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A  fu n c tio n a l view  o f g row th  in ev ita b ly  leads o n e  to  co n sid e r how  it is co n tro lled . T h e re  is m uch  
in fo rm a tio n  on  con tro l m echan ism s th a t  re g u la te  g ro w th  a t d iffe ren t levels o f  o rg a n iz a tio n  w ith in  an  
o rg an ism . Som e evidence is p re sen te d  to  estab lish  th a t  d iffe ren t types o f  co n tro l exist. H ow ever, o u r 
in te re s t is in  ho w  th e  o p era tio n  o f  these d iffe ren t co n tro l m echan ism s m ig h t be  c o -o rd in a te d , as it is 
c le a r th a t  th ey  can  n o t o p e ra te  au to n o m o u s ly . W e co n sid e r a  h ie ra rch ic a l a rra n g e m e n t o f  con tro l 
system s, som e o f  th e  im p lica tions  for u n d e rs ta n d in g  n o rm a l g ro w th  processes, how  it m ig h t have 
evo lved  a n d  a n  in te rp re ta tio n  o f  system  failure.

K E Y  W O R D S :— C ontro l system s -  g ro w th  -  hyd ro id s .
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IN T R O D U C T IO N

G ro w th  is the p ro d u c t  o f  n u m e ro u s  physiological processes whose activities 
a re  con tro lled  and  linked in such a  w ay  th a t  an  o rg an ism ’s d ev e lo p m en t  follows 
a precisely p red ic tab le  course. F o r  a  long tim e those w ho  stud ied  g ro w th  were
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concerned  alm ost exclusively w ith  the  cu m u la t iv e  o u tco m e  of these processes. 
T h is  can  be  te rm ed  the ‘extr insic’ view of g ro w th ,  in th a t  it  is the  s tudy  of 
g ro w th  from w i th o u t ,  dea l in g  chiefly w ith  the  lifelong p a t te rn  o f  cum ula tive  
increase in  b iomass w ith  time. T h e  m a jo r  features o f  this a p p ro a c h  were 
em bod ied  in D ’A rcy  T h o m p s o n ’s On Growth and Form a n d  la te r  were 
su m m arized  by  M e d a w a r  (1941, 1945).

A lth o u g h  this accu m u la t io n  m ay  be the  m ost obvious m anifes ta t ion  of 
g row th ,  synthesis o f  new  tissue does no t necessarily lead  to increase  in  mass, 
because processes involving b reakdow n  a n d  loss o f  mass occur sim ultaneously  
a n d  continuously . T h e  view  of g row th  as the  in teg ra t io n  o f  these two processes is 
p a r t ly  d u e  to Weiss & K a v e n a u  (1957), to w h o m  g row th  w as “ the  n e t  ba lance  
o f  m ass p roduced  a n d  re ta ined  over mass des troyed  a n d  o therw ise  lost” . 
B erta lanffy  (1960) sim ilarly  saw  g row th  as “ the resu lt  o f  a  coun te rac t io n  of 
processes o f  anabo lism  a n d  ca tabo lism ” . A n  u n d e rs ta n d in g  o f  this tu rn o v e r  of 
m ater ia ls  and  the  considera tion  o f  o rganism s as h ie ra rch ica l ,  op en  systems, 
sustained by  the  flux o f  m ater ia ls  w ith in  a n d  th ro u g h  th em  (B ertalanffy , 1952) 
led to an  in te rp re ta t io n  o f  g ro w th  in  a  physiological sense, r a th e r  th a n  as simply 
a  ch an g in g  state. F ro m  this functional v iew poin t,  a n d  the  belief th a t  the 
p rincip le  o f  hom eostasis  m u s t  also ap p ly  to g ro w th  processes, cam e the  first 
dy n am ic  m odel in co rp o ra t in g  some of the  principles  o f  con tro l theory  and  
negative  feedback  (Weiss & K a v e n a u ,  1957; K a v e n a u ,  1960).

E v iden tly  the  con tro l o rganism s h av e  over the ir  physiological processes 
enables them  to survive a n d  exploit v a r iab le  env ironm ents .  R e g u la t io n  of  
processes being d is tu rb ed  by the  v a r ia t ion  o f  exogenous factors is achieved by 
control m echan ism s in co rp o ra t in g  the  p rinc ip le  o f  feedback. I n  its s implest form 
such a  system consists o f  a  few basic com ponen ts .  T h e  process o r  co nd it ion  o f  the 
system is m o n ito red  by a  sensor, a n d  in fo rm ation  a b o u t  the  o u tp u t  is 
con tinuously  re la ted  to some preferred  condition  by w ay  o f  feedback loops. T h e  
difference be tw een  th e m  constitutes an  e r ro r  w h ich  the  con tro l e lem ents work to 
m in im ize  (Foerster  1958; M ilsum , 1966). T h u s  the  o p e ra t io n  o f  the  control 
m echan ism  coun te rac ts  the effect o f  p e r tu rb a t io n s  th a t  tend  to dev ia te  the 
process from  its ‘p re fe r red ’ course (for a  discussion of  the teleological im plica tion  
see S tebb ing , 1981a). T h ese  principles have  been  in c o rp o ra te d  in  num erous  
m odels designed to  s im u la te  the g row th  o f  w hole  o rganism s (H u b b e l ,  1971; 
Calow , 1973, 1976; S teb b in g  & H ib y ,  1979). I n  reality , the  regu la t ion  o f  g row th  
processes is m u c h  m ore  com plex  a n d  is the  ou tcom e o f  a  m u lt ip l ic i ty  o f  control 
systems, reg u la t in g  d ifferen t processes in response to various p re fe ren d a  a t  a 
n u m b e r  o f  o rg an iza t io n a l  levels w ith in  organism s. F u r th e rm o re ,  it  is evident 
th a t  w ith in  m e ta z o a  the  various control m echan ism s involved in regu la t ing  
g row th  m u st  be  linked in such a  w ay  th a t  th e ir  activities are  co -o rd ina ted  for 
m orphogenesis  to p roceed  as it  does; none  ope ra te  au tonom ously , excep t  in  a 
disease condition . A lth o u g h  there  is m u ch  u n ce r ta in ty ,  we will nonetheless 
consider in a con jec tu ra l m a n n e r  the  var ious  forms o f  g ro w th  regu la t ing  
m echan ism  and  h ow  they m ig h t  be a r ra n g e d  to a c c o u n t  for the ir  observed 
behav iour .

Such  an  a p p ro a c h  does no t a p p e a r  to have  been  a t te m p te d  for two m ain  
reasons. First, because  investigation o f  the different kinds o f  g row th  regu la to ry  
m echan ism s occu r  in  different fields o f  research; they  are  different ‘p a ra d ig m s’ 
(K u h n ,  1970) w ith  the ir  ow n ind iv idua l  techniques, concepts  a n d  m odels and
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therefore tend to be isolated from  one an o th e r .  Second, because any  hypo the tica l  
fram ew ork  th a t  m ig h t  be p roposed  m u st  be speculative, as the  m echan ism s 
involved are  u n know n . Nevertheless, a  holistic view is n o t  only justif iab le , b u t  is 
in  some senses essential. I f  the  d ifferen t kinds o f  control systems, a t  p resen t  seen 
largely  in isolation, a re  considered as subsystems o f  a la rg e r  m u c h  m ore  com plex  
system, we can  consider the l ikelihood th a t  the com ple te  system has a t tr ibu tes  
th a t  c a n n o t  be  an tic ip a ted  from  a  know ledge of the  cons ti tuen t  subsystems. I t  
seems p ro b a b le  th a t  some o f  an  o rg an ism ’s p roperties— in h e a l th  a n d  in  
disease— are likely to be d u e  to  the  a r ra n g e m e n t  a n d  links be tw een  subsystems, 
r a th e r  th an  properties  o f  the  subsystems themselves.

W e first consider  briefly som e o f  the  evidence th a t  g row th  is reg u la ted  by 
feedback  m echanism s a t  d iffe ren t levels in  response to d ifferen t kinds o f  
p re fe renda, before discussing the ir  in teg ra t ion  w ith in  a  h ie ra rch ica l system and  
how  they m ig h t  h av e  evolved.

M odels  th a t  p u rp o r t  to  s im u la te  g ro w th  processes a re  o f  a  n u m b e r  o f  k inds, 
b u t  we co n cen tra te  on those in co rp o ra t in g  negative feedback, as this is the  
p r inc ip le  th a t  underlies all self-stabilizing systems th a t  o p e ra te  to op tim ize  some 
sta te  o r  ra te . W hile  all systems w here  the  o u tp u t  effects in p u t  h av e  feedback, we 
a re  concerned  p r im ari ly  w ith  those th a t  ope ra te  w ith in  an  o rgan ism  or a  species, 
involve active control a n d  in c o rp o ra te  real feedback loops; r a th e r  th a n  those 
w h ich  C alow  (1976; pers com m .)  term s “ fictitious feedback” loops o f  the kind 
th a t  often exist betw een  species.

T Y P E S  O F  G R O W T H  R E G U L A T IO N  

Control o f  rate
All g row th  is a t t r ib u ta b le  to  the  b iochem ical events resu lting  in  the  synthesis 

o f  new molecules, and  con tro l o f  these processes is therefore  the  m ost 
fu n d a m e n ta l  k ind  of  g ro w th  regu la t ion . A  ra te  o f  biosynthesis is de te rm in ed  
by  a  com plex  o f  h u n d re d s  o f  closed loop  con tro l  systems (M esarovic , 1968) th a t  
regu la te  the ra tes  o f  reactions. Som e a re  simple single loop systems, w h e re  the 
p ro d u c t  o f  a  sequence of  reac tions  controls the  r a te  a t  w hich  it  is p ro d u c e d  by 
inh ib i t in g  the activity  o f  a n  allosteric enzym e catalysing an  ear l ie r  reac tion  
(Fig. 1). T h u s  the  in trace l lu la r  co n cen tra t io n  o f  a  m etabo li te  governs its r a te  of  
synthesis. T h e  first exam ples o f  “ e n d  p ro d u c t  in h ib i t io n ” w ere descr ibed  by  
Y ates  & P ard ee  (1956) a n d  U m b a r g e r  (1956); m a n y  m ore  com plex  closed loop 
biochem ical contro l m echan ism s have  been  described since.

