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INTRODUCTION

Diabetes i s  a m etabolic d iso rd e r ch a rac te rized  by an in a b i l i ty  

to  p roperly  reg u la te  glucose metabolism. This r e s u l t s  in  an e lev a tio n  

o f blood glucose (hyperglycemia) and exoretion  o f glucose in to  the  u rin e  

(g lu co su ria ). The degree to  which these  symptoms a re  expressed i s  found 

to  vary  among in d iv id u a ls . For th e  most severe cases o f  tin tre a te d  d ia ­

b e te s  an ad d itio n a l symptom may p re sen t i t s e l f ,  th a t  being th e  appearance 

o f ketone bodies in  the  blood (k e to s is ) .  This occurs as  a r e s u l t  o f  

f a t ty  ac id  degradation to  a v e rt s ta rv a tio n .

The u t i l i z a t io n  o f  glucose i s  norm ally reg u la ted  by hormonal secre­

t io n s  o f  th e  p an c rea tic  is la n d s  o f  Langerhans. In  p a r t ic u la r ,  th e  hormone 

in s u lin  p lays an im portant ro le  during th i s  p ro ce ss . What happens when 

th e  concentration  o f glucose in  th e  blood exceeds a  p re-detenn ined  le v e l  

(such as a f t e r  a meal) i s  th a t  the  excess glucose tr ig g e r s  th e  re le a se  o f 

in s u l in  from i t s  s i t e  o f sto rage in  the  b e ta  (B) c e l l s  o f  th e  p an crea tic  

i s l e t s .  The in s u lin  then  en te rs  th e  bloodstream  and i s  c a r r ie d  by way of 

th e  v ascu la r system to  th e  v a rio u s  t i s s u e s  o f  th e  body where i t  u ltim a te ly  

comes in to  con tact w ith  in d iv id u a l c e l l s .  Upon a ttach in g  to  sp e c if ic  in ­

s u lin  recep to r m olecules on th e  su rfaces o f c e l l s ,  in su lin  i s  ab le  to  re ­

g u la te  the uptake o f  glucose in to  th e  c e l l s .  When d iab e tes  i s  p re se n t 

t h i s  sequence o f  events i s  d is tu rb ed  a t  some p o in t ,  lead in g  to  a  bu ild -up  

o f  blood g lucose .

Although a l l  d ia b e tic s  have in  common th e  im paired a b i l i t y  to  

u t i l i z e  g lucose, th i s  can be brought about in  very  d if f e r e n t  ways.

L is te d  below a re  some o f  the  cond itions th a t  in  theo ry  can le a d  to  the

1
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2

d ia b e tic  s ta te :

1.  The absence o f B c e l l s .  I f  through trauma o r  some o ther 

cause B c e l l s  were lack ing  o r  reduced in  number, then l i t t l e  

o r  no in s u lin  could be synthesized and glucose metabolism 

would be im paired.

2. The absence o f in s u lin .  I f  the  B c e l l s  f a i le d  to  produce 

in s u l in ,  o r  produced in s u f f ic ie n t  amounts o f i t ,  the r e s u l t  

would be as  above.

3 . The s ig n a l to  re le a se  in su lin  n o t rece iv ed . This would be 

an in fo rm ational e r ro r  in  which, th e  B c e l ls  would n o t recog­

n ize  th a t  th e re  was excess glucose p resen t in  the  blood, and 

would th e re fo re  f a i l  to  re le a se  in s u lin .

lu Impairment o f the  re le a se  mechanism. In th i s  case the B c e l ls  

would produce in su lin  and respond to  th e  presence o f glucose 

in  the  blood, b u t due to  a  d e fec t in  th e  re le a se  mechanism no 

in s u lin  could be re le a sed .

5 . The re le a se  o f d e fec tiv e  in s u lin .  Here in su lin  reaching the 

ta rg e t  c e l l s  would be d e fec tiv e  and th e re fo re  b io lo g ic a lly  

in a c t iv e .  Such a  d e fec t would have to  a l t e r  the  shape o f  the 

in s u lin  m olecule. I f  th e  a l te r a t io n  occured a t  the p re - tra n s -  

la t io n a l  le v e l  i t  would have to  be g en e tic  in  o r ig in ; however, 

i t  i s  conceivable th a t  in su lin  in  th e  blood could be a lte re d  

chem ically and so , to o , give r i s e  to  an in a c tiv e  molecule.

6 .  The d e s tru c tio n  o f  in s u l in .  In  the  event o f  autoimmune d isease 

antibody sy n th esis  would be d ire c te d  ag a in s t in s u lin .  When 

in s u lin  would be re le a se d  in to  the  bloodstream  c irc u la tin g
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an tib o d ies  d ire c te d  ag a in s t in s u l in  would combine w ith i t  

and remove i t  from th e  system.

7. F au lty  in s u lin  re c e p to rs . Here i s  a  case in  which th e re  would 

a c tu a lly  be nothing wrong w ith normal p an c rea tic  function  o r 

in su lin  re le a s e . R ather, th e  problem would concern th e  in ­

su lin  recep to rs  on th e  ta rg e t  c e l l s  o f  the  body. In some way 

th e  number o r  e f f ic a c y  o f  these  recep to rs  would become a lte re d  

so th a t  in su lin  could no longer t r ig g e r  glucose uptake. The 

r e s u l t  would be n e a rly  the  same as  i f  th e  recep to rs  worked 

p roperly  bu t no in s u lin  were produced.

These "types o f d iab e tes  a re  rep resen ted  in  th e  flow chart in  f ig u re  1 along 

w ith  some p o ss ib le  means o f in d u c tio n . For th e  sake o f s im p lic ity  only 

main ca teg o ries  a re  shewn w ith no fu r th e r  attem pt a t  subd iv ision .

Not a l l  o f th e  p o ssib le  means o f  induction  th a t  a re  shown, o r even 

a l l  the  causes, have been dem onstrated to  produce d ia b e te s . I  am no t aware, 

f o r  example, th a t  d iab e tes  has ever been d e f in i t iv e ly  shown to  be th e  r e ­

s u l t  o f th e  B c e l l  e i th e r  n o t producing o r  f a i l in g  to  re le a se  in s u lin .  On 

th e  o th e r hand, a  u n iv e rsa l cause fo r  d iab e tes  has y e t  to  be found. The 

im portant premise i s  to  recognize th a t  any o f these  causes, by whatever 

means o f in d u c tio n , would le a d  to  a d iagnosis  o f d iab e tes  m e ll i tu s , d esp ite  

th e  f a c t  th a t  th e  cause in  each case i s  very  d i f f e r e n t .  For th i s  reason , 

d iab e tes  might b e t t e r  be considered to  be a "syndrome" w ith v a ried  e t io ­

logy bu t s im ila r  symptomatology.

C learly  then , d iab e tes  i s  n o t a  s in g le  d isease  b u t one which can 

be brought about in  many d if f e r e n t  ways. In  f a c t ,  i f  we assume th a t  a l l  

th e  p o ssib le  means o f induction  which I  have in d ic a te d  here do indeed
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induction  fo r  each.
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6

e x is t ,  and th a t  th e  causes given are  v a l id ,  then th e re  a re  over twenty- 

d i s t in c t  ways in  which th e  d isease  may become expressed, d isregard ing  

th a t  many o f th e  "causes" shown can be even fu r th e r  subdivided. I t  i s ,  

perhaps, t h i s  m u lti-face ted  aspect o f d iab e tes  which, more than any o ther 

reason , accounts f o r  th e  d i f f i c u l ty  th a t  has been encountered in  attem pting 

to  understand  the d ise a se . With research  being c a rr ie d  ou t independently 

by immunologists, b iochem ists, g e n e t ic is ts ,  and v i ro lo g is ts  among o th e rs , 

i t  has been fa c e tio u s ly  suggested th a t  d iab e tes  i s  a d isea se  th a t  has 

something o f in te r e s t  fo r  everyone. But understanding a complex problem 

such as t h i s  need n o t be u n n ecessarily  d i f f i c u l t .  At the  r i s k  o f appear­

ing  simplistic i t  could be sa id  th a t  what i s  req u ired  i s  to  reduce the 

problem to  i t s  fundamentals by f i r s t  studying th e  system through which 

in s u lin  i s  made a v a ila b le . Here a s ta r t in g  p o in t might be re a liz e d  from 

which in v e s tig a tio n s  o f  th e  v ario u s d ia b e tic  types can be made.

