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Abstract 
Neurologica l  d iseases  a re  soc ia l ly  d isabl ing  and  of ten  mor ta l .  To  

ef f ic ient ly  combat  these  d iseases ,  a  deep  unders tanding  of  involved  

ce l lu lar  processes ,  gene  funct ions  and  ana tomy is  requi red .  However ,  

d i f fe rent ia l  regula t ion  of  genes  across  ana tomy is  not  suf f ic ien t ly  wel l  

unders tood.  This  s tudy u t i l i zed  la rge-sca le  gene  express ion  da ta  to  

def ine  the  regula tory  ne tworks  of  genes  express ing  in  the  h ippocampus  

to  which  mul t ip le  d i sease  pa thologies  may be  associa ted .  Speci f ic  a ims  

were :  ident i fy  key  regula tory  t ranscr ip t ion  fac tors  (TFs)  respons ib le  for  

observed  gene  express ion  pat terns ,  recons t ruc t  t ranscr ip t ion  regula tory  

ne tworks ,  and  pr ior i t ize  l ike ly  TFs  respons ib le  for  ana tomica l ly  

res t r ic ted  gene  express ion .  Most  of  the  ana lys is  was  res t r ic ted  to  the  

CA3 sub- region of  Ammon’s  horn  wi th in  the  h ippocampus .  We 

ident i f ied  155 core  genes  express ing  throughout  the  CA3 sub-region  and  

predic ted  corresponding TF b inding  s i te  (TFBS)  d is t r ibut ions .  Our  

analys i s  shows plaus ib le  t ranscr ip t ion  regula tory  ne tworks  for  twelve  

c lus te rs  of  co-expressed  genes .  We demonst ra te  the  va l id i ty  of  the  

predic t ions  by  re-c lus ter ing  genes  based  on  TFBS dis t r ibut ions  and  

found tha t  genes  tend  to  be  cor rec t ly  ass igned to  groups  of  previous ly  

ident i f ied  co-express ing  genes  wi th  sens i t iv i ty of  67 .74% and pos i t ive  

predic t ive  va lue  of  100%.  Taken together ,  th i s  s tudy  represents  one  of  

the  f i r s t  to  merge  anatomical  a rchi tec ture ,  express ion  prof i les  and  

t ranscr ip t ion  regula tory  potent ia l  on  such  a  large  sca le  in  h ippocampal  

sub-anatomy.  
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Thesis structure  

T h i s  r e p or t  p r e s e n t s  r e s u l t s  t h a t  h a ve  o r i g i n a t e d  f r o m a  c o l l a b or a t i v e  

p r o j e c t  be t w e e n  t h e  S o u t h  A f r i c a n  N a t i o n a l  B i o i n fo r ma t i c s  I n s t i t u t e  

( S A N B I )  a n d  t h e  A l l e n  In s t i t u t e  fo r  B r a i n  S c i e n c e  ( A I B S ,  S e a t t l e ,  

USA)  ove r  a  cou r se  o f  two  yea r s  be tween  2006  and  2007 .  

 

T h e  c o l l ab o r a t i v e  p r o j e c t  ha s  a d d r e s s e d  mu l t i p l e  g o a l s :   

1 .  D i s c e r n  t h e  c o r r e l a t i o n  b e t w e e n  c l a s s i c a l l y  d e f i n e d  n e u r o -

ana tomy  and  gene  exp re s s ion  pa t t e rn s  i n  t he  adu l t  h ippocampus  

( A I B S ) .  

2 .  D e t e r mi n e  i f  g e ne  e x p r e s s i o n  p a t t e r n s  a r e  a b l e  t o  d e l i n ea t e  

b e t w e e n  h i g h - r e s o l u t i o n  s u b - a n a t o mi e s  ( A I B S) .  

3 .  I d e n t i f y  g e n e  e x p r e s s i o n  p a t t e r n s  t h a t  e x p l a i n  p h y s i o l o g i c a l  

d i f f e r e n t i a t i o n  a c r o s s  h i p p o c a mp a l  n e u r o - a n a t o my  ( A I B S ) .  

4 .  I d e n t i fy  T F s  t ha t  ma y  p l a y  a  r o l e  i n  ma i n t a i n i n g  a d u l t  

h i p p o c a m p a l  a n a t o mi c a l l y  r e s t r i c t ed  gene  exp re s s ion  pa t t e rn s  

(SANBI ) .  

5 .  D e t e r mi n e  r e g u l a t o r y  p o t e n t i a l  b y  me a n s  o f  T F s  a s s o c i a t e d  w i t h  

t h e  p r o mo t e r s  o f  a l l  g e n e s  e x p r e s s ing  i n  t he  cons ide r ed  r eg ions  

o f  h i p p o c a mp u s  ( S A N B I ) .  

6 .  Recons t ruc t  hypo the t i c a l  t r an sc r i p t i o n a l  r e g u l a t o r y  n e t w o r k s  i n  

t h e  mo u s e  h i p p o c a m p u s  ( S A N B I ) .  

7 .  P r i o r i t i z e  c a n d i d a t e  T F s  co mp u t a t i o n a l l y  de t e r mi n e d  t o  mo s t  

l i k e l y  r e gu l a t e  h i pp o c a mp a l  g e n e  e x p r e s s i o n  ( S A N B I ) .  
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T h i s  r e p o r t  i s  d i v i d e d  i n t o  6  c h a p t e r s  a s  fo l l ow s :  

 C h a p t e r  1  i n t r o d uc e s  t h e  ro l e  o f  T F s  i n  c o n t r o l l i n g  r e g u l a t o r y  

and  s i gna l  t r an sduc t i on  pa thways  t ha t  a c t  t o  p a t t e r n  t h e  mo u s e  b r a i n  

d u r i n g  d e v e l o p me n t  a n d  ma i n t a i n  g e n e  e x p r e s s i o n  i n  t h e  a d u l t  mo u s e .  

T h e  c h a p t e r  p r o v i d e s  a  b r i e f  i n t r o d u c t i o n  o f  d i f f e r e n t  me t h o d s  u s e d  t o  

a n a l y z e  g e n e  e x p r e s s i o n  l e v e l s  a nd  t r a n s c r i p t i o n  r e g u l a t i o n  i n  t h e  

c o n t e x t  o f  t h e  a d u l t  mo u s e  b r a i n .  

 Chap t e r  2  de sc r i be s  t he  ba s i s  o f  t he  h ippocampa l  gene  

e x p r e s s i on  t h a t  w a s  a n a l y z e d  f o r  e v i d e nc e  o f  t r a n s c r i p t i o n a l  

r e g u l a t i on .  T h e  ma j o r i t y  o f  t h i s  chap t e r  i s  de r i ved  f rom r e su l t s  

d i s c u s s e d  i n  t h e  ma n u s c r i p t  T h o m p s o n  e t  a l .  (2007 ) .  Th i s  chap t e r  

d i s cus se s  t he  b io logy  o f  t he  h ippoc a mp a l  f o r ma t i o n  i n  d e t a i l  a n d  

c o r r e l a t e s  t h e  we l l - k n o w n  p h y s i o l o g y  w i t h  g e n e  e x p r e s s i o n  d a t a  

d e r i v e d  f r o m t h e  A l l e n  B r a i n  A t l a s .  

 C h a p t e r  3  i n t r o d u c e s  t h e  a p p r o a ch  u sed  t o  i den t i f y  pos s ib l e  

t r a n s c r i p t i o n a l  r e g u l a t o r y  e l e me n t s  c o n t r o l l i n g  t h e  e x p r e s s i o n  

o b s e r v e d  a n d  d i s c u s s e d  i n  C h a p t e r  2 .  T h i s  c h a p t e r  d e s c r i b e s  r e su l t s  I  

have  ob t a ined  and  have  been  p r ev io u s l y  p re s e n t e d  i n  t h e  i n t e r n a l  

SANBI  d o c u me n t ,  Ba j i c  e t  a l .  ( 2 0 0 6 A ) .  A  b r i e f  d i s c u s s i o n  o f  t h e  d a t a  

i s  ma d e  h i g h l i g h t i n g  t h e  i m p a c t  o f  t h e  s t u dy  i n  t e r m s  o f  i d e n t i fy i n g  

c a n d i d a t e  T F s  r e s p o n s i b l e  fo r  t h e  n or ma l  e x p r e s s i o n  o f  g e n e s  i n  a d u l t  

m o u s e  h i p p o c a mp u s .  

 C h a p t e r  4  d i s c u s s e s  a n  a n a l y s i s  o f  t h e  d a t a  p r o d u c e d  b y  t h e  

me t h o d s  d e s c r i b e d  i n  C h a p t e r  3  a nd  p r e s e n t s  v i s u a l i z a t i o n  o f  t h e  

r e c o n s t r u c t e d  t r a n s c r i p t i o n  r e g u l a t o r y  n e t w o r k s  s p e c i f i c  t o  c l u s t e r s  o f  

g e n e  e x p r e s s i o n  d a t a  d e s c r i b e d  i n  C h a p t e r  2 .  T h i s  c h a p t e r  d e s c r i b e s  
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r e su l t s  I  have  ob t a ined  and  have  be e n  p r e v i o u s l y  p re s e n t e d  i n  t h e  

i n t e r n a l  SA N B I  d o c u me n t ,  B a j i c  e t  a l .  ( 2 0 0 6 B ) .  

 Chap t e r  5  de sc r i be s  a  so f twa r e  t o o l  fo r  ma i n t a i n i n g  a n d  

p r e s e n t i ng  p r o j e c t s  t h a t  c on t a i n  d a t a  t h a t  m a y  b e  r e p r e s e n t e d  a s  a  

n e t w o r k .  T h e  t o o l  i s  a  c o m p i l a t i o n  o f  me t h o d s  u s e d  t o  g e n e r a t e  t h e  

r egu l a to ry  ne tworks  i n  Chap t e r  4  and  i t  ha s  been  coded  i n  HTML and  

P y t h o n  b a s e d  C G I .  

 C h a p t e r  6  d i s c u sse s  t h e  e n t i r e  s t udy  d r awing  i n fo rma t ion  f rom 

a l l  c h a p t e r s  i n  o rd e r  t o  h i g h l i g h t  t h e  ma i n  f i n d i n g s  o f  t h i s  t h e s i s .
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Chapter 1: Introduction 
 

Transcriptional regulation is a key to 

understanding the regulation of cellular 

processes  

 

M u l t i c e l l u l a r  o r g a n i s ms  d e v e l o p  t h r o u g h  a  c o mpl e x  p r o c e s s  f r o m a  

s i n g l e - c e l l e d  zygote (Cuenca et al. ,  2003) to t h e i r  a d u l t  f o r ms  

(Sh ing l e ton  e t  a l . ,  2005 ) .  Th rough  deve l o p m e n t ,  a n  o r g a n i s m’ s  c e l l s  

a r e  l aye r ed  i n to  t i s sue s  and  fu r t he r  f o l d e d  i n t o  o r g a n s  w i t h  d i s t i n c t i v e  

f u n c t i o n a l i t y  ( C r ue z e t  e t  a l . ,  2 0 0 6 ) .  T h i s  p a t t e r n i ng  o f  c e l l s  a n d  

t i s s u e s  i s  r e f l e c t e d  i n  g e n e  e x p r e s s ion ,  s i nce  genes  exp re s s  d i f f e r en t l y  

a c r o s s  d i f f e r e n t  a n a t o mi e s ,  t i s s u e s  a n d  c e l l  t y p e s  ( S oo d  e t  a l . ,  2 0 0 5 ) .  

T h e  p r o c e s s  o f  r e g u l a t i n g  g e n e  t r an sc r i p t i on  mu s t  b e  t i g h t l y  

c o n t r o l l e d  t h r o u g h o u t  d e v e l o p me n t  i n  o r d e r  t o  e n s u r e  t h e  c o r r e c t  

f u n c t i o n i n g  a n d  c e l l u l a r  p a t t e r n i ng  o f  t i s s u e s  w i t h i n  a n  o rg a n i s m  

( B e r g e r  e t  a l . ,  2 0 0 7 ) .  

 

T r a n s c r i p t i o n  r e g u l a t i o n  i s  a  d i r e c t e d  p r o c e s s  i n t e g r a l  t o  t h e  c on t r o l  

o f  g e n e  e x p r e s s i o n  ( R e y ma n n  a n d  B o r l a k ,  2 0 0 6 ) .  G e n e s  a r e  

c a t e g or i z e d  a s  b e i n g  e x p r e s s e d  w h e n  t h e  t r a n sc r i p t i o n  p r o c e s s  r e s u l t s  

i n  gene  t r an sc r i p t s .  D i f f e r en t  f o rms  o f  t r a ns c r i p t s  ex i s t ,  t h e  mo s t  

exp lo i t ed  k ind  i s  me s senge r  RNA ( m R N A ) ,  w h i c h  i s  g e n e r a t e d  b y  

f u r t h e r  p r o c e s s i n g  o f  p r i ma r y  t r a n s c r i p t s  ( Sh e t h  a n d  P a r k e r ,  2 0 0 3 ) .  
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G e n e  e x p r e s s i o n  c a n  b e  a s s e s s e d  u s ing  t he  concen t ra t i o n s  o f  m R N A  

t r a n s c r i p t s  ( Wa n g  e t  a l . ,  2 0 0 6 ) .   

