffsp r in g . Onless mothers e re  sp e c if ie d , codes designate  th e  
o ffsp r in g .

Group
Code

S pecia l D iets

D iet

4 h igh  carbohydrate d ie t

5 . h igh  f a t  d ie t

6 h igh  p ro te in  d ie t

Rats were weaned and placed on d ie ts  a t  1 month o f age,