Such a  s ta r t in g  p o in t might be thought to  be found in  th e  pancre­

a t i c  B c e l l .  Looking again a t  f ig u re  1 i t  w il l  be seen th a t  w ith the  

exception o f the  l a s t  two ca teg o ries  th e  B c e l l  f ig u re s  prom inently in  

th e  m an ifesta tio n  o f d ia b e te s . Whether d iab e tes  occurs a s  the  r e s u l t  o f 

th e  B c e l l s  f a i l in g  to  syn thesize o r re le a se  in su lin  o r  syn thesiz ing  de­

fe c t iv e  in s u l in ,  i t  would appear th a t  th e  B c e l l  i s  a  l ik e ly  common de­

nom inator f o r  the  d isea se . An understanding o f th e  normal workings of 

th e  B c e l l  would, th en , be u se fu l in  determ ining what abnormal events 

may be responsib le  when th e  B c e l l s  f a i l  to  perform  th e i r  assigned  func­

t io n .  Indeed, a  g re a t deal o f  a t te n tio n  has been concentrated  on the 

B c e l l  in  recen t y ea rs  w ith th e  r e s u l t  th a t  i t  i s  probably the  b e s t under­

stood c e l l  o f  a l l  those involved in  glucose u t i l i z a t io n .  However, in
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studying th e  B c e l l  and th e  im portant ro le  i t  p lays among the  c e l ls  o f  

th e  i s l e t  i t  has come to  be suspected th a t  th e  environment ex te rn a l to  

th e  B c e l l  has as  g re a t an in flu en ce  upon B c e l l  performance as does th e  

i n t r a c e l lu la r  environment. That i s  to  say , production o r re le a se  o f in ­

s u lin  by th e  B c e l l  may be in fluenced  in  tu rn  by o th e r c e l l s ,  s p e c if ic a lly  

o th e r  i s l e t  c e l l s .  I f  th a t  i s  so , then B c e l l s  may p lay  only a r e la t iv e ­

l y  sm all p a r t  in  in s u lin  re le a se  compared to  what p rev iously  has been 

thought to  be th e  case . P o ssib ly  th e  B c e l l  i s  only an e f fe c to r  c e l l  of 

th e  la r g e r  c e l l  system responsib le  f o r  reg u la tin g  glucose uptake by the  

body. I f  t ru e ,  then the study o f  in su lin  re le a se  should be c a rr ie d  out 

w ith th e  id ea  in  mind th a t  i t  i s  th e  i s l e t  as  a  whole th a t  i s  the  func­

t io n a l  u n i t  o f  in s u lin  a v a i la b i l i ty  and n o t j u s t  the  B c e l l .  To concen­

t r a t e  s o le ly  on th e  B c e l l  under those circum stances would be to  miss the  

o v e ra ll view.

With th a t  in  mind, th e  study o f i s l e t  anatomy and c e l l  in te ra c tio n  

w ith  regard  to  d iab e te s  would seem to  gain some im portance. Perhaps the  

key to  understanding th e  problem l i e s  in  lea rn in g  what organ ization  e x is ts  

a t  the  i s l e t  le v e l  befo re  looking too c lo se ly  a t  iso la te d  c e l l  ty p es.

The p an c rea tic  is la n d s  o f Langerhans a re  roughly sp h erica l c lu s te r s  

o f  c e l l s  which to g e th e r a re  m orphologically  d i s t in c t  from the  surround­

ing  a c in a r  t is s u e  o f th e  pancreas. F unctionally , they  rep resen t th e  endo­

c rin e  p o r tio n  o f t h i s  organ. The d en s ity  o f i s l e t s  w ith in  a pancreas 

v a r ie s  from one a rea  o f  th e  pancreas to  ano ther and v a r ie s  o v e ra ll in  the
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case o f d isease ; d ia b e tic  animals freq u en tly  e x h ib it fewer i s l e t s  p er 

pancreas than do normal anim als. U sually only in  h ea lth y  animals i s  the 

optim al mean number o f i s l e t s  found, which in  the case o f the Chinese 

hamster i s  on the  o rder o f one to  two thousand i s l e t s  p er pancreas. The 

number o f i s l e t  c e l l s  composing an i s l e t  i s  a lso  found to  vary , both  w ith 

the type o f animal and even among i s l e t s  from the same pancreas. In the  

case o f the  Chinese hamster again , th e  number o f c e l ls  in  a s in g le  i s l e t  

can be as  high as U,000.

W ithin the i s l e t  th e re  are  found to  e x is t  th re e  b asic  c e l l  types 

as  seen w ith the e le c tro n  microscope. They are  the  alpha (A) c e l l ,  the 

b e ta  (B) c e l l ,  and d e lta  (D) c e l l .  The B c e l l  has already  been mentioned 

b r ie f ly  w ith regard  to  in su lin  sy n th es is . While th e re  have been re p o rts  

o f  more than th ree  c e l l  types by some in v e s tig a to rs , the ex tra  c e l l s  would 

seem e i th e r  to  be a r t i f a c tu a l  o r , i f  r e a l ,  are  found only in  a few s e le c t  

species (1, 2, 3, li) . Therefore, the p resen t d iscussion  w ill be lim ite d  

to  only the th ree  c e l l  types mentioned, as  they are  found to  be common 

amnrig « n  the  mammalian systems th a t  have so f a r  been in v estig a ted  (5 ). 

F u rther, a l l  d e sc rip tio n s  th a t  fo llow  o f i s l e t s  and i s l e t  c e l ls  are  w ith 

sp e c ific  reference to  the Chinese ham ster, C ricetu lus g rise u s .

Since the study o f i s l e t  c e l l  in te ra c tio n  does req u ire  being ab le  

to  d if f e r e n t ia te  between the th re e  c e l l  types, a b r ie f  u l t r a s t ru c tu r a l  

d esc rip tio n  i s  provided fo r  each. These d esc rip tio n s  are  fo r  normal in ­

d iv id u a ls .

Beta Cell

The B c e l ls  occupy th e  c e n tra l region o f the  i s l e t  and comprise
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roughly 80% o f t o t a l  i s l e t  volume (6 ) .  N uclei o f  the  B c e l ls  a re  round 

to  ovoid and contain a  f a i r l y  la rg e  amount o f chrom atin. The chromatin 

i s  unevenly d is tr ib u te d , and i s  o ften  found m arginating the nuclear 

membrane a t  reg u la r in te rv a ls .  The endoplasmic reticulum  i s  o f  the rough 

lam e lla r  type and genera lly  inconspicuous. Free ribosomes can be found 

in  the cytoplasm. Golgi bodies are  p re se n t, though sm all, and the Golgi 

complex i s  u su a lly  s itu a te d  n ear the nucleus. In c e l ls  with decreased 

numbers o f  sec re to ry  granules th e  Golgi apparatus i s  found to  be la rg e r ,  

along w ith a more p le n t i fu l  endoplasmic reticulum  (7 ). M itochondria are  

more numerous than in  the alpha and d e l ta  c e l ls  and are  small and slender 

in  shape. The m itochondrial m atrix  i s  f a i r l y  douse w ith moderate numbers 

o f w ell-defined  c r i s ta e .  Lysosom al-like bodies a re  a lso  freq u en tly  en­

countered in  the cytoplasm. Bounded by a membrane, they contain  irre g u ­

l a r ly  rounded e lec tro n  dense areas  of p a r t ic u la te  m atter, as w ell as 

e le c tro n  lu cen t vacuolated areas  th a t  are  round in  shape. P a r tic u la r ly  

conspicuous w ith in  the B c e l l  a re  the  secre to ry  granu les. These granules 

a re  produced by budding from the endoplasmic reticu lum , and contain  pro­

in su lin  (8 ) .  They appear as round o r , ra re ly ,  rod-shaped granules of 

v a r ia b le  e le c tro n  d en s ity . They a re  enclosed by s in g le -lay ered  membranes 

somewhat la rg e r  than the  granules so th a t ,  owing to  the moderate e lec tro n  

d en s ity  o f th e  in terven ing  m a te r ia l, they  are  seen to  be surrounded in ­

d iv id u a lly  by a b r ig h t h a lo . O ccasionally , two granules can be found 

w ith in  a  s in g le  membrane. Empty granule sacs a re  only ra re ly  found.

In B c e l l s  th a t  a re  lo ca ted  ad jacen t to  c a p il la ry  s tru c tu re s  th ere  i s  

o ften  a  p o la r iz a tio n  o f the  c e l l ,  w ith more granules being found on the 

c a p il la ry  s id e  o f th e  c e l l  and fewer g ranules found on the  s ide opposite 

(9) .
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Alpha Cell

Alpha c e l l s ,  in  c o n tra s t to  B c e l l s ,  a re  found only a t  th e  per­

iphery  o f th e  i s l e t  and a re  fewer in  number than  the  B c e l l s .  With re ­

gard to  th e  nucleus, cytoplasm, m itochondria, and Golgi complex A c e l l s  

do n o t d i f f e r  markedly from th e  B c e l l s  j u s t  d escrib ed . Ly so som e-like 

bodies a re  p re sen t b u t appear amorphous and uniform ly e le c tro n  dense, 

w ithout the vacu o liza tio n  freq u en tly  found in  th e  B c e l l .  The endoplas­

mic reticu lum  occurs as th e  rough v e s ic u la r  type and i s  more prominent 

than in  the  B c e l l .  Ribosomes a re  to  be found fre e  in  th e  cytoplasm . As 

w ith the  B c e l l ,  A c e l l s  a re  most e a s i ly  destingu ished  by th e i r  secre­

to ry  g ranu les. Containing glucagon, these  g ranu les a re  of g re a te r  e lec ­

tro n  d en sity  than th e  g ranules found in  B c e l l s .  They a re  a lso  s l ig h t ly  

la rg e r  than B granules and show only  s l ig h t  v a r ia t io n  in  s ize  and e le c ­

tro n  d en s ity . The g ranules a re  c lo se ly  bounded by a s in g le -lay e red  mem­

brane so th a t  the halo  e f f e c t  seen in  the  B granu les i s  n o t apparen t. 

Bar-shaped granules a re  n o t seen in  A c e l l s .

D elta C ell

D elta c e l l s  a re  l im ite d  to  th e  i s l e t  periphery  and a re  p o s itio n ed  

roughly between th e  outerm ost A c e l l s  and th e  underlying B c e l l s .  They 

a re  th e  l e a s t  numerous o f the  th re e  i s l e t  c e l l  ty p es. Most D c e l l  organel­

l e s  a re  s im ila r  to  those described  f o r  the  alpha and b e ta  c e l l s .  Golgi 

bodies a re  freq u en tly  prominent and th e  endoplasmic reticu lum  i s  mainly  

o f th e  rough la m e lla r  ty p e . Free ribosomes a re  found in  th e  cytoplasm .