 

M u l t i p l e  g e n e s  ma y  b e  a s s o c i a t e d  w i th  a  pa r t i cu l a r  f unc t i on .  To  

d e t e r mi n e  t h e  r e l a t i o n s h i p  t h a t  e nab l e s  fu n c t i o n a l i t y  b e t w e e n  t h e s e  

g e n e s  i s  a  h a r d  p r o b l e m.  G e n e  e x p re s s ion  ana ly s i s  i s  a  power fu l  

a p p r o a c h  t h a t  ma y  b e  e mp l o y e d  t o  e l u c i d a t e  o n  t h i s  i s s u e  ( W a n g  e t  

a l . ,  2 0 0 6 ) .  G e n e r a l l y ,  a  h i g h - t h r o u g h p u t  g e n e  e x p r e s s i o n  e x p e r i me n t  

a i ms  t o  c a p t u r e  t h e  e x p r e s s i o n  s t a t e ( s )  o f  a  s e t  o f  g e n e s  w i t h i n  

c e l l u l a r  o r  t i s s u e  s a mp l e s  f r o m l o ca l i z ed  ana tomy  o r  a l ong  a  t ime  

c o u r s e .  The  mor e  s a mp l e s  w e  a n a l y z e  t h e  mor e  t h e  e x p r e s s i o n  a na l y s i s  

b e c o me s  i n f o r ma t i v e  f o r  t h r e e  r e a s o ns :  1 /  w e  a n a l y z e  t h e  s a me  s a mp l e  

m u l t i p l e  t i me s  f o r  c o n f i d e n c e  i n  o u r  r e su l t s ;  2 /  w e  a n a l yz e  t h e  

s a mp l e s  o v e r  t i me  a n d  g a i n  a n  u n d e r s t a n d i n g  o f  h o w  g e n e s  e x p r e s s  

t h r o u g h  t i me ;  a n d  3 /  w e  a n a l y z e  s a m p l e s  t a k e n  a t  t h e  s a me  t i me  o v e r  

d i f f e r en t  t i s sue s  and  ga in  an  under s t and ing  o f  how genes  exp re s s  

s p a t i a l l y .  I t  i s  t h r o u g h  t h e s e  k i n d s  o f  s t u d i e s  t h a t  t h e  g e n e  e x p r e s s i o n  

p r o f i l e  ma y  b e  d e s c r i b e d  f o r  p a r t i cu l a r  a na t o my  a n d  a s s o c i a t e d  t o  

l ower  and  h ighe r  o rde r  b io log i ca l  f unc t i ons .  

 

D e t e r mi n i n g  t h e  g e n e  e x p r e s s i o n  p ro f i l e  f o r  a n y  p a r t i c u l a r  a n a t o my  

c e r t a i n l y  a n s w e r s  w h a t  g e n e s  a r e  b e i n g  e x p r e s s e d  a n d  w h e n .  H o w e v e r ,  

i t  d o e s  n o t  a n s w e r  w h y .  A n  i n t e r e s t i n g  a n d  i m p o r t a n t  f u n c t i o n  o f  o n e  

c l a s s  o f  g e n e  i s  t o  c o d e  f o r  p r o t e i n s  t h a t  i n f l u ence  t he  t r an sc r i p t i on  o f  

o t h e r  g e n e s  ( Y i  e t  a l . ,  2 0 0 7 ) .  T h e s e  p r o t e i n s ,  k n o w n  a s  t r a n s c r i p t i o n  

f a c t o r s  ( T F s )  a n d  c o - f a c t o r s ,  p r o v i d e  a  p o w e r f u l  me a n s  t h a t  a l l ow s  t h e  
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c e l l  t o  p r e fe r e n t i a l l y  a c t i v a t e  t r an s c r i p t i on  o f  t a rge t e d  g en e s  i n  

s p e c i f i c  c e l l s ,  u n d e r  s p e c i f i c  c o n d i t i o n s  a n d  i n  s p e c i f i c  t i mi n g .  T F s  

a r e  n u c l e a r  p r o t e i n s  t h a t  b i n d  t o  s ho r t  spec i f i c  DNA mot i f s ,  c a l l ed  TF  

b i n d i n g  s i t e s  ( T F B S s ) ,  i n  t he  r egu l a to ry  r eg ions  o f  genes  (L in  a t  a l . ,  

2 0 0 7 ) .  N o t  a l l  p r o m o t e r s  c o n t a i n  t h e  s ame  T F B S s .  T h i s  c h a r a c t e r i s t i c  

a l l o w s  TFs  a n d  t he i r  c o mp l e x e s  ( t ha t  ma y  i n c l u d e  c o - fa c t o r s )  t o  t a r g e t  

s p e c i f i c  p r o mo t e r s .  C o mpl e x e s  o f  TFs  and  co - f ac to r s  f unc t i on  t o  

a c t i va t e  ( a n d  a t  t i me s  i n h i b i t )  t r a nsc r i p t i on  o f  t he  genes  t o  whose  

p r o mo t e r s  t h e y  a r e  b o u n d  ( M o t o h a s h i  e t  a l . ,  2 0 0 6 ) .  

 

H e r e ,  w e  p r e s e n t  r e s u l t s  o f  a n  e x t ens i v e  s t u dy  i n t o  t he  a s s o c i a t i o n  o f  

t r a n s c r i p t i o n  r e g u l a t i o n  p o t e n t i a l  a nd  g e n e  e x p r e s s i o n  p r o f i l e s  r e l a t e d  

t o  t h e  a n a t o my  o f  t h e  a d u l t  mo u se  b r a in .  The  s t udy  focuse s  on  t he  

p a t t e r n i ng  o f  c e l l s  a n d  t i s s u es  w i t h i n  t h e  C A 3  r e g i o n  o f  t h e  

h i p p o c a m p u s .  U s i n g  i n  s i t u  h y b r i d i za t i on  da t a ,  t he  gene  exp re s s ion  

p r o f i l e  f o r  t h e  C A 3  r e g i o n  u n d e r  s t u dy ,  a s  w e l l  a s  i t s  n e i g h b o r i n g  C A 2  

r e g i o n ,  wa s  o b t a i n e d  u s i ng  t he  A l l en  Bra in  A t l a s ,  ABA (Lein et al. 2007),  

f r o m c o l l a b o r a t o r s  a t  t h e  A l l e n  I n s t i t u t e  fo r  B r a i n  S c i e n c e ,  Se a t t l e ,  

U S A .  A d d i t i o na l l y ,  T F B S s  w e r e  p r e d i c t e d  a n d  ma p p e d  t o  g e n e s  

c o n t r i b u t i n g  t o  t h e  g e n e  e x p r e s s i o n  p ro f i l e .  Ne tworks  o f  a s soc i a t i ons  

h a v e  b e e n  ma d e  b e t w e e n  g e n e s ,  T F s ,  a n d  s u b - r e g i o n s  o f  C A 3 .  T h e  

r e s u l t  i s  a n  i n - de p t h  d e sc r i p t i on  o f  t he  t r an sc r i p t i on  r egu l a t i on  

p o t e n t i a l  o f  t h e  C A 3  r e g i o n  o f  A mm o n ’ s  h o r n  i n  a  n o r ma l  a d u l t  mo u s e  

b r a i n .  T h e  s t u d y  h a s  r e v e a l e d  t r a n s c r i p t i o n  r e g u l a t i o n  p r o g r a ms  t h a t  

a r e  l i k e l y  t o  c on t r o l  a na t omi c a l l y  r e s t r i c t e d  g e n e  e xp r e s s i o n  i n  t h e  

s t u d i e d  r e g i o n s .  I t  h a s  a l s o  i mp l i c a t e d  t h e  c o mbi n a t o r i a l  e f f e c t  o f  
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s e v e r a l  T F s  a s  l i k e l y  c o n t r i b u t o r s  t o  t h e  s p e c i a l i z e d  g e n e  e x p r e s s i o n .  

T h e s e  r e s u l t s  ma y  s e r v e  a s  a  mo d e l  s t u d y  fo r  t h e  a n a l y s i s  o f  t h e  

r egu l a to ry  po t en t i a l  o f  neu rodegene ra t i ve  d i s ea se s  o r i g ina t i ng  i n  t he  

a d u l t  mo u s e  h i p p o c a mp u s .  
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From the developing to the developed brain: 

The importance of TFs in patterning the adult 

mouse brain  

T h e  a d u l t  mo u s e  b r a i n  i s  c o m p r i s e d  o f  t h r e e  p a r t s ,  t h e  c e r e b r u m,  b r a i n  

s t e m,  a n d  c e r e be l l u m.  T h i s  t h e s i s  f o c u s e s  on  a  p a r t i c u l a r  p a r t  o f  t he  

c e r e b r u m ,  A m mo n ’ s  h o r n  ( C A ) ,  w h i c h  i s  s i t u a t ed  w i t h i n  t h e  

h i p p o c a m p a l  r e g i o n  ( H I P ) .  T h e  H I P  a n d  r e t r o h i p p o c a mp a l  r e g i o n  

( R H P )  m a k e  u p  t h e  h i p p o c a m p a l  f o r ma t i o n  ( H P F ,  F i g u r e  1 ) .  Th e  H P F  

i s  p a r t  o f  t h e  l i mb i c  s y s t e m .   T h e  l i mb i c  s y s t e m ( d e r i v e d  f r om t h e  

l a t i n  w o rd  l i m b u s ,  me a n i n g  e d g e ) ,  i s  l o c a t e d  w i t h i n  t h e  b r a i n  a n d  

fo r ms  w i t h i n  t h e  e a r l y  s t age s  o f  t h e  e mb r y o .  T h e  l i m b i c  s y s t e m i s  

c o n s i d e r e d  t o  b e  i n v o l v e d  i n  e mot ion  and  me mory  r e l a t ed  func t i ons .  

A d d i t i o na l l y ,  i t  i s  c l o s e l y  l i n k e d  w i t h  t h e  e n d o c r i ne  a n d  a u t o n o mi c  

n e r v o u s  s y s t e ms  s u c h  a s  t h e  f i g h t - o r - f l i g h t  r e s p o n s e .  T h e  f u n c t i o n s  o f  

t h e  H P F  h a v e  be e n  l a r ge l y  a s s oc i a t e d  wi t h  l o n g- t e r m m e mor y  

f o r ma t i o n  a n d  mo r e  r e c e n t l y  a n x i e t y  r e l a t e d  b e h a v i o r s  (Bannerman et 

al.  2004). I t  i s  fo r  t h i s  r e a s on  t h a 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  

o r i g i n a t i n g  i n  t h e  h i p p o c a mp u s ,  s u c h  a s  Alzheimer’s disease, show 

initial  symptoms of memory loss (Farlow et al.  1994; Karlinsky et al.  1992; 

Rossi et al.  2004). 
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F i g u r e  1 :  B r e a k d o w n  o f  t h e  a d u l t  m o u s e  b r a i n  h i g h l i g h t i n g  t h e  a n a t o m y  a n d  

l o c a t i o n  o f  A m m o n ’ s  h o r n  i n  t h e  h i p p o c a m p u s  ( p a r t  o f  t h e  f i g u r e  t a k e n  f r o m  

A B A  s o f t w a r e , w w w . b r a i n - m a p . o r g )  
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A n  i n  d e p t h  u n d e r s t a n d i n g  o f  b r a i n  a n a t o my ,  c e l l u l a r  p a t t e r n i n g  a n d  

a n a t o mi c  a n d  mo l e c u l a r  fu nc t i o n s  i s  r e q u i r e d  t o  c o mb a t  d i s o r d e r s  s u c h  

a s  A l z h e i me r ’ s  d i s e a s e .  T he  b r a i n  i s  a  c o mp l e x  s e t  o f  c e l l u l a r  a n d  

t i s s u e  s t r u c t u r e s .  T h e  c e l l s  t ha t  f o r m t he s e  s t r u c t u r e s  d u r i n g  

d e v e l o p m e n t  h a v e  t o  mi g r a t e ,  p ro l i f e r a t e ,  a n d  b e c o me  p o l a r i z e d .  