A lth o u g h  m ost o f  the e lem ents  o f  these con tro l m echanism s h av e  long  been  
know n, ana ly tica l techniques sufficiently ra p id  a n d  sensitive to  observe the 
o u tp u t  o f  the  m echan ism s d irec t ly  h av e  only becom e ava ilab le  in  recen t  years. 
C hanges  in concen tra t ions  can  now  be m easu red  con tinuously  ag a in s t  a  time 
scale m arked  in  m inutes , a n d  the  tem p o ra l  beh av io u r  o f  some biochem ical 
systems is now  precisely defined  (C h an ce  et al., 1973; Lloyd, Poole & E dw ards ,  
1982).

T h e  most a p p ro p r ia te  te c h n iq u e  for inves tiga ting  control system b e h a v io u r  is 
to p e r tu rb  the  controlled  process in o rd e r  to elicit a  regu la to ry  response from  the 
con tro l  m echan ism  (M ilsum , 1966). T h is  m e th o d  has recen tly  been  app lied  to 
the  s tudy  o f  g row th  con tro l  in h y d ro id  colonies (S tebbing , 1981a), w here  
g ro w th  can  be p e r tu rb e d  by  low levels o f  m eta ls  a n d  o th e r  toxic agents. W h en
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F ig u re  1. E xam ples o f  closed loop co n tro l m ech an ism s invo lved  in  th e  re g u la tio n  o f  b iosyn the tic  
p a th w ay s . L e tte rs  in d ica te  in te rm e d ia te  m e tab o lite s  a n d  Ps re p re sen t th e  v a rio u s  en d -p ro d u c ts  o f 
e ac h  sequence  o f  reac tio n s, w h ich  a re  iden tified  for e ac h  p a th w a y  as follows: (A) P  L -iso leucine; (B)
P , c a rb a m y l p h o sp h a te , P 2 g lu cosam ine  6 -p h o sp h a te , P 3 ad en o sin e  m o n o p h o sp h a te , P 4 cy tid ine  
tr ip h o sp h a te , P 5 h is tid in e , P 6 try p to p h an ; (C ) P , t ry p to p h a n , P 2 p h e n y la lan in e , P 3 ty rosine  (a fte r 
L e h n in g e r , 1975).

changes  in  specific g ro w th  rates (increase in  b iomass p e r  u n i t  t im e p e r  un it  
biomass) a t t r ib u ta b le  to the p e r tu rb a t io n  a re  filtered out, the  o u tp u t  o f  a control 
m echan ism  is a p p a r e n t  w ith  its charac ter is t ic  oscillations o f  d ecay ing  am pli tude  
following low levels o f  d is tu rb an ce  or a  s tep  in p u t  (Fig. 2). ‘R e la x a t io n ’ 
oscillations follow the  rem oval o f  a load to w h ich  the  con tro l m echan ism  has 
e q u i l ib ra ted  (S tebb ing , 1981a). S im ila r  effects are  seen in the  specific grow th  
r a te  o f  p e r tu rb e d  p opu la t ions  o f  Hydra (S te b b in g  & P om roy , 1978). S im ula tion  
models confirm  th a t  o u r  experim enta l  d a ta  a re  p ro b a b ly  the  o u tp u t  o f  a rate- 
sensitive feedback m echan ism , in th a t  its m a jo r  features can  be rep ro d u c e d  by a 
n o n - l in ea r  system w ith  p ro p o r t io n a l- in teg ra l  con tro l (S tebb ing  & H iby ,  1979). 
H ow ever ,  some acc lim a tion  experim ents  a n d  o th e r  d a ta  suggest th a t  a  more
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F ig u re  2. E x am p les  o f  th e  o scillato ry  b eh av io u r o f  specific g ro w th  ra tes (R % )  in  p e rtu rb a tio n  
ex p erim e n ts  w ith  to x ic an ts  th a t  a re  c h a rac te ris tic  o f  th e  o u tp u t  o f  closed-loop co n tro l m echan ism s. 
D a ta  a re  from  e x p erim en ts  w ith  cell suspensions o f  Phaeodactylum (m icroalga 'l a n d  Rhodotorula 
(yeast) , co lonies o f  Campanularia a n d  b u d d in g  p o p u la tio n s  o f  Hydra.
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com plex  system is necessary to rep ro d u ce  all the  fea tures  o f  o u r  d a t a  (S tebbing , 
1981a).

T h e  experim ents  do n o t  ind ica te  a t  w h a t  level o f  o rgan isa t ion  w ith in  the 
o rgan ism  such con tro l m echan ism s m ig h t  opera te  (Fig. 2). I f  the  d a t a  ind ica te  
the  activity  of  b iosynthetic  con tro l systems it m u s t  be assum ed th a t  the d ifferen t 
systems involved a re  synchron ized  by  the  experim en ta l  p e r tu rb a t io n ,  o r  th a t  the 
action  of  one loop  o r  subsystem  predom ina tes ,  obscu ring  the ac tiv ity  o f  others.

Sim ilar  p e r tu rb a t io n  experim ents  w ith  suspension cultu res  o f  a  m a r in e  yeast 
(.Rhodotorula rubra) a n d  the  m ic ro a lg a  (Phaeodactylum tricornutum) show sim ilar 
beh av io u r  following add i t io n  o f  small a m o u n ts  of  a  to x ican t  (Fig. 2). I f  the  sam e 
type o f  con tro l m ech an ism  is be ing  observed in  each  case, its o ccu rren ce  in 
experim ents  w ith  cell suspensions suggests th a t  a cellu lar o r  subce llu la r  control 
m echan ism  is responsible, r a th e r  th a n  some system p ecu lia r  to  the  hydro ids ,  or 
to the  yeast o r  the  m icroa lga . H ow ever ,  there  is no co rro b o ra t iv e  ev idence  yet 
th a t  b iosynthetic  con tro l  m echan ism s could  be responsible, o r  th a t  the  sam e 
hypothesis  m ig h t  ap p ly  to the  d iffe ren t species investigated . Nevertheless, recen t 
experim ents  w ith  y o u n g  M ytilus (A lm ada-V ille la ,  D a v e n p o r t  & G ru ffydd , 1982) 
a n d  Rhithropanopeus la rvae  (Sanders  & Costlow, 1982) exposed to te m p e ra tu re  
p e r tu rb a t io n  p rov ide  s im ilar  evidence o f  au to reg u la t io n ,  as do  o u r  ow n 
p re lim ina ry  experim ents  on  the  effects o f  te m p e ra tu re  ch an g e  on  Rhodotorula 
(S tebb ing  & Brinsley, u n p u b l . ) .

W h a te v e r  b iochem ica l  o r  o th e r  m echan ism  is responsible for reg u la t in g  
g row th  in this w ay ,  it m u s t  h av e  a  capac ity  to resist p e r tu rb a t io n  th a t  can  be 
re la ted  to the  ra n g e  of  levels o f  a  d is tu rb in g  factor  aga ins t  w h ich  g ro w th  can  be 
m a in ta in ed  a t  app rox im ate ly  its p referred  rate . T h u s  for Campanularia 1 pg  I -1 
is the lowest level o f  co p p e r  th a t  in itia tes a  coun te rac t ive  response, w hile  above 
10 pg  1” 1 g ro w th  is inh ib i ted ,  in d ica ting  th a t  there  is overload . T h e  
coun te rac t ive  cap ac i ty  for co p p e r  is therefore 1 — 10 pig 1 — 1 a n d  p rovides a 
m easure  o f  the  h o m eo rh e t ic  capab i l i ty  o f  g row th  con tro l m echan ism s (S tebbing , 
1981a). This  is s im ilar  to  the  concep t of  “ g row th  en e rg y ” (M e d a w a r ,  1940) 
w h ich  is m easu red  in te rm s o f  the  a m o u n t  o f  an  inh ib i to r  req u ired  to suppress 
g row th  completely .

I t  m ay  be  asked w hy  g ro w th  processes should  be  contro lled  in  term s o f  rates 
o f  change , r a th e r  th a n  som e m easure  o f  state. C ontro l systems in co rp o ra te  
sensory m echan ism s w h ich  p rov ide  info rm ation  con tinuously  a b o u t  the  
condition  o f  the  con tro lled  process. O n e  reason for ra te -co n tro l  be ing  m ore  
su itab le  is th a t  sense o rgans  ten d  to  be  m ore  sensitive to re la tive levels o f  w h a t  is 
de tec ted  over sho r t  periods o f  time, th a n  to absolute  levels. T h u s  g rea te r  
precision is possible in  m a in ta in in g  constancy  if  the  con tro l  m ech an ism  is 
respond ing  to  ra tes r a th e r  th a n  states. F u r th e rm o re ,  q u icke r  response times and  
m ore  rap id  eq u i l ib ra t io n  a re  possible because an  a l te ra t io n  in  a r a te  o f  ch an g e  is 
de tec tab le  before there  is a  significant ch ange  in state. I t  seems a p p ro p r ia te  
therefore th a t  ra te-sensitive con tro l  m echan ism s regu la te  g ro w th  processes a t  
low er levels o f  o rg an iza t io n  w h e re  processes a re  m ore r a p id  th a n  a t  h igher  
levels. T h e re  is e v o lu t io n a ry  a d v a n ta g e  in  achieving a r a p id  response, since it 
enables o rganism s to  exploit ch a n g in g  o r  var iab le  env iro n m en ts  m ore 
effectively.

I t  is usual to  assum e th a t  the  g row th  o f  an  o rgan ism  is likely to be  as g re a t  as 
the  n u t r ie n t  u p ta k e  a n d  o th e r  significant variables will allow, a n d  th a t
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m a x im u m  grow th  rates ind ica te  o p t im u m  conditions. H ow ever ,  control 
m echan ism s typically  regu la te  a t  p re fe rred  levels w h ich  a re  subm axim al;  
hom eostasis  is achieved by m echan ism s th a t  stabilize  a n d  op tim ize , r a th e r  than  
m axim ize . Following p e r tu rb a t io n  o f  a  con tro l led  process oscillations of  
s tab iliz ing  control m echanism s often) exceed th e ir  p referred  levels; this can  be 
seen in the  exam ples given in Fig. 2 w h ich  seem  to be the  o u tp u t  o f  rate-sensitive 
m echan ism s  con tro lling  g row th . Som etim es such  b eh a v io u r  results in significant 
cu m u la t iv e  increases in  the size of! o rgan ism s o r  cu ltu res  (S tebb ing , 1981b, 
1982).

