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ABSTRACT 

A hypo thes i s  i s  p resen ted  t h a t  c e r t a i n  d i s e a s e s  l i k e  
Alzhe imer ' s  dementia  may be a r e s u l t  of d i s t u r b a n c e s  i n  
c r o s s l i n k i n g  of body f l u i d s  and cy toplasmic  p r o t e i n s .  These 
d i s t u r b a n c e s  i n  t u r n  may be caused by a change, probably  a 
d e c r e a s e ,  of t h e  f l u i d  pH. Dropping of p€l may be a r e s u l t  of 
d i f f e r e n t  organismal  and envi ronmenta l  f a c t o r s  such a s  trauma, a 
g e n e t i c  d e f e c t ,  a s low v i r u s  i n f e c t i o n ,  a t o x i n ,  a d e f i c i e n c y  of 
ca lc ium and /o r  magnesium, o r  h y p o v e n t i l a t i o n .  The i n f l u e n c e  of 
a c i d o s i s  caused by a h y p o v e n t i l a t i o n  may be a main cause of 
d i s e a s e s  due t o  normal ag ing  p r o c e s s e s .  The f a c t  t h a t  l i v i n g  
sys tems o p e r a t e  i n  a s ta te  f a r  from thermodynamic e q u i l i b r i u m  
and are probably  c r i t i c a l l y  c r o s s l i n k e d  makes them e s p e c i a l l y  
s e n s i t i v e  t o  even minor changes of some parameters, namely 
changes t h a t  a c t  as in fo rma t ion  i n t e r a c t i o n s .  The hypo thes i s  
may i n d i c a t e  new l i n e s  of r e s e a r c h  as w e l l  as new l i n e s  of 
t h i n k i n g  about  i m p l i c a t i o n s  of some envi ronmenta l  f a c t o r s  such  
as  of weak e l ec t romagne t i c  f i e l d s .  

*Present  a d d r e s s  and a d d r e s s  f o r  a l l  correspondence:  McMaster 
Unive r s i ty ,  MIPPT, J H E  374, Hamilton, On ta r io ,  Canada L8S 4L7. 
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SYSTEMS FAR FROM THERMODYNAMIC E Q U I L I B R I U M  

It is  w e l l  known t h a t  l i v i n g  sys tems a r e  f a r  from thermo- 
dynamic e q u i l i b r i u m  hit only  i n  r ecen t  yea r s  have non-equil- 
ibrium models of l i v i n g  systems drawn g r e a t e r  a t t e n t i o n .  Owing 
t o  the  P r i g o g i n e ' s  Brusse l  School works (I) i t  has become nore  
and more e v i d e n t  t h a t  chemica l  s y s t e m  f a r  from thermodynamic 
e q u i l i b r i u m  show phenomena t h a t  have long been reserved  f o r  
o s c i l l a t i o n s  ( 2 ) .  

In our  p rev ious  paper  ( 3 )  w e  p re sen ted  t h e  hypo thes i s  t h a t  
some p r o t e i n  mcromolec i i les ,  most probably  ones wi th  s h o r t  tu rn-  
over ha l f - t ime ,  a r e  syn thes i zed  and perform t h e i r  f u n c t i o n s  i n  a 
l i v i n g  organism whi le  being i n  a meta-s tab le  non-equilibrium 
s t a t e .  

I n  po re  complicated s y s t e m ,  l i k e  a l i v i n g  c e l l  o r  a 
t i s s u e ,  non-equilibrium phenomena a r e  much more common. For 
example, l o c a l  changes of cy toplasmic  v i s c o e l a s t i c i  t y  a r e  very 
probably due t o  a u t o - o s c i l l a t o r y  so l -ge l  t r a n s i t i o n s  ( F i g u r e  1) 
of c y t o s o l  p r o t e i n s  l i k e  a c t i n  o r  t u b u l i n  ( 4 ) ,  and a r e  of a 
c r u c i a l  importance f o r  any l i v i n g  c e l l  ( 5 ) .  D i f f e r e n t  pa tholo-  
g i e s  m y  be connected wi th  d i f f e r e n t  p o s s i b l e  d i s t u r b a n c e s  of 
t h e s e  d i s s i p a t i v e  s t r u c t u r e s ,  such a s  changing of per iod  and /o r  
ampl i tude ,  changing of a c h a r a c t e r i s t i c  s p a t i a l  wave l e n g t h ,  
swi t ch lng  t o  damped o s c i l l a t i o n  and t o  n o n - o s c i l l a t o r y  regime, 
going t o  chaos.  

Changing of a g g r e g a t i o n  s t a t e  of a sys tem's  components i n  
g e n e r a l  and so l -ge l  t r a n s i t i o n  i n  p a r t i c u l a r  are due to forming 
c ross - l inkages  between (macro)molecules i n  t h e  system. D i -  
su lph ide  b r i d g e s  a r e  the  b e s t  known types  of cova len t  c r o s s l i n k s  
found i n  b i o l o g i c a l  sys tems.  Recent ly  ano the r  type  of c r o s s l i n k  
p r e s e n t  i n  p r o t e i n s ,  y-glutamyl- E- lys ine  s i d e  cha in  b r idges  
formed by calcium-dependent t r ansg lu t aminase  was r epor t ed  ( 6 ) .  
Also ,  l i p i d s  and s a c c h a r i d e s  (espe  c i a 1  l y  mucopo l y s a c  cha r  i d  e s ) 
may be involved  i n  p r o t e i n  c r o s s l i n k i n g .  P o s s i b l e  p e r t u r b a t i o n s  
of c r o s s l i n k i n g  p rocesses  and t h e r e f o r e  of p r o t e i n  aggrega t ion  
may l ead  t o  s e r i o u s  p a t h o l o g i c a l  changes such as a t h e r o s c l e r o s i s  