T h r o u g h o u t  n e u r a l  d e v e l o p me n t ,  o r g a n i s ms  u s e  c o m p l e x  s i g n a l i n g  

pa thways  t o  d i r ec t  c e l l  f a t e  and  po l a r i t y .  Fo r  examp le ,  t he  w ing l e s s  

t y p e  MM T V  i n t e g r a t i o n  s i t e  (Wn t )  s i gna l i n g  pa t h w a y  i s  t i g h t l y  

a s soc i a t ed  w i t h  co r r e c t  deve l opmen t  and  ce l l u l a r  o rgan i za t i on  i n  t he  

mi d -  a n d  hindbrain (Galceran et al.  2000). The Wnt s ig n a l i n g  pa t h wa y  

c o n s i s t s  o f  T F s ,  s u c h  a s  t h o s e  f rom the  l ympho id  enhance r  b ind ing  

f a c t o r  1  ( L E F 1 ) / T -c e l l  s p ec i f i c  t r a n s c r i p t i o n  f a c t o r  ( T CF)  f a mi l y ,  t h a t  

me d i a t e  t r a n s c r i p t i o n  o f  W n t  s i g n a l i n g  p r o t e i n s .  W n t  s i g n a l i n g  

p r o t e i n s  a r e  e x t r a - c e l l u l a r  a n d  t h e y  t a rge t  c e l l s  bo th  ove r  sho r t  and  

l o n g  d i s t a n c e s  f r o m r e g i o n s  t h e y  w e r e  t r a n s l a t e d .  C e l l  s i g n a l i n g  

e n a b l e s  t h e  Wnt  s i g n a l i n g  p a t h w a y  t o  me d i a t e  n e u r ona l  

m o r p h o g e n e s i s ,  t h e  c e l l u l a r  patterning of brain anatomy, during 

development (Galceran et  al.  2000). Lef1 mutant mice show abnormal 

development of cell  populations in the dentate g y r us  o f  t h e  HI P .  

F u r t h e r mo r e ,  L e f 1 _ l a c Z  f u s i o n  g e n es  p r even t  b ind ing  o f  t he  LEF1  TF  

to  DNA and  add i t i ona l l y  i nh ib i t  t r ansc r i p t i on  ac t i va t i on  by  o the r  TFs  

i n  t h e  L EF 1 / T C F  f a mi l y .  L e f1 _ lacZ fusion gene mice display a complete 

lack of the HIP (Galceran et al.  2000). Similar developmental deficiencies 

have been reported from mutations in the Smad-interacting protein-1 (Sip1) 

TF (Miquelajauregui et  al.  2007). 
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T F s  p l a y  a n  i mp o r t a n t  r o l e  i n  b o th  t h e  d e v e l o p me n t  o f  t h e  b r a i n  a s  

w e l l  a s  r e g u l a t i n g  g e n e  e xp r e s s i o n  i n  t h e  a du l t  b r a i n .  Y e t ,  t h e  u s a g e  

o f  T F s  a n d  s i g n a l i n g  p a t h w a y s  d i f f e r  b e t w e e n  t h e  d e v e l o p i n g  a n d  

a d u l t  mo u s e  b r a i n .  I n  d e v e l o p me n t a l  b r a i n  m a n y  g e n e s  i n  p a t h w a y s ,  

l i k e  t h o se  w i t h i n  t h e  Wn t  s i g n a l i ng  p a t h w a y ,  f u n c t i o n  t o  p r o mo t e  

c e l l u l a r  proliferation (Wodarz and Nusse 1998) and de nd r i t e  growth 

(Keeble et al .  2006).  C o n v e r s e l y ,  t he se  func t i ons  a r e  no t  t hough t  t o  be  

s i g n i f i c an t  w i t h i n  t h e  a du l t  b r a in ,  and  l o s s  o f  adu l t  neu rons  i s  

g e n e r a l l y  i r r e v e r s i b l e  (Eriksson et al .  1998), th ough  t he r e  a r e  

e x c e p t i o ns .  F o r  e x a mp l e ,  t h e  d e n ta t e  g y r u s  c o n t a i n s  a  p o o l  o f  

n e u r o n a l  p r e c u r so r s  (Kuhn et al.  1996). Ho we v e r ,  b a r r i n g  t h e s e  

e x c e p t i o n s ,  g e n e  p r o d u c t s  t h a t  f u n c t i o n  t o  i n h i b i t  c e l l u l a r  g r o wt h  a n d  

r e p o p u l a t i o n  a r e  u p - r e g u l a t e d  i n  t h e  a d u l t  b r a i n  (Shin et al . 2002; 

Cayuso et al .  2006).  T h u s ,  t h e  g e n e  e x p r e s s i o n  p r o f i l e  w i t h i n  t he  a d u l t  

m o u s e  b r a i n  i s  d i f f e r e n t  t o  t h a t  o f  t h e  d e v e l o p i n g  e m b r y o n i c  b r a i n .  

Y e t ,  e v e n  t h o u g h  d i f f e r e n t  m o l e c u l a r  p a t h w a y  u s a g e  i s  o b s e r v e d ,  g e n e  

e x p r e s s i on  p r o f i l e s  i n  t h e  a d u l t  b r a i n  a r e  s t i l l  a b l e  t o  s p e c i f i c a l l y  

d e l i n e a t e  b e t w e e n  g r o s s  a n a t o my  o r i g i n a l l y  d e f i n e d  b y  d e v e l o p me n t a l  

g e n e  e x pr e s s i o n  pa t t e r n s .  R e c e n t  e v i d e n c e  s u g g e s t s  t h a t  t h i s  g e n e  

e x p r e s s i o n  b a s e d  d e l i n e a t i o n  h a s  a  h i g h  r e s o l u t i o n  w i t h i n  t h e  

h i p p o c a m p u s  a n d  i s  a b l e  t o  d i s t i n g u i s h  b e t w e e n  t h e  C A  s u b f i e l d s ,  

C A 1 ,  C A 2 ,  a n d  CA3 (Datson et al.  2004; Lein et al.  2004). This sugges t s  

t h a t  s i n c e  g e n e  e x p r e s s i o n  p r o f i l e s  d i f f e r en t i a t e  be tween  adu l t  b r a in  

a n a t o mi c  r e g i o n s ,  t h a t  t h e y  ma y  a l s o  b e  a s s o c i a t e d  w i t h  d i f f e r e n t  

a n a t o mi c  c o g n i t i v e  f u n c t i o n s .  F u r th e r mo r e ,  t h e s e  f u n c t i o n s  m a y  

d i f f e r e n t i a t e  a l o n g  a x e s  w i t h i n  s p e c i f i c  a n a t o my ,  a s  i s  o b s e r v e d  i n  
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g e n e  e x p r e s s i o n  s t u d i e s  o f  t h e  C A  r e g i o n  o f  t h e  hippocampus (Lein et  

al.  2005). F u n c t i o n a l  d i f f e r e n t i a t i o n  w i t h i n  t h e  h i p p o c a m p u s  h a s  b e e n  

o b s e r v e d  c o m m o n l y  i n  s p e c i e s ,  f o r  e x a mp l e  r a t  (Bannerman et al.  2002; 

Moser and Moser 1998), monkey (Colombo et al.  1998), and human (Small 

et al.  2001). 

 

The  CA r eg ion ,  o r  Ammon’ s  ho rn ,  d i sp l ays  func t i ona l  d i f f e r en t i a t i on  

a c r o s s  m u l t i p l e  a x e s .  M a n y  p re v i o u s  s t u d i e s  i n t o  h i p po c a mp a l  

phys io logy  show p re f e r en t i a l  t a rge t i ng  o f  i n - coming ,  a f f e r en t  

(Petrovich et al.  2001),  and  ou t -go ing ,  e f f e r en t  (Risold and Swanson 

1997; Verwer et al.  1997),  ne u r o n s  o f  t h e  CA  s u b - a n a to my .  Ce l l u l a r  

s p e c i a l i z a t i o n  i s  a l s o  ob s e r v e d  i n  t h e  C A  a n a t o my  i n  a n  a x i s  

d e p e n d a n t  manner (Jung et al.  1994). Similarly,  f unc t i ona l  a s soc i a t i on  

s t u d i e s  h a v e  i d e n t i f i e d  d i s e a s e  mo d e l s  t h a t  d i s p l a y  p a t h o l o g i c a l  

s y mp t o ms  d i f f e r e n t i a l l y  a c r o s s  t h e  C A  r e g i o n  (Racine et al . 1977; 

Bragdon et al.  1986; Ashton et al .  1989).  I n  t h i s  c o n t e x t ,  t h e  s t u d y  a i ms  

t o  c h a ra c t e r i z e  t he  r e g u l a t o r y  p o t en t i a l  o f  T F s  r e s po n s i b l e  fo r  t h e  

a n a t o mi c a l l y  d e f i n e d  g e n e  e x p r e s s i o n  d a t a  a s  provided by (Lein et al.  

2004).  
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Diseases associated with the hippocampus as a 

motivation for the study of transcription 

regulation potential  

N e u r o l o g i c a l  d i s e a s e s  a f f e c t  mu l t i p l e  c e l l u l a r  t y p e s  t h r o u g h  m u l t i -

f a c t o r i a l  p r o c e s s e s ,  b o t h  mo l e c u l a r  and  environmental (Gatz et al. 2006). 

To combat these debilitating diseases, an understanding of the complex 

molecular processes of the brain is required. We investigated large-scale 

gene expression data at anatomic sub-region level localized within the 

hippocampus. The hippocampus was chosen because of its particular 

susceptibili ty to disease, displaying pa tho logy  fo r  ma ny  neu ro log i ca l  

d i s o r d e r s  ( T a b l e  1 ) .  F u r t h e r mo r e ,  t h e  h i p p o c a mp u s  o f f e r s  a  

c o mpa r a t i v e l y  e a s y  mo d e l  t h rough  wh ich  t o  s t udy  neu rophys io logy  

b e c a u s e  o f  i t s  s t r u c t u re d  c e l l  l a y e r s  a n d  h i g h l y  o r d e r e d  s yn a p t i c  

i n t e r a c t i on s  w i t h  a d j a c e n t  b r a i n  s t r u c t u r e s .  I n  w h a t  f o l l ow s ,  w e  

b r i e f l y  d e s c r i b e  s e v e r a l  d e me n t i a s ,  i n c i d e n c e  r a t e s  a n d  g e n e t i c  

e t i o l o g y  w i t h  s p e c i f i c  f o c u s  o n  A l z h e i me r ’ s  d i s e a s e  ( Ta b l e  1 ) .  

 

A mo n g s t  t h e  ma n y  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 ,  A l z h e i me r ’ s  d i s e a s e  

( A D )  i s  m o s t  c o m m o n l y  a s s o c i a t e d  w i t h  t h e  h i p p o c a m p u s  a n d  h a s  a n  

i n c i d e nc e  r a t e  g r ea t e r  t h a n  a n y  o t h e r  f o r m o f  p r o g r e s s i v e  d e me n t i a .  

A D ,  i n i t i a l l y  ma n i f e s t i n g  i n  t h e  h i pp o c a mp u s ,  i s  c h a ra c t e r i z a b l e  b y  

e x t r a - c e l l u l a r  β - am y l o i d  p l a q u e s  an d  i n t r a - c e l l u l a r  n e u r o f i b r i l l a r y  

t a n g l e s .  T h i s  p a t ho l o g y  h a s  l e a d  t o  t h e  p r o p o s i t i o n  o f  ma n y  g e n e t i c  

h y p o t h e s e s  a s  t o  t h e  e t i o l o g y  o f  A D ,  i n c l u d i n g  t h e  mu t a t i o n  o f  

a my l o i d  p r e c u r s o r  p r o t e i n  (APP) (Goate et al.  1991), duplication o f  APP 
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(Rovelet-Lecrux et al.  2006), and mutation of presinilin-1 and presinilin-2 

(Tomita et al.  1997).  

 

W h i l s t  t h e  o n s e t  o f  A D  h a s  b e e n  r e p or t e d  b e f o r e  t h e  a g e  o f  6 5 ,  t h i s  i s  

m o r e  r a r e  t h a n  t he  s e n i l e  v a r i a n t .  Add i t i ona l l y ,  due  t o  t he  l ongev i t y  

t ha t  f i r s t  wor ld  popu l a t i ons  en joy ,  A D  i s  a t  t i me s  r e f l e c t e d  o n  a s  a  

‘ f i r s t  wor ld  d i s ea se ’ .  Taken  t oge the r  w i th  t he  poo r  ab i l i t y  t o  d i agnose  

t h e  d i s e a s e  p r i o r - mo r t e m  b o t h  i n  f i r s t  w o r l d  a n d  e s p e c i a l l y  i n  

d e v e l o p i n g  c o u n t r i e s ,  i t  i s  l i k e l y  t ha t  g loba l  i nc idence  r a t e s  f o r  AD 

a r e  f a r  b e l o w  t h e  t r u e  s t a t i s t i c s .  I n  2 0 0 5  a  c o mpr e h e n s i v e  s t u d y  d o n e  

b y  F e r r i  e t  a l .  r e ve a l e d  g l ob a l  e s t i m a t e s  f o r  A D  a t  2 4 . 3  mi l l i on  w i t h  

a n  i n c r e as e  o f  4  to 6 million annually. Rates of incidence in developing 

countries were predicted to increase 100-300% between the years 2001 and 

2040 (Ferri et al.  2005). Specifically, a report compiled by the Medical 

Research Council (MRC) in South Africa indicated that AD was within the 

top twenty causes of death in Cape Town (Groenewald et al .  2003). Since 

the entire African continent comprises of developing countries,  the above-

mentioned estimates pose worrying questions for mental health in Africa. 