T h is  raises the  question  considered  by C alow  (1982) th a t  while the 
m ax im iza t io n  princ iple  is a  reasonab le  in itia l assum ption , it  becom es necessary 
to ask how  could  hom eosta t ic  m echan ism s  h av e  evolved th a t  regulate 
processes a t  su b m ax im a l  levels? I t  seems th a t  the  a d v a n ta g e  th a t  hom eostasis  confers 
on o rganism s is a capac ity  to resist the  im p a c t  o f  e n v iro n m en ta l  var ia t ions  upon  
the ir  physiology, since this makes it  possible to  survive in  env iro n m en ts  where 
significant factors have  g re a t  ranges o f  va r ia t io n .  T h a t  cap ac i ty  can  be 
expressed in  term s o f  the ability  o f  a  con tro l  m ech an ism  to resist the  im p ac t  of 
som e fac to r  w h ich  tends to devia te  con tro lled  processes from the ir  preferred 
levels, a n d  can be m easu red  in  term s o f  a  ra n g e  o f  levels over w hich  effective 
con tro l  is m a in ta in e d  before overload becom es a p p a r e n t  (as a t  8 m g  C d  1 ~ 1 for 
Rhodotorula, 500 pg C d  P  1 for Campanularia o r  25 pg C u  1“ 1 for Hydra in  Fig. 2). 
T h e  survival va lue  o f  such a capab il i ty  is c learly  seen in  the  cap ac i ty  o f  an 
o rgan ism  like Campanularia living in estuaries to c o u n te ra c t  the  physiological 
im p a c t  o f  reduced  salinity (S tebbing , 1981a), because  its h om eosta t ic  capacity  
d e te rm ines  its u p s tream  distr ibu tion .

W h y  th en  do  hom eosta tic  m echan ism s re g u la te  a t  su b m ax im a l  rates? This is 
because  the  capac ity  to c o u n te rac t  p e r tu rb a t io n s  th a t  impose an  in h ib i to ry  load, 
for exam ple ,  is d u e  to  a  s t im u la to ry  counter-response  w hich  depends  upon  the 
residual capac ity  for g row th . T h u s  o rganism s th a t  m ig h t  g row  a t  their  
m a x im u m  rates w ould  have  no res idual cap ac i ty ,  o r  m arg in , b e tw een  ac tua l  and 
po ten t ia l  g row th  rates w ith  w hich  to co u n te r  in h ib i to ry  load. Conversely, those 
o rganism s th a t  g row  a t  su b m ax im a l  ra tes have  a capac ity  to coun te rac t  
in h ib i t io n  o r  susta in  load th a t  is re la ted  to  the  difference betw een  ac tua l  and  
po ten t ia l  g row th  rates.

Control o f  cell density

T h e  g row th  curves o f  cell suspensions o f  various ta x a — b ac te r ia ,  m icroalgae, 
yeasts a n d  p ro tozoans— follow sim ilar s igmoid g row th  curves (Pirt,  1975). As 
these curves becom e asym pto tic  some l im ita t io n  m u st  be im posed u p o n  the 
g ro w th  po ten tia l  o f  the  system, since su b -cu l tu red  cells soon resum e exponentia l  
g ro w th .  L im ita t io n  u n d o u b te d ly  occurs, b u t  w h e th e r  this is intrinsic a n d  self- 
im posed  o r  due  to the lack o f  req u irem en ts  for fu r th e r  g row th  rem ains  unclear.

M a m m a l ia n  cells in cu ltu re ,  w h e th e r  in  m ono layer  o r  suspension culture, 
even tua lly  stop dividing, yet rem ain  h e a l th y  a n d  qu iescent (Holley, 1975). W ith  
cell suspensions this usually h a p p en s  a t  w h a t  is called ‘s a tu ra t io n  d ens ity ’ and  in 
m o n o lay e r  cu ltu re  w hen  a contiguous sheet covers the ava ilab le  substra tum . 
T h is  is referred to as ‘con tac t  g row th  in h ib i t io n ’ a n d  is effected by  some signal 
passing  betw een  cells in contact.  Such  au to - in h ib i to ry  beh av io u r  is analogous to
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th a t  observed in  com m unit ies  o f  sessile o rganism s (S tebb ing , 1973) a n d  m a y  
have  evolved sim ilarly  as an  a d a p ta t io n  to m in im ize  intraspecific  com petit ion  
for space.

Reviews dea l in g  w ith  the  control o f  division o f  m a m m a l ia n  cells (Holley, 
1975; Leffert & K o c h ,  1977) have  n o t  d isc r im ina ted  clearly  be tw een  w h a t  are  
described as g ro w th  regula tors ,  o r  factors, th a t  a re  essential for g row th ,  o r  those 
agents th a t  a re  p r im ar i ly  in fo rm ation  carriers  a n d  h av e  evolved specifically to 
control cell division.

O n e  essential p re -requ is ite  o f  the  g ro w th  m odel o f  Weiss & K a v e n a u  (1957) 
a n d  m a n y  o thers  designed to  s im ula te  con tro l o f  cell division is a  specific 
inh ib i to ry  r e g u la to r  (Rose, 1958; Iversen, 1969; G ood ,  1972, 1973; S hym ko  & 
Glass, 1976; T o iv o n e n  & R y to m a a ,  1978; B ard , 1978, 1979; O n d a ,  1979; 
B rit ton , W r ig h t  & M u r ra y ,  1982), w hich  controls cell m u lt ip l ica t ion  by  lim iting  
division. T h e  m ost likely agents for this role a p p e a r  to be the chalones, w hich  
correspond to the  “ a n t i - tem p la te s” of  the  Weiss & K a v e n a u  m odel. C halones 
a re  uns tab le  a n d  short-lived com pounds , know n  m ain ly  by the ir  ac tiv ity  
r a th e r  th a n  from  their  chem ical na tu re .  T h e y  a re  tissue-specific inh ib ito rs  of  
mitosis, a c t ing  w ith in  the  tissue th a t  p roduces th em  as p a r t  o f  a  closed loop 
con tro l m echan ism  (Iversen, 1976). T h e i r  ac tion  is inh ib ito ry ,  b u t  n o t  toxic, in 
th a t  the ir  effect is short-l ived a n d  reversible. O r ig ina lly  the ir  ac tiv ity  was 
d em o n s tra ted  in  ep iderm is  (Bullough & L aurence ,  1960) a n d  la te r  in  muscle, 
liver, k idney  a n d  o th e r  tissues a n d  organs. T h e re  m ay  be  o th e r  g row th  
regu la to ry  agen ts  th a n  chalones, b u t  it  seems likely th a t  they a re  the  most 
im p o r ta n t  g ro u p  con tro ll ing  cell division. U n fo r tu n a te ly ,  definitive 
identif ication  o f  the  chem ical s t ru c tu re  o f  a  cha lone  is lacking, b u t  absence  of  
such evidence c a n n o t  den y  the ir  existence, a n d  the ir  activ ity  is now  k n o w n  from 
num erous  studies (A tta l lah  & H ouck ,  1976). I t  is possible th a t  difficulties in 
analysis m a y  be  d u e  in  p a r t  to the  re la tive instabili ty  o f  chalones. H o w ev e r ,  the 
ability  to b reak  dow n , o r  be broken  d o w n  rap id ly ,  is an  im p o r ta n t  a t t r ib u te  of  
an  inh ib ito ry  re g u la to r  because  it  de te rm ines  the t im e de lay  in  a n y  response to 
p e r tu rb a t io n .  B a rd  (1978, 1979) found  it  necessary to assum e a  half-life for a 
cha lone  of  less t h a n  12 h.

H ow  to identify  the process th a t  is regu la ted  rem ains  a difficulty. W hile  it 
m ay  be clear  th a t  cell division is controlled , it  is n o t  ce r ta in  w h e th e r  the  control 
m echan ism  o f  w h ich  cha lones are  a p a r t ,  is reg u la t in g  the  ra te  of  cell division, 
the ir  density  o r  n u m b e r ,  o r  all o f  these. I t  is only w h e n  the  con tro lled  process is 
identified th a t  experim en ts  can  be designed to observe d irec tly  the  o u tp u t  o f  the 
control m echan ism . F u r th e rm o re ,  it is n o t  un til  then  th a t  the  role o f  chalones in 
regenera tion , w o u n d  re p a i r  a n d  tissue hyperp las ia  can  be clarified (H ouck , 
1976).

Control in relation to size

A sustained g row th  capab il i ty  in organism s is i l lustra ted  by  the ir  c ap ac i ty  for 
regenera tive  g ro w th ,  w h ich  is g rea test  in the low er inve r teb ra tes  (Berrill, 1952) 
and  decreases m a rk e d ly  in  the  v e r te b ra te  p h y la  (Goss, 1969). C lea r ly  such 
g row th  m ust h a v e  some k ind  o f  feedback m echan ism  th a t  opera tes  by  re la ting  
a c tu a l  size to a  p referred  o r  ‘g o a l’ size. M u c h  w ork  on  regenera t ive  g ro w th  in  the 
low er inv e r teb ra tes  has b een  done, pa r t icu la r ly  on  the po lychae te  w o rm  Nereis,
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w here  regenerative  g row th  is contro lled  by a  n e u ro h o rm o n e  from  the  supra- 
oesophagea l ganglion. Its rem oval arres ts  g ro w th ,  whilst im p la n ta t io n  o f  ganglia  
from o th e r  w orm s restarts it (C la rke  & Scully, 1964). Likewise, rem oval o f  the 
hypophysis  or p i tu i ta ry  in  fish arrests the ir  g row th , whilst g ro w th  ho rm o n e  
induces g ro w th  in  hypophysec tom ized  fish (Ball, 1969). S im ilar  experim ents  
have  been  perform ed on rats w here  the  a d m in is t ra t io n  o f  p i tu i ta ry  ex trac t  ends 
all sym ptom s associated w ith  its rem oval.  In  m a n  the effects o f  g ro w th  ho rm o n e  
deficiency are likewise e l im ina ted  by h o rm o n e  a d m in is t ra t io n  (T a n n e r ,  1975).