Systems far from thermodynamic e q u i l i b r i u m  are s e n s i t i v e  t o  
smal l  changes i n  i n t e r n a l  parameters  and e x t e r n a l  c o n d i t i o n s .  
Systems o p e r a t i n g  nea r  t r a n s i t i o n  p o i n t s  are ex t r eme ly  

( 7 ) .  
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SOL- GEL - SOL - GEL-SOL 

FIGURE 1 

Hypothe t i ca l  so l -ge l  o s c i l l a t i n g  system ( 4 ) .  

s e n s i t i v e .  C r i t i c a l l y  branched macromolecular sys tems such a s  
those  nea r  t h e  so l -ge l  t r a n s i t i o n  p o i n t  (cytoplasm of a l i v i n g  
c e l l  m y  be an example of such a sys t em) (8 ) .  Because p r o t e i n s  
a r e  po ly ions ,  even a small change of pR o r  i o n i c  s t r e n g t h  of t h e  
f h i d  i n  which they  a r e  embedded (cy toplasm,  blood plasma , 
c e r e b r o s p i n a l  f l u i d ) ,  o r  the  impos i t i on  of an e l ec t romagne t i c  
f i e l d  may d r a s t i c a l l y  change t h e  s ta te  of p r o t e i n  a g g r e g a t i o n ,  
l e a d i n g  to  p a t h o l o g i c a l  s t a t e s .  S i m i l a r  changes may r e s u l t  from 
small m o d i f i c a t i o n s  of p r o t e i n  primary s t r u c t u r e  by de tach ing  o r  
a t t a c h i n g  a small w l e c u l e  o r  a molecular  fragment,  most o f t e n  
i n  an  enzymat i ca l ly  c a t a l y z e d  p rocess .  

ENERGETIC AND INFORMATIONAL INTERACTIONS 

One m y  use a mechanical analogy to  b e t t e r  understand the  
i s s u e .  A pack of c a r d s  l y i n g  on a t ab le - top  i s  i n  e q u i l i b r i u m .  
I t s  p o t e n t i a l  energy shows a deep minimum, and a s u b s t a n t i a l  
f o r c e  l i k e  a gus t  of wind i s  necessa ry  t o  s c a t t e r  t h e  c a r d s .  
The same pack, if ar ranged  i n t o  a house of ca rds  ( t h e  p o t e n t i a l  
energy be ing  much h i g h e r )  becomes ex t remely  s e n s i t i v e  t o  very  
small f o r c e s ,  whether a c t i n g  on the  whole system o r  even on a 

s i n g l e  ca rd .  Bu i ld ing  such a non-equilibrium c o n s t r u c t i o n  
r e q u i r e s  the  a p p l i c a t i o n  of f o r c e s  and an  energy inpu t  much 
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h igher  than those  needed t o  s c a t t e r  the  c a r d s .  But t he  response  
time of t h e  system becomes ex t remely  s h o r t ,  and system 
s e n s i t i v i t y  ex t remely  h igh .  

The  i n t e r a c t i o n  ( f o r c e )  t h a t  so d r a m a t i c a l l y  changes the  
s t a t e  of a system f a r  from e q u i l i b r i u m  may be comple te ly  
d i f f e r e n t  than t h a t  used t o  h i l d  o r  main ta in  the  system i n  t h a t  
s t a t e .  For example, i f  one of the  c a r d s  bears  a small magnet, 
t h e  whole house of c a r d s  m y  become extremely s e n s i t i v e  t o  
changes i n  t h e  l o c a l  e l ec t romagne t i c  f i e l d  -- changes t h a t  would 
have no i n f l u e n c e  i f  the  card  wi th  a magnet was i n s i d e  a pack of 
c a r d s  l y i n g  on a s u r f a c e .  The i n t e r a c t i o n  of e l ec t romagne t i c  
waves with the r e c e i v i n g  an tenna  of a t e l e v i s i o n  f u r n i s h e s  
ano the r  example. The e l ec t romagne t€c  waves change the  s t a t e  of 
t h e  t e l e v i s i o n  which is maintained f a r  from equ i l ib r ium (by 
pumping wi th  e l e c t r i c  energy from an e l e c t r i c  o u t l e t )  i n  such a 
way t h a t  p i c t u r e s  may be seen on the  sc reen .  Thus i t  i s  c l e a r  
t h a t  changing the  s t a t e  of a system i n  equ i l ib r ium r e q u i r e s  a 
s i g n i f i c a n t  f o r c e  (an e n e r g e t i c  i n t e r a c t i o n ) ,  whereas the  s t a t e  
of a system f a r  from e q u i l i b r i u m  may be changed by a sma l l  f o r c e  
( i n f o r m a t i o n a l  i n t e r a c t i o n ) .  

PROTEIN CROSSLINKING AND ALZHEIMER'S DISEASE 

S t a r t i n g  wi th  a s i n g l e  c e l l ,  an organism is  c r e a t e d  by a 
h igh ly  organized p rocesses  of d i f f e r e n t i a t i o n  and development. 
Mechanisms de termining  how a c e l l  d i f f e r e n t i a t e s  are thought t o  
invo lve ,  a p a r t  from t h e  p rocess ing  of i n fo rma t ion  conta ined  
wi th in  the  c e l l  genome, d i f f e r e n t  i n f o r m a t i o n a l  i n t e r a c t i o n s  
w i t h  o t h e r  c e l l s  and the  environment.  These i n t e r a c t i o n s  
inc lude  hormones, growth f a c t o r s  and n e u r o t r a n s m i t t e r s  which 
i n t e r a c t  with s p e c i f i c  r e c e p t o r s ,  a s  w e l l  as weak e l e c t r i c a l  
e f f e c t s ,  small g r a d i e n t s  of i o n i c  s t r e n g t h ,  ce l l - t o -ce l l .  
c o n t a c t s .  D i f f e r e n t  i n fo rma t iona l  p rocesses  and i n t e r a c t i o n s  
a r e  o f t e n  i n t e r r e l a t e d .  Hormone r e c e p t o r s ,  f o r  example, are 
l o c a t e d  on t h e  c e l l  membrane and w i t h i n  the  cytoplasm b u t  a l s o  
they e x i s t  a s  a p a r t  of t he  chromatin s t r u c t u r e  ( 9 ) .  