Additionally, treatment of dementia is exceedingly expensive and worldwide 

costs have been estimated to exceed the 315 billion US dollar mark (Wimo 

et al .  2007). To date, there is no known cure for Alzheimer's disease. 

 

S e v e r a l  ad d i t i o na l  d e me n t i a s  e x i s t  f o r  w h i c h  p a t h o l og i e s  h a v e  b e e n  

o b s e r v e d  a n d  d o c u me n t e d  i n  t h e  h i p p o c a m p u s .  T h e s e  d e me n t i a s ,  

i nc lud ing  HD,  PD4 ,  FTD,  DLB,  and  MEB ( see  Tab l e  1  fo r  f u l l  name s ,  

summary  and  r e f e r ences )  a r e  no t  t i ed  t o  t he  h ippocampus  a s  c l o se ly  a s  
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AD.  Howeve r ,  s t udy ing  t he i r  gene t i c  e t i o logy  mi gh t  g ive  c lue s  t o  

d e me n t i a  i n  g e n e r a l  a n d  h e l p  d e t e r mi n e  w h y  t h e  h i p p o c a mp u s  i s  f o u n d  

t o  b e  p a r t  o f  s o  m a n y  n e u r o p a t h o l o g i e s .  T h i s  s t u d y  d e s c r i b e s  a  mo d e l  

f o r  t h e  no r ma l  s t a t e  o f  g e ne  e x p r e s s i o n  a n d  i t s  r e g u l a t o r y  me c h a n i s m s  

w i t h i n  t he  c o n t e x t  o f  t h e  a d u l t  mou s e  h i p p o c a mp u s .  T h e  mod e l  h a s  

p o t e n t i a l  t o  c o n t r i b u t e  t o  r e s e a r c h  o f  s e n i l e  d e me n t i a  a n d  e n a b l e  

i d e n t i f i c a t i o n  o f  c a n d i d a t e  g e n e s  an d  T F s  a s  p o t e n t i a l  d r u g  t a r g e t s  f o r  

t h e s e  d i se a s e s .  I n  p a r t i c u l a r ,  t he  r e s u l t s  o f  t h i s  s t udy  ma y  p rove  

b e n e f i c i a l  i n  i d e n t i f y i n g  c a n d i d a t e  g e n e s  f o r  k n o c k o u t  mi c e  t o  

f a c i l i t a t e  r e s e a r c h  o n  t h e  m o u s e  mod e l .   

(Mosconi et al. 2003; Hampel et al. 2005; Li et al. 2003; Clarke et al. 2000; Jiang et al. 

2003; Reddy et al. 1998; Muenter et al. 1998; Neumann et al. 2006) (Wilhelmsen et al. 

2004; Wakabayashi et al. 1998; Ohtake et al. 2004; Khachaturian 1985; Michele et al. 2002; 

Meissner et al. 2005)
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Chapter 2: A discrete molecular 
architecture underlies the cellular patterning 
and function of the hippocampus 
 

Computational analysis of hippocampal gene 

expression 
T h e  A l l a n  B r a i n  A t l a s  ( A B A )  ( w w w . b r a i n - ma p . o r g ) ,  i s  c o mpr i s e d  o f  

2 1 , 5 0 0  g e n e s  a n d  t h e i r  e x p r e s s i o n  p r o f i l e s  ma p p e d  o n t o  a  t h r e e -

d i me n s i o n a l  a d u l t  mo u s e  b r a i n .  T h e  p r o c e s s  t o  ma p  j u s t  o n e  g e n e  

t h r e e - d i me n s i o n a l l y  r e q u i r e d  t h e  s e c t i o n i n g  o f  t h e  P 5 6  ma l e  C 5 7 B L / 6 J  

m o u s e  b r a i n  i n t o  2 5μm t h i c k  s l i c e s .  T h e  s e c t i o n s  we r e  t h e n  p r o b e d  

w i t h  f l u o r e s c e n t  s i n g l e  s t r an d e d  R N A  mol e c u l e s  t h a t  emi t t e d  c o l o r e d  

l i g h t  w h e n  e x p o s e d  t o  c e r t a i n  w a v e l e n g t h s .  T h e  p r o b e s  t a r g e t e d  a n d  

b o u n d  p a r t i c u l a r  m R N A  t r a n s c r i p t s  w i t h i n  c e l l s  i n  e a c h  s e c t i o n .  T h i s  

t e c h n i q ue ,  t e r me d  i n  s i t u  hy b r i d i z a t i on  ( ISH)  de sc r i bed  in Lein et al . 

(2007), was used and each gene active within a brain section w a s  s p a t i a l l y  

ma ppe d  ba c k  t o  a  s t r uc t u r a l  r e f e r e n c e  atlas (Dong 2007) a nd  t h e  

c o n c e n t r a t i o n  o f  t r a n s c r i p t s  q u a n t i f i e d .  T h i s  w a s  p e r fo r me d  f o r  a l l  

21 ,500  genes across over 6,000 mouse brains, the completion of ABA 

required 1 million sections with over 600 terabytes of data required to 

digitally store ABA (Lein et al.  2007). 

 

T h e  d a t a  s t r u c t u r e s  t h a t  f o r m the  backbone  t o  t he  ABA ma ke  i t  

p o s s i b l e  t o  e a s i l y  q u e r y  t h e  a t l a s  f o r  g e n e s  t h a t  e x p r e s s  o n l y  i n  
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c e r t a i n  b r a i n  r e g i o n s  w i t h  s o me  u s e r  d e f i n e d  e x p r e s s ion  t h r e sho ld .  

T h i s  d a t a  s t r u c t u r e ,  t e r me d  a  v o x e l ,  i s  a  ma t r i x  o f  3 D c o - o r d i n a t e s  a n d  

gene  exp re s s ion  va lue s .  

 

T w o  i n d e p e n d e n t  a n d  u n b i a s e d  c o mp u t a t i ona l  me thods  we re  u sed  t o  

ana lyze  voxe l s  compr i s ed  o f  2 , 686  ge nes  t ha t  we re  h igh ly  exp re s sed  

w i t h i n  t h e  h i p p o c a m p u s .  T h e  p r i ma r y  c o n c e r n  w a s  w h e t h e r  o r  n o t  t h e  

v o x e l s  c o n t a i n e d  e n o u g h  p e r t i n e n t  e x p r e s s i o n  d a t a  t o  i d e n t i f y  a n d  

d i s c r i mi n a t e  b e t we e n  c l a s s i c a l l y  d e f i n e d  n e u r o - a n a t o m y  w i t h i n  t h e  

h i p p o c a m p u s .  U s i n g  n o n - negative matrix factorization (NMF) (Lee and 

Seung 1999), a method similar to principal componen t  ana ly s i s ,  s eve r a l  

g roups  o f  voxe l s  t ha t  subd iv ided  t he  h ippocampus  co r r ec t l y  i n to  t he  

DG,  CA3  a n d  CA 1  r e g i o ns  we r e  identified (Thompson et al.  2007). 

Additionally, the method identified an expression domain spanning all three 

regions of the HIP sub-anatomy on the t e mpor a l  po l e ;  i t  i s  e v i de n t  t ha t  

t h e  t e mp o r a l  p o l e  o f  t h e  H I P  d i s p l ays  a  f a r  d i f f e r en t  exp re s s ion  

p ro f i l e  r e l a t i ve  t o  t he  s ep t a l  po r t i on .  Howeve r ,  NMF f a i l ed  t o  

a c c u r a t e l y  d i s t i n gu i s h  b e t w e e n  h i g h - r e s o l u t i o n  subfields (Thompson et 

al.  2007); an alternative approach of hierarchical clustering of the voxels 

(VHC) was used instead. The VHC metric was taken a s  t h e  Pe a r s o n ’ s  

c o r r e l a t i o n  o f  e x p r e s s i o n  d a t a  b e t we e n  t h e  v o xe l s .  T h i s  V H C  a p p r o a c h  

r e s u l t e d  i n  t w o  l a r g e  c l u s t e r s  r e p re s e n t a t i v e  o f  t h e  h i p p o c a mp u s .  S u b -

d i v i d e d ,  o n e  o f  t h e s e  c l u s t e r s  r e p r e s e n t e d  v o x e l s  s p a n n i n g  ma j o r  

e x c i t a t o r y  c e l l  l a ye r s  o f  CA a n d  t he  D G  w i t h  a n  a d d i t i o n a l  c l us t e r  o f  

v o x e l s  c o n t a i n i n g  e x p r e s s i o n  d a t a  s i mi l a r  t o  t h e  r e g i o n  f o u n d  b y  t h e  

N M F  a n a l y s i s  s p a n n i n g  t h e  t e mp o r a l  H I P .  F u r t h e r  s u b - d i v i s i o n  o f  
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t h e s e  c l us t e r s  r e ve a l e d  h i gh - r e s o l u t i o n  s u b - do ma i n s  w i t h i n  t h e  C A 1 ,  

CA3  and  DG f i e ld s .  Keep ing  t he  voxe l  d a t a  s t r u c t u r e  i n t a c t  t h r o u g h o u t  

t h e  a n a l y s i s  a l l o w e d  f o r  t h e  c l u s t e r e d  d a t a  t o  b e  e a s i l y  ma p p e d  b a c k  

t o  t he  ABA.  

 

B o t h  N M F  a n d  V H C  me t h o d s ,  u n b i a s ed  and  i ndependen t  o f  e ach  

a n o t h e r ,  w e r e  a b l e  t o  i d e n t i f y  s i mi l a r  d o ma i n s  a c r o s s  ma j o r  s u b f i e l d s  

o f  t h e  h i p p o c a mp u s .  S i n c e  v o x e l  d a t a  i s  b a s e d  e x c l u s i v e l y  o n  g e n e  

e x p r e s s i on  d a t a ,  t h e s e  r e s u l t s  i n d i c a t e  t h a t  ge n e s  e x pre s s  t o ge t h e r  i n  

ways  t ha t  a r e  ab l e  t o  i den t i f y  a n d  d i s c r i mi n a t e  b e t w e e n  f u n c t i o n a l l y  

a n d  c l a s s i c a l l y  d e f i n e d  n e u r o a n a t o m y .  T a k i n g  i n t o  a c c o u n t  t h a t  

exp re s s ion  o f  s i ng l e  genes  i s  unab l e  t o  de l i n ea t e  b e t w e e n  n e u r o -

a n a t o my ,  t h i s  s ug g e s t s  t ha t  s u c h  e x p r e s s i o n  d a t a  ma y  b e  u s e d  t o  

i den t i f y  coho r t s  o f  a c t i ve  genes  whose  p roduc t s  mi gh t  be  work ing  

t o g e t h e r  i n  a n  a na t o mi c a l l y  r e s t r i c t e d  ma n n e r  i n  t h e  a d u l t  m o u s e  

b r a i n .  F u r t h e r mo r e ,  t h e  d a t a  c o n t a ined  i n  t he  voxe l s ,  coup l ed  w i th  t he  

h i g h - r e s o l u t i o n  c l u s t e r s  i den t i f i ed  by  t he  VHC  me t hod ,  he lped  t o  

i d e n t i f y  g e n e s  i n  n o v e l  r e g i o n s  w i t h i n  t h e  H I P  s u b - a n a t o my .  

 

Differential gene expression along axes in 

hippocampal sub-anatomy  

Bo rde r ing  t he  CA3  r eg ion  i n  t he  h ippocampus  a r e  t he  CA2 ,  CA1 ,  and  

D G .  T h e  s ma l l  C A 2  r e g i o n  s e p a r a t e s  CA3  and  CA1 .  I n  t he se  r eg ions  

( C A 1 ,  C A 2  a n d  C A 3 )  a s  w e l l  a s  i n  t h e  D G  r e g i o n ,  g e n e  e x p r e s s i o n  

p a t t e r n s  a r e  o b s e r v e d  t o  b e  d i s t i ngu i sh ing .  These  exp re s s ion  pa t t e rn s  
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d i s p l a y  d i f f e r e n t i a l  g e n e  e xp r e s s i o n  a c r o s s  t he  s u b - a na t o my  i n  a n  a x e s  

d e p e n d a n t  ma n n e r .  O u r  s t u d y  f o c u s e s  o n  t h e  C A 3  s u b - a n a t o my  a n d  a  

summary  o f  t he  CA1  and  DG ax i s -dep e n d a n t  g e n e  e x p r e s s i o n  p a t t e r n s  

c an  be  found  i n  Tab l e  2 .  