Like alpha and b e ta  c e l l s ,  D c e l l s  have c h a ra c te r is t ic  g ranules which, 

in  th e  D c e l l ,  con tain  som atosta tin . The D granules a re  g en era lly  round 

b u t have a  tendency toward polymorphism. The granule s iz e  on th e  average
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i s  sm aller than th a t  o f A o r B g ranu les, b u t amorphic D granules may 

o ccasio n a lly  be lo n g er. The D granule i s  le s s  e le c tro n  dense than the 

A granule and i s  r a th e r  c lo se ly  surrounded by i t s  s in g le -lay e red  mem­

brane.

While i t  i s  beyond the intended scope o f th i s  paper to  provide a 

complete d iscussion  o f the  kinds o f changes which occur w ith in  the  i s l e t  

during the d ia b e tic  s ta t e ,  i t  should n ev erth e less  be mentioned th a t  chan­

ges a re  to  be found. For example, the B c e l l  may show signs o f degranu­

la t io n ,  expansion of the  endoplasmic re ticu lum , and enlargement o f the 

Golgi apparatus (7 ). Also, the  d ia b e tic  B c e l l  i s  freq u en tly  found to  

e x h ib it  la rg e  d ep o sits  o f  glycogen w ithin  the cytoplasm ( 10, 11, 12,  13). 

The A c e l l  expresses fewer signs o f pathology b u t i t ,  to o , may possess 

cytoplasm ic glycogen d ep o sits  and a lso  a form o f d e s tru c tio n  o f cyto­

plasm ic g ranules by lysosomal d ig e s tio n , termed a lp h a-g ran u lo ly sis  (13, 1U). 

In severe d ia b e tic  cases the  i s l e t  may be p a r t i a l ly  dep leted  of B c e l ls  

w ith a concom ittant r e la t iv e  in crease  in  numbers o f alpha and d e lta  c e l ls  

(7, 12, 15, 16). D elta c e l l s  have ra re ly  been shown to  e x h ib it pathology. 

These examples should n o t be considered complete b u t do rep resen t some 

o f the  s a l ie n t  p a th o lo g ica l f e a tu re s .

As s ta te d ,  the th re e  i s l e t  c e l l  types each have th e i r  own p a r tic u ­

l a r  domain w ith in  the  i s l e t .  The alpha c e l l s  occur in  a la y e r  a t  the 

perip h ery  where they  e f fe c t iv e ly  form an in te r fa c e  between i s l e t  c e l l s  

and th e  surrounding exocrine t i s s u e .  The d e l ta  c e l l s  are  d ire c t ly  below 

th e  alpha c e l l s  o r  in te rsp e rse d  s l ig h t ly  among them, while the b e ta  c e l ls  

compose the  core and make up th e  bulk o f  the  i s l e t .  This arrangement has 

been found to  be common among most o f th e  animal systems so f a r  stud ied
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(17, 18) .  Considering th e  u b iq u ity  o f th e  p a t te rn ,  and th e  f a c t  th a t  

s p e c if ic  c e l lu la r  o rg an iza tio n  i s  g en era lly  found to  serve a purpose, 

one might b e liev e  i t  i s  u t i l i t a r i a n  and n o t co incidental*  The sp h erica l 

symmetry o f  th e  arrangement f u r th e r  suggests th a t  ■whatever s ig n ifican ce  

t h i s  o rgan iza tion  has i t  i s  d ire c te d  toward th e  i s l e t  and not a t  the 

surrounding ac in a r t i s s u e .  I t  has in  f a c t  been suggested th a t th i s  a r ­

rangement might p o ss ib ly  be a fu n c tio n a l one, the  purpose of which would 

be to  provide th e  mechanical framework fo r  a  network reg u la tin g  in su lin  

re le a se  in  which a l l  th re e  i s l e t  c e l l  types would p a r t ic ip a te  ( 18, 19). 

This view i s  supported by v ario u s s tu d ie s  th a t  have poin ted  a t  the  pos­

s i b i l i t y  o f  in te ra c tio n  among th e  d if f e re n t  c e l l s  w ith in  an i s l e t .

One way in  which i s l e t  c e l l s  might in te r r e la te  i s  by th e  use o f 

hormones. Som atostatin , fo r  exanple, i s  known to  be produced by D c e l ls  

(20, 21, 22) and to  a lso  be a strong  in h ib i to r  o f  both in su lin  se c re tio n  

by th e  B c e l l s  and glucagon sec re tio n  by th e  A c e l l s  (23, 2h, 2$, 26).

I t  may be th a t  th e  D c e l l s ,  being in  a s tr a te g ic  p o s itio n  between the  A 

and B c e l l s ,  would be ab le  to  in flu en ce  th e  i s l e t  response to  glucose 

le v e ls  by antagonizing th e  re le a se  o f  th ese  hormones. Glucagon and in ­

s u lin  may in  tu rn  have re g u la to ry  e f f e c ts ,  such as th e  in h ib it io n  o f 

glucagon se c re tio n  by in s u lin  (27). At p re se n t our understanding o f 

hormonal co n tro l w ith in  th e  i s l e t  i s  in s u f f ic ie n t  to  be able to  say 

th a t  i t  p lays a p a r t  in  in s u lin  re le a s e .  The f a c t  th a t  th e re  are  such 

e f f e c ts  a t  a l l ,  however, suggests th a t  th ey  may have importance beyond 

what i s  a lread y  known.

O ther evidence o f  c e l l - to - c e l l  communication w ith in  i s l e t s  i s  

found in  the  types o f  in t e r c e l lu la r  ju n c tio n s . Junction sp e c ia liz a tio n s
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in  th e  form o f t ig h t  and gap ju n c tio n s  between i s l e t  c e l l s  have been demon­

s tr a te d  in  th e  r a t  (28) and a lso  in  humans (29). Such ju n c tio n s  have 

been found between A c e l l s  and A c e l l s ,  B c e l ls  and B c e l l s ,  and A c e l ls  

and B c e l l s ;  presumably D c e l l s  have n o t been s tu d ied . While t ig h t  junc­

t io n s  are  thought to  be used by the  c e l l  as a means o f channelling ex tra ­

c e l lu la r  f lu id s  and a lso  to  a le s s e r  ex ten t c e l l  anchoring (29), gap 

ju n c tio n s  are  thought to  a c t  as p o r ta ls  fo r  in te r c e l lu la r  communication.

Gap ju n c tio n s  have been demonstrated in  t is s u e s  o th er than  pancreas to  be 

permeable to  ions and small m olecules (up to  M.W. 500) (30, 31). I t  i s  

p o ss ib le  th a t  by th i s  means m etabolic s ig n a ls  could be tra n s fe rre d  be­

tween i s l e t  c e l l s  and thus p lay  a p a r t  in  i s l e t  reg u la tio n  (32). I t  has 

re c e n tly  been shown th a t  the  dye f lu o re sc in e , when in je c te d  in to  a s in g le  

i s l e t  c e l l ,  w ill  be tran sp o rted  to  ad jacen t c e l l s  (33). Furthermore, 

th e  number o f c e l l s  surrounding the in je c te d  c e l l  to  which the  dye i s  

t ra n s fe r re d  i s  found to  increase  s ig n if ic a n tly  in  the presence o f glu­

cose. Whether o r n o t gap ju n c tio n s  a re  involved in  th i s  type o f in te r ­

c e l lu la r  tra n sp o rt i s  s t i l l  unknown. Another study, however, has shown 

th a t  th e re  can be a  c o rre la tio n  between the  number and s iz e  of gap junc­

t io n s  and B c e l l  sec re to ry  a c t iv i ty  (3W .

F in a lly , th e  presence of nerve f ib e rs  surrounding and to  a le s s e r  

ex ten t p en e tra tin g  i s l e t s  may suggest a  th i rd  form o f  communication be­

tween i s l e t  c e l l s .  These non-myelinated nerve f ib e r s ,  most w ith  cho liner­

g ic  nerve endings, have been rep o rted  both in  th e  Chinese ham ster (7 ,  12) 

and th e  Djungarian ham ster (35).  The f ib e rs  la rg e ly  occur in  th e  loose 

connective t is s u e  surrounding th e  i s l e t  b u t are  a lso  found to  p en e tra te  

th e  i n t e r io r  where they  con tact th e  th re e  major c e l l  types (35) .  Why

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission



1il

i s l e t  c e l l s  would req u ire  n eu ra l t is s u e  to  intercommunicate i s  n o t immedi­

a te ly  obvious, however a t  l e a s t  one p o ssib le  explanation i s  suggested by 

th e  geometry o f th e  s i tu a t io n .  For an i s l e t  s ix ty  c e l ls  in  circum ference 

(twenty c e l l s  in  diam eter) and a chemical message t r a n s f e r  r a te  between 

two c e l l s  o f one second (33) ,  th e  t o t a l  message time fo r  one p e rip h e ra l 

i s l e t  c e l l  to  con tac t ano ther on th e  o th e r s ide  o f th e  i s l e t  would be 

t h i r t y  seconds. That i s  d isreg ard in g  th a t  by th e  time the chemical mes­

senger reached the  o th e r s id e  o f th e  i s l e t  i t  might w ell be too d i lu te  to  

e f f e c t  a response, so th a t  i t  would have to  be resyn thesized  en ro u te . 

adding to  th e  message t r a n s f e r  time accordingly . Likew ise, any feedback 

from th e  rece iv in g  c e l l  would take equally  long so th a t  i t  could be ten s  

o f m inutes befo re  the  whole i s l e t  were synchronous in  i t s  response. The 

message t r a n s f e r  time could be shortened tremendously by use o f nerve 

f ib e r s  by the  i s l e t  c e l l s .  Messages could then be sen t w ith e s s e n tia l ly  

no tim e la g  from one end o f th e  i s l e t  to  the  o th e r . I t  could a lso  be 

done w ithout th e  need fo r  an excessive number o f nerve f ib e r s .  As long 

a s  a  -<anfl~n number o f c e l l s  were in  immediate con tac t by use o f neurons 

th e  r e s t  could be re lay ed  th e  message chem ically by the  rece iv in g  c e l l s ,  

c u ttin g  th e  message t r a n s f e r  time down to  only a f ra c tio n  o f th a t  re ­

qu ired  i f  i t  were sen t e n t i r e ly  by chem ical. Nerve f ib e r  attachm ent "pads" 

have in  f a c t  been observed a t  in te rv a ls  on the  su rfaces o f i s l e t s  (36) .