The maintenance of proper  d i f f e r e n t i a t e d ,  f a r  from 
e q u i l i b r i u m  s ta tes  requires  energy  t o  s t a b i l i z e  them. Of 
cour se ,  some s t a t e s  a r e  more energy-requi r ing  than  o t h e r s .  
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Aging i s  cons idered  t o  be t h e  random d y s d i f f e r e n t i a t i o n  of a 
mature l i v i n g  system, the  time-dependent d r i f t i n g  away of c e l l s ,  
c e l l  o r g a n i z a t i o n  and homeos ta t i c  c o n t r o l  from t h e i r  optimum 
s t a t e  of f u n c t i o n .  Compensational,  renewal and r e p a i r i n g  
p rocesses  h e l p  t o  keep a mature organism a l i v e  f o r  a c e r t a i n  
per iod  of t i m e  ( 9 ) .  

The same processes  which l ead  t o  normal ag ing  and to  t h e  
organism's dea th  a r e  a l s o  t h e  win cause of d i f f e r e n t  d i s e a s e s ,  
e s p e c i a l l y  b r a i n  d i s e a s e s .  The ag ing  of t he  b r a i n  i s  l i k e l y  t o  
invo lve  the  slow dys func t ion  of most of i t s  cells, a l though some 
c e l l  t y p e s  may degene ra t e  s e l e c t i v e l y .  For example, i n  
Alzheimer's d i s e a s e  and s e n i l e  dementia one observes  a l o s s  of 
neurons producing a n e u r o t r a n s m i t t e r  a c e t y l c h o l i n e ,  which are 
s i t u a t e d  mainly i n  t h e  nuc leus  b a s a l i s  of Meynert, the  band of 
Broca, and t h e  media l  s e p t a 1  n u c l e i  (10).  Why a r e  t h e s e  
neurons s e l e c t i v e l y  l o s t ?  A s  sugges ted  by C u t l e r  (9 )  one 
p o s s i b l e  answer is t h a t  perhaps most of t h e  cel ls  making up t h e  
b r a i n  a r e  h igh ly  in t e rdependen t  f o r  t h e i r  p roper  s t a t e  of 
d i f f e r e n t i a t i o n  on t h e  proper  d i f f e r e n t i a t e d  s t a t e  of o t h e r  
c e l l s  olaking up the  b ra in .  Thus, a s m a l l  d r i f t  of one type of 
c e l l  from i t s  optimum o u t p u t ,  say  of a g iven  n e u r o t r a n s m i t t e r  
product  o r  growth f a c t o r ,  could  conce ivab ly  cause something l i k e  
a d y s d i f f e r e n t i a t i v e  c a t a s t r o p h e  o r  cascade  through p o s i t i v e  
feedback mechanisms. For example, small changes beginning i n  
t h e  nuc leus  b a s a l i s  of Meynert could  a f f e c t  t h e  f u n c t i o n  of 
ce l l s  i n  the  c o r t e x ,  which i n  t u r n  might f u r t h e r  a l te r  t h e  c e l l s  
i n  t h e  nuc leus  b a s a l i s  of Meynert through such by-products of 
n e u r o t r a n s m i t t e r  deg rada t ion  as f r e e  r a d i c a l s  and hydrogen 
pe rox idase  (9 ) .  S i m i l a r l y ,  i n  a multicomponent system f a r  from 
thermodynamic e q u i l i b r i u m  wi th  s e v e r a l  in te rdependent  r e a c t i o n s  
going  on, some s p e c i e s  may be almost comple te ly  t ransformed 
(e.g.  oxygenated, reduced o r  s p l i t ) ,  whereas t h e  n e t  
c o n c e n t r a t i o n  of o t h e r  s p e c i e s  e s s e n t i a l l y  remains cons t an t  i n  
s p i t e  of t h e i r  p a r t i c i p a t i o n  i n  s e v e r a l  r e a c t i o n s .  

Alzheimer's  d i s e a s e  is  a c h r o n i c ,  p r o g r e s s i v e  neuro- 
p s y c h i a t r i c  d i s o r d e r ,  l e a d i n g  t o  s e r i o u s  cogn i t ive  d i s tu rbances  
(11). It a f f l i c t s  1.5-2.0 m i l l i o n  Americans, and k i l l s  more 
t h a n  100,000 each  year  (12). An au topsy  of b ra ins  of people 
wi th  Alzheimer's  d i s e a s e  shows c h a r a c t e r i s t i c  p a t h o l o g i c a l  
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changes  ( 1 3 ) .  Accumula t ions  of t w i s t e d  f i l a m e n t s  ( n e u r o f i b r i l -  
l a r y  t a n g l e s )  w i t h i n  n e u r o n s  and amorphous a g g r e g a t e s  of p r o t e i n  
( a m y l o i d )  a d j a c e n t  t o  and w i t h i n  v e s s e l s  are found,  as w e l l  as 
s c a t t e r e d  f o c u s e s  of c e l l u l a r  d e b r i s  and amyloid  c a l l e d  n e u r i t i c  
p l a q u e s .  T h e r e  i s  a lso a s i g n i € i c a n t  l o s s  of s p e c i f i c  n e u r o n s  
i n  c e r t a i n  r e g i o n s  of t h e  b r a i n  ( 1 0 ) .  Biochemica l  and 
tmnunologica l  i n v e s t i g a t i o n s  show a r e d u c t i o n  i n  t h e  amount of 
some n e u r o t r a n s m i t t e r s  ( e . g .  a c e t y l c h o l i n e ) ,  and of  
n e u r o t r a n s m i t t e r  r e c e p t o r s  ( s o m a t o s t a t i n ,  f o r  example)  ( 1 4 , 1 5 ) .  