 
T a b l e  2 :  S u m m a r y  o f  D i f f e r e n t i a l  G e n e  E x p r e s s i o n  A l o n g  A x e s  i n  t h e  

H i p p o c a m p u s .  Lct (lactase); Cyp7v1 (cyclophilin); Ptpro (protein tyrosine phosphatase); Igfbp6 (insulin-

like growth factor binding protein); Trhr (thyrotropin releasing hormone receptor); Cpne7 (copine E); Dio3 

(deiodinase, iodothyronine type III) 

 

A n a t o m y  S y m b o l  
A x i s  G e n e s  

P o l e  A  P o l e  B  P o l e  A  P o l e  B  

D e n t a t e  G y r u s  D G  

D o r s a l  H a l f  V e n t r a l  H a l f L c t  T r h r  

D o r s a l  T w o  

T h i r d s  

V e n t r a l  

T h i r d  
C y p 7 v 1  C p n e 7  

A m m o n ’ s  H o r n  

( C A 1 )  
C A 1  

S e p t a l - D i s t a l  T e m p o r a l  L c t  D i o 3  

D i s t a l  P r o x i m a l  P t p r o   

A l l  D i s t a l  P o l e  I g f b p 6   
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A s  p r e v i o u s l y  d e s c r i b e d  b y  L e i n  e t  a l .  ( 2 0 0 7 ) ,  t h e  C A 3  r e g i o n  i s  

d iv ided  i n to  two  axes ,  t he  s e p t o - t e mp o r a l  a x i s  a n d  t h e  

p rox ima l /d i s t a l ,  a l ong  wh ich  d i f f e r e n t i a l  gene  exp re s s ion  can  be  

o b s e r v e d .  T h e  e x p r e s s i o n  p r o f i l e  o f  C A 3  i s  h e t e r o g e n e o u s  a n d  ma n y  

g e n e s  ( s e e  F i g u r e  2 )  s h o w  a n a t o mi c a l l y  r e s t r i c t e d  C A 3  e x p r e s s i o n .  

N o t a b l y ,  t h e  e x p r e s s i o n  o f  g e n e s  w i t h i n  C A 3  s h o w s  d i s c r e t e  a n d  

d i f f u s e  a n a t o mi c a l  b o u n d a r i e s  s u g g es t i ng  a  spec i a l i z ed  a r ch i t e c tu r e  

a n d  r o l e  w i t h i n  CA3 .  

 

O b s e r v i n g  t h e  b o u n d a r i e s  e v i d e n c e d  i n  t h e  C A 3  g e n e  e x p r e s s i o n  

pa t t e rn s  r evea l s  n ine  d i s c r e t e  sub - f i e l d s  w i th in  t he  CA3  ana tomy .  

T h e s e  s u b - f i e l d s  h a v e  b e e n  l a b e l ed  1  t h rough  9  and  d iv ide  t he  CA3  

s e p t o - t e m p o r a l  a x i s  i n  g r o u p s  o f  t h r ee :  f i e l d s  ( 1 , 2 ,3 )  a t  s e p t a l  p o l e ;  

f i e l d s  ( 4 , 5 , 6 )  a t  mi d - s e p t o - t e mp o r a l  t h i rd ;  and  f i e l d s  ( 7 , 8 , 9 )  a t  

t e mp o r a l  p o l e .  E a c h  f i e l d  w i t h i n  a  g roup  fu r t he r  d iv ide s  t ha t  po r t i on  

o f  t h e  C A 3  r e g i o n  a l o n g  t h e  p r o x i ma l / d i s t a l  a x i s .  E x a mp l e s  o f  g e n e s  

w e r e  f o u n d  t h a t  de f i n e  t h e  b o r d e r s  t o  e a c h  o f  t h e  f i e l d s  a n d  c a n  b e  

v i ewed  i n  Tab l e  2 .  Fu r the rmore ,  u s ing  doub l e  f l uo re scen t  ISH ,  genes  

s h o w n  t o  d i s c r i mi n a t e  b e t w e e n  f i e l d s  1  t h r o u g h  9  w e r e  f u r t h e r  

a n a l y z e d  a t  t h e  b o r d e r s  o f  t h e s e  f i e l d s  t o  d e t e r mi n e  h o w  d i s c r e t e  o r  

d i f fu se  t he  gene  exp re s s ion  i s  a t  t he  bo rde r s .  Resu l t s ,  d i sp l ayed  i n  

F i g u r e  3 ,  s h o w  h i g h l y  d i s c r e t e  b o un d a r i e s  w i t h  n o  c o - l a b e l i n g  o f  

c e l l s .  A l t hough ,  some  bounda r i e s  have  d i f f u s e  c e l l - b o r d e r  l a y e r s  w i t h  

d i f f e r en t l y  l abe l ed  c e l l s  c o - mi n g l e d .  
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F i g u r e  2 :  D i s t r i b u t i o n  o f  g e n e  e x p r e s s i o n  a c r o s s  n i n e  C A 3  s u b - r e g i o n s  i n  

A m m o n ’ s  h o r n  ( a d a p t e d  f r o m  Thompson et al. 2007).  E a c h  c o l o r  r e p r e s e n t s  a  d i f f e r e n t  

a n a t o m i c a l  s u b - r e g i o n  o f  C A 3 .  
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Figure 3: In situ hybridization (ISH) figures of genes expressing in CA3 tissues highlighting 9 sub-region 

boundaries (Thompson et al. 2007). A-H: Double fluorescent ISH for pairs of genes defining reciprocal 

boundaries in CA3 at low magnification (A-D) or high magnification (E-H).  Sections are counterstained 

with DAPI (blue). A, E, Mas1 (green) and Fmo1 (red); B, F, Plagl1 (green) and Itga7 (red); C, G, Coch 

(green) and Ptgs2 (red); D, H, Coch (green) and Loxl1 (red). I-W: Double fluorescent ISH for pairs of 

genes differentiating inner from outer (adjacent to stratum oriens) pyramidal cells in CA3 at low (I,M,Q) 

and high (J-P,R-W) magnification.  Kcnq5 (green) with Col6a1 (red; I-L) or with St18 (red; M-P), with 

single gene labeling (J,K and N,O) or co-labeling (I,L and M,P). Q-W: St18 labels a subpopulation of 

Col6a-expressing cells with differential co-labeling in septal (R,S), mid-septotemporal (T,U), or temporal 

CA3 (V,W).  Methodological details are provided in (Thompson et al. 2007). 
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Table 3: Summary of gene expression defining CA3 fields. Each row indicates a border between two of the 9 

anatomical fields/regions of CA3 as defined by gene expression data, Examples of genes expressing in a 

region specific manner are also given. 

 

 

V i e w i n g  t h e  C A 3  s u b - f i e l d s  i d e n t i f i e d  b y  g e n e  e x p r e s s i o n  d a t a  i n  3 D  

s h o w s  t h a t  t h e  f i e l d s  c o v e r i n g  t h e  t em p o r a l  t h i r d  p o r t i o n  o f  C A 3  d o  s o  

i n  a  s e g r e g a t e d  ma n n e r .  T he  r e ma i n in g  f i e l d s  a r e  o r g a n i z e d  i n t o  b a n d s  

o r i e n t a t ed  diagonally from the septal/distal pole to the temporal/proximal 

pole (Figure 4).  Such organization is remarkably similar to the recurrent 

associational projections found in the CA3 region (Ishizuka et al.  1990). 

 

Wh i l s t  t he r e  a r e  ce r t a i n  g en e s  t h a t  e x p r e s s  i n  p a t t e r ns  t h a t  d e f i n e  t h e  

C A 3  f i e l d  b o r d e r s ,  t h e  m a j o r i t y  o f  g e n e s  e x p r e s s  a c r o s s  v a r i o u s  

c o mb i n a t i o n s  o f  t h e s e  f i e l d s .  T h e se  g e n e  e x p r e s s i o n  p a t t e r n s  c l u s t e r  

i n t o  t w e l v e  g r o u p s  d e s c r i b i n g  t h e  m o s t  c o m m o n  f o r ms  o f  exp re s s ion  

p a t t e r n s  o b s e r v e d  i n  t h e  C A 3  r e g i o n  ( F i g u r e  5 ) .  
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Figure 4: 3D Representation of regionalized expression of genes across CA3 (Thompson et al. 2007). 

A,B: 3D models of CA3 subdivisions delineated by gene expression boundaries.  CA2 is included in this 

model (dark blue) for reference.  Two different views are shown to illustrate major boundaries, including 

differentiation along the portion of CA3 proximal to the DG (A) and diagonal banding in the septal 

portion of CA3 (B). 3D orientation bars in (A,B): green (ventral); blue (pointing into page in A, rostral); 

red (lateral). 

 

 

 
Figure 5: Twelve of the most representative gene expression profile clusters (Thompson et al. 2007). C1-

C12: 12 most common expression patterns observed for individual genes in CA3.  C1 represents a septal-

high to temporal-low step gradient of expression. Numbers in C1-C12 indicate the divisions in Figure 4 

spanned by each cluster.   
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Functions of CA3 genes correlate with gene 

expression along CA3 axes  

W h i l s t  g e n e s  e x p r e s s  d i f f e r e n t l y  a c r o s s  t h e  C A 3  r e g i o n  i n  

c o mb i n a t i o n s  o f  d i s c r e t e  f i e l d s  o f  banded  exp re s s ion  p a t t e r n s ,  t h e re  

a r e  s t i l l  q u e s t i o n s  a b o u t  t h e  c a u s e  a n d  effect of this patterning. 

Functional analysis using public ontologies was made (Thompson et al.  

2007) and identified several functional categories o f  ge ne s  s howi ng  

d i f f e r e n t i a l  e x p r e s s i o n  i n  CA3 .  P r e do mi n a n t l y ,  t h r e e  l a rge  func t i ona l  

g r o u p s  w e r e  o b s e r v e d :  C e l l u l a r  commun ica t i on ,  i nc lud ing  ce l l -

adhes ion  f ac to r s  and  neu ro -pep t i de s ;  Phys io logy ,  i nc lud ing  i on  

c h a n n e l s ;  a n d  G e n e t i c  r e g u l a t i o n ,  i n c l u d i n g  T Fs .  

 

T h o s e  g e n e s  i n v o l v e d  w i t h  c e l l u l a r  c o m mu n i c a t i o n s  c o n f o r me d  t o  t h e  

g e n e r a l  o b s e r v a t i o n s  o f  p o l a r i z e d  e x p r e s s i o n  p a t t e r n s  a l o n g  t h e  s e p t o -

t e mp o r a l  a x i s .  F o r  e x a mp l e ,  F i g u r e  6 A ,  c e l l  a d h e s i o n  f a c t o r s  l oc a l i z e  

t o  t h e  s e p t a l  p o l e  ( S e ma 5 a ,  E p h b 1  a n d  E p h a 7 ) ;  t e mp o r a l  p o l e  ( E f n a 5 ,  

M y l k  a n d  P c d h 7 ) ;  a n d  a c r o s s  a l l  C A 3  f i e l d s  ( P v r l 3  a n d  C d h 2 ) .  T h i s  

s e e ms  t o  s u g g e s t  t h a t  n e u r o n a l  c e l l  p o p u l a t i o n s  d i s p l a y  d i f f e r e n t i a l  

c o n n e c t i v i t y  ( a f f e r e n t / e f f e r en t )  i n  CA3  a n d  t h a t  t h e  co n n e c t i v i t y  i s  

s i mi l a r  t o  t h e  b a n d i n g  p a t t e r n  o b s e r v ed  i n  CA3  f i e l d s .  I ndeed ,  t he r e  i s  

s t r o n g  e v i d e n c e  t h a t  a f f e r e n t  a n d  e f f e r en t  neu rona l  p ro j ec t i ons  exh ib i t  

d i s c r e t e  b o r d e r s  s p a n n i n g  t h e  h i pp o c a mp u s  (Dolorfo and Amaral 1998; 

Ishizuka et al. 1990; Risold and Swanson 1997; van Groen et al. 2003; Verwer et al. 1997).  

N o t a b l y ,  C A 3  p y r i mi d a l  c e l l s  d i s p l a y  c o mp a r a b l e  pa t t e r n s  o f  ne u r a l  

p r o j e c t i ons  (Ishizuka et al. 1990) t o  t he  mo l e c u l a r  band i ng  pa t t e r ns  
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o b s e r v e d  f o r  t h e  t w o  t h i r d s  o f  s e p t a l  C A 3 .  I n  t h e  r e ma i n i n g  t e mp o r a l  

t h i r d  o f  C A 3 ,  P e t r o v i c h  e t  a l .  ( 2 0 0 1 )  d e s c r i b e s  a f f e r e n t s  f r o m  t h e  

a my g d a l a  a k i n  t o  t h e  p a t t e r n s  o b s e r v e d  i n  t h e  C A 3  d e f i n e d  f i e l d s  7 , 8  

a n d  9  ( s e e  F i g u r e  4 ) .  H o w e v e r ,  i t  s hou ld  be  no t ed  t ha t  c e l l  adhes ion  i s  

g e n e r a l l y  t h o u g h t  o f  a s  a  d e v e l o p me n t a l  f u n c t i o n  r e q u i r ed  fo r  i n i t i a l  

n e u r a l  t i s s u e  p a t t e r n i n g  i n  a s s o c i a t i o n  w i t h  a x o n  g u i d a n c e  mo l e c u l e s .  