G ro w th  ho rm o n e  m ay  have  effects o th e r  th a n  causing  g ro w th  (P a lad in i ,  Pena  
& R e teg u i ,  1979) a n d  the systems th a t  m e d ia te  its release a n d  action  a re  still 
un c le a r  in  h igher  organism s (Wallis, 1979). T a n n e r  (1963) suggested a  size- 
sensitive g row th  control m ech an ism  in m an . H e  th o u g h t  th a t  ac tua l  size is 
re la ted  to preferred  size for a  given age, a n d  th a t  the  m echan ism  opera tes  to 
m in im ize  the  difference be tw een  th em . E v idence  for this is show n by ‘ca tch -up  
g ro w th ’, seen w hen  g row th  tends to resum e its orig inal t ra jec to ry  on the  g row th  
curve  after  rem oval o f  the  causes o f  g ro w th  inh ib i t io n  such as m a ln u tr i t io n  or 
disease (P rader ,  T a n n e r  & H a rn a c k ,  1963). W o rk  by  W illiam s & H ughes  
(1975) does no t su p p o r t  T a n n e r ’s hypothesis. O u r  w ork  on ca tch -u p  g ro w th  in 
hydro ids  suggests th a t  the d a ta  show ing  c a tc h -u p  g row th  could  equally  well be 
exp la ined  as a  consequence  o f  the  tran s ien t  s tim ula t ions  th a t  a  rate-sensitive 
con tro l system follows as it  ‘re laxes’ after rem ova l  o f  an  inh ib i to ry  load 
(S tebb ing  & H ib y ,  1979; S tebb ing , 1981a). Nevertheless, w ork  on pigs, cattle  
a n d  o th e r  farm, an im als  has show n th a t  ra tes o f  g row th  a n d  the asym pto tic  sizes 
are  to some extent inher i ted  traits , so g ro w th  re g u la to ry  m echan ism s m u s t  have  
some genetic  control.  I t  is to b e  expected  therefore  th a t  m odels to sim ula te  
g ro w th  should  have  ‘goa l’ or p referred  sizes (T a n n e r ,  1963; H u b b e l l ,  1971; 
Calow , 1973, 1976, 1977). H ow ever ,  it also seems likely th a t  the controls which 
ope ra te  a t  the  highest level n o t  on ly  con tro l  size in  the abso lu te  sense, o r  size in 
re la t ion  to age in  T a n n e r ’s sense, b u t  they m u s t  also be  responsible for co­
o rd in a t in g  the  ha rm o n io u s  g row th  o f  n u m e ro u s  tissues and  organs. C on tro l  m ay  
be im posed  par t ly  in  a l lom etric  te rm s to m a in ta in  the  relative p rop o r t io n s  of 
tissues a n d  organs.

Control in relation to physiological load

T h a t  g ro w th  is re la ted  to func tiona l  d e m a n d s  has long  been  established; 
M o rg a n  (1901) considered th a t  an  o r g a n ’s ac tiv ity  p ro m o ted  its g ro w th  and  
B oycott (1929) th a t  h y p e r t ro p h y  a n d  a t ro p h y  followed use a n d  disuse. Goss 
(1964) proposed  a theory  o f  g ro w th  reg u la t io n  by functional d e m a n d  and  
th o u g h t  th a t  since organism s h av e  fo rm  to serve the ir  function, g row th  m u st  be 
con tro lled  by  those functions. F u r th e rm o re ,  he suggested th a t  g row th  regu la t ion  
in d e p e n d e n t  o f  functions could  n o t  have  sufficiënt selective a d v a n ta g e  to be 
genetica lly  re ta ined . H e  also p o s tu la ted  the  existence o f  negative  feedback 
m echan ism s th a t  regu la te  and  a d a p t  physiological p erfo rm ance  o f  o rganism s—  
a n d  thus the ir  g ro w th — in re la t ion  to  extrinsic factors.

E v idence  to su p p o r t  this is found  in  the  l i te ra tu re  on co m p en sa to ry  g row th  
following tissue loss a n d  occurs for e x am p le  in  th e  liver, k idney, some endocrine  
g lands, ly m pho id  a n d  haem o p o ie t ic  tissues (Goss, 1964). Increase  in 
physiological load , lead ing  to fu n c t io n a l  overload , is no t only found  w h e re  tissue
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is lost: for ex am p le ,  h ig h  p ro te in  in take  increases liver a n d  k idney  grow th , 
h y p o x ia  s tim ula tes  erythropoiesis a n d  hypertens ion  en larges the  hear t .

I f  func tiona l  ov er lo ad — w h a tev e r  the cause— stim ula tes  g ro w th ,  red u c t io n  in 
size o f  an  o rg a n  o r tissue w ith  a  p ro p o r t io n a te  red u c t io n  in  physiological load 
shou ld  not. T h e r e  is evidence for this, b u t  because  no t all tissue is functional,  
100%  reg en e ra t io n  of  tissue-mass is u n c o m m o n ,  while com ple te  re s to ra t ion  o f  
func tiona l  c a p a c i ty  is usual.  W h e re  func tiona l  d e m a n d  lapses, o rgans  m ay  
a tro p h y ,  so th a t  o rganism s reared  u n d e r  asep tic  cond it ions  h av e  poorly- 
deve loped  ly m p h a t ic  systems, ju s t  as s a la m a n d e r  la rvae  rea red  in  a  hyperoxic  
a tm o sp h e re  h av e  d im in u t iv e  gills a n d  there  is décalcification  o f  bo n e  tissue in 
the  absence  o f  g rav i ta t io n a l  load. T h is  is a n  exam ple  of  a d a p t iv e  g ro w th  in  bone, 
called  W o lf f ’s L aw , w hich  describes how  bo n e  is con tinuously  be ing  broken 
d o w n  a n d  re fo rm ed  in a  form  d e te rm in ed  by  the  stresses a n d  s tra ins im posed 
u p o n  it.

Goss co n c lu d ed  th a t  tissues a n d  organs  a re  a u to re g u la to ry  a n d  th a t  the 
feedback  m echan ism s  p ro b a b ly  em ploy  inh ib i to ry  control.  H o w ev e r ,  details  of 
the  m echan ism s  are  sparse, a l th o u g h  Goss th o u g h t  t h a t  the  m echan ism  
responsible  for the  ac t iva t ion  of  a  tissue or  o rg an  m ig h t  also acco u n t  for its 
a d a p t iv e  g ro w th  following overload.

T h e r e  are  few tissues th a t  do no t en la rge  in response to increase in 
physiological d e m a n d ;  m a n y  organs  have  been  show n to  be cap ab le  o f  m u ch  
m ore  g ro w th  th a n  is typically  manifest, for exam ple ,  ch ron ic  func tiona l  overload  
o f  some e n d o c r in e  g lands can  result in  excessive en la rg em en t .  Nevertheless, 
h o w ev er  s t ro n g  the  evidence for the invo lvem en t o f  func tiona l  d e m a n d  in the 
con tro l o f  g ro w th  o th e r  factors m u s t  be involved, for exam ple ,  in  contro lling  
g ro w th  th ro u g h  the  pre func tiona l  stages of  em bryological deve lopm en t.

Control o f  population density

I t  is self-evident th a t  p o p u la t io n  g row th  is l im ited , b u t  we ask to w h a t  extent 
h av e  o rganism s evolved m eans  to re g u la te  or  l im it the ir  ow n density? 
W y n n e -E d w a rd s  (1962, 1963) proposed  th a t  o rganism s a re  a d a p te d  to  control 
p o p u la t io n  densities in  re la tion  to f lu c tua ting  levels o f  resources by  m eans  o f  
con tro l  m echan ism s  o p e ra t in g  ‘h om eosta t ica l ly ’. H e  considered  th a t ,  in  the 
absence  o f  such controls , the  p o p u la t io n  w ould  grow  and  increase  in  densi ty  to 
the  ex ten t  th a t  all the  resources availab le  w o u ld  be  rap id ly  utilized, resu lting  in 
the  dep le t ion  o f  food organism s, for exam ple ,  a n d  in t im e  a  red u c t io n  in  the 
c a r ry in g  cap ac i ty  o f  the  system by  its over explo ita tion . In s tead ,  it  seems th a t  
p o p u la t io n  densities in stab le  ecosystems a re  typically  reg u la ted  by control 
m echanism s, in  such  a  w ay  as to p rev en t  the  p o p u la t io n  increasing  to densities 
th a t  w ould  exceed the  ca rry ing  capac ity  o f  the system. T h is  ra t io n a le  would 
seem cap ab le  o f  gen e ra l  app lica t ion ,  b u t  m ost o f  the  evidence in su p p o r t  o f  the 
theo ry  comes from  work on the  social b eh av io u r  and  p o p u la t io n  d ynam ics  of  
h ig h e r  organism s; W y n n e -E d w a rd s  d ea l t  on ly  briefly w i th  low er a n d  aq u a t ic  
o rganism s (b u t  see C h a p te r  23.1 in  W y n n e -E d w a rd s ,  1962).

T h e  essential c o m p o n e n t  o f  a density  con tro lling  m ech an ism  is a  link th a t  
p rovides in fo rm a tio n  re la ted  to presen t density  th a t  is fed back, a n d  has an 
influence on, fu tu re  density  in  such a  w ay  th a t  density is m a in ta in e d  a t  a level 
a p p ro p r ia te  to the  ava ilab le  resources. T h o se  w ho  a d h e re  to the  th ink ing  of
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W y n n e-E d w ard s ,  hold th a t  in fo rm atio n  a b o u t  p o p u la t io n  size o r  density  from 
social behav iou r  a t  the  b reed in g  site, a n d  epideictic  displays, im pinges directly  on 
rep roduc tive  behav iou r ,  fecund ity  a n d  th e reb y  on rec ru itm en t.  H ow ever,  
difficulties w ith  a ltru ism  a n d  g ro u p  selection h av e  resu lted  in  W y n n e -E d w a rd s ’s 
thesis a t t rac t in g  m u c h  criticism. A n  a l te rn a t iv e  ex p lana tion ,  b u t  w ith  essentially 
the  sam e end result is th a t  a  p o p u la t io n  density  th a t  is too h igh  will cause a  
sho rtage  o f  necessary resources, a n d  the  rep ro d u c t iv e  o u tp u t  of  the  ind iv idua l  is 
th e reb y  reduced . I n  this w ay  in fo rm atio n  w hich  relates to  p o p u la t io n  density 
reaches the  b reed ing  p o p u la t io n  ind irec tly , b u t  w i th o u t  invoking  the unselfish 
beh av io u r  of  individuals  (D aw kins, 1976). E i th e r  o f  these exp lan a t io n s  could 
ap p ly  to m echanism s o f  p o p u la t io n  regu la t ion  w here  social stress is th o u g h t  to 
acco u n t  for popu la t io n  l im ita t io n  in m a m m a ls  ( M u n d a y ,  1961; C hris tian ,
1963), b u t  selection for specific a d a p ta t io n s  is m ore  difficult to  a c c o u n t  for.