Any o f th ese  th ree  proposed means of i s l e t  c e l l  communication 

might be found to  e x is t  w ith in  th e  i s l e t .  E ith e r  alone o r  in  combination 

they  could provide th e  communications network necessary  fo r  the  i s l e t  to  

respond e f f ic ie n t ly  to  exogenous glucose le v e ls .  As d if f e r e n t  as these  

forms of communication a re  they  a re  n o t,  however, m utually  exclussive  and
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might be found to  function  to g e th e r . By way o f summary, a  h y p o th e tica l

model o f i s l e t  reg u la tio n  includ ing  a l l  th re e  means o f  communication i s

given in  th e  follow ing paragraph.

The response o f th e  i s l e t  to  blood glucose le v e ls  i s  
reg u la ted  by p e rip h e ra l alpha and d e l ta  c e l l s  which 
co n tro l th e  re le a se  o f  in s u lin  by th e  c e n tra l B c e l l s .
In  o rder th a t  th e  response be uniform over th e  i s l e t ,  
when one p e rip h e ra l i s l e t  c e l l  makes a  response, th a t  
message i s  re layed  by means o f nerve c e l l s  to  s im ila r  
p e r ip h e ra l c e l l s  a t  p e rio d ic  in te rv a ls  over th e  surface 
o f the  i s l e t ,  which then respond in  th e  same way and a t  
e s s e n t ia l ly  th e  same tim e. The response i s  in  th e  form 
o f re le a se d  hormones and /o r o th e r chemical messengers 
and th ese  are  tran sm itted  to  surrounding c e l l s  by means 
o f gap ju n c tio n s  between c e l l s .  Feedback inform ation 
from th e  B c e l l s  o r  from w ith in  th e  p e r ip h e ra l la y e r  
would occur in  the  same way b u t in  th e  rev e rse  o rd e r.

Although th i s  sequence o f events i s  pu re ly  h y p o th e tic a l, th e  evidence 

suggests th a t  something s im ila r  c le a r ly  tak es  p lace  w ith in  the  i s l e t .

As argued e a r l i e r ,  the  understanding o f reg u la tio n  w ith in  th e  i s l e t  must 

be considered very  im portant to  th e  e lu c id a tio n  o f i s l e t  dysfunction , 

such as i s  p re sen t in  th e  m ajo rity  o f d ia b e tic  ca ses . To study i s l ? t  

c e l l  reg u la tio n  w il l  n e c e s s ita te  looking c lo se ly  a t  how c e l l s  a re  physi­

c a l ly  re la te d  to  each o th e r as w ell as  how c e l l s  appear to  fu n c tio n  in d i­

v id u a lly . Research in  th i s  a rea  w il l  req u ire  th e  use o f  sp e c if ic  tech ­

n iques, some o f  which a re  a lread y  a v a ila b le , b u t a lso  many more th a t  have 

y e t  to  be developed. The research  p o rtio n  o f t h i s  th e s is  d ea ls  w ith the  

development o f such techn iques.

The methods employed in  t h i s  study were chosen to  emphasize fo u r 

d if f e re n t  asp ects  o f  i s l e t  c e l l  u l t r a s t ru c tu r e  and involved th e  ap p lica­

t io n  o f s ix  d if f e r e n t  proceedures. They were; enhancement fo r  micro­

tu b u les  (two proceedures), v is u a liz a tio n  o f  th e  c e l l  membrane by th e  use 

o f ruthenium red , v is u a liz a tio n  o f th e  in te r c e l lu la r  space by th e  use o f
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lanthanum t r a c e r ,  and th e  lo c a l iz a t io n  o f  calcium w ith in  i s l e t  c e l l s  by 

p r e c ip i ta t io n  (two proceedures).

Enhancement fo r  m icrotubules was chosen because o f the ro le  

m icrotubules p o ssib ly  p lay  during in s u lin  re le a se  from th e  B c e l l s  (37)* 

Two hypotheses have been p u t forward to  date  to  exp lain  how th is  may 

occur. The f i r s t  (38, 39) proposes th a t  th e re  i s  an in f lu x  o f calcium 

in  the  B c e l l  upon s tim u la tio n  by g lucose , and th a t  th i s  calcium a c ts  on 

the  micro tu b u les  causing them to  c o n tra c t. With one end of a micro tubule  

a ttach ed  to  th e  lim itin g  membrane o f a B granule and the  o th e r a ttached  

to  the  plasma membrane th e re  would be a n e t movement o f the  B granule 

to  th e  c e l l  su rface . The second hypothesis m aintains th a t  the  m icrotu­

bule a c ts  as  a conduit to  conduct in su lin  to  the  plasma membrane (ItO). 

M icrotubules a re  supposed to  fuse  w ith the  B-granules which then discharge 

th e i r  con ten ts  through th e  hollow p o rtio n  of the  tu b u le . N either o f 

th ese  hypotheses has so f a r  been proven and doubt has been c a s t on micro­

tubule  involvement by a t  l e a s t  one study th a t  f in d s  no a sso c ia tio n  o f 

B -granules w ith  m icrotubules o u tsid e  o f what would be expected fo r  chance 

encounters w ith in  the c e l l  (6 ) .  R egardless, i t  i s  w ell documented th a t  

in te rfe re n c e  w ith the s tru c tu ra l  in te g r i ty  of micro tubu les  by v ario u s 

drugs in h ib i ts  the re le a se  o f  in su lin  from B c e l l s  (Ifl). This would seem 

to  e s ta b lis h  a fu n c tio n a l ro le  fo r  m icrotubules in  in su lin  re le a s e . Fur­

th e r  s tu d ie s  a re  needed a t  t h i s  time to  a s c e r ta in  p re c ise ly  how m icro- 

tu b u les  a re  involved, and those s tu d ie s  could be aided by techniques de­

signed to  make m icrotubules more prominent w ith in  the c e l l .

The ruthenium red  and lanthanum proceedures both provide in fo r -
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mation about the  su rfaces o f c e l l s  and how d if f e re n t  c e l l s  r e la te  to  

each o th e r . Ruthenium red  a tta c h e s  m ainly to  polyanions having a high 

charge d en s ity , such as  ac id  po lysaccharides which occur in  th e  plasma 

mambrane (U2)« This r e s u l t s  in  membranes exposed to  ruthenium red be­

coming e lec tron-dense  and th e re fo re  h ig h ly  v i s ib le .  Due to  th e  proceedure 

employed i t  i s  p o ss ib le  w ith  ruthenium red  to  s ta in  only th e  o u te r mem­

brane o f in ta c t  c e l l s  and n o t th e  in t e r io r .  Lanthanum on th e  o th e r hand 

f i l l s  in  th e  in te r c e l lu la r  space between c e l l s  to  make i t  opaque to  e le c ­

tro n s .  What i s  seen then i s  a  very  w ell-defined  boundary in d ic a tin g  the  

border between two c e l l s ,  something n o t e a s i ly  determ ined by conventional 

methods. By th e  use o f  a lanthanum t r a c e r  i t  i s  a lso  p o ss ib le  to  iden­

t i f y  th e  types o f ju n c tio n s  connecting d if f e re n t  c e l l s .

Since the  d iscovery  th a t  calcium ions e n te r  th e  B c e l l  when s t i ­

mulated by glucose th e re  has been an e f f o r t  to  determine how th is  i s  

involved in  in su lin  re le a se  in  o rd er to  be ab le  to  apply th a t  inform ation 

to  th e  case o f  d iab e te s  (2*3, 2*2*) • Two b as ic  methods have been employed 

to  lo c a l iz e  calcium in  t is s u e s  and they  a re  th e  two proceedures repeated  

h e re . Although they  have both  been used fo r  lo c a liz in g  calcium in  i s l e t  

c e l l s  b e fo re , we in tended to  t r y  a  d if f e re n t  approach to  a n a ly s is . There­

fo re  th ese  proceedures were included  in  th i s  s tudy . The f i r s t  method p re ­

c ip i t a te s  calcium by combining i t  w ith o x a la te  ion to  form an in so lu b le  

s a l t .  The second method employs pyroantim onate ion  a s  the  p re c ip i ta tin g  

ag en t. Both give an e lec tro n -d en se  p r e c ip i ta te  where calcium ions are  

concen tra ted . The p r e c ip i ta te  i s  b e s t seen in  an un sta in ed  sec tio n , which 

i s  req u ired  in  any case since  p o s t- s ta in in g  w ith u rany l w il l  d isso lv e  out 

calcium  oxala te  (1*5) and t is s u e s  t re a te d  w ith  pyroantim onate a re  incap -
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ab le  o f being p o s t-s ta in e d  (1*6 ) .

