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Summary. Insul in is unaf fec ted  by  pressures  o5 48,000 b in the  solid s ta te  a t  room t empera tu re ,  as e luc ida ted  bo th  by  
spectroscopic  m e a s u r e m e n t s  and  bioassay.  I t s  compress ion curve  is reversible.  The presence  of wa te r  does no t  a l ter  
th is  p rope r ty .  Of a n u m b e r  of o ther  pro te ins  inves t iga ted  insulin appears  to be unique wi th  regard to  its pressure  
s tabi l i ty .  The re la t ive r igidi ty  of the  molecule combined  wi th  its small  size m a y  account  for some of these propert ies .  

High  pressures  are general ly  acknowledged  to  have  a 
dena tu r ing  influence upon  biologically i m p o r t a n t  sys- 
t ems  ~, 3. The precise na tu re  of the  mechan i sm is still no t  
well unders tood ,  a l though  recen t  s tudies  4 have  es tab l i shed  
the  t h e r m o d y n a m i c s  of the  process in me tmyoglob in i  In  
no case has  any  pro te in  been found which will w i t h s t a n d  
pressures  in excess of 10 kb w i thou t  s ignif icant  phys ica l  or 
chemical  a l t e ra t ion  5, ~. We wish to repor t  the  anomalous  
s tab i l i ty  of insulin a t  48 kb using b o t h  biological and  
chemical  cr i ter ia  to character ize  the  in t eg r i ty  of the  
mater ia l .  
Materials and methods. Zinc insulin (Calbiochem, 22.7 
uni ts /mg)  was packed  t igh t ly  in to  a th in-wal led  cyl indr ical  
sample  capsule of d imens ions  1.00" by  0.250". The con- 
t a ine r  was  w r a p p e d  wi th  0.001" ind ium foil to  reduce 
frict ion,  and  was  compressed  in a s t anda rd  p i s ton-cy l inder  
a p p a r a t u s  as has  been  descr ibed previously~, ~. Briefly,  
pressure  is genera ted  by  dr iv ing a t ungs t en  carbide  p i s ton  
into a s imilar  sample  vessel  wi th  the  aid of a 500-t 
hydrau l ic  ram. All carbide  c o m p o n e n t s  are mass ive ly  
suppor t ed  wi th  tool  steel. The sys t em is capable  of pro-  
ducing a sus ta ined  hyd ros t a t i c  pressure  in excess of 65 kb. 
Pressure -vo lume m e a s u r e m e n t s  m a y  be q u a n t i t a t e d  wi th  
the  aid of a l inear d i sp lacement  t r ansduce r  and  an oil l ine 
pressure  t r ansduce r  coupled to  the  main  ram.  Reag en t  
grade sod ium chloride is used as a ca l ibra t ion  s tandard .  
Results. U p o n  compress ion  and  decompress ion  of insulin to 
48 kb i t  was found t h a t  the  decompress ion  curve  a lmos t  
pe r fec t ly  m a t c h e d  the  compress ion curve. The r e su l t an t  
p ressure -vo lume p lo t  is d i sp layed  in the  figure. The smal l  
devia t ion  a t  low pressures  m a y  be ascribed to  f r ic t ional  
losses wi th in  the  sample  assembly.  This a p p a r e n t  revers-  
ib i l i ty  was  no t  observed  for me themog lob in  (equine), 
m e t m y o g l o b i n  (equine), or gamma-globul ins  (human),  all 
in the  solid s ta te  unde r  ident ica l  condit ions.  The ex t en t  of 
i r reversible  behav ior  is par t i cu la r ly  s t r iking in the  la t t e r  
ca se  and  i ts  P , V  p lo t  is i l lus t ra ted  in figure 1 for com- 
pa ra t ive  purposes .  
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Plot of pressure against relative volume showing the compression 
and decompression of insulin and gamma-globulins. 