Nevertheless, it  does seem th a t  specific a d ap ta t io n s  m a y  be involved in  some 
organism s a n d  provide the  a p p ro p r ia te  in fo rm atio n  a b o u t  density  for 
popu la t io n  control m echanism s. I n  h igher  organism s, pa r t icu la r ly  those 
in h a b i t in g  terrestrial env ironm en ts ,  l igh t a n d  sou n d  are good info rm ation  
carriers; they can  be  m o d u la te d  in  b o th  am p l i tu d e  a n d  frequency  and  
in fo rm ation  can  be  t ran sm it ted  d irec tionally , often over g rea t  distances. In  
low er organisms, p a r t icu la r ly  those in h a b i t in g  a q u a t ic  env ironm ents ,  
pherom ones  a p p e a r  to have  a  role in the l im ita tion  o f  g row th  or  rep ro d u c t io n  
by  inh ib it ing  these processes a t  concen tra t io n s  above  some threshold  level, often

T a b le  1. Some exam ples o f  a u to in h ib i t io n  o f  g row th  o r  rep ro d u c t io n  th o u g h t  to 
involve specific inh ib ito rs  a c t ing  exogenously
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exert ing  the  g rea tes t  effect u p o n  the  sm aller  m em bers  o f  the  p o p u la t io n  (Rose, 
1959a). Such  signals tend  to be re la tive ly  inefficient, they carry  little 
in fo rm atio n ,  have  to  be p ro d u ced  con tinuously ,  a re  energetically  costly, a n d  can 
n o t  be  d irec ted . B u t for the  s tu d en t  o f  p o p u la t io n  regu la tion , these prim itive 
systems seem to have  the a d v a n ta g e  th a t  the  passage o f  in fo rm atio n  by  some 
w a te r -b o rn e  p h e ro m o n e  can  • be  investiga ted  ex perim en ta l ly  to establish its 
stabili ty , its effect u p o n  g ro w th  a n d  re p ro d u c t io n  a n d  its species specificity. A  
n u m b e r  o f  exam ples in d ica ting  the  b r e a d th  o f  evidence from  different 
tax o n o m ic  g roups  are  listed in T a b le  1. T h e  p h en o m e n o n  was reviewed briefly 
by R ose  (1960) a n d  used by  W y n n e -E d w a rd s  (1962) in  su p p o r t  o f  his theories. 
H o w ev er ,  T h o m a s  (1973) has discussed critically  the l i te ra tu re  on  specific 
inh ib ito rs  in a q u a t ic  species a n d  concludes th a t  there  is no  evidence th a t  any  
p o p u la t io n  is regu la ted  by their  ac tion . Nevertheless, m a n y  au th o rs  have  
pub lished  accounts  o f  experim ents  involv ing  in h ib i to ry  effects (T ab le  1), b u t  
ev idence  is lack ing  on the  isolation a n d  chem ical analysis o f  the  inh ib ito ry  
agents, so th a t  the ir  action  ca n n o t  be  rigorously  in te rp re ted .  Som e 
a u th o rs  have  m a d e  a t tem p ts  to do so, b u t  the  low concen tra t io n s  and  their  
in h e re n t  instab ili ty  seem to d e te r  the ir  s tudy . Nevertheless, they  could  p rovide  
m u c h  m ore  su itab le  m odel systems for the s tudy  o f  density  regu la t ing  
m echan ism s  th a n  those th a t  dep en d  u p o n  b e h a v io u ra l  s tudies of  terrestrial 
species.

Specific ad a p ta t io n s  w ith  a role in  p o p u la t io n  density  contro l,  w h e th e r  they 
a re  b e h av io u ra l  o r  involve specific inh ib ito rs , do  requ ire  a l tru ism  for the ir  
selection. H o w ev er ,  as D aw kins  (1976) has  reasoned , rec ip rocal  a ltru ism  is 
selfish in  the  b ro a d e r  contex t. O n e  m ig h t  in  this w ay  acco u n t  for the  evolution 
o f  inh ib i to ry  regula tors  th a t  a re  a p p a re n t ly  to the  d isa d v a n ta g e  o f  the  
ind iv id u a l  in the short- te rm , b u t  to the  a d v a n ta g e  o f  the species in the long ­
term .

H IE R A R C H IC A L  C O -O R D IN A T IO N  

Hierarchical control o f  growth

Biological systems a re  h ie ra rch ica l ly  a r ra n g e d  in  various w ays acco rd ing  to 
W o o d g e r  (1930), a l th o u g h  here  we a re  concerned  initia lly  w ith  his “ spatia l  
h ie ra rc h y ”  o f  m ult ice l lu la r  organisms. H e  distinguished  cell com ponen ts ,  cells 
a n d  co m p o n en ts  o f  organism s consisting o f  cells, a t  th ree  levels o f  o rgan iza t ion  
below  th a t  o f  the  o rgan ism  itself. T h e r e  a re  difficulties w hen  one e labora tes  such 
schemes to  inc lude  m ore  levels, in th a t  som e co m p o n en ts  m a y  th en  fall outside 
the  h ie ra rc h y  (see B erta lanffy , 1952). I t  is w ith  this in  m in d  th a t  the  
h ie ra rch ica l  a r ra n g e m e n t  given here is no t d r a w n  as a b ra n c h in g  s t ru c tu re— as 
in  W o o d g e r  (1930)— in d ica t in g  th a t  w hile  all elements a t  one level constitu te  
the  level above, an  e lem ent does n o t  consist exclusively o f  e lem ents  from  the 
level be low  it (Fig. 3A).

I t  is ev iden t ,  w hen  considering the  d iffe ren t kinds o f  g ro w th  regu la to ry  
m ech an ism , th a t  some a re  pecu lia r  to the  levels o f  o rgan iza t ion  a t  w hich  they 
opera te .  T h is  suggests th a t  it  should  be possible to p ropose  a h y p o th e t ica l  system 
th a t  relates n o t  only to the  spatia l  o r  s t ru c tu ra l  h ie ra rchy , b u t  w hich  also 
satisfies the  functional p roperties  of  contro l o f  d ifferent kinds a t  different levels.
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F ig u re  3. H ie ra rc h ic a l in te rp re ta tio n s  o f  th e  o rg a n iz a tio n  o f  m e tazo an s . A, T h e  “ s p a tia l”  or 
s tru c tu ra l h ie ra rch y  o f  W o o d g er (1930); B, a  g eneralized  fu n c tio n a l h ie ra rc h y  o f  M  es a  rov i c el al. 
(1970) in  w hich  th e  subsystem s a re  re la te d  to  levels o f  o rg a n iza tio n ; C , a  s im ila r d ia g ra m  to 
in d ica te  how  the effect o f  a  to x ican t, fo r ex am p le , m ig h t cascade  th ro u g h  a  h ie ra rc h ica l system , its 
effect be ing  d issipated  as it  does so by  n e u tra liz in g  responses o f  subsystem s a t  e ac h  level a c tin g  
hom eostatically .

G ro w th  control m echan ism s  a t  d ifferent levels o f  o rgan iza tion  can  be  seen as 
subsystems of a  la rg e r  system a n d  m ust also have  a  h ie ra rch ica l  a r ra n g e m e n t  
because  of  the spa tia l  o r  s t ru c tu ra l  h ie ra rchy . F o r  exam ple ,  com ponen ts  o f  an  
o rg an  clearly m u s t  be  sub ject to  con tro l by w h a te v e r  m echan ism  controls  the 
o rg a n  itself, even  th o u g h  the  com ponen ts  m a y  to some ex ten t  control 
themselves. T h u s  w e m u st  consider  a  h ie ra rch ica l system w here  the subsystems 
are  sem i-au tonom ous, they  are  subject to con tro l by  h ig h e r  subsystems and  
exact control u p o n  low er subsystems. M esarovic , M a c k o  & T a k a h a r a  (1970) 
dep ic ted  the  basic e lem ents o f  such h ie ra rch ica l  systems (Fig. 3B) in d ica t in g  the 
routes  by w hich  in fo rm a tio n  a n d  signals pass th ro u g h  it. H e re  we have  rela ted  
the  h ie ra rchy  o f  con tro l  to the  s t ru c tu ra l  h ie ra rch y  (Fig. 3A) by assum ing  th a t  
con tro l subsystems in c o rp o ra te  all con tro l m echanism s o p e ra t in g  a t  each  level o f  
o rgan iza tion . E a c h  subsystem  has its o w n  in p u t  a n d  o u tp u t  a n d  is cap ab le  of  
respond ing  to  stim uli o r  load  insofar as they  re la te  to events localized to  th a t  
level. Doubtless each  is q u ite  different, va ry ing  in  com plex ity  a n d  the  n a tu re  of 
its control over g ro w th  processes.

M esarov ic  et al. (1970) h av e  been responsible for defin ing a n d  developing  
m a n y  of the  theore tica l p rinciples o f  h ie ra rch ica l  systems in  a  w ay  th a t  seems 
a p p ro p r ia te  and  w e h av e  a d o p te d  their  n o m e n c la tu re  here. H ig h e r  level systems
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are  su p re m a l  units a n d  lower level systems a re  infim al units. In  a n y  two-level 
h ie ra rch y ,  in fo rm ation  a b o u t  th e  pe rfo rm an ce  o f  the infim al un i t  is passed 
u p w a rd s ,  while  the sup rem al u n i t  m a y  im pose  w h a t  is te rm ed  in te rven tion  
con tro l ,  d o w n w ard s .  E ach  u n i t  also acts in d e p e n d e n t ly  o f  those above  o r  below 
it, b u t  the  s t ru c tu re  o f  the system does n o t  p e rm it  com plete  au to n o m y . T h e  
o ccu rrence  o f  au to n o m y , as in  neoplastic  g ro w th ,  indica tes  system failure.

G en era l ly  the  rates a n d  response times o f  the  subsystems a t  h igher  levels are  
m ore  ra p id  th a n  those a t  low er levels. T h is  p ro p e r ty  is p e rh ap s  re la ted  to the 
size o f  the  system being controlled  a n d  the  iner tia ,  w h ich  tends to resist change  
a n d  increases lag  time. T h e re  a re  also good  functional reasons for different 
con tro l  subsystems to have different lag  times a n d  frequencies, o therw ise they 
w o u ld  ten d  to  interfere w ith  each  o th e r ’s b ehav iou r .  A t the  b iochem ica l level, 
oscilla tory b eh av io u r  of  glycolytic systems in  yeast have  cycles m easu red  in 
seconds o r  m inu tes  (Pye, 1973). A t  the  ce llu lar  level we show, w ith  p e r tu rb e d  
suspensions o f  yeast and  algae, oscillations w ith  a  cycle t im e m easu red  in hours 
(Fig. 2). In  the  organs o f  the ra t ,  oscilla tory regenera t ive  processes following 
p a r t ia l  h e p a te c to m y  have a  cycle time o f  a b o u t  a  d a y  (see Goss, 1964), w hile  at 
the  level o f  the  whole o rganism  d a ta  on ‘c a tc h -u p ’ g ro w th  in  m a n  suggests a 
subsystem  whose o pera tion  requires  m a n y  m o n th s  p e r  cycle (T a n n e r ,  1963). 
T h u s  it  seems necessary for ad ja c e n t  subsystems to ope ra te  a t  different 
frequencies  to p rev en t  in terference  w ith  each  o ther.  A  corollary  is tha t ,  for such 
b e h a v io u r  to be  observed, q u i te  d ifferen t t im e bases a re  re q u ired  for different 
subsystems.