When performing calcium p re c ip ita tio n  on t is s u e s  i t  i s  u su a lly  

necessary  to  v e r ify  by o th e r means th a t  calcium i s  a c tu a lly  contained 

in  the observed p r e c ip i ta te s ,  since both oxala te  and antim onate ions 

w il l  form, p r e c ip i ta te s  w ith o th e r ion ized  elem ents. A method ty p ic a lly  

employed f o r  th a t  i s  X-ray flu roescence. In th is  method th e  specimen 

i s  pu t in  a scanning transm ission  e lec tro n  microscope which i s  equipped 

w ith an X-ray d e te c to r . The area  o f the  sec tion  containing the p re c i­

p i ta te  i s  scanned w ith high energy e lec tro n s  th a t  bombard the a re a .

When an atom i s  s tru ck  by one o f these  e lec tro n s  an o rb i ta l  e lec tro n  may 

be boosted to  a h igher le v e l and a more excited  s ta te .  When th a t  e le c ­

tro n  then decays back to  th e  ground s ta te  i t  re le a se s  a photon, frequen t­

ly  in  the  X-ray band. That X-ray can be detected  by the instrum ent and 

i t s  energy measured. Since each bombarded element w ill  give X-rays of 

a  c h a ra c te r is t ic  energy, by observing what energ ies o f X-rays a re  given 

o f f  the  elem ental make-up o f the  bombarded area can be determined.

I t  was the  purpose o f  th is  th e s is  to  apply these histochem ical 

proceedures to  p an crea tic  t is s u e  in  o rder to  observe the  c e l lu la r  func­

t io n  and re la tio n s h ip  w ith in  the i s l e t .  I t  i s  hoped th a t  the  r e s u l t s  o f 

t h i s  study w il l  be u se fu l to  those wishing to  in v e s tig a te  the  p o ss ib i­

l i t y  o f an is le t-b a s e d  reg u la to ry  network.
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MATERIALS AND METHODS

A ll anim als used in  t h i s  study were normal and obtained from 

The Upjohn Coup any ham ster colony. All anim als were k i l le d  by decapi­

t a t io n .  When live- p an c rea tic  t is s u e  was req u ired  the  organ was kep t m oist 

during excision  w ith 0.1M phosphate b u ffe r  (pH 7.U ). To avoid drying 

a r t i f a c t s  when l iv e  t is s u e  was n o t req u ired , th e  pancreas was fix ed  

in  s i t u  w ith glutaraldehyde/parafoxm aldehyde (2. 2S%/1. 25%) in  0 . 1M caco- 

d y la te  b u ffe r . A ll t is s u e  samples were minced to  approximately 1 mm̂  

s ized  p ieces  during the  f i r s t  s tep  o f each proceedure. At th e  end o f 

each proceedure the  tr e a te d  t is s u e s  were dehydrated in  a  graded s e r ie s  

o f  ethanol so lu tio n s  and embedded e i th e r  in  a  low v is c o s ity  medium 

(Polaron NC1012) o r Epon 812. To lo c a te  i s l e t s  by l ig h t  microscopy, sec­

tio n s  approximately 1 micron in  th ickness were cu t and s ta in ed  w ith a l ­

k a lin e  to lu id in e  b lu e . Thin sec tio n s  were cu t using g la s s  knives ezi an 

LKB model 8800A ultram icrotom e and photographed using a Siemens 1A tra n s ­

m ission e le c tro n  m icroscope.

Control

The t is s u e  was minced in  3% glu taraldehyde in  0.1M cacodylate 

b u ffe r  (pH 7 .it) in  which i t  was allowed to  f ix  overn ight a t  k degrees 

C elsiu s. The t is s u e  was then r in se d  once w ith  b u ffe r  and fix e d  in  1% 

bu ffe red  osmium te tro x id e  fo r  1 h r .  a t  1* degrees C elsius. A fter a 

w ater r in s e  th e  t is s u e  p ieces  were s ta in ed  en b loc  fo r  10 m inutes w ith 

1% uranyl a c e ta te  in  50% e th an o l. Following en bloc s ta in in g  th e  t is s u e  

was dehydrated through a lcoho ls  and embedded in  low v is c o s i ty  medium.
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M icrotubule Enhancement S ta in , Method I  

This proceedure was m odified from Yokota and Fahinri., 1978 (1*7). 

The t is s u e  was minced in  3% glu tara ldehyde in  0.1M cacodylate b u ffe r  

(pH 7,k)  a f t e r  which i t  was allowed to  f i x  in  the  same so lu tio n  over­

n ig h t a t  1; degrees C elsiu s. The t is s u e  was then rin sed  in  b u ffe r  and 

tra n s fe rre d  to  a so lu tio n  o f  0.1% T riton  Z in  the  same b u f fe r  f o r  a 

perio d  o f 1 h r .  The t is s u e  was then r in se d  in  b u ffe r  and p o s tf ix e d  a t  

room tem perature in  1% b u ffe red  osmium te tro x id e  fo r  1 h r .  A fte r a 

w ater r in se  th e  t is s u e  p ieces  were s ta in ed  en bloc fo r  10 m inutes a t  

room tem perature w ith 1% uranyl a c e ta te  in  50% ethano l. Following th e  

en bloc s ta in  th e  t is s u e  was then dehydrated through a lco h o ls  and em­

bedded in  low v is c o s i ty  medium.

M icrotubule Enhancement S ta in , Method I I  

This proceedure i s  a  m od ification  o f th a t  used by Takahaski (1*8).

The t is s u e  was minced in  a 3% so lu tio n  o f  g lu tara ldehyde in  0.1M phos­

phate  b u ffe r  (pH 7«W> contain ing  2% o f tan n ic  a c id . A fte r 3 h r s .  in  

t h i s  so lu tio n  a t  1* degrees C elsius th e  t is s u e  was r in sed  in  b u f fe r  and 

p o s tfix ed  a t  room tem perature in  1% b u ffe red  osmium te tro x id e  fo r  1 h r .  

Following p o s tf ix a tio n  the  t is s u e  was dehydrated through a lcoho ls  and 

embedded in  Epon 812.

Ruthenium Red S ta in  

This proceedure i s  m odified a f t e r  Hayat (1*9). The pancreas was

minced in  a  3% so lu tio n  o f g lu tara ldehyde b u ffe red  w ith 0.1M cacodylate

b u ffe r  and contain ing  0.05% ruthenium re d . A fter f ix in g  overn ight in  

t h i s  so lu tio n  a t  1* degrees C elsius the  t is s u e  was r in se d  w ith  cacodylate
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b u ffe r  and p o s tfix ed  fo r  1 h r .  in  1% b uffered  osmium te tro x id e  which 

a lso  contained 0.05% ruthenium re d . The t i s s u e  was then given a w ater 

r in s e ,  dehydrated through a lco h o ls , and embedded in  low v is c o s i ty  em­

bedding medium. (Note: f ix a tiv e  so lu tio n s  contain ing ruthenium red

must be made up immediately p r io r  to  u se .)

Lanthanum Proceedure 

This proceedure i s  m odified a f t e r  Neaves (50). The t is s u e  was 

minced in  3% glutaraldehyde b u ffe red  w ith 0.1M cacodylic acid  (pH 7 .It) 

and containing 1% lanthanum hydroxide (see reference  f o r  p rep a ra tio n ) .

The t is s u e  was soaked overn ight in  t h i s  so lu tio n  a t  it degrees C elsius.

The t is s u e  was nex t r in se d  in  b u ffe r  contain ing  1% lanthanum hydroxide 

then held  in  the  same overnight a t  1* degrees C elsius. P o s tf ix a tio n  was 

fo r  8 h r  s .  a t  I* degrees C elsius using 1% b u ffe red  osmium te tro x id e  con­

ta in in g  1% lanthanum hydroxide. A fter a w ater r in se  th e  t is s u e  p ieces  

were then s ta in ed  en b loc  fo r  10 m inutes w ith 1% uranyl a c e ta te  in  50% 

ethanol a t  room tem perature. Following en b loc  s ta in in g  th e  t is s u e  was 

dehydrated through a lcoho ls and embedded in  low v is c o s ity  embedding me­

dium.

Calcium P re c ip ita tio n , O xalic Acid Proceedure 

This proceedure was taken from Daimon e t  a l . t 1972 (51). The 

l iv e  t is s u e  was minced in  an unbuffered so lu tio n  containing 1*0 mM p o tas­

sium o xala te  and 11*0 mM potassium  ch lo rid e  a t  a  pH of 7.1*. The minced 

t is s u e  was incubated fo r  10 m inutes in  th i s  so lu tio n  a t  37 degrees C elsius. 

Following incubation  the  t is s u e  p ieces  were f ix e d  a t  1* degrees C elsius fo r  

2 h r s .  w ith  3% g lu tara ldehyde in  0.1M cacodylate b u ffe r  (pH 7.1*) which
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contained i*0 mM potassium  o x a la te . The t is s u e  was then washed in  b u ffe r  

con tain ing  1*0 mM potassium  o x a la te  and p o s tf ix e d  fo r  1 h r .  a t  1* degrees 

C elsius in  1% b u ffe red  osmium te tro x id e , a lso  w ith  1*0 mM potassium  

o x a la te . Following p o s tf ix a tio n  the t is s u e  was dehydrated through a l ­

cohols and embedded in  Epon 812.