Rased on symptoms and p a t h o l o g i c a l  f i n d i n g s ,  a t  least  s i x  
c o n c e p t u a l  models of A l z h e i m e r ' s  d i s e a s e  have been proposed:  
t h a t  t h e  s i c k n e s s  is caused  by f a u l t y  g e n e s ,  by abnormal  
a c c u m u l a t i o n  of p r o t e i n s ,  by a n  i n f e c t i o u s  a g e n t  ( v i r u s  o r  
p r i o n ) ,  by a n  e n v i r o n m e n t a l  t o x i n ,  by i n a d e q u a t e  blood f l o w  and  
e n e r g y  metabol i sm,  o r  by s e l e c t i v e  l o s s  of c h o l i n e r g i c  n e u r o n s  
( o n e s  t h a t  release a c e t y l c h o l i n e ) .  Each m d e l  is s u p p o r t e d  by 
some o b s e r v a t i o n a l  or  e x p e r i m e n t a l  e v i d e n c e  and c o n t r a d i c t e d  by 
o t h e r  e v i d e n c e  (13) .  

A l l  t h e  f a c t o r s  l i s t e d  above may be ,  however, e i t h e r  a 
c a u s e  o r  a d i r e c t  r e s u l t  of d i s t u r b a n c e s  i n  c r o s s l i n k i n g  and 
a g g r e g a t i o n  of p r o t e i n s  forming  t h e  c y t o s k e l e t o n  of n e u r o n s .  
The c y t o s k e l e t o n  is formed of t h r e e  u l t r a s t r u c t u r a l l y  d i s t i n c t  
e l e m e n t s  made of f i b r o u s  macromolecules :  m i c r o t u b u l e s  24 nm i n  
d i a m e t e r ,  i n t e r m e d i a t e  f i l a n e n t  10 nm i n  diameter, and micro- 
f i l a m e n t s  a b o u t  5 nm i n  d i a m e t e r  and composed of  po lymer ized  
a c t i n .  The n e u r o n a l  i n t e r m e d i a t e  f i l a m e n t s ,  c a l l e d  neiiro- 
f i l a m e n t s ,  are a n t i g e n i c a l l y  d i s t i n c t  f rom ones  found i n  o t h e r  
c e l l s ,  and t h e y  have long been t h o u g h t  t o  be i n v o l v e d  i n  a x o n a l  
t r a n s p o r t ,  apar t  from b e i n g  a s t r u c t u r a l  s u p p o r t  sys tem (16 ) .  
The synchronous  mvement  of neurof  i l a m e n t  component p r o t e i n s  i n  
s low a x o p l a s m i c  t r a n s p o r t  h a s  been d e m o n s t r a t e d  ( 1 7 ) .  

It  h a s  been shown t h a t  normal n e u r o f i l a m e n t s  can  a l t e r  
t h e i r  s i z e  and s h a p e  v i t r o  w i t h  changes  i n  t h e  i o n i c  
s t r u c t u r e  of t h e  medium i n  which t h e y  are  suspended ,  and t h e i r  
s o l u b i l i t y  may a l t e r  w i t h  t h e i r  c o n f i g u r a t i o n  ( 1 7 ) .  Cross-  
l i n k a g e s  between n e u r o f i l a m e n t s  and o t h e r  e l e m e n t s  of cy to-  
s k e l e t o n ,  e s p e c i a l l y  m i c r o t u b u l e s ,  have  a l s o  been d e m o n s t r a t e d  
(18) .  T h i s  m y  i n t e r f e r e  w i t h  a x o n a l  t r a n s p o r t  by c a u s i n g  some- 
times d r a m a t i c  c h a n g e s  i n  axoplasm p r o p e r t i e s .  An i m p a i r e d  
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a x o n a l  t r a n s p o r t  of neurof  i l a m e n t s  may r e s u l t  in s e v e r e  
p a t h o l o g i c a l  d i s o r d e r s ,  A l z h e i m e r ' s  d i s e a s e  be ing  v e r y  p r o b a b l y  
one  of t h o s e .  

Rut s imilar  p a t h o m o r p h o l o g i c a l  and immunopathologica l  
changes  l i k e  t h e  ones  observed  i n  Alzhe imer ' s  b r a i n s  are a lso  

observed  in s e v e r a l  o t h e r  d i s e a s e s .  Amyloid p l a q u e s  are a l s o  
observed  i n  Down's syndrome, P i c k ' s  d i s e a s e ,  Creutzfe ld-Jakob 
d i s e a s e ,  k u r u ,  and s c r a p i e  (16). Appearance of serum a u t o a n t i -  
b o d i e s  t h a t  are specific f o r  t h e  component p r o t e i n s  of 10 n v  
a x o n a l  n e u r o f i l a m e n t s  h a s  been  o b s e r v e d  i n  many neuro-  
d e g e n e r a t i v e  d i s e a s e s ,  i n c l u d i n g  p a r k i n s o n i s m  w i t h  dementia  and 
amyot rophic  l a t e r a l  sclerosis.  These a u t o a n t i b o d i e s  a l s o  react 
energy  metabol i sm,  or by s e l e c t i v e  l o s s  of c h o l i n e r g i c  neurons  
( o n e s  t h a t  release a c e t y l c h o l i n e ) .  Each model i s  s u p p o r t e d  by 
some o b s e r v a t i o n a l  o r  e x p e r i m e n t a l  e v i d e n c e  and c o n t r a d i c t e d  by 
o t h e r  e v i d e n c e  (13). 