A u to -reg u la t io n  as m anifest in  the  hom eosta t ic  or hom eo rh e t ic  con tro l o f  
physiological states and  rates, is the  m ost un iversa l  p ro p e r ty  o f  life. Biologists 
ten d  to th ink  o f  homeostasis in the  sense th a t  C lau d e  B e rn a rd  expressed it: as the 
c a p a c i ty  to m a in ta in  the o rg a n ism ’s in te rn a l  en v iro n m en t  m ore  or  less constan t.  
I t  w ould  be easy to  assume th a t  constancy  itself h a d  some a d ap t iv e  a d v an tag e .  
M o r e  im p o r ta n t  is the a d v a n ta g e  th a t  h o m eos ta t ic  control m echan ism s confer in 
c o u n te ra c t in g  the  effect o f  those exogenous factors tend ing  to d is tu rb , o r  deviate, 
a process or  cond it ion  from  those states o r  ra tes  best serving the  req u irem en ts  o f  
the  organ ism . T h is  reasoning fu r th e r  suggests th a t  the ran g e  o f  env iro n m en ta l  
cond it ions  an  o rganism  m ig h t  to lera te , a n d  the h ab i ta ts  it  m ig h t  exploit, 
d ep e n d s  on the  capac ity  of  its h o m eos ta t ic  contro l m echan ism s to m a in ta in  
physiological processes w ith in  to le rab le  limits w h e n  u n d e r  load. E ach  subsystem 
has a  cap ac i ty  to  resist p e r tu rb a t io n s  o f  the processes it  controls. Physiological 
d is tu rbances  by  low levels o f  toxic m eta ls , for exam ple , im pinge  first upon  
processes a t  the  lowest level a n d  they  a re  co u n te rac ted  by  con tro l m echan ism s 
o p e ra t in g  a t  th a t  level. W h a te v e r  res idual p e r tu rb a t io n  was no t neu tra l ized  
w ou ld  pass u p w a rd s  to the nex t  level, w h e re  fu r th e r  coun te rac t io n  w ould  occur. 
It. is c lear  th a t  in the  simplest case the  d is ru p t io n  of  b iochem ical events is likely 
to  p recede  m alfunc tion  o f  the cell itself, ju s t  as the  m alfunc tion  o f  n u m ero u s  cells 
occurs  before tissue function is im pa ired .  T h u s  one  can  envisage p e r tu rb a t io n  
cascad in g  th ro u g h  such a h ie ra rch ica l  system, its im p a c t  be ing  progressively 
d iss ipa ted  by  control subsystems o p e ra t in g  a t  different levels o f  o rgan iza t ion  
(Fig. 3C). D ep en d in g  u p o n  the severity  o f  the p e r tu rb a t io n ,  it m a y  be 
com ple te ly  dissipated a t  the  lowest levels, o r  it  m ay  reach  the  h ighest level, 
a ffec ting  the  o rgan ism  as a  whole. I n  p r inc ip le  it  follows th a t  the  m ore  levels, or 
the  m ore  stratified the o rg an iza t io n  of  the organ ism , the  g rea te r  its c apac ity  to
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neu tra l ize  exogenous p e r tu rb a t io n  a n d  thus  to le ra te  g rea te r  ranges of  
env iro n m en ta l  var ia t ion .

Hydroid analogue o f  a two-level hierarchy

T h e  hydro ids  h av e  long  been  considered good m odel o rganism s for studies of  
g row th  processes. B ra v e rm a n  (see review 1974) a t  an  early  stage  developed 
com p u te r-d r iv en  m odels to  s im ula te  the as togeny o f  Podocoryne, conducted  
g row th  experim ents  th a t  suggested control by a  feedback  m echan ism  and  
specula ted  on the  n a tu re  o f  regu la to ry  substances. O th e rs  have  used the  asexual 
rep ro d u c t io n  o f  hyd ro ids  as models for neoplastic  g row th  (Shostak , 1977, 1981).

A  useful ana logue o f  the  simplest k ind  o f  h ie ra rch ica l g ro w th  contro l system is 
afforded  by  co m p a r in g  the control o f  specific g row th  ra tes  a n d  popu la t ion  
density  in  hydroids. E a r l ie r  evidence was considered  for the  con tro l o f  specific 
g row th  rates o f  colonies o f  Campanularia a n d  p o pu la tions  o f  Hydra using toxic 
agents  to p e r tu rb  g ro w th .  Specific g row th  rates o f  p e r tu rb e d  colonies or 
popu la tions  as percen tages  a p p a re n t ly  ind ica te  the  o u tp u t  o f  g ro w th  regu la to ry  
m echanism (s) whose b e h a v io u r  as the  system equilib ra tes  can  be followed.

Superim posed  u p o n  this system is a n o th e r  which regula tes  the density  of 
m em bers  o f  a colony o r  the density  o f  a  p o p u la t io n  o f  Hydra (Davis, 1966). 
W ork  on colonial hyd ro ids  (S te inberg , 1954; Rose, 1957a, 1966; T a r d e n t ,  1963; 
Rose & Powers 1966) has  led to the d ev e lo p m en t  o f  the  concep t o f ‘hom ologous 
inh ib i t io n ’ w hereby  chem ical agents  a re  p ro d u c e d  by  h y d ra n th s  w h ich  inh ib it  the 
dev e lo p m en t  o f  o thers  nea rby .  A g rad ien t  o f  decreasing  co n cen tra t io n  aw ay 
from the source p e rm its  the  deve lo p m en t  of  a  hom ologous s t ru c tu re ,  once the 
level o f  inh ib i to r  falls below some threshold  concen tra t ion .  T h u s  the spacing  of 
m em bers  o f  a colony a n d  the ir  density  on the su b s tra tu m  is reg u la ted  by  specific 
inhibitors , which a re  p ro d u c e d  a n d  ac t  in te rna lly  w ith in  the system o f  stolons 
a n d  uprigh ts  th a t  consti tu te  the colony. A lth o u g h  F u l to n  (1959) d id  n o t  find 
active inh ib ito r  a c t in g  endogenously , the  evidence for con tro l o f  colony 
fo rm ation  in  this m a n n e r  rem ains  strong.

Popula tions o f  Hydra in cu ltu re  g row  by  b u d d in g  a t  a  m ore  o r  less exponentia l  
ra te , until  popu la t io n  g row th  g ra d u a l ly  slows a n d  th en  stops. T h e  culture  
rem ains  hea l th y  a n d  reproduc tive ly  quiescent un ti l  the  density  is reduced , o r  a 
few individuals a re  transfe rred  to  a new  vessel, w h e re u p o n  b u d d in g  continues 
after  a  lag  period (S tebbing , u n p u b l . ) .  I t  has been  show n th a t  asexual 
rep ro d u c t io n  in  dense cu ltu res  is controlled  by  an  inh ib ito r ,  whose activ ity  has 
been dem o n s tra ted  by exposing cultures  to w a te r  from  crow ded  cultures 
(Davis, 1966). T h e  in h ib i to r  w as no t identified, a l th o u g h  it was established th a t  
it  is a p ro te in  w ith  a  m o lecu la r  w eigh t be tw een  5000-100  000 whose activity  is 
destroyed by trypsin.

T h e  elements a n d  links o f  the system th a t  is responsible for con tro ll ing  specific 
g row th  ra te  and  density  in  Hydra is in d ica ted  in  the d ia g ra m  (Fig. 4A) and  can 
be considered the s im plest type o f  “ nested control h ie ra rc h y ”  (Bennett & 
C horley , 1978). T h e  id e a  of  a h ie ra rch ica l  a r ra n g e m e n t  of  com plex  control 
systems w ith  m ore  th a n  two levels is best seen in a  sim pler  rep resen ta t ion  
(Fig. 4B) o f  the  k ind  used by  M esarov ic  et al. (1970). H e re  the  to tal system 
comprises two subsystems: a  low-level subsystem w ith  its ow n in p u t  a n d  o u tp u t ,  
contro lling  specific g ro w th  ra te  (R) and  a  high-level system w hich  limits
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F igu re  4. T h e  k ind  o f  system  th a t  cou ld  a cc o u n t fo r th e  re g u la tio n  o f  b o th  specific ra te  (R ) a n d  
d en sity  (D ) in  asexually  re p ro d u c in g  p o p u la tio n s  o f  Hydra, seen b o th  as a  nested  co n tro l m echan ism  
(A) an d  as a  tw o  level h ie ra rc h y  (B), to g e th e r exam ples  o f  th e  o u tp u t o f  th e  tw o subsystem s (C ).

m a x im u m  density  (D). T y p ic a l  o u tp u t  o f  each  subsystem  is ind ica ted .  This  
simplified rep resen ta t ion  conveys the  essential e lem ents o f  any  h ie ra rch ica l  
a r r a n g e m e n t  o f  control m echan ism s involved in  regu la t ing  g ro w th  processes.

Evolution o f  hierarchical systems

W h a te v e r  the  precise phy logene tic  re la tionships  be tw een  the m a jo r  g roups  of  
in ver teb ra tes ,  the in d ispu tab le  evo lu tionary  t ren d  has been  the d ev e lo p m en t  of  
s teadily  increasing  complexity . T h is  has occu rred  th ro u g h  the  a d d i t io n  o f  new  
levels in  the h ie ra rch ica l o rg a n iz a t io n  o f  organisms. I t  does n o t  a p p e a r  to  have  
o ccu rred  by  inserting  new  levels be tw een  existing ones, b u t  r a th e r  by 
superim pos ing  new  su p re m a l  levels above  existing ones in the  h ie ra rchy . W e 
can  ex tra p o la te  horizon ta lly  a t  the  sam e level o f  o rgan iza t ion  be tw een  ta x a  as 
w e do, because evolution has  com e a b o u t  in this w ay  (Fig. 5).