Calcium P re c ip ita t io n , Antimonate Proceedure 

This proceedure was taken from Daiman e t  a l . , 1977 (52). Live 

p an c rea tic  t is s u e  was minced in  1% unbuffered osmium te tro x id e  con tain­

ing  2% potassium  antim onate (pH 7.1*) • The t is s u e  was allow ed to  f i x  in  

th e  same so lu tio n  fo r  3 h rs .  a t  1* degrees C e ls iu s . The t i s s u e  was then 

dehydrated in  graded a lcoho ls and embedded in  Epon. A co n tro l was needed 

to  a sc e r ta in  th a t  the  p re c ip i ta t io n  seen would be due to  calcium  alone . 

For t h a t ,  calcium  ion was s e le c tiv e ly  e lim inated  by ch e la tio n  w ith BGTA. 

The co n tro l proceedure was to  mince the  l iv e  t i s s u e  in  Hank's calcium / 

magnesium-free (CMF) b u ffe r  con tain ing  3 mM EGTA, where th e  minced tis s u e  

was allowed to  s i t  f o r  20 m inutes a t  room tem perature . The t is s u e  was 

then washed a t  room tem perature in  th re e  20 minute changes o f Hank's CMF 

b u f fe r .  The t is s u e  was then f ix e d , dehydrated, and embedded as above.

Calcium P re c ip ita t io n , M ethacrylate Qnbedding 

When perform ing X-ray m icro -analysis  on a  t is s u e  specimen the  

proceedure u su a lly  employed i s  to  make th in  sec tio n s  o f th e  specimen and 

to  c a n y  ou t th e  a n a ly s is  using a  scanning transm ission  e le c tro n  micro­

scope (STEM) equipped w ith an X-ray d e te c to r . Standard su rface  scanning 

e le c tro n  m icroscopes (SEM) can a lso  be equipped w ith  X-ray d e te c to rs , 

however, and SEM's so equipped have been a v a ila b le  fo r  some tim e. But 

th e re  i s  an in h e ren t problem w ith using  scanning e le c tro n  microscopy fo r
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X-ray a n a ly s is .  J u s t  as w ith SEM imaging, a n a ly s is  w ith SEM can only 

take  p lace  a t  th e  su rface  o f th e  specimen. This means th a t  when tis su e  

i s  to  be analyzed, in te rn a l  s tru c tu re s  must be exposed to  the  outside 

by b reak ing , and th e  t is s u e  must be unembedded in  o rder to  be ab le to  

image the  area  being analyzed. These r e s t r ic t io n s  have lim ited  b io lo g is ts  

to  using  th e  STEM system when a n a ly s is  o f su b -c e llu la r  regions was req u ired . 

T herefore , as an ad ju n ct to  th e  calcium p re c ip i ta tio n  proceedures included 

here  an a t t e s t  was made to  develop a method th a t  would enable X-ray 

m icro -an a ly sis  to  be performed on sectioned  t is s u e  using  standard scan­

ning e le c tro n  m icroscopy.

The method a rr iv e d  a t  i s  based upon using  m ethacrylate embedding 

medium in s te a d  o f th e  epoxy re s in s  norm ally employed. M ethacrylate was 

chosen because i t  d isso lv es  re a d ily  in  sev era l common lab o ra to ry  so lv en ts . 

Since i t  i s  only th e  embedding m aternal th a t  i s  m anipulated, the tis su e  

may be tr e a te d  in  any manner d e s ire d  p r io r  to  embedding. The embedded 

t i s s u e  i s  sectioned  in  the  usual way, bu t a t  a  th ickness between 1 and 2 

m icrons. Sections a re  h e a t- f ix e d  to  a g la ss  co v erslip  o r s il ic o n  wafer 

(see d isc u ss io n ). The m ethacry late i s  removed by r in s in g  the sections 

w ith  5 drops o f  amyl a c e ta te .  The f i r s t  drop i s  allowed to  s e t  on the 

se c tio n s  b r ie f ly  fo r  a  few seconds before the  sec tio n s  a re  r in sed  quickly  

w ith th e  remaining drops. The co v erslip  i s  allowed to  a i r  dry , a f te r  

which i t  i s  e i th e r  shadowcasted from a l l  d ire c tio n s  o r  sp u tte r-co a ted .

The coated  se c tio n s  a re  then ready fo r  viewing.
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RESULTS AND DISCUSSION 

Control

For purposes o f comparison a  micrograph o f a  conventionally  

embedded i s l e t  i s  shown in  f ig u re  2.

M icrotubule Enhancement 

Although both methods fo r  m icrotubule enhancement were repeated 

sev era l tim es, n e ith e r  produced th e  kinds o f r e s u l t s  rep o rted  in  pub­

lish e d  proceedures. No s tru c tu re s  p o s itiv e ly  id e n t i f ia b le  as  m icrotu­

bu les  were found in  c e l l s  although s tru c tu re s  resem bling m icrotubules 

were observed. Those, however, could no t be id e n t i f ie d  w ith c e r ta in ty  

because o f poor c e l lu la r  p rese rv a tio n  and the  absence o f  any enhancement. 

An exception was found where c e l l s  were p u lle d  a p a r t due to  osm olarity  

e f fe c ts  and m icrotubules were drawn from th e  c e l l  web in to  th e  widened 

in te r c e l lu la r  space. An example o f th is  can be seen in  f ig u re  3* There 

m icrotubules were found to  be enhanced and e a s i ly  id e n t i f ia b le ,  though 

they  revealed  l i t t l e  inform ation as to  th e i r  o r ig in a l  purpose in  the  c e l l .  

The f a c t  th a t  m icrotubules in  in ta c t  c e l l s  were n o t s ta in ed  could be 

explained by assuming th a t  i s l e t  c e l l s  are  n o t as permeable to  the s ta in ­

ing compounds used in  th ese  enhancement proceedures a s  those o f o th er 

t i s s u e s .  Hence, m icrotubules would no t be s ta in ed  u n less  a  c e l l  rup­

tu re d , exposing them to  th e  s ta in in g  compounds.

Another p o ss ib le  explanation  fo r  th e  f a i lu r e  to  f in d  m icrotubules 

would be th a t  th e  s tru c tu ra l  in te g r i ty  o f th e  i s l e t  c e l l s  was so badly 

d isru p ted  during th e  s ta in in g  proceedures th a t  m icrotubules could no t 

be recognized. The q u a li ty  o f c e l lu la r  p rese rv a tio n  w ith  e i th e r  o f the
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F ig , 2, Control proceedure, p o s t-s ta in e d  se c tio n , 21,000 X

F ig , 3 , Micro tubu le  enhancement proceedure (method I I )  shoving 
m icrotubules (arrow s), 80,000 X

9
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proceedures used was a c tu a lly  very  poor. I t  was d iscovered when p reparing  

th e  co n tro l t is s u e s  used f o r  comparison in  th i s  study th a t  f ix a tio n  pro­

ceedures which fo r  most t i s s u e s  worked w ell gave poor r e s u l t s  w ith  pan­

c r e a t ic  t i s s u e .  Only by paying p a r t ic u la r  a t te n tio n  to  th e  b u f fe r  and 

f ix a tio n  tim es was r e l ia b le  p re se rv a tio n  achieved. In most o f  th e  s ta in ­

ing  proceedures used in  t h i s  study th e  poor le v e l  o f  p re se rv a tio n  i s  ac­

counted f o r  by inadequate b u ffe rs  and f ix a t io n .  While i t  may be b a s ic  to  

th e  success o f th ese  proceedures th a t  they  be performed in  the manner 

p resen ted , in  th e  case o f th e  m icrotubule s ta in s  the  proceedures appear 

too  harsh  f o r  a f r a g i le  t is s u e  such as  th e  pancreas. The genera l d is ­

o rd e r and o rg an e lle  sw elling found in  i s l e t  c e l l s  t r e a te d  fo r  m icrotubule 

enhancement could in  p a r t  o r  f u l ly  account f o r  th e  d i f f i c u l ty  in  fin d in g  

m icro tubu les.

Ruthenium Red S ta in

Shown in  f ig u re  1* i s  a  sec tio n  o f ruthenium red  t re a te d  t i s s u e  

which has n o t been p o s t- s ta in e d . The s ta in  follow s very  c lo se ly  th e  su r­

faces  o f  c e l l  o u te r  membranes. A s ta in - f r e e  a rea  between ad jacen t c e l l  mem­

branes rep resen tin g  th e  in te r c e l lu la r  space i s  c le a r ly  v i s ib le .  N otice 

th a t  th e  g ranules w ith in  th e  c e l l s  a re  u n sta in ed , as a re  th e  membranes 

d e lim itin g  th e  g ran u les .