All t h e  f a c t o r s  l i s t e d  above may b e ,  however ,  e i t h e r  a 
c a u s e  o r  a d i r e c t  r e s u l t  of d i s t u r b a n c e s  i n  c r o s s l i n k i n g  and 
a g g r e g a t i o n  of p r o t e i n s  f o n n i n g  t h e  c y t o s k e l e t o n  of n e u r o n s .  
The c y t o s k e l e t o n  is formed of t h r e e  U l t r a s t r u c t u r a l L y  d i s t i n c t  
e l e m e n t s  made of f i b r o u s  macromolecules ;  m i c r o t u b u l e s  24 nm i n  
d i a m e t e r ,  i n t e r m e d i a t e  f i l a m e n t  10 nm i n  diameter, and micro- 
f i l a m e n t s  a b o u t  5 nm i n  d i a m e t e r  and composed of polymer ized  
a c t i n .  The n e u r o a a l  i n t e r m e d i a t e  f i l a m e n t s ,  c a l l e d  neuro- 
f i l a m e n t s ,  are a n t i g e n i c a l l y  d i s t i n c t  f r u n  ones found in o t h e r  
ce l l s ,  and t h e y  have l o n g  been thought  t o  be i n v o l v e d  i n  a x o n a l  
t r a n s p o r t ,  a p a r t  from b e i n g  a s t r u c t u r a l  s u p p o r t  sys tem (16). 
The s y w h r o n o u s  movement of n e u r o f i l a m e n t  component p r o t e i n s  i n  
s low axoplasmic  t r a n s p o r t  h a s  been d e m o n s t r a t e d  (17) .  

It h a s  been shown t h a t  normal n e u r o f i l a m e n t s  can alter 
t h e i r  s i z e  and shape  2 v i t r o  w i t h  changes  in t h e  i o n i c  
s t r u c t u r e  of t h e  medium i n  which t h e y  are suspended ,  and t h e i r  
s o l u b i l i t y  may a l te r  w i t h  t h e i r  c o n f i g u r a t i o n  ( 1 7 ) .  Cross-  
l i n k a g e s  between n e u r o f i l a m e n t s  and o t h e r  e l e m e n t s  of cyto-  
s k e l e t o n ,  e s p e c i a l l y  m i c r o t u b u l e s ,  have a l s o  been d e m o n s t r a t e d  
(18). T h i s  may i n t e r f e r e  w i t h  a x o n a l  t r a n s p o r t  by c a u s i n g  some- 
times d r a m a t i c  changes i n  axoplasm p r o p e r t i e s .  An i m p a i r e d  
a x o n a l  t r a n s p o r t  of n e u r o f  i l a m e n t s  may r e s u l t  in s e v e r e  
p a t h o l o g i c a l  d i s o r d e r s ,  A l z h e i m e r ' s  d i s e a s e  be ing  v e r y  p r o b a b l y  
one of t h o s e .  
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But similar pa thomor p h o l  og i c a l  and immunopathol og ica 1 
changes  l i k e  t h e  ones observed  i n  Alzhe imer ' s  b r a i n s  are a l s o  
observed i n  s e v e r a l  o t h e r  d i s e a s e s .  Amyloid p l a q u e s  are a l s o  
observed i n  Down's syndrome, P i c k ' s  d i s e a s e ,  C r e u t z f e l d - J a k o b  
d i s e a s e ,  k u r u ,  and s c r a p i e  ( 16). Appearance of serum a u t o a n t i -  
b o d i e s  t h a t  are s p e c i f i c  f o r  t h e  c m p o n e n t  p r o t e i n s  of 10 nm 
a x o n a l  n e u r o f i l a m e n t s  h a s  been  o b s e r v e d  i n  many neuro-  
d e g e n e r a t i v e  d i s e a s e s ,  i n c l u d i n g  p a r k i n s o n i s m  w i t h  dement ia  and 
amyot rophic  l a t e ra l  sclerosis. These a u t o a n t i b o d i e s  a l s o  react 
w i t h  the p a i r e d  h e l i c a l  f i l a m e n t s  i n  n e u r o f  i b r i l l a r y  t a n g l e s  of 
A l z h e i m e r ' s  d i s e a s e  (16 ) .  So, p a i r e d  hel ical  f i l a m e n t s  m y  be  
a l t e r e d  n e u r o f i l a m e n t s  (19).  On t h e  o t h e r  hand,  amylo id  p l a q u e s  
may be an a c c u m u l a t i o n  of packed n e u r o f i l a m e n t  degraded  i n t o  
amyloid f i b r i l s  ( 2 0 ) .  These and o t h e r  r e s u l t s  seem t o  s u g g e s t  
t h a t  d i f f e r e n t  n e u r o d e g e n e r a t i v e  d i s e a s e s  may have a cannon 
pa t h o g e n i c  mechanism. 

VITAL IMPORTANCE OF pB DISTURBANCES 

The a p p e a r a n c e  of neurof  i b r i l l a r y  t a n g l e s ,  i e u r i t i c  p l a q u e s  
and amyloid  p l a q u e s  i n  A l z h e i m e r ' s  d i s e a s e  b r a i n s  may be a 
consequence  of i m p a i r e d  a x o n a l  t r a n s p o r t  of n e u r o f i l a m e n t  , which 
may have many d i f f e r e n t  c a u s e s ,  s u c h  as t rauma,  a g e n e t i c  
e f f e c t ,  a t o x i n ,  c a l c i u m  and magnesium d e f i c i e n c y ,  slow v i r u s  
i n f e c t i o n  (16 ) .  I m p a i r e d  n e u r o f i l a m e n t  t r a n s p o r t  may be a l s o  a 
h a s i c  mechanism of p a t h o g e n e s i s  of o t h e r  n e u r o d e g e n e r a t i v e  
d i s e a s e s .  Very p r o b a b l y  i t  is  the a c c u m u l a t i o n  of n e u r o f  i l a m e n t  
i n  t h e  p e r i k a r y o n ,  proxi inal  to  t h e  axon, which c a u s e s  cel l  
d e a t h ,  e s p e c i a l l y  i n  n e u r o n s  w i t h  h i g h  t r a n s p o r t  r e q u i r e m e n t ,  
s u c h  as motor neurons  ( 2 1 ) .  