T h i s  a mb i g u i t y  mi g h t  b e s t  b e  e x p l a in e d  b y  a du l t  D G ,  w h i c h  ma i n t a i n s  

p r e c u r s o r  cell  populations in and actively persists in neurogenesis (Zhao et 

al.  2006). A d d i t i on a l l y , recent research has implicated cell  adhesion 

molecules in the maintenance of synaptic networks and their plasticity 

(Pinkstaff et al.  1999; de Wit and Verhaagen 2003). Taken together, it  

would seem that a large majority of expressed genes within the adult  

hippocampus maintain the patterning set out by the de ve l opme n t a l  

p r o c e s s .  O n e  p o s s i b l e  e x p la n a t i o n  t o  ma i n t a i n i n g  t h e se  s i g n a l s  c o u l d  

b e  t h a t  t h e y  w o u l d  p r o mp t  t h e  c o r r e c t  axonal path-finding of granule 

cells from the DG to the CA3 region (Zhao et al.  2006). 

 

R e s e a r c h  i n t o  p hy s i o l o g i ca l  d i s o r de r s  l i k e  e p i l e p s y  h a s  p r o d u c e d  a  

w e a l t h  o f  d a t a  i n d i c a t i n g  d i f f e r e n t i a l  u s a ge  o f  c e l l u l a r  p r oc e s s e s  

a l o n g  d i f f e r e n t  a x e s  i n  t h e  h i p p oc a m p u s .  T h e  C A 1  r e g i o n  o f  A m m o n ’ s  

ho rn  d i sp l ays  d i f f e r en t i a l  induction of long term -potentiation (LTP) and -

depression (LTD) dorso-ventrally (Izaki et al.  2000; Papatheodoropoulos 

and Kostopoulos 2000). Also the CA3 region is ventrally susceptible to 

epileptiform bursting (Bragdon et al .  1986). Additionally, the differential 

CA3 afferents (described previously) along t h e  s e p t o - t e mp o r a l  a x i s  

t r a n s mi t  n e u r o t r a ns mi t t e r  t y p e s  d i f f e r e n t i a l l y  ( d o p a mi n e ,  s e r o t o n i n ,  
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Npy ,  TRH)  (Verney et al .  1985; Gage and Thompson; Köhler et  al .  1987; 

Pazos et al.  1985). This patterning is reciprocated by the proper presence of 

receptor (Drd2, Htr4, Npy1r,  T r h r )  t r a n s c r i p t s  t h a t  s h o w  ma t c h i n g  

exp re s s ion  pa t t e rn s  t o  neu ro t r ansmi t t e r  c o n n e c t i v i t y .  Of  c o n s e q u e n c e ,  

t h e  p h y s i o l o g i c a l  p r o p e r t i e s  g o v e r n in g  n e u r o l o g i c a l  s y s t e ms  a r e  w e l l  

a s s o c i a t e d  w i t h  i o n  c h a n n e l s  ( Z u b e r i  a n d  H a n n a ,  2 0 0 1 ) .  T h e r e  a r e  

a p p r o x i ma t e l y  2 3  g e n e s  ( s e e  F i g u r e  6 B)  a s s oc i a t e d  w i t h  i o n  c ha n n e l s  

w h o s e  e x p r e s s i o n  v a r i e s  a l o n g  t h e  s e p t o - t e mp o r a l  a x i s  a c r o s s  CA3 .   

 

I t  appea r s  a s  t hough  t he  CA3  r eg ion  o f  t h e  h i p p o c a m p u s  i s  s e g r e g a t e d  

i n t o  9  f i e l d s  ( b a s e d  o n  g e n e  e xp re s s ion )  t ha t  de f i ne  d i f f e r en t  

b io log i ca l  and  neu ra l  f unc t i ons  ac ro s s  t he  ana tomy .  The  r egu l a t i on  

t h a t  c a u s e s  s u c h  g e n e  e x p r e s s i o n  s h o u l d ,  p r e s u ma b l y ,  b e  mi r r o r e d  b y  

s u i t a b l e  e x p r e s s i o n  o f  T F s .  I n d e e d ,  s e t s  o f  T F s  h a v e  b e e n  i d e n t i f i e d  

t h a t  s h o w  b o t h  p o l a r i z e d  a n d  c o n c o r d a n t  e x p r e s s i o n  p a t t e r n s .  F o r  

e x a mp l e ,  t h e  t e m p o r a l  p o l e  t r a n s c r i be s  TFs  such  a s  Fos l2 ,  Nab1  and  

E tv1 ;  t he  s ep t a l  po l e  t r an sc r i be s  Dsc r1 ;  wh i l e  Foxo1  and  Kcn ip3  show 

e x p r e s s i on  i n  c e n t r a l  r e g i ons  ( s e e  F i g u r e  6C) .  I t  i s  c o n s i d e r e d  t h a t  

T F s  a c t  i n  c o h o r t s  t o  r e g u l a t e  t r an sc r i p t i on  co r r ec t l y  (Ma ta  e t  a l .  

2 0 0 7 ) .  Th u s ,  i t  i s  n o t  s u r p r i s i ng  t ha t  t he  TF  ex p r e s s i o n  p a t t e r n s  ma y  

s h a r e  s ome  s i mi l a r i t i e s .  H o w e v e r ,  t he  s u r p r i s in g  f a c t  i s  t h a t  t he y  s h o w  

h i g h  s i m i l a r i t y  o f  e x p r e s s i o n  p r o f i l e s  t h a t  co r r e l a t e  w i t h  t h e  n i n e  

d i s c r e t e  C A 3  f i e l d s .  D u e  t o  t h e  t i g h t l y  r e g u l a t e d  a n d  h i g h l y  c o r r e l a t e d  

e x p r e s s i o n  p a t t e r n s  o b s e r v e d  b y  T F s  s p a n n i n g  t h e  C A 3 ,  i t  i s  l i k e l y  

t h a t  t h e  T F s  r e s po n s i b l e  fo r  t r a n s c r i p t i ona l  r egu l a t i on  o f  t he  genes  

e x p r e s s i n g  w i t h i n  t h e  C A 3  a n a t o my  a r e  p a r t  o f  t h e  o b s e r v e d  g e n e s  
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exp re s sed  i n  CA3  (F igu re  6 ,C) .  Ye t ,  f r o m e x p r e s s i o n  d a t a  w e  d o  n o t  

k n o w  w h i c h  T F s  r e g u l a t e  w h i c h  g e n e s .  I t  i s  l i k e l y  t h a t  ma n y  o f  t h e  

co -exp re s sed  genes  (genes  i n  a  c lu s t e r )  a r e  con t ro l l ed  by  s imi l a r  s e t s  

o f  TFs .  We  used  t h i s  hypo the s i s  and  a p p l i e d  i t  t o  1 2  o b s e r v e d  c l u s t e r s  

o f  s imi l a r l y  exp re s sed  genes  (F igu re  5 )  t o  f i nd  ou t  TFs  t ha t  

po t en t i a l l y  con t ro l  exp re s s ion  o f  genes  i n  t he se  c lu s t e r s .  Th i s  ha s  

b e e n  r e p o r t e d  o n  i n  c h a p t e r  3 .   
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F i g u r e  6 :  D i s t r i b u t i o n s  o f  g e n e  e x p r e s s i o n  a c r o s s  t h e  s e p t o - t e m p o r a l  a x i s  o f  

C A 3  f o r  f u n c t i o n a l  g r o u p s  o f  g e n e s :  ( A )  C e l l  A d h e s i o n ;  ( B )  I o n - C h a n n e l ;  ( C )  

T r a n s c r i p t i o n  F a c t o r s  (Thompson et al. 2007).  
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Chapter 3: Predicted transcription 
factor binding sites in promoters of 
differentially expressed genes of CA3 
identify groups of co-expressing genes 
 

Introduction 
R e g u l a t i o n  o f  g e n e  t r a n s c r i p t i o n  a nd  t h e  c o n t r o l  o f  f a c t o r s  a f f e c t i ng  

t h a t  r e g u l a t i o n  a m o n g s t  d i f f e r e n t  c e l l  p o p u l a t i o n s  i s  a n  i mp o r t a n t  

problem that still  requires a significant amount of research to solve 

(Bannerwarth et al.  2006; Bernat et al.  2006). Interaction between TFs and 

their cognate TFBSs are currently thought of as having the greatest 

potential  to affect transcripion regulation (Kadonaga 2004). Thus, since 

promoters contain combinations of TFBSs they a r e  t a r g e t s  o f  r e l e v a n t  

T F s ;  a n d  s p e c i f i c  c o mp l e x e s  o f  T F s ,  T F B S s  a n d  v a r i o u s  c o - fa c t o r s  

p a r t i c i p a t e  c o o p e r a t i v e l y  i n  t h e  i n i t i a t i o n  o f  transcription (Kaiser and 

Meisterernst 1996).  

 

I d e n t i f y i n g  t h o s e  f a c t o r s  t h a t  p l a y  p i v o t o l  r o l e s  i n  t h e  me c h a n i c s  

r e g u l a t i ng  t r a n s c r i p t i o n  i n i t i a t i o n  i s  f a r  f r o m s i mp l e  a n d  cu r r e n t  

me t h o d s  r e ma i n  i n a d e q u a t e .  T h e  s t u dy  p r i ma r i l y  a i me d  t o  a d d r e s s  t h i s  

i s s u e  a nd  i d e n t i fy  a s s o c i a t e d  T F s  a n d  T F B S s  l i k e l y  t o  r e g u l a t e  

t r a n s c r i p t i o n  i n i t i a t i o n  i n  a  s e t  o f  ge n e s  t h a t  e x p r e s s  i n  w e l l - de f i n e d  

p a t t e r n s  w i t h i n  t h e  h i p p o c a mp u s .  A  s e c o n d a r y  a i m w a s  c o n c i e v e d  t o  

r e a l i s e  a  n e t w o r k  o f  T F s  a n d  t a r g e t  g e n e  p r o mo t e r s  b a s e d  o n  o b s e r v e d  
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g e n e  e x p r e s s i o n  a c r o s s  s u b - a n a t o my  i n  t h e  h i p p o c a mp u s .  T o  t he  b e s t  

o f  my  knowledge ,  a  de t a i l ed  co mp u t a t i o n a l  a n a l y s i s  o f  t h e  

t r an sc r i p t i on  r egu l a t i on  po t en t i a l  f o r  a n a t o m i c a l l y  r e s t r i c t i v e  g e n e  

exp re s s ion  i n  t he  h ippocampus  sub - r e g ions  ha s  no t  been  done  t o  da t e .  

T o  c o n s t r u c t  s uc h  a  s p a t i a l  r e g u l a t o r y  n e t wo r k  w e  f i r s t  r e q u i r e d  t o  

i d e n t i f y  t h e  T F - ge n e  a s s oc i a t i o n s  t h a t  w o u l d  s e r v e  a s  t he  bu i l d i ng  

b l oc ks  fo r  t he  ne twor k .  To  identify such TF-gene associations we used 

methodology first described in (Bajic et al .  2004) and later applied in (Bajic 

et al . 2006; Chong et al . 2007). The methodology r e q u i r e d  a n  a c c u r a t e  s e t  

o f  p r o mo t e r s  f o r  t h e  g e n e s  u n d e r  s t u d y  i n  o r d e r  t o  p r e d i c t  p o s s i b l e  

TFBSs .  P romote r s  we re  de f i ned  an d  d e t e rmi n e d  a s  t h e  i mme d i a t e  

s u r r o u n d i n g  r e g i o n  o f  t h e  t r a n s c r i p t i o n  s t a r t  s i t e  ( T S S)  for each gene 

under study (Shiraki et  al.  2003; Carninci et al.  2005; Carninci et al.  2006).  

 

P r o mo t e r s  o f  g e n e s  o b s e r v e d  t o  e x p r e s s  d i f f e r e n t i a l l y  i n  p o r t i o n s  o f  

t h e  C A 3  r e g i o n  o f  t h e  h i p p o c a mp u s  w e r e  a n a l y s e d  f o r  p o t e n t i a l  T F B S  

c o n t e n t .  S i n c e  d i f f e r e n t i a l  e x p r e s s i on  o f  g e n e s  w a s  o b s e r v e d  i n  n i n e  

d i s c r e t e  C A 3  s u b - r e g i o n s ,  w e  a t t e m p t e d  t h e  i d e n t i f i c a t i o n  o f  s e t s  o f  

T F s  t h a t  ma y  b e  r e s p o n s i b l e  f o r  s u c h  s p a t i a l l y  r e s t r i c t ed  exp re s s ion .  

T o  d o  t h i s ,  t w e l v e  g e n e  c l u s t e r s  d e t e r mi n e d  f r o m t h e  e x p r e s s i o n  o f  

1 5 5  i n d i v i d u a l  g e n e s  a c r o s s  t h e  n i n e  C A 3  s u b - r e g i o n s  w e r e  ma d e  a n d  

t h e i r  p r o m o t e r s  a n a l y s e d  f o r  T F B S  c o n t e n t .  I n  t o t a l  we  a s s o c i a t e d  6 1 0  

TSSs /p romote r s  w i th  t he se  155  genes .  