F igure 5 shows B g ranules o f a  c e l l  whose o u te r  membrane rup tu red  

b efo re  o r during th e  s ta in in g  p ro cess . In te rn a l  membranes were exposed 

to  th e  ruthenium re d  and consequently became s ta in e d . The s ta in  i s  most 

n o tic e a b le  in  th e  membranes surrounding th e  g ran u les. I t  i s  noteworthy 

th a t  th e  g ranules them selves have taken up some o f  th e  s ta in ,  although
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F ig . 5 . Ruthenium red  proceedure showing membrane s ta in in g  (arrows) 
o f ru p tu red  c e l l .  61,000  X
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in c o n s is te n tly . As mentioned e a r l i e r ,  v a r ia b le  s ta in in g  of g rann ies i s  

a lso  commonly seen when using  conventional s ta in s .  Ruthenium red  i s  

known to  cause s ta in in g  by combining w ith  polyanions, which in  membranes 

a re  rep resen ted  by m olecules w ith la rg e  numbers o f io n izab le  carboxyl, 

s u lf a te  and phosphate groups (53) • While i t  may no t be p o ssib le  to  

s p e c if ic a l ly  im p lica te  any o f  these  groups in  the  s ta in in g  o f  B g ranu les, 

i t  can be proposed on th e  b a s is  o f th e  av a ilab le  evidence th a t  th e  s ta in ­

ing  g ranu les by ruthenium red  depends on th e  presence o f  polyanions.

Lanthanum Proceedure 

Lanthanum produces i t s  s ta in in g  e f fe c t  la rg e ly  by p h y sica l means. 

AH c e l l s  a re  surrounded by an in te r c e l lu la r  space which serves a s  a 

c irc u la to ry  system a t  th e  c e l lu la r  le v e l  by allow ing n u tr ie n ts  to  be 

c a r r ie d  to  th e  in d iv id u a l c e l l s  and ex cre to ry  products to  be c a rr ie d  

away. When a t i s s u e  i s  in troduced  in to  an aqueous suspension of la n ­

thanum hydroxide th e  lanthanum compound d iffu se s  through the  system u n t i l  

i t  has surrounded « n  o f  th e  c e l l s .  When th e  t is s u e  i s  l a t e r  embedded 

and observed w ith th e  e le c tro n  microscope th e  in te r c e l lu la r  space ap­

p ea rs  opaque due to  th e  e le c tro n  op ac ity  o f  th e  p en e tra ted  lanthanum hy­

d rox ide . An example i s  shown in  f ig u re  6 .  Using th i s  technique i t  i s  

easy  to  d isc rim in a te  between c e l l s .  Lanthanum might th e re fo re  be used 

in  conjunction  w ith  o th e r proceedures designed to  id e n tify  c e l l  types 

in  which i t  would be im portant to  know what reg ions o f  cytoplasm belong 

to  what c e l l s .  Id e n t if ic a t io n  o f c e l l s  can be d i f f i c u l t  to  determine 

when a ta n g e n tia l  se c tio n  o f a  c e l l  does n o t include a  p iece  o f th e  

n u c leu s . With lanthanum th e  cytoplasm ic domains a re  c le a r ly  defined .
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F ig . 6 .  Lanthanum proceedure showing lanthanum i n f i l t r a t i o n  (arrow s). 
P o st-s ta in ed  sec tio n . 8,600 X

F ig . 7. Lanthanum proceedure showing t ig h t  and gap ju n c tio n s  (arrow s). 
P o st-s ta in ed  s e c tio n . 17*200 X
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Another use o f  th e  lanthanum proceedure i s  in  determ ining types o f 

in t e r c e l lu la r  ju n c tio n s  e x is tin g  between ce lls*  Figure 7 shows an en­

la rg e d  photomicrograph o f the in te r c e l lu la r  space between two c e l l s .

Along the  in te r c e l lu la r  border, reg ions can be seen in  which the  lanthanum 

has been excluded. These p o in ts  correspond to  t ig h t  and gap ju n c tio n s . 

While i t  i s  p o ssib le  to  t e l l  one type o f ju n c tio n  from another using  

lanthenum t r a c e r  i t  i s  n o t easy , and th ese  s tu d ie s  are  b e s t performed 

using  f re e z e -f ra c tu re  methods. In ad d itio n  to  studying ju n c tio n s  between 

two c e l l s  i t  may a lso  be p o ss ib le  to  le a rn  something from th e  m u lti-  

c e l lu la r  ju n c tio n  which i s  a lso  enhanced by lanthanum. An example o f a 

m u lt i - c e l lu la r  ju n c tio n  can be found in  f ig u re  6 where f iv e  d if f e re n t  

c e l l s  are  seen coming to g e th e r ,

A disadvantage encountered w ith th e  use o f lanthanum i s  th a t  

th e re  i s  a  l im i t  to  th e  d is tan ce  over which lanthanum can d iffu se  w ith in  

a  reasonable  period  o f tim e. In p a rc tic e  th a t  means th a t  c e l l s  more than 

twenty o r  so c e l l  u n i ts  from th e  periphery  o f th e  t is s u e  p iece  in  which 

th ey  a re  found w il l  n o t be reached by lanthanum. Early  in  th i s  research  

i t  was decided th a t  is o la te d  i s l e t s  could n o t be expected to  rep re sen t 

th e  i s l e t  a s  i t  n a tu ra l ly  occurs in  the  pancreas. Therefore, throughout 

th ese  proceedures whole p an c rea tic  t is s u e  was used and the i s l e t s  were 

lo ca ted  a fte rw ard s . That p resen ted  a  sp ec ia l problem f o r  th e  lanthanum 

proceedure s in ce  i t  meant fin d in g  i s l e t s  c lo se  to  th e  surface  o f th e  t i s ­

sue p iece  in  which they  re s id e d , while fin d in g  i s l e t s  a t  a l l  was some­

tim es d i f f i c u l t .  N evertheless, lanthanum permeated i s l e t s  were found. 

However, t h i s  was w ith  normal ham sters; d ia b e tic  in d iv id u a ls  can have a 

f a r  sm aller i s l e t  d e n s ity . T herefore , re sea rch e rs  wishing to  perform
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t h i s  proceedure on in ta c t  and d ia b e tic  p an c rea tic  t i s s u e  should be aware 

th a t  lo c a tin g  i s l e t s  which have been reached by lanthanum may p resen t 

a  s ig n if ic a n t challenge.

Calcium P re c ip ita t io n , Oxalate Proceedure 

Although th e  i s l e t s  were n o t s tim u la ted  by g lucose , e le c tro n -  

dense d ep o sits  were n ev e rth e le ss  found using t h i s  proceedure . D eposits 

were id e n t i f ie d  in  th e  nucleus and a t  various lo c a tio n s  in  th e  cytoplasm. 

The d ep o sits  were u su a lly  weak and occurred only  in fre q u e n tly . The most 

p rev a len t and h ea v ie s t type o f p r e c ip i ta te  was th a t  a s so c ia te d  w ith ly ­

sosom al-like b o d ies . F igure 8 shows such a  p r e c ip i ta te .  P a r tic u la r ly  

in te n se  d ep o sits  were a lso  found in  some cytoplasm ic v e s s ic le s  o f lympho­

c y te s , Lysosomal bodies o f both  alpha and b e ta  c e l l s  were seen to  ex­

h ib i t  p r e c ip i ta te  d e p o s its . Beta g ranule membranes o ccas io n a lly  appear­

ed enhanced and th i s  was thought l ik e ly  to  be due to  a weak calcium p re ­

c ip i t a te  around them. The granu les them selves were a lso  s l ig h t ly  enhanced, 

suggesting a  weak p re c ip i ta te  d eposited  th e re  a ls o .

With t h i s  proceedure th e  c e l l s  a t  the  p erip h ery  o f th e  t is s u e  

p ieces  were always found to  be badly  swollen and o fte n  ru p tu red . C ells  

toward th e  cen te rs  o f the  t is s u e  p ie c e s  were more n a tu ra l ly  p reserved . 

T herefore, by n e c e s s ity  th e  c e l l s  which were s tu d ie d  were n ea r the  cen te r 

o f  th e  t is s u e  p iece  in  which th ey  were found. The q uestion  th u s  a r is e s  

whether o r  no t th e  proceedure i s  d e s tru c tiv e  o f  p an c rea tic  t is s u e  (see 

d iscu ssio n  under m icrotubule enhancement) and i f  so whether c e l l s  th a t  

were n o t destroyed  a lso  were n o t f u l ly  exposed to  th e  p r e c ip i ta t in g  a -  

g e n ts . What p re c ip i ta t io n  was found was a lso  weak, suggesting  th a t
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F ig , 8 ,  Calcium p re c ip i ta t io n  (oxalate) proceedure showing lysosomal 
p r e c ip i ta te  (arrow ), 21,500 X

F ig , 9,  Calcium p re c ip i ta tio n  (antim onate) proceedure showing p re­
c ip i ta t io n  in  g ranules (arrows) and membranes (double arrow s), 
17,000 X
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h eav ie r p r e c ip i ta te s  m ight have occurred had th e  c e l l s  been f u l ly  exposed 

to  the  o x a la te  so lu tio n . I f  th a t  were the  case then f u l l  exposure might 

a lso  in te n s ify  th e  l ig h te s t  p r e c ip i ta te s  such as those around the  b e ta  

g ran u les .
%

Calcium P re c ip ita t io n , Antimonate Proceedure 

The kinds o f  p r e c ip i ta te s  seen w ith th e  antim onate proceedure 

were s im ila r  b u t n o t id e n t ic a l  to  those  seen w ith th e  o x a la te  proceedure. 