I m p a i r e d  axonal t r a n s p o r t  i s  i t s e l f  p r o b a b l y  due t o  
d i s t u r b a n c e s  of p r o t e i n  c r o s s l i n k i n g .  A s  m have a l r e a d y  
d i s c u s s e d ,  c r o s s l i n k i n g  may d r a m a t i c a l l y  change p r o p e r t i e s  of 
t h e  system. For  example,  age-dependent  increase i n  c e l l u l a r  
membrane v i s c o s i t y  ( d e c r e a s e  i n  rnemrane f l u i d i t y ) ( 9 )  may be  
caused  by i n c r e a s i n g  t h e  d e g r e e  of c r o s s l i n k i n g  of membrane 
p r o t e i n s .  I t  is  w e l l  known tha t  v i s c o s i t y  becomes almost 
i n f i n i t e  a t  t h e  s o l - g e l  t r a n s i t i o n  p o i n t .  S i n c e  l i v i n g  sys tems 
o p e r a t e  f a r  from thermodynamic e q u i l i b r i u m ,  and p r o b a b l y  i n  a 
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FIGURE 2 

Effect  of organismal and environmental i r r e g u l a r i t i e s  on p r o t e i n  
c r o s s l i n k i n g  ( t h e  basic  molecular mechanism of aging processes 
and pa tho log ica l  changes) l eads  t o  aging and/or t o  d i f f e r e n t  
d i seases .  Negative ( r egu la to ry )  feedbacks (denoted by "-") 
enable t h e  organism t o  maintain i t s  homeostasis. But when some 
changes become i r r e v e r s i b l e ,  p o s i t i v e  (amplifying) feedbacks 
(denoted by "+") are produced, leading t o  progressively g r e a t e r  
changes that  of t en  are pathological .  

c r i t i c a l l y - c r o s s l i n k e d  s ta te ,  even a small pe r tu rba t ion  of 
system parameters may l ead  t o  dramatic changes of physics- 
chemical p rope r t i e s .  Also environmental f a c t o r s  may play a 
similar r o l e  (Figure 2 ) .  For example, amyotrophic lateral  
s c l e r o s i s  , parkinsonism with dementia, and e a r l y  appearance of 
n e u r o f i b r i l l a r y  t ang le s  i n  Alzheimer's d i sease  a r e  t h r e e  
d i s e a s e s  t h a t  neu ro log i s t s  consider t o  be non-related,  yet each 
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shows a h i g h  i n c i d e n c e  of c a l c i u m  and magnesium d e f i c i e n c y  as i s  
observed  i n  c e r t a i n  p o p u l a t i o n s  i n  t h e  Western P a c i f i c  (16) .  
Calcium and magnesium i o n s  a re  i m p o r t a n t  i n  both  e n z y m a t i c  and 
nonenz yma t i c  p r o t e i n  c r o s  s l i n k i  ng , i n c l u d i n g  act  in-myos i n  cross- 
l i n k i n g ,  a p r o t e i n  sys tem c r u c i a l  i n  musc le  c o n t r a c t i o n  but  a l s o  
p r e s e n t  p r a c t i c a l l y  in most c e l l s  ( 4 , 2 2 ) .  

D i s t u r b a n c e s  of t h e  pH of p h y s i o l o g i c a l  f l u i d s  may be t h e  
most i m p o r t a n t  f a c t o r  l e a d i n g  e v e n t u a l l y  t o  s e r i o u s  p a t h o l o g i c a l  
c h a n g e s .  T t  i s  w e l l  known t h a t  blood plasma,  i n t e r s t i t i a l  f l u i d  
and c e r e b r o s p i n a l  f l u i d  are  p h y s i o l o g i c a l l y  s l i g h t l y  a l k a l i n e  
(pH = 7 . 4 - 7 . 6 )  whereas  i s o e l e c t r i c  p o i n t s ,  PI'S ( i . e .  pH f o r  
which t h e  molecule  i s  e l e c t r i c a l l y  n e u t r a l )  of blood p r o t e i n s  
a re  g e n e r a l l y  smaller: p 1  = 4.7 f o r  a l b u m i n ,  5.8 f o r  f i b r i n o -  
g e n ,  6 .9  f o r  hemoglobin,  6.4-7 .2  f o r  - g l o b u l i n s  ( 2 3 ) .  Thus,  a t  
pF = 7 . 6 ,  t h o s e  p r o t e i n s  have  a n e t  n e g a t i v e  c h a r g e  and a re  
s o l u b l e .  I f ,  however, because  of hypoxia  o r  o t h e r  c a u s e s ,  t h e  
pH of p h y s i o l o g i c a l  f l u i d s  d r o p s  down even s l i g h t l y ,  t h e  n e t  
n e g a t i v e  c h a r g e  of p r o t e i n s  and p e p t i d e s  d i m i n i s h e s ,  and t h e y  
may s t i c k  t o g e t h e r  forming  c r o s s l i n k e d  a g g r e g a t e s  and polymers  
of h i g h e r  m l e c u l a r  w e i g h t s .  In some cases an i n c r e a s e  of plI, 
( e . g . ,  due t o  h y p e r v e n t i l a t i o n )  a l s o  may c a u s e  p r o t e i n s  t o  s t i c k  
t o g e t h e r .  