 

The  me t hodo logy  app l i ed  i n  t h i s  s t udy  i den t i f i e s  t he  TFBSs  mos t  

d o mi n a n t  i n  t h e  p r o mo t e r s  o f  i n d i v i d u a l  ge n e s  i n  e a c h  c l us t e r  a s  
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c o mpa r e d  t o  b a c k g r o u n d  d a t a  s e t s .  The  s t udy  u sed  two  backg round  

da t a  s e t s ,  one  cons i s t i ng  o f  39156  mouse  p romo te r s  and  t he  o the r  o f  

4 1 0 0 0  r a n d o m mo u s e  g e n o mi c  s e q u e n c e s .  The  r e su l t an t  TFBSs  we re  

t h e n  u s ed  t o  a n no t a t e  p r omo t e r s  o f  a l l  1 5 5  g e n e s  exp re s s ing  i n  t he  

CA3  r eg ion .  We  no t e  t ha t  i f  TFBSs  de t e rmined  i n  t h i s  way  ( s ee  

me t h o d s  f o r  d e t a i l s )  a n n o t a t e  o n ly  p r o mo t e r s  f o u n d  i n  o n e  g e n e  

c l u s t e r  t h e n  o n e  c o u l d  c l a i m t h a t  t h e s e  T F B S s  a r e  u n i q u e  f o r  t h a t  

c l u s t e r  a n d  p o t e n t i a l l y  r egu l a t e  exp re s s ion  o f  g e n e s  w i t h i n  t h a t  

c l u s t e r .  Y e t ,  t h e  me t h o d o l o g y  d o e s  no t  gua ran t ee  such  un iquenes s .  We  

examined  t h i s  un iquenes s  o f  TFBSs  t o  gene  c lu s t e r s  by  t e s t i ng  t he  

p o t e n t i a l  o f  a s s o c i a t e d  T FB S s  t o  b e  r e p r e s e n t a t i v e  o f  d i f f e r e n t  g e n e  

c l u s t e r s .  O u r  me t h o l o g y  r e - c l u s t e r e d  g e n e s  u s i n g  t h e  d i s t r i b u t i o n  o f  

T F B S s  i n  a n n o t a t e d  p r o mo t e r s .  T h i s  con t r a s t ed  t he  o r i g ina l  gene  

c l u s t e r s  t h a t  w e r e  b a s e d  o n  g e n e  e x p r e s s i o n  d a t a  o n l y .  S u c h  r e -

c l u s t e r i n g  r e g r o u p e d  6 7 . 7 4 %  o f  g en e s  e q u i v a l e n t  t o  t h o s e  g r o u p s  

f o u n d  i n  t h e  o r i g i n a l  g e n e  c l u s t e r s .  P r o mo t e r s  w e r e  a n n o t a t e d  w i t h  a  

t o t a l  o f  1 7 8  p r e d i c t e d  T FB S  o f  w h i ch  t h e  t o p  f i v e  m o s t  f r e q u e n t l y  

f ound  we re  ‘+1  Oc t ame r ’  ( 32  p r omo te r s ) ,  ‘ - 1  Oc t ame r ’  ( 25  

p r o mo t e r s ) ,  ‘ - 1  m y o g e n i n / N F - 1 ’  ( 24  p romo te r s ) ,  ‘+1  PBX’  (22  

p r o mo t e r s )  a n d  ‘ + 1  P a x - 6 ’  ( 1 9  p r o m o t e r s ) .  I n  c o n t r a s t  t h e r e  a r e  2 1  

T F B S s  a s s o c i a t e d  w i t h  o n l y  o n e  t r an sc r i p t  and  when  cons ide r i ng  

c l u s t e r  s p e c i f i c i t y ,  5 8 . 9 9 %  a r e  a s s o c ia t ed  w i th  on ly  one  ana tomica l l y  

r e s t r i c t e d  g e n e  c l u s t e r ,  2 4 . 1 6 %  i n  2  c lu s t e r s ,  11 .24% in  3  c lu s t e r s ,  

4 . 4 9 %  i n  4  c l u s t e r s ,  a n d  o n l y  1 . 1 2 %  o f  T F B S  a r e  s h a r e d  w i t h  5  g e n e  

c lu s t e r s .  We  hypo the s i s e  t he  fo l l owi n g  f o u r  T F B S  t o  b e  l i k e l y  t o  

r e g u l a t e   g e n e  e x p r e s s i o n  a c r o s s  CA3  sub -ana tomy :  ‘+1  PPAR d i r ec t  
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r epea t  1 ’  and  ‘+1  Ts t -1 ’  ( 9  p romote r s  e ach )  and  ‘+1  MAF’  and  ‘ -1  

C d c 5 ’  ( 8  p r o mo t e r s  e a c h ) .  

 

I n  s u m m a r y  w e  h a v e  c o l l e c t e d  a  s e t  o f  p r ed i c t ed  TFBSs  fo r  genes  

w h o s  e x p r e s s i o n  h a s  b e e n  w e l l - c h a ra c t e r i s e d  ( T h o mps o n  e t  a l .  2 0 0 7 )  

i n  t h e  C A 3  r e g i o n  o f  t h e  h i p p oc a mp u s .  We  u s e d  t h e s e  T F B S  

c o l l ec t i on s  t o  i n f e r  a n d  d e sc r i b e  t he  p o t e n t i a l  t r a n s c r i p t i o n  r e g u l a t i o n  

f o r  d i f f e r e n t  g e n e  c l u s t e r s  a n d  t h e  r o l e  o f  T F s  i n  c o n t r o l l i n g  r e g i o n a l  

g e n e  e x p re s s i o n  i n  C A 3 .  A d d i t i o na l l y  w e  u s e d  t h i s  d a t a  t o  r e c o n s t r u c t  

p a r t s  o f  t h e  s p a t i a l l y  r e s t r i c t e d  t r a n s c r i p t i o n  r e g u l a t o r y  n e t w o r k s  t h a t  

po t en t i a l l y  exp l a in  t he  obse rved  gene  exp re s s ion  ac ro s s  CA3  sub -

a n a t o my .   

 

Results from this study have produced the first detailed computational 

analysis of the mouse CA3 region and sub-regions in terms of transcription 

regulation (Thompson et al.  2007). Additionally, this study reports an initial 

survey into the regulatory potential of genes in the CA3 region by 

identifying likely TFs and cognate TFBSs. We show that each of the CA3 

gene expression clusters is associated with a unique set of TFBSs. Hence we 

hypothesize that the observed expression patterns in each cluster may be at 

least partially explained by the identified TFBS sets. Thus, computationally 

derived regulatory potential of genes expressing in the hippocampus CA3 

region reveals specificities in promoter content that could provide more 

insights into anatomically restricted gene expression in CA3 sub-regions. 
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Methods 

Genes  

A  l i s t  o f  2 3 4  genes (Thompson et al .  2007) s h o w n  t o  e x p r e s s  i n  t h e  C A 3  

r e g i o n  o f  t h e  mou s e  h i p p o c a mp u s  w e r e  p r o v i d e d  b y  c o l l a b o r a t o r s  a t  

A I B S .  H o w e v e r ,  o n l y  1 5 5  g e n e s  w e r e  unambiguos ly  c lu s t e r ed  i n to  

twe lve  d i f f e r en t  g roups  ( s ee  F igu re  7 ) .  Th i s  s t udy  focused  on ly  on  

t he se  155  genes  i n  12  c lu s t e r s .  

 
F i g u r e  7 :  A s s o c i a t i o n  o f  g e n e  e x p r e s s i o n  p a t t e r n s  o f  e a c h  o f  1 2  g e n e  c l u s t e r s  

w i t h  9  p h y s i c a l  s e g m e n t s  o f  t h e  C A 3  h i p p o c a m p u s  r e g i o n  i n  m o u s e .  E a c h  c o l o u r  

r e p r e s e n t s  a  d i f f e r e n t  s u b - r e g i o n  o f  t h e  C A 3  a n a t o m y .  

 

Gene funct ional  propert ies  

T h e  D A V I D  p a c k a g e  ( h t t p : / / d a v i d . a b c c . n c i f c r f . g o v / )  w a s  u s e d  t o  

s e a r c h  t he  G e n e  O n t o l o g y  f o r  a n y  o v e r - r e p r e s e n t e d  c a t e g o r i e s  o f  

genes  amoungs t  t he  12  gene  c lu s t e r s .  
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Target  promoters  and background sequences  

F o r  e a c h  o f  the 155 genes we determined the location of the TSS using 

available CAGE tags (Shiraki et al.  2003; Carninci et al.  2005; Carninci et 

al.  2006), which are each linked to the transcriptional unit (TU) of the gene 

(Carninci et al . 2005; Carninci et al . 2006). Hence,  l i n k i n g  e a c h  g e ne  t o  a  

p r o mo t e r  t h r o u g h  a  T S S .  H o w e v e r ,  s i n c e  T S S  l o c a t i o n s  a r e  d e t e r mi n e d  

b a s e d  o n  C A G E  t a g s ,  i t  i s  p o s s i b l e  t h a t  o n e  g e n e  c o u ld  h a v e  mu l t i p l e  

p r o mo t e r s  a n d  t h a t  e ac h  p ro mo t e r  co u l d  h a ve  mu l t i p l e  T S S s .  T a b l e  4  

p r e s e n t s  t h e  d i s t r i b u t i o n  o f  T S S s  p e r  g e n e  c l u s t e r  w i t h  a  t o t a l  o f  6 1 0  

TSSs .   

T a b l e  4 :  D i s t r i b u t i o n  o f  T S S s  r e l a t i v e  t o  c l u s t e r s  ( B a j i c  e t  a l .  2 0 0 6 A ) .  

N u mb e r  o f  T S S  l o c a t i o n s  c lu s t e r  

51  1  

79  2  

20  3  

176  4  

48  5  

64  6  

40  7  

24  8  

21  9  

42  10  

30  11  

15  12  

 

W h i l s t  t h e  a b o v e  u s e  o f  C A G E  t a g s  p r o v i d e d  a  s e t  o f  p r o mo t e r s  f o r  

o u r  t a r g e t  d a t a ,  w e  r e q u i r e d  a  c o mp r e h e n s i v e  s e t  o f  a l l  m o u s e  

p r o mo t e r s  a n d  r a n d o m n o n - p r o mo t e r  mo u s e  D N A .  T h e s e  s e t s  o f  
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s equences  s e rved  a s  backg round  s e t s  t o  de t e rmine  whe t he r  o r  no t  t he  

t a r g e t  p r o mo t e r  s e t s  ( d e t e r mi n e d  b y  T S S  a n a l y s i s  f o r  e a c h  o f  t h e  

c l u s t e r s )  c o n t a i n e d  o v e r r e p r e s e n t e d  TFB S .   

A  background mouse reference promoter set of 39156 promoters was 

prepared as follows (Bajic et al.  2006): Promoters were defined as the 

region -1000 to +200 surrounding the position of the TSS. A TSS was 

immediately accepted should the first  5’ nucleotide of a CAGE tag or 5’ 

ditag agree with the first  5’ nucleotide of a corresponding full-length cDNA 

(flcDNA). However, this did not always occur and in these cases we chose a 

TSS location supported by a tag cluster (TC). Each TC contained at least 10 

CAGE tags. The chosen TSS had to be supported by at least six tags within 

a cluster and pass the added restriction of having support from 

transcriptional evidence associated with the TC such as EST, flcDNA, 

and/or long SAGE.  

A random mouse DNA set of 41000 background sequences was 

selected as follows: Random DNA sequences of 1200bp in length were 

selected from all  mouse chromosomes.  T h e  n u mbe r  o f  s e q u e n c e s  s e l e c t e d  

f r o m e a c h  c h r o m o s o me  w a s  p r o p or t i o na l  t o  t h e  l e n g t h  o f  e a c h  

c h r o mo s o me .   

 

Mapping of  promoter  e lements  

We used  on ly  t he  ma mmal i an  subs e t  o f  ava i l ab l e  TFBS  pos i t i on  

w e i g h t  m a t r i x  mo d e l s  f o u n d  i n  T R A N S F A C  P r o f e s s i o n a l  ( V e r .  9 . 4 )  

da t abase  (Ma tys  e t  a l .  2006 ) .  These  ma t r i c e s  we re  u sed  t o  f i nd  l i ke ly  

T F B S s  o n  e i t h e r  o f  t h e  p o s i t i v e  a nd / o r  n e g a t i v e  D N A  s t r a n d s  i n  e a c h  

e x t r a c t e d  p r o mo t e r  ( t a r g e t  a n d  b a c k g r o u n d ) .  A  t h r e s ho ld  (de s igna t ed  
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a s  minFP )  w a s  c h o s e n  fo r  t h e  ma t r i x  m o d e l s ,  w h i c h  o p t i mi s e s  t h e  c o r e  

a n d  ma t r i x  s c o r e s  ( K e l  e t  a l .  2 0 0 3 )  s u c h  t h a t  t h e  p r e d i c t e d  s e t  o f  

T F B S s  c o n t a i n  a  mi n i mu m n u mb e r  o f  f a l s e  p o s i t i v e s .  