T h e  constancy  o f  b iochem ical processes, for exam ple ,  in  d iffe ren t p h y la  is 
re m a rk a b le ,  considering the ir  m orpho log ica l  differences an d ,  w hile  the re  are  
inev itab ly  some differences be tw een  phy la ,  biochemists ex tra p o la te  from 
b a c te r ia  a n d  o th e r  m icro-organism s to  the  m a m m a ls  w ith  confidence. O f ten  the 
sam e  m olecule  (e.g. th a t  w h ich  carries genetic  in fo rm ation)  a lways has the sam e 
role th ro u g h o u t  the  a n im a l  k in g d o m  a n d  there  a re  m a n y  o th e r  such  exam ples 
(K erk u t ,  1960). A t h igher  levels o f  o rg an iza t io n  we see a  cons tancy  in 
subce llu la r  u l t ra s tru c tu re  a n d  typ ica lly  far g re a te r  differences exist w ith in  
organism s th a n  be tw een  them . S im ila r ly  the  processes of  meiosis a n d  mitosis 
o ccu r  universally  w ith  little va r ia t io n .  D iversity  has  evolved w ith  g re a t  econom y 
th ro u g h o u t  the  living w orld  b y  rep lica t ion  a t  d ifferen t levels o f  the  sam e  basic 
units.
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F ig u re  5. A  schem e fo r th e  evo lu tion  o f  h ie ra rc h ic a lly -a rra n g e d  levels o f  o rg a n iz a tio n  w ith in  
organ ism s; the  p o in t b e in g  to  suggest th a t  new  levels as th e y  evo lved  w ere  sup erim p o sed  u p o n  
ex isting  system s a t  th e  h ighest level, leav in g  those below  re la tiv e ly  u n c h an g e d  a n d  in tac t.

W e have  a lre a d y  considered  the idea  t h a t  the  role o f  au to reg u la to ry  
subsystems responsible  for homeostasis is to enab le  organism s to to lera te  a  range  
of  e n v iro n m en ta l  va r ia t ions  th a t  w ould  otherwise d is ru p t  physiological processes. In  
multi-level systems, p e r tu rb a t io n  is likely to pass u p w a rd s  from  one 
subsystem to the  next,  un til  its effect is dissipated . Bronowski (1970) in  his 
concep t o f  “ s tra tified  s tab ili ty”  suggested a  re la ted  hypothesis  to  exp la in  the 
evo lu tionary  t r e n d  to w ard  increasing com plexity . H e  p o s tu la ted  tha t  
s tra tif ication  o f  biological systems into levels o f  o rg an iza t io n  (Fig. 4) provides 
stab il i ty  against d is tu rb an ce ,  a n d  th a t  the  cap ac i ty  to m a in ta in  stability 
increases w ith  g re a te r  s tra tification . T h u s ,  he a rgues  th a t  evo lu tion  consistently 
moves tow ards increased  com plexity  because th e re  is the  a d ap t iv e  a d v a n ta g e  in 
hav in g  several levels o f  resistance to  p e r tu rb a t io n .  C onsequen tly  a  g re a te r  range  
of  en v iro n m en ta l  variab les  in fluencing physiological processes m a y  th en  be 
tolerated.

I t  is r e m a rk a b le  th a t  in  considering g ro w th - re g u la to ry  m echan ism s of 
different kinds, the  m ost p lausib le  m echanism s shou ld  involve specific inhibitors 
which contro l g ro w th  by  lim iting  it  (Rose, 1957b). F o r  exam ple ,  those th a t  limit 
p o p u la t io n  size o f  single-celled species, the  chalones a n d  those involved  in 
l im iting g row th  o r  re p ro d u c t io n  of  some a q u a t ic  o rganism s (T a b le  1). We 
suggest therefore  the possibility they  h a d  a c o m m o n  phyle tic  origin.

I t  is p ro b ab le  th a t  each con tro l subsystem evolved in association w ith  the 
level o f  o rg an iza t io n  th a t  it  regulates, b u t  it  is possible th a t  the  e lem ents o f  such 
systems are  der ived  from  earlier,  m ore  p r im it ive  systems. F o r  exam ple ,  it  is 
likely th a t  in  early  prokaryo tes  or  protists, m a x im u m  density  o f  a n y  popu la t io n  
was d e te rm in ed  by  the  co n cen tra t io n  o f  some excre tory  p ro d u c t  or  m etabolite . 
F rom  such precursors it  is possible th a t  p h e rom ones  evolved w ith  the  specific and 
exclusive effect o f  inh ib i t in g  mitosis in  single-celled systems. P heronom es  th a t  
l im it g ro w th  a n d /o r  re p ro d u c t io n  in m e tazo a  could  read ily  be  derived  from  such 
systems.

A n o th e r  fac tor  is involved  here  because, if  it is to the  o rg a n ism ’s a d v a n ta g e  to 
l im it the  m a x im u m  ra t io  o f  b iomass to the vo lum e  of its a q u a t ic  h a b i ta t ,  the 
sam e end  can  be  reach ed  by  lim iting  e i ther  g ro w th  or rep ro d u c t io n .  A  n a tu ra l  
step w ith  the evo lu tion  o f  m e tazo a  is the possibility th a t  in h ib i to ry  regulators,
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th a t  o p e ra ted  exogenously  to l im it dens ity  in  single-celled popu la tions ,  gave  rise 
to  the  endogenous tissue specific in h ib i to r  o r  cha lone  (H ouck , 1976).

E v idence  o f  the chem istry  o f  the specific chemicals involved to su p p o r t  these 
proposed  re la tionships is scarce. A  n u m b e r  have  been  ex trac ted , the ir  
s tab ili ty  u n d e r  various t re a tm e n ts  has been  tested, in  some an  a p p ro x im a te  
m o lecu la r  w eigh t  is given a n d  in  m ore  th a n  one case an  inh ib ito ry  regu la to r  
has  been  identified as a  p ro te in .  I n  no case does it  seem th a t  the  m o lecu la r  
s truc tu re ,  or the  ac tua l  id en t i ty  o f  a  regu la to ry  inh ib ito r ,  is well e n o u g h  know n 
to ind ica te  the  specificity of  its role, o r  its phylogenetic  origins.

M u c h  m ore  effort has been  devo ted  to  the  p ro b lem  o f  identify ing  the 
chem ical n a tu re  of  chalones, because  for a long tim e the ir  existence w as d o u b te d  
in  the  absence o f  positive chem ica l  cha rac te r iza t ion .  H ow ever ,  the re  is now 
m u c h  m ore k n o w n  a b o u t  th e m  (see Forscher & H ouck ,  1973, H o u c k ,  1976) 
a l th o u g h  m a jo r  difficulties such  as the  co n tam in a t io n  o f  cha lone  ex trac ts  by 
m icro-organism s a n d  non-specific  inh ib ito rs  rem ain .

In  m etazoans,  h igher  con tro l  subsystems tend to overlie a n d  obscure  the 
o p e ra t io n  o f  subsystems o p e ra t in g  a t  low er levels. Since evolution has resu lted  in 
a d d i t io n a l  levels o f  o rgan iza t io n ,  superim posed  a t the  h ighest level (Fig. 5); 
e x trap o la t io n  la tera lly  to m ore  p r im itive  organism s w here  the subsystem  of 
in te res t  is the  su p rem a l  system is the usual course. T h e  sam e end  is often 
achieved  by s tudy ing  m e ta z o a  in  cell o r  o rg an  culture.

Failure o f  growth control mechanisms

F eedback  m echan ism s o f  the k ind  th a t  a re  responsible for the  con tro l  of 
g ro w th  processes can  fail in  va r ious  ways. T h e  most obvious k ind  o f  b re a k d o w n  
m ig h t  occur w here  the effector o f  contro l does n o t  a c t  on  the  ta rg e t  cells because 
the  effector is n o t  p ro d u ced ,  does n o t  reach  the ta rg e t  cells o r  the  ta rg e t  cells do 
n o t  respond  to the  effector. T h e  m ost p lausib le  effectors considered here  are  
inh ibitors, whose specific effect is to con tro l g row th  th a t  in  the ir  absence w ould  
tend  to be m ax im al.  C learly , failure o f  this kind, w here  a  re g u la to r  does not 
reach  its ta rget,  w ould  resu lt  in  au to n o m o u s  g row th , lim ited only by  the 
energetic  constra in ts  o f  the  system.

T h is  can  be  d em o n s tra ted  in cultures  o f  m a m m a lia n  cells w h ich  norm ally  
grow  as a  m onolayer ,  cover the  ava ilab le  su b s tra tu m  and  then s top  dividing. 
N eoplastic  cells, on the o th e r  h a n d ,  con tinue  to grow, fo rm ing  a  m u lt i laye red  
mass o f  cells, w h ich  rap id ly  exhausts  the resources for fu r th e r  g row th  a n d  then 
die. In te rce l lu la r  c o m m u n ic a t io n  in  such cells is im p a ired  by  grea tly  increased 
m e m b ra n e  resistance, suggesting th a t  division is n o rm ally  l im ited  by  some 
inh ib ito ry  signal passing be tw een  the  cells (Loewenstein  & K a n n o ,  1966).

A n  a p p a ren t ly  re la ted  e x am p le  is p rov ided  by m e m b ra n e - in d u ce d  neoplasia. 
S u b cu tan eo u s  im p lan ts  o f  m em b ran es ,  irrespective o f  the ir  chem ical 
com position , will p roduce  sa rcom as  in some m a m m a ls  (Bischoffi & Bryson,
1964). E xperim en ts  with  m e m b ra n e  filter im p lan ts  has show n th a t  the  inc idence  
o f  fibrosarcom as a ro u n d  the im p la n t  was inversely re la ted  to pore  size 
(G o ld h ab e r ,  1961), highest frequencies occu rr in g  w hen  filters w ith o u t  pores  were 
im p la n te d  (G o ldhaber ,  1962), T h e  im p lica tion  is th a t  such m e m b ra n e s  have  
this effect because they ac t  as a  ba rr ie r ,  p rev en t in g  the inh ib i to ry  r e g u la to r  or  
cha lone  from reach ing  its t a rg e t  tissue, so th a t  un lim ited  g ro w th  in  the  form  o f  a



362 A. R . D. STEBBING A N D  G. W. H E A TH

tu m o u r  follows. H ow ever ,  those observations also im ply  th a t  a  cha lone  is not 
p ro d u ced  by  the tissue u p o n  which it  acts. T h is  is in c o m p a tib le  w ith  present 
th ink ing , unless p e rh ap s  the  chalone  for each  tissue is p ro d u c e d  by  its ep iderm al 
layer. I t  is n o tew o r th y  th a t  a  n u m b e r  o f  pos t-m ito t ic  tissues d o  n o t  have  an 
epidermis.