R e s u l t i n g  p r o t e i n  p r e c i p i t a t i o n  may c a u s e  d r a s t i c  c h a n g e s  
of p h y s i o c h e m i c a l  p r o p e r t i e s  of t h e  sys tem.  It has  been 
s u g g e s t e d  by L i p i n s k i  ( 7 )  t h a t  a d e c r e a s e  of b lood  pH and  
enhanced p e r o x i d a  t i v e  c r o s s l i n k i n g  due t o  c h r o n i c  hypoxia  are 
r e s p o n s i b l e  f o r  a g r a d u a l  l o s s  of n e g a t i v e  c h a r g e s  i n  t h e  
a r t e r i a l  w a l l s ,  t h u s  c o n t r i b u t i n g  t o  a t h e r o s c l e r o s i s .  L i t t l e  
i n f o r m a t i o n  is a v a i l a b l e  c o n c e r n i n g  t h e  pH w i t h i n  i n d i v i d u a l  
neurons  and i n  axoplasm,  but  one may imapine  f o r m a t i o n  of 
n e u r o f i h r i l l a r  t a n g l e s  and amyloid  p l a q u e s  b e i n g  a r e s u l t  of a 
qimilar mechanism, l e a d i n g  e v e n t u a l l y  t o  i r p a i r m e n t s  and d e a t h  
of neurons .  It is a l s o  i m p o r t a n t  t o  remember tha t  a l l  enzymes, 
n e u r o t r a n s m i t t e r  and hormone r e c e p t o r s ,  as wel l  as many hormones 
a r e  t h e m s e l v e s  p r o t e i n s ,  o f t e n  o p e r a t i n g  i n  a s t a t e  f a r  f rom 
e q u i l i b r i u m  ( 3 ) .  They t h e r e f o r e  are  o f t e n  h i g h l y  i n f l u e n c e d  by 
even minor  changes  of  pH and o t h e r  p a r a m e t e r s .  

A c i d o s i s  ( l o w e r i n g  blood plasma pH) may be of m e t a b o l i c  o r  
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r e s p i r a t o r y  o r i g i n .  For example, i n  hypoglycemia t h e  t o t a l  
p roduct ion  of C02 i n  the  b r a i n  t i s s u e  may i n c r e a s e  to twice the 
b a s a l  l e v e l ,  and t h e  r e s u l t i n g  a c i d o s i s  l eads  t o  so-ca l led  hypo- 
glycemic convuls ions .  The l a r g e  oxygen consumption by the  
b r a i n ,  about  25% of t h e  t o t a l  body a t  rest oxygen consumption, 
accounts  f o r  t he  extreme s e n s i t i v i t y  of the b ra in  to  hypoxia. 
For example, i t  has been observed t h a t  a l p i n i s t s  o f t e n  show 
s e r i o u s  neu ras t en ic  behavior ( a l p i n e  b r a i n  a s t e n i a )  and even 
permanent b r a i n  damage. Coma and i r r e v e r s i b l e  damage, l ead ing  
t o  s e r i o u s  neurodegenera t ive  d i s e a s e s  o r  even to  dea th  may occur 
even a f t e r  b r i e f  anoxia  due, f o r  example, to hypoven t i l a t ion .  

Low pH has a two-fold e f f e c t  -- i t  f a c i l i t a t e s  p r o t e i n  
aggrega t ion  and i n c r e a s e s  gene ra t ion  of f r e e  r a d i c a l s ,  which in 
t u r n  i n c r e a s e  pe rox ida t ion  ( o x i d a t i v e  breakdown of f a t t y  a c i d s  
in c e l l u l a r  membranes)(24). Free  radicals, such as hydroxy 
( OH) and poss ib ly  alkoxy (RO ) i n t e rmed ia t e s  of lipid 
perox ida t ion  can fragment and c r o s s l i n k  p r o t e i n  (25) .  I n  t h e  
absence of molecular oxygen, *OH induces  c r o s s l i n k s  i n  p r o t e i n  
which a r e  o f t e n  r e s i s t a n t  t o  r educ t ion ,  whereas i n  t h e  presence  
of oxygen the  f ragmenta t ion ,  involv ing  peptide-bond h y d r o l y s i s ,  
is much more pronounced (26).  

Some products  of r a d i c a l  p r o x i d a t i o n  may then  accumulate 
w i t h i n  cel ls .  For example, l i p o f u s c i n  (an  aggrega te  of 
peroxid ized  l i p i d  and p r o t e i n s )  accumulates i n  lysosomes of aged 
c e l l s  and i n  Alzheimer's  d i s e a s e  b r a i n  cells  (26 ) .  An 
accumulation of denatured p r o t e i n  may i n t e r f e r e  wi th  and f i n a l l y  
impal r  c e l l  func t ion .  Lack of c e l l u l a r  r e d u c t a n t s  and 
a n t i o x i d a n t s  is a cause of s e r i o u s  p a t h o l o g i c a l  changes. 

DISCUSS ION 

Body v e n t i l a t i o n  normally d e t e r i o r a t e s  wi th  ag ing;  t h e  
maximum vital  capac i ty  a t  the  age of 70 i s  only about 55% of 
t h a t  a t  t h e  age of 35 (9). Dis turbances  of v e n t i l a t i o n  and 
even tua l  impairment caused by them nay show a coopera t ive  
c h a r a c t e r  -- a d e t e r i o r a t i o n  of v e n t i l a t i o n  causes i n i t i a l l y  a 
s l i g h t  hypoven t i l a t ion  which e v e n t u a l l y  causes impai r ing  i n  
p r o t e i n  c r o s s l i n k i n g  l ead ing  t o  small changes in t h e  b r a i n  bu t  
a l s o  small s c l e r o t i c  blood c l o t s  which, i n  t u r n ,  f u r t h e r  
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d e t e r i o r a t e  v e n t i l a t i o n ,  l e a d i n g  t o  s t i l l  g r e a t e r  changes.  The 
system swi t ches  from a normal state t o  a p a t h o l o g i c a l  one. 
Switching between two states is  a well-known phenomenon i n  a 
b i s t a b l e  system f a r  from equ i l ib r ium.  It is a c h a r a c t e r i s t i c  
f e a t u r e  of such a swi t ch ing  p rocess  t h a t  t h e r e  e x i s t s  a c e r t a i n  
lag-time (which may be f a i r l y  long)  dur ing  which system 
p r o p e r t i e s  change on ly  s l i g h t l y .  Then i n  a s h o r t  per iod  of t i m e  
the system swi t ches  t o  the o t h e r  s t a t i o n a r y  s ta te  and system 
p r o p e r t i e s  may change d r a m a t i c a l l y .  In a c r o s s l i n k i n g  p rocess  a 
lag-time per iod  cor responds  t o  normal aggrega t ion ;  a g g r e g a t i o n  
may f a c i l i t a t e  f u r t h e r  c r o s s l i n k  forming ( c o o p e r a t i v i t y  e f f e c t )  
and f i n a l l y  the system comes t o  the  c r i t i c a l  po in t  when g e l  i s  
formed, d r a m a t i c a l l y  changing t h e  sys tem p r o p e r t i e s .  In 
e v e n t u a l  c l i n i c a l  symptoms i t  would correspond t o  ch ron ic  and 
a c u t e  s t a t e s ,  r e s p e c t i v e l y .  