L inear iza t ion  of the  P-V d a t a  yields a bulk  modulus  of 
275 kb for insulin.  This  value appears  to be fairly typica l  
of the  o ther  p ro te ins  inves t iga ted .  Clearly th is  is a re- 
ma rk ab l y  h igh  bulk  modulus  for an organic compound .  
I t  is bel ieved t h a t  th is  is a resul t  of the  t rue  3-dimensional  
s t ruc ture  of the  p ro te in  which  is no t  app roached  to  a 
s ignif icant  e x t e n t  in syn the t i c  organic po lymers  and mole- 
cular c rys ta ls  9. 
Af te r  appl ica t ion  of 48 kb of pressure  for 1 h insulin was 
unaf fec ted  in i ts  phys ica l  appearance .  The color of the  
mater ia l  was the  same as the  contro l  and the  compressed  
pro te in  was readi ly  soluble in 0.05 M p H  2.90 ace ta te  
buffer.  The UV and  circular d ichro ism spec t ra  of the  
solut ion of compressed  mater ia l ,  were ident ical  to t h a t  
of t he  cont ro l  of equ iva len t  concen t ra t ion  1~ At  th is  low 
p H  insulin is unassoc ia ted  11, so conclusions can n o t  be 
d rawn  as to  pressure  induced pe r tu rba t i ons  in qua ter -  
na ry  s t ruc ture .  
Insul in  was b ioassayed  by  measur ing  the  drop  in p lasma 
glucose of the  ra t  1~ resul t ing f rom the  admin i s t r a t ion  of a 
p repa ra t ion  of known  ac t iv i ty  in compar i son  wi th  the  
compressed  mater ia l .  H e a l t h y  male ra t s  of uni form age 
and weight  were given 0.57 mg of the  ho rmone  i.m. in 
1.0 ml  of acetic acid, p H  3.0. Af ter  40 rain the  subs tance  
caused a drop  in p l a sma  glucose ~ of 75 mg/100 ml in b o t h  
groups  of r a t s  receiving the  pressur ized and control  ma-  
terials,  wi th in  expe r imen ta l  error. Af ter  160 min the 
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figures in the  case of the  controls  were 103 mg/100 ml and 
the  pressur ized were 115 rag/100 ml. I t  is d e a r  t h a t  com- 
press ion  a t  48 kb in the  solid s t a t e  does  no t  mater ia l ly  
affect  the  biological ac t iv i ty  of insulin. 
The presence  of wa te r  has been  suggested to have  a pro-  
found  influence upon the  course of d e n a t u r a t i o n  of pro-  
te ins  a t  h igh  pressure.  In  order  to t e s t  the  possible in- 
f luence of th is  p h e n o m e n a  upon the  p resen t  sys tem,  insulin 
in concen t r a t ed  solut ion (pH 2.90, ace ta t e  buffer) was 
compressed  for 1 h a t  50 kb and  a m b i e n t  t empera tu res .  

After  th is  t r e a t m e n t  i t  was found  t h a t  the  h o rmo n e  was 
fully act ive  as measured  by  the  ra t  assay  as descr ibed 
above.  
We believe insulin to  be a unique example  of a p ro te in  
which is able to  w i t h s t a n d  very  high pressures  w i t hou t  
a p p a r e n t  effect.  All o ther  biological macromolecules  are 
dena tu red  by  such t r e a t m e n t ,  even in the  solid s ta te .  The 
re la t ive r ig id i ty  of the  molecule in spi te  of its subs tan t i a l  
degree of associa t ion combined  wi th  i ts  small  size m a y  
account  for these  proper t ies .  

! ~ ~ 1 Effect of/parathyroidectomy o n  t h e  f a s t m g . - r e f e e d m g  r e s p o n s e  i n  t h e  r a t  c o l o n  1 
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Summary. Following fas t ing and refeeding, the  colonic ep i the l ium of the  ra t  exhib i t s  a marked  hyperplas ia .  This 
response  is of a s imilar  magn i tude  bu t  of a longer dura t ion  to t h a t  observed  in mice. This response is not  a f fec ted  by  
reducing serum calcium levels to those  r epor ted  to al ter  normal  t issue pro l i fe ra t ion  in vivo. 