T issue p re se rv a tio n  was again  poor b u t no t as  d e s tru c tiv e  as in  the f i r s t  

p roceedure. F igure 9 shows two i s l e t  c e l l s  th a t  were t r e a te d  w ith potas­

sium antim onate. As w ith  th e  o x a la te , p re c ip i ta t io n  can be seen in  the 

n uc leu s , th e  cytoplasm ic g ran u les , and lysosomal b o d ies . Some c e l ls  ex­

h i b i t  a  genera lized  p r e c ip i ta te  throughout th e  cytoplasm. In a l l  cases 

th e  d ep o sits  were h eav ie r than  those  observed w ith the  o x a la te  proceedure. 

On only two p o in ts  d id  th e  r e s u l t s  o f  th e  two proceedures d i f f e r  markedly. 

The f i r s t  i s  th a t  whereas w ith th e  o x a la te  method granule membranes could 

be seen to  e x h ib it a  s l ig h t  amount o f  p r e c ip i ta te ,  no such p re c ip i ta te  

was seen w ith the  antim onate proceedure. In  f a c t ,  the  granule membranes 

could n o t be seen even though d ep o s its  in  m itochondrial membranes were 

o ccass io n a lly  observed. The granule membranes were in t a c t ,  however, a t  

th e  time o f p r e c ip i ta t io n ,  s ince  in  those B c e l l s  th a t  ex h ib ited  a  general 

cytoplasm ic p r e c ip i ta te ,  a  halo  rep resen tin g  th e  absence o f p re c ip i ta te  

could be d iscerned  surrounding th e  g ranu les ( f ig .  9 ) .  The second p o in t 

on which th e  r e s u l t  o f  th e  two proceedures d if fe re d  was th a t  u n lik e  the 

o x a la te , th e  antim onate proceedure showed calcium p re c ip i ta t io n  to  occur 

a t  th e  o u te r  membrane. Between th e  two c e l l s  in  f ig u re  9 th e  membranes
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can be seen to  be enhanced by such a  p r e c ip i ta te .  The e f fe c t  i s  es­

p e c ia l ly  prominent f o r  a c in a r  "tissue, an example o f wnich i s  shown in  

f ig u re  10. The p re c ip i ta te  i s  f in e  and c io se iy  follow s th e  membrane, 

resembling in  appearance ruthenium re d . Although in  theory i t  should 

be p o ss ib le  to  determine which side o f the  membrane the p re c ip i ta te  i s  

on, th i s  proved to  be d i f f i c u l t  w ith unsta ined  sec tio n s . P o st-s ta in in g  

f o r  membranes might make th e  determ ination e a s ie r .

Calcium P re c ip ita tio n , M ethacrylate Embedding

A scanning e le c tro n  micrograph o f a  leached m ethacrylate sec tion  

i s  shown in  f ig u re  11. Although i t  i s  im possible w ith th i s  method to  

achieve th e  same degree o f re so lu tio n  as w ith a  transm ission  e lec tro n  

microscope, major o rg an e lles  a re  e a s ily  id e n t i f ie d .  V is ib le  here are 

n u c le i ,  endoplasmic re ticu lum , and cytoplasm ic granu les. M itochondria 

a re  d i f f i c u l t  to  d isc e rn . This p a r t ic u la r  specimen was shadowed w ith ch­

romium, bu t any shadowing m etal can be used.

I t  was no t reso lved  in  th i s  study whether o r no t calcium deposi­

t io n  in  such sec tio n s  i s  d e tec tab le  by X-ray fluorescence in  an SEM, But 

assuming th a t  the  mass o f th e  p re c ip i ta te  i s  la rg e  enough o r  th a t  X-ray 

d a ta  can be c o lle c te d  fo r  very  long p erio d s  o f tim e, i t  should p resen t 

no problem. The only l im ita tio n  to  using  microprobe an a ly s is  on such 

sec tio n s  i s  th a t  they be th in  enough th a t  th e  a rea  to  be analyzed does 

n o t include extraneous m a te r ia l, such as might l i e  above o r below the  area  

in  an overly  th ic k  sec tio n .

A problem th a t  i s  encountered when perform ing th i s  type o f analy­

s is  i s  th a t  o f  background X -rays. These X-rays crane from th e  coating
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Fig* 11* Scanning e lec tro n  micrograph o f leached m ethacrylate section* 
Nuclei (arrows) can be seen* 2,000 X
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m ate ria l and su b s tra te  which a re  bombarded by e le c tro n s  along w ith  the 

ta rg e t  and produce X-rays th a t  may in te r f e r e  w ith th e  a n a ly s is . The in te r ­

ference can be minimized by choosing m a te ria ls  which flu o resce  a t  ener­

g ie s  f a r  from those o f i n t e r e s t .  For example, chromium gives two X-ray 

peaks a t  a beam energy o f 10 keV b u t they are  f a r  enough from th e  peaks

which correspond to  calcium th a t  they  p resen t no problem. Glass such as
•

th a t  used fo r  co v e rs lip s , on th e  o th e r hand, produces a very  d i r ty  back­

ground which when analyzing fo r  calcium i s  e n t i re ly  tin s u ita b le .  There­

fo re , as a  su b s tra te  m a te ria l pure • s i l ic o n  was chosen. At nominal 

beam energ ies i t  produces but a  s in g le  background peak th a t  i s  f a r  removed 

from those th a t  id e n tify  calcium .

O bservations

I t  happens when performing in v e s tig a tio n s  o f th i s  s o r t  th a t  in ­

v a r ia b ly  th e re  are  observed r e s u l t s  o r  phenomena th a t  o r ig in a l ly  had no t 

been expected from the  design o f the  experiments involved . They are  com­

monly dism issed as a r t i f a c t s ,  mere c u r io s i t ie s ,  o r the r e s u l t  o f  n e g li­

gence; bu t occasio n ally  one may in tim a te  a hidden f a c t  o f  n a tu re . Science 

i s  re p le te  w ith in ad v ertan t d isc o v e rie s .

Irj th e  course o f th i s  study th re e  unexpected observations were 

made th a t ,  i f  p resen ted  to  th e  p roper mind, might suggest p r a c t ic a l  ap­

p l ic a t io n s .  They are  p resen ted  below w ith the  s in ce re  hope th a t  some­

one w il l  be able to  make use o f them.

The f i r s t  i s  dep ic ted  in  f ig u re  12. These a re  co llagen f ib e r s  

a s  they  appear a f t e r  trea tm en t w ith potassium  antim onate. P re c ip ita te  

can be seen to  be deposited  a t  re g u la r  in te rv a ls  along th e  len g th  o f  th e
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F ig . 12. Collagen f ib e r s  (antim onate proceedure) ex h ib itin g  p re c ip i­
t a t e  (arrow s). 38,500  I

F ig . 13. Doubled membranes (arrows) from m icrotubule proceedure, 
method I I .  86,600 I
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f ib e r s .  This was n o t th e  calcium p re c ip i ta t io n  co n tro l and no comparison 

was made w ith th e  c o n tro l, so th a t  the  ions g iv ing  r i s e  to  the  p re c ip i ta te  

could be o th e r than  calcium . I f  n o t e n t i r e ly  unexpected from th e  known 

s tru c tu re  o f co llag en , th e  observation  a t  l e a s t  serves to  g ive some id ea  

as  to  th e  s e n s i t iv i ty  o f the  technique.

Figure 13 shows an unexpected observation  discovered when looking 

fo r  m icrotubule enhancement by method I I .  Shown a re  b e ta  g ran u les . The 

curious th in g  about th ese  granules i s  th a t  in s te a d  o f  each being bounded 

by a s in g le - la y e re d  membrane th e  membranes surrounding the  g ranules ap­

p ear to  be double-layered . Figure 1k shows a  d if f e r e n t  f i e ld  o f  the  same 

p rep a ra tio n  in  which n o t only b e ta  granule membranes appear doubled, bu t 

a lso  th e  endoplasmic reticu lum  and m itochondrial membranes. This i s  most 

l ik e ly  an a r t i f a c t  and n o t the  r e s u l t  o f abnormal membrane syn thesis  by 

the  c e l l .  P ossib ly  th i s  proceedure causes hydration  and sw elling o f 

s in g le -lay e red  membranes, while s ta in in g  o f th e  hyd ro p h ilic  la y e rs  gives 

the  membrane the  appearance o f being double.

The l a s t  observation  I  would l ik e  to  mention was another encount­

ered  as a  r e s u l t  o f  the antim onate proceedure f o r  calcium  p re c ip i ta t io n . 

The micrograph o f in te r e s t  i s  shown in  f ig u re  15. Close sc ru tin y  w ill  

rev ea l th e  presence o f enhanced m icro tubules/m icrofilam ents around the 

nucleus and in  th e  cytoplasm. Enhancement appeared to  be r e s t r i c te d  to  

i s l e t  c e l l s  s ince  m icrotubules were n o t observed in  th e  a c in a r t is s u e .

The method o f enhancement can only be guessed a t ,  b u t may involve calcium . 

Calcium i s  known to  be req u ired  f o r  m icrotubule s t a b i l i t y ,  and i t  may 

be through p re c ip i ta tio n  tak ing  p lace  a t  the  m icrotubule su rface  th a t  

enhancement i s  brought about. Considering th e  d i f f i c u l ty  encountered
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Fig . lit. Doubled membranes (arrows) from m icrotubule proceedure, 
method I I .  103,000 X

F ig . 15. Enhanced m icrotubules (arrows) from antimonate pmoceedure. 
21,000 X
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w ith i s l e t s  using o th e r proceedures designed s p e c if ic a l ly  fo r  m icro- 

tubu le  enhancement, i t  might be worth re v is in g  th i s  proceedure to  em­

phasize th a t  a sp ec t.
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