N eoplastic  in d u c t io n  is due  to the  exposure  o f  cells to some physical, chem ical 
o r  biological ag e n t  th a t  dam ages  the  genetic  m a te r ia l  in  a  he r i tab le  m a n n e r  tha t  
im pa irs  its ow n m ito tic  control m echanism s o r  its ab ili ty  to respond  to  g row th  
regu la to ry  signals. Difficulties in  in te rp re t in g  neoplastic  g ro w th  a re  d u e  in p a r t  
to the  w ide  range  o f  agents th a t  m a y  cause it, a n d  the association o f  d a m a g in g  
or inh ib i to ry  agen ts  w ith  the  s tim ula tion  o f  g ro w th  processes in  the  form of 
tum ours .

T h e  w ork  we describe on the use o f  p e r tu rb a t io n  techn iques  to s tu d y  the 
b eh av io u r  o f  con tro l  m echanism s (S tebbing, 1981a) provides a n  in te rp re ta t io n  
o f  g ro w th  reg u la t io n  w ith  w hich  some o f  these features o f  neoplastic  g row th  are 
entire ly  com patib le .  F o r  exam ple , the  response o f  the con tro l  m echanism s we 
have  s tud ied  (Fig. 2) is genera lized, in th a t  it  is s imilar, w h a te v e r  the  n a tu re  of  the 
in h ib i to r  used to p e r tu rb  the ir  g row th .  T h e  p ro m o tio n  o f  g row th  in 
neoplastic  cells is to be  expected  from a  con tro l m echan ism  th a t  limits g row th  by 
inh ib it ion , because its failure to act, for w h a te v e r  reason, m u s t  resu lt  in the 
s t im u la t ion  o f  g row th . F u r th e rm o re ,  the  coun ter-response  b y  the  control 
m echan ism  to a n y  inh ib ito ry  ch ange  is s t im u la to ry ,  so failure to limit the 
response m a y  once  aga in  p ro d u ce  the  unexpec ted  effect. T ra n s ie n t  
overcorrections by  g ro w th  control m echan ism s as p a r t  o f  the  oscillatory 
behav iou r ,  m ay  result in  hormesis o r  the  s t im u la t io n  o f  g ro w th  following 
exposure  to  low levels o f  toxic inh ib ito rs  (S teb b in g  1981b, 1982).

I t  w ou ld  be instructive  to investigate fa ilure  in  h ie ra rch ica l  con tro l systems 
because ‘in te rv e n t io n ’ control a t  any  level is im posed  from  above. Neoplastic  
g ro w th  n o t  only implies failure o f  some con tro l  subsystem, b u t  it  also suggests 
failure o f  its su p e r io r  subsystem to im pose in te rv en t io n  control.  Q u i te  separa te  
from the  question  as to h ow  such systems fail is the  possibility th a t  features of  the 
b eh av io u r  o f  the h ie ra rc h y  o f  subsystems a re  a t t r ib u ta b le ,  n o t  to the  subsystems 
themselves, b u t  the  w ay  in w hich  they are  in terfaced.

B urch  (1976) proposed  a  theory  to a c c o u n t  for neoplastic  g ro w th ,  believing 
th a t  such a  theory  m u s t  also explain  n o rm a l  g ro w th  a n d  o rg an iza t io n  o f  control 
elements. I t  has a  n u m b e r  of  features we h av e  considered, as well as some 
in teresting  differences. Briefly, the theo ry  inco rp o ra tes  the  p r inc ip le  o f  control 
by nega tive  feedback (Fig. 6A), p roposing  th a t  con tro l is im posed  by effectors 
w h ich  he  calls m ito t ic  con tro l p roteins (M C P s) ,  a n d  in fo rm ation  a b o u t  the  size of 
the ta rg e t  tissue is t ran sm it ted  to a  cen tra l  con tro l  e lem ent by the  ra te  o f  release 
o f  affector signals called tissue coding  factors (T C F s) .  C on tro l  over a  target 
tissue, B u rch  proposes, is achieved by  a  series o f  such feedback loops of  the kind 
dep ic ted  in  Fig. 6B. I t  is c lear  th a t  in  each  case con tro l e lem ents are  rem oved 
from  the ir  targets , so careful considera tion  has been  given to the p rob lem  of 
recogn ition  of  M C P s  by  ta rge t  tissues a n d  T C F s  by  control elements. Burch 
ap p ears  to  assum e th a t  the  control m echan ism s a re  size-sensitive, respond ing  to 
size, o r  size for a  given age. O u r  belief is th a t  size per se is unlikely  to be  the  only 
factor  to  w h ich  g ro w th  con tro l m echanism s a re  sensitive, a n d  the  h y pertroph ic  
a n d  hyperp las t ic  responses o f  tissues to changes in  physiological load supports
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F igu re  6. H y p o th e tic a l c o n tro l m echan ism s fo r th e  h o m eo sta tic  co n tro l o f  g ro w th  p roposed  by  
B urch , show ing  th e  essen tia l e lem en ts  (A) a n d  a  series o f  p roposed  feed b ack  loops (B). T h e  
d iag ram s hav e  b een  a d a p te d  from  B u rch  (1976).

this. C learly  the  iden tif ica tion  o f  factors to w hich  con tro l m echan ism s are  
sensitive is c rucial,  as on ly  th en  can  a t tem p ts  be  m a d e  to m easu re  the ir  o u tp u t .  
Also im p o r ta n t  is the belief, em phasized  by Burch , th a t  neoplastic  g row th  
should  be reg ard ed  as a  b re a k d o w n  in  biological o rgan iza tion ,  r a th e r  th a n  a 
p ro p e r ty  o f  the  cancer  cell.

D IS C U S S IO N  A N D  C O N C L U S IO N S

O n e  inev itab le  consequence  o f  the sustained p u rsu it  o f  a  p rob lem : the  deta iled  
investigation o f  processes a n d  specialization , is a n  increasingly  reduc tion is t  
a p p ro ach .  T hose  w ho  investiga te  biological systems ten d  to investiga te  processes 
a t  one level, conce rn ing  themselves, for exam ple ,  a t  the  infim al level w ith  
b iosynthetic  pa thw ays ,  o r  a t  the  su p re m a l  level w ith  the h o rm o n a l  con tro l  o f  
g row th .  E ach  field o f  inves tiga tion  has its ow n methodologies, te rm ino logy  a n d  
concepts a n d  constitu tes a  p a ra d ig m  in the sense th a t  K u h n  (1970) used the  
term. T h e  flow o f  in fo rm atio n  w ith in  a  p a ra d ig m  is therefore  in ev itab ly  far 
g rea te r  th a n  th a t  be tw een  them . T h e  p o in t  is n o t  th a t  reduc tion ism  itself  is 
l im iting  u n d e rs ta n d in g ,  b u t  th a t  a  h ie ra rch ica l  system, consisting o f  a  n u m b e r  of 
subsystems associated w ith  d ifferen t levels o f  biological o rg an iza t io n ,  is 
responsible for con tro ll ing  g ro w th  (Fig. 4). C on tro l  o f  g row th  o f  the  o rgan ism  as 
a  whole  is a  function  o f  the  c o -o rd in a ted  o p e ra t io n  o f  n u m ero u s  sybsystems. O n e  
c a n n o t  expect th a t  system b e h a v io u r  should  be the  sum  o f  the  b e h a v io u r  o f  the 
cons ti tuen t  subsystems, since m a n y  o f  its properties  m ust be re la ted  to the  w ay  
subsystems a re  in terfaced.

T h e  view o f  g row th  contro l,  a n d  the  l im ita t ion  o f  rep ro d u c t io n ,  p u t  fo rw ard
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here  is th a t  b o th  a re  regu la ted  by feedback  m echan ism s  a t  levels th a t  are  less 
t h a n  m axim al.

I t  now seems th a t  the  m ax im iza t io n  p r inc ip le  m a y  n o t  be the  most 
a p p ro p r ia te  exp lan a t io n  (Calow , 1982) as it  is n o t  com p a tib le  w ith  the 
b e h a v io u r  of  hom eosta t ic  systems th a t  o p e ra te  by con tro l  m echan ism s which 
op tim ize  r a th e r  th a n  m axim ize. T h e  cap ac i ty  of  such  control systems to 
c o u n te ra c t  p e r tu rb a t io n ,  o r  sustain  load , is re la ted  to the  residual m arg in  
be tw een  ac tua l  a n d  possible g ro w th  rates, suggesting w h y  systems th a t  do not 
m ax im ize  have  survival value.

A n u m b e r  o f  conclusions can  be d r a w n  from  this considera tion  o f  the control 
o f  g row th .  I t  is ev ident th a t  g ro w th  is con tro lled  a t  d iffe ren t levels o f  biological 
o rg an iza t io n  in  response to various genetic , physiological a n d  ecological 
p re fe renda .  Like o th e r  au to reg u la to ry  processes, this requires  m echanism s 
in co rp o ra t in g  the principle  o f  nega tive  feedback , whose o u tp u t  is 
charac ter is t ica l ly  oscillatory w hen  investiga ted  using d is tu rb a n c e  techniques. 
T h e i r  role is to  co u n te rac t  the  effect o f  exogenous p e r tu rb a t io n s  th a t  would 
o therw ise  d is rup t  a n d  de ran g e  g ro w th  processes, r a th e r  th a n  the m a in te n a n c e  of 
physiological constancy  per se. W e  believe th a t  the  n u m e ro u s  control 
m echan ism s o p e ra t in g  w ith in  an  o rgan ism  a re  h ie ra rch ica lly  a r ra n g e d  and  co­
o rd in a te d ,  each g roup  o f  con tro l m echan ism s  o p e ra t in g  a t  a  level o f  
o rg an iza t io n  consti tu t ing  a  subsystem  (Fig. 4). E ach  subsystem  is semi- 
a u to n o m o u s ,  b u t  is subject to in te rv en t io n  con tro l from  above  a n d  imposes 
con tro l  u p o n  su b o rd in a te  subsystems. I t  seems th a t  to some ex ten t  the  course of 
evo lu tion  is reflected in the present a r r a n g e m e n t  o f  subsystems as a  h ie ra rchy , in 
th a t  new  subsystems have a p p a re n t ly  been  a d d e d  by superim posing  th em  at the 
h ighes t  level, r a th e r  th an  m odify ing  existing subsystems or  inserting  them  a t a 
low er level (Fig. 5). W e  believe it is necessary th a t  research  on the  control of 
g ro w th  uses a  holistic ap p ro a c h ,  as n o t  only will this lead  to better 
u n d e rs ta n d in g  o f  h ow  g row th  contro l systems w ork , b u t  also how  a n d  w hy  they 
fail.
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