Previous  s tudies  have  shown t h a t  cell renewal  of the  
colonic ep i the l ium is marked ly  sensi t ive  to d ie ta ry  
manipu la t ion .  Fol lowing a period of fast ing,  colonic cell 
p roduc t ion  in the  mouse is reduced by a factor  of 2, w i th  
subsequen t  refeeding produc ing  a 4fold increase in S- 
phase  cel lulari ty a. This response requires  both  phys ica l  4 
and nu t r i t iona l  5 factors  in the  refeeding diet.  Among  
th  la t ter ,  a d i s t inc t  r equ i r emen t  for d ie t a ry  minerals  is 
noted.  Animals  refed wi th  nu t r i t iona l ly  complete ,  bu t  
minera l  free, diets  fail to undergo the  colonic hyperp las ia  
which  is seen wi th  the  refeeding of a minera l  reple te  diet. 
These non- in jur ious  a l te ra t ions  of in tes t ina l  cell produc-  
t ion p re sen t  a unique tool to examine  contro l  mechan i sms  
governing  ceil p roduc t ion  in th is  sys tem.  Previous ly  
repor ted  observa t ions  have  impl ica ted  serum calcium as 
a regula tor  of cell prol i fera t ion in bo th  normal  and 
i r rad ia ted  bone mar row 6 8 and t h y m u s  8"a~ and the  liver 
following a par t ia l  h e p a t e c t o m y  n,  12. These observat ions ,  
and  the  minera l  r equ i r emen t  of the  colonic refeeding 
response,  suggest  a po ten t i a l  role for calcium as a regula tor  
of th is  response,  as well as in tes t inal  cell renewal.  The 
purpose  of the  p resen t  s tudy  was 2fold: a) to examine  

the  colonic fas t ing-refeeding response  in the  ra t ;  b) to 
eva lua te  the  role of a l te red  se rum calcium levels, as 
es tabl ished by  a p a r a t h y r o i d e c t o m y  procedure  as a 
regula tor  of th is  response.  
Materials and methods. Sprague-Dawley/Zivic-Mil ler  fe- 
male ra ts  (125-150 g) were used t h roughou t  (Zivic-Miller, 
P i t t sburgh ,  PA). All animals  were housed s ingly in 
me tabo l i sm cages to p r ev en t  the  consumpt ion  of bedding  
and /o r  fecal mater ia l .  Pa ra thy ro idec tomized  rats ,  wi th  
in tac t  thyroids ,  and  sham-ope ra t ed  animals  were ob ta ined  
f rom Zivic-Miller 24 h af ter  surgery,  and  al lowed an 
addi t iona l  48-72 h accl imat ion per iod following delivery.  
During this  period,  all animals  received l abora to ry  chow 
(Purina) and dist i l led wa te r  ad l ibi tum. 
Food was r emoved  f rom the  animals,  beginning at  14.00 h, 
for a per iod required to reduce the  b. wt  by  20% (120 h), 
wi th  wa te r  suppl ied  t h r o u g h o u t  the  fast. Animals  were 
t hen  refed, ad l ibi tum, wi th  l abora to ry  chow. At  t imes  
af ter  refeeding, colonic prol i fat ive ac t iv i ty  was de t e rmined  
employing the  t echn ique  of H a g e m a n n  et  al. aa. Briefly,  
the  animals  received a single i.p. in ject ion of 50 txCi 
t r i t i a t ed  t h y m i d i n e  (aH-TdR) 1/2 h prior  to sacrifice by  
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Effects of fasting and refeeding in the colon of control (O), para- 
thyroidectomized (ll) and sham-operated (O) rats. Mean of 10 rats 
per point ~- 1 SE. 
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