The f a c t  t h a t  i n  Alzhe imer ' s  d i s e a s e  amyloid u s u a l l y  
su r rounds  and invades  c e r e b r a l  blood v e s s e l s  as w e l l  as 
accumula tes  i n  p laques  r e p l a c i n g  degene ra t ing  nerve t e rmina l s  
s u g g e s t s  t h a t  changes i n  the  blood and i n  the  nervous t i s s u e  may 
have the same primary cause which nlay be a s  s imple  as a mal l  
dec rease  of pY. Amyloid damages v e s s e l s  caus ing  a leakage  i n t o  
t h e  b r a i n  t i s s u e  of o t h e r  blood p r o t e i n s ,  e v e n t u a l l y  a c t i v a t i n g  
an enzyme t h a t  c o n v e r t s  neu ro f i l amen t s  i n t o  p a i r e d  h e l i c a l  
f i l a m e n t s  and f u r t h e r  damaging the  neurons (13). 

It has  a l s o  been shown t h a t  dementia may i n  some p a t i e n t s  
r e s u l t  from m u l t € p l e  small s t r o k e s ,  and t h a t  t h e  r eg ions  
a f f e c t e d  by t h e  s t r o k e s  a r e  p r e c i s e l y  those  showing t h e  g lucose-  
consumption d e f i c i t  (13). On the o t h e r  hand blood flow and 
oxygen consumption con t inue  t o  d e c l i n e  i n  e l d e r l y  people ,  be ing  
about 30% lower in those  wi th  dementia.  But b r a i n  blood supply  
is s t r i c t l y  a f f l i c t e d  by neurons c o n t r o l l i n g  t h e  d i l a t i o n  and 
c o n t r a c t i o n  of b r a i n  a r t e r i o l e s .  These neurons release s p e c i f i c  
n e u r o t r a n s m i t t e r s ,  e s p e c i a l l y  dopamine, f o r  which blood v e s s e l s  
have s p e c i f i c  r e c e p t o r s  (13,27). B r a i n  supply  may be a l so  
d i s t u r b e d  through blood-brain b a r r i e r  changes (28 ) .  So, e i t h e r  
t h e  damage of some s p e c i f i c  neu rons ,  or d e f i c i e n c y  of some 
n e u r o t r a n s m i t t e r s  or t h e i r  r e c e p t o r s  may r e s u l t  i n  ad iminished  
blood supp ly ,  h y p o v e n t i l a t i o n  and e v e n t u a l  pH d e c r e a s e ,  
i nc reased  p r o t e i n  c r o s s l i n k i n g ,  and e v e n t u a l l y  t o  a f u r t h e r  
d e c l i n e  of b r a i n  blood supply .  
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S i m i l a r l y ,  some g e n e t i c  f a c t o r s ,  some i n f e c t i o u s  agents 
( s low v i r u s e s )  , some t o x i n s  and metals (aluminum (29,30), 
manganese ( 3 1 ) )  a l l  may i n c r e a s e  p r o t e i n  c r o s s l i n k i n g ,  l ead ing  
e v e n t u a l l y  t o  Alzheimer's  and o t h e r  d i s e a s e s .  

CONCLUDING REMARKS 

Inc reased  p r o t e i n  c r o s s l i n k i n g  , probably  due t o  a dec rease  
of body f l u i d s  pH, may be a c m o n  base  of t h e  d i f f e r e n t  models 
of Alzheimer's  d i s e a s e  t h a t  have been proposed, and probably  of 
d i f f e r e n t  neurodegenera t ive  and o t h e r  d i s e a s e s .  

D i f f e r e n t  r eg ions  of t h e  b r a i i  do d i E f e r e n t  j obs .  A 
d e f i c i t  i n  performance r e s u l t i n g  fran damage i g  one reg ion  is  
o f t e n  q u i t e  un l ike  one r e s u l t i n g  f r a n  damage t o  a d i f f e r e n t  
reg ion .  I n  r e a l i t y ,  a g iven  b r a i n  reg ion  or a g iven  kind of 
neuron may be a f f l i c t e d  i n  a specific case (even i f  t he  under- 
l y i n g  mechanisms is e x a c t l y  the  same i n  d i f f e r e n t  cases) as a 
s imple  r e s u l t  of t he  f a c t  t h a t  t h e  primary damages were 
s p e c i f i c a l l y  l o c a l i z e d ,  and then  a m p l i f i e d  through a €eedback as 
we have d i scussed .  

Our hypo thes i s  s ays  t h a t  normal aging processes ,  as w e l l  a s  
Alzheimer's  d i s e a s e  and o t h e r  d i f f e r e n t  d i s e a s e s ,  may be caused 
by d i s t u r b a n c e s  of p r o t e i n  c r o s s l i n k i n g  due i t s e l f  t o  such a 
s imple  cause as a change (probably  a dec rease )  of body f l u i d s  
pH. The hypo thes i s  i s  but  a framework f o r  thought ,  which how- 
e v e r  may i n d i c a t e  new l i n e s  of r e s e a r c h ,  of d i agnos i s  and of 
pharmacological t r ea tmen t  i n  d i f f e r e n t  d i s e a s e s ,  as w e l l  as show 
some impor tan t  environmental  i m p l i c a t i o n s  o€ such f a c t o r s  as 
weak e l ec t romagne t i c  f i e l d s  ( 3 2 ) .  
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