 

Determinat ion of  the  most  dominant  TFBSs 

T o  r e s o l ve  t h e  s e t  o f  d o mi nan t  TFBSs  i n  t he  t a rge t  p romo te r s  we  u sed  

a  me thod  t ha t  c a l cu l a t e s  a  l i ke l i hoo d  o f  o b s e r v i n g  T F B S s  i n  t a r g e t  

a g a i n s t  b a c k g r o u n d  p r o mo t e r s ,  a s  d e s c r i b e d  i n  ( B a j i c  e t  a l .  2 0 0 4 ) .  

T w o  b a c k g r o u n d  s e t s  w e r e  a t  o u r  d i s p o s a l :  1 /  Wh o l e  m o u s e  p r o mo t e r  

s e t  ( 3 9 1 5 6  p r o m o t e r s ) ;  2 /  R an d o m  s e t  ( 4 1 0 0 0  r a n d o m g e n o mi c  

s equences ) .  TFBSs  found  w i th in  t a rge t  p r o mo t e r s  w e r e  r a n k e d  h i g h e s t  

t o  l o w e s t  b a s e d  o n  t h e i r  o v e r - r e p r es e n t a t i o n  i n d e x  ( O R I ) ,  w h i c h  i s  a  

r a t i o  o f  c o n c e n t r a t i o n  i n  t a r g e t  p r o mo t e r s  o v e r  concen t r a t i on  i n  

b a c k g r o u n d  s e t s  a n d  i s  f u r t h e r  d e s c r i b e d  i n  ( B a j i c  e t  a l .  2 0 0 4 ) .  T h u s ,  

i f  t h e  c on c e n t r a t i o n  o f  a  p a r t i c u l a r  T F B S  i n  t h e  t a r ge t  p r o mo t e r  s e t  

e q u a l s  t ha t  o f  t he  b a ckg round  ( i . e .  no  en r i chme n t )  t hen  t he  ORI  va lue  

w o u l d  e q u a l  1 ;  t h e  g r e a t e r  t h e  p r e s e n c e  o f  a  T F B S  i n  t h e  t a r g e t  s e t  i s ,  

r e l a t i v e  t o  t h e  b a c k g r o u n d ,  t h e  h i g h er  t h e  O R I  v a l u e .  U s i n g  a  r i g h t -

s i d e  F i s h e r ’ s  e x a c t  t e s t  ( b a s e d  o n  a  h y p e r - g e o me t r i c  d i s t r i bu t i on )  we  

c o n s i d e r  t h e  n u l l - h y p o t h e s i s  t h a t  t h e  s e t  o f  T F B S s  f o u n d  i n  t h e  t a r g e t  

s e t  a r e  p r o p o r t i o n a l l y  t h e  s a me  a s  t he  b a c k g r o u n d  s e t .  P - v a l u e s  c a n  b e  

v i e w e d  i n  t h e  p r o v i d e d  r e p o r t s  ( Su p p l e me n t a r y  D a t a  F i l e  0 1  t h r o u g h  

1 2 ) ,  w h e r e  c o r r e c t e d  ( B o n f e r r o n i )  p - v a l u e s  n o t  g r e a t e r  t h a n  0 . 0 5  a r e  

a n n o t a t e d  w i t h  a  ‘ + ’s i g n  a f t e r  t h e  O RI  v a l u e .  S u p p l e me n t a r y  d a t a  f i l e s  

0 1  t h r o u g h  1 2  c o n t a i n  s um m a r i e s  o n  t o p  r a n k e d  T F B S s .  E a c h  T F B S  

w a s  s e l e c t e d  a c c or d i n g  t o  t h e  f o l l owing  c r i t e r i a :  Each  TFBS  had  t o  
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s c o r e  a n  O R I  v a l ue  o f  a t  l e a s t  3  a n d  o c c u r  w i t h i n  a t  l e a s t  2 0 %  o f  

t a rge t  p ro mo t e r s  f r o m o n e  o f  t h e  1 2  g e n e  c l u s t e r s .  A c a r t o o n  

d i s c r i p t i o n  o f  t h e  f o r ma t  u s e d  i n  S u p p l e me n t a r y  d a t a  f i l e s  0 1  t h r o u g h  

1 2  i s  d i s p l a y e d  i n  F i g u r e  8 .  

 

 
F i g u r e  8 :  E x p l a n a t i o n  o f  c o l u m n s  i n  S u p p l e m e n t a r y  D a t a  F i l e s  0 1  t h r o u g h  1 2  

( B a j i c  e t  a l .  2 0 0 6 A ) .  

 

Annotat ion of  promoters  by TFBSs 

We  u s e d  T F B S s  w i t h  O R I  v a l u e  g r ea t e r  t ha n  3  a n d  p r e s e n t  i n  a t  l e a s t  

20% o f  t a rge t  p romo te r s  t o  anno t a t e  p romote r s  o f  a l l  genes  exp re s s ing  

i n  CA3 .  The  TFBSs  a r e  DNA s t r and  spec i f i c  and  a r e  e i t he r  f ound  on  

t h e  p o s i t i v e  o r  n e g a t i v e  D N A  s t r a n d s .  Thus  t he  TFBSs  a r e  wr i t t en  

w i t h  t h e  p r e f i x  ‘ + 1 ’  o r  ‘ - 1 ’  t o  i nd i ca t e  s t r and .  

Cluster ing and generat ion of  heat-map graphics  

T I G R - M e V  ( S a e e d  e t  a l .  20 0 3 )  s o f t w a r e  w a s  u s e d  t o  c l u s t e r  g e n e s  

a c c o r d i n g  t o  t h e i r  T F B S  a n n o t a t i o ns .  T I G R - M e V  w a s  a l s o  u s e d  t o  

g r a p h i c a l l y  p r e s e n t  r e s u l t s ,  w h i l s t  t h e  C y t o S c a p e  s u i t e  ( S h a n n o n  e t  a l .  

2003 )  was  u sed  t o  gene ra t e  f i gu re s  o f  ne twork  g r aphs .  
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Generat ion of  data  for  network representat ion 

•  G e n e  l i s t s :  D i s c o nt i n u i t i e s / I r r e g u l ar i t i e s  

W e  e x c l u d e d  f r o m t h e  a n a l ys i s  g e n e s  t h a t  a p pe a r e d  i n  t h e  o r i g i na l  l i s t  

o f  twe lve  c lu s t e r s  p r ov ided  by  AIBS ,  bu t  wh ich  cou ld  no t  be  ma tche d  

t o  F A N T O M 3  d a t a  f o r  t h e  p u r p o s e s  o f  i d e n t i f y i n g  a s s o c i a t e d  T S Ss .  

 

•  P r o m o t e r s  o f  t h e  t a r g e t  s e t s :  S u m m a r y  f o r  TS S s  

W e  p r o v i d e d  i n f o r ma t i o n  f o r  e a c h  gen e  n a me ,  t h e  g e n omi c  l o c a t i o n  o f  

t he  TSS  and  t he  number  o f  CAGE t ags  i n  e ach  t ag  c lu s t e r .  The  

c o n d i t i o n s  u n d e r  w h i c h  t h e  b a c k g round  p romote r s  we re  de t e rmine d  

h a d  i n i t i a l l y  be e n  t o o  r e s t r i c t i v e  fo r  t h e  i d e n t i f i c a t i o n  o f  p r o mo t e r s  i n  

t he  t a rge t  s e t s  and  we re  subsequen t l y  r e l a xe d .  H e n c e  t ag  c l u s t e r s  w e r e  

r equ i r ed  t o  con t a in  a t  l e a s t  f i ve  CAGE  t a g s  a n d  a t  l e a s t  t h r e e  o f  t h o s e  

t a g s  s u p p o r t i n g  t h e  T S S .  

 

•  Gene  C lus t er s :  V i sua l  r epres en ta t ion  o f  the  a s soc ia t i on  

b e t we e n  i d e n t i f i e d  T F B S s  a n d  g e n e s ,  i r r e s p e c t i v e  o f  t h e  

i n d i v i d u a l  p r o m o t e r s  

H e a t ma p s  w e r e  g e n e r a t e d  b y  ma p p i n g  p r o m o t e r s  t o  s t r a n d  s p e c i f i c  

T F B S s  u s i n g  t h e  l o g  o f  t h e  n u mb e r  o f  T F B S s  f o u n d  i n  e a c h  p r o m o t e r  

( l o g  v a l u e  i n d i c a t ed  by  co lou r ) .   
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•  N e t wo r k  v i s u a l i z a t i o n :  A  v i s u a l i z a t i o n  o f  t h e  g e n e  c l u s t e r  

i n f o r m at i o n  u s i n g  C y t o s c a p e  

T h e  n e t wo r k s  c o n s i s t  o f  TFB S→g e n e  e d g e s .  T h e s e  w e r e  c r e a t e d  b y  

f i r s t  a s s o c i a t i n g  p r o mo t e r s  t o  g e n e s  a n d  t h e n  p r o mo t e r s  t o  T F B S s .  T h e  

n e t w o r k s  a r e  d e p i c t e d  i n  F i g u r e s  14 .  TFBSs  t ha t  we re  ma pped  t o  bo th  

t h e  f o r w a r d  a n d  r e v e r s e  s t r a n d  o f  g en e  p r o m o t e r s  h a v e  b e e n  m e r g e d  

i n t o  s i n g l e  T F B S  n o d e s  f o r  t h i s  r ep r e sen t a t i on  and  a r e  d i sp l ayed  a s  

b l u e  r e c t a n g l e s .  G e n e s  a r e  r e p r e s e n t e d  a s  o r a n g e  c i r c l e s  a n d  l i n k e d  t o  

t he i r  b ind ing  s i t e s  by  b l ack  edges .  Re d  edges  r e f l e c t  manua l l y  cu r a t ed  

i n fo rma t ion  on  p ro t e in -p ro t e in  i n t e r a c t i o ns  be t w e e n  t h e  T F s .  F i g u r e  

1 6  d e p i c t s  e n l a r g e d  t h e  ' me r g e d '  r e p r e s e n t a t i o n  o f  a  u n i o n  o f  

i n f o r ma t i o n  f o r  c l u s t e r s  8  a n d  1 0 ,  w i t h  p r o m o t e r  e l e me n t s  c o m m o n  t o  

bo th  c lu s t e r s  h igh l i gh t ed  i n  ye l l ow .  
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Results 

Spat ia l  regulatory  networks:  The most  dominant  TFBSs for 

individual  c lusters  

I n f o r ma t i o n  w i t h i n  t h e  S u p p l e me n t a r y  D a t a  f i l e s  0 1  t h r o u g h  1 2  

d e s c r i be s  e a c h  o f  t h e  1 2  c l us t e r s  b y  w h a t  d o m i n a n t  T FB S s  a r e  p r e s e n t  

i n  e a c h  c l u s t e r  ( s e e  M e t h o d s  a n d  F i g u r e  8  f o r  d i s c r i p t i o n  o f  f i l e s ) .  

 

F r o m S u p p l e me n t a r y  d a t a  f i l e s  0 1  t h r o u g h  1 2  w e  u s e d  t h e  T F B S s  t o  

a n n o t a t e  e a c h  c l u s t e r e d  g e ne s ’  p r o m o t e r .  We  n o t e  t h a t  s o me  T F B S s  

a p p e a r  t o  b e  f o u n d  i n  s e v e r a l  c l u s t e r s ,  y e t  8 3 . 1 5 %  a r e  f o u n d  

a s s o c i a t e d  w i t h  t w o  c l u s t e r s  a t  mo s t ,  s u g g e s t i n g  t h a t  T F B S s  a r e  

u t a l i s e d  i n  a  d i r e c t e d  ma n n e r  f o r  r eg u l a t i o n  o f  t r a n s c r ip t i o n  i n i t i a t i o n .  

 

Mapp ing  o f  TFBSs  t o  ou r  t a rge t  DNA sequences  p roduced  a  l a rge  s e t  

c o n t a i n i n g  ma n y  f a l s e  p r e d i c t i o n s  du e  t o  i m p e r f e c t  m o d e l s .  Wh i l s t  

e x p e c t e d ,  i t  r e ma i n s  u n f o r t u n a t e  t ha t  t he r e  i s  no  compu ta t i ona l  

me t h o d  t h a t  c a n  r e s o l v e  t h i s  i s s u e .  T o  i n c r e a s e  q u a l i t y  o f  t h e  ma p p e d  

s e t  and  r educe  t he  f r equency  o f  false predictions we contrasted the target 

set with background promoter sets (Bajic et al.  2004) a nd  d i s c a r de d  a l l  

TFBS  ma pp ings  t ha t  d id  no t  show e n r i c h me n t  i n  t h e  t a r ge t  s e t .  

 

We  v i sua l i s ed  t he  d i s t r i bu t i on  o f  i den t i f i ed  domi nan t  TFBSs  i n  e ach  

o f  t h e  1 2  c l u s t e r s  i n  F i g u r e  9 ,  w h i c h  d i sp l ays  a  t endancy  o f  TFBSs  t o  

b e  c l u s t e r  s p e c i f i c .  F i g u r e  9  d i s p l a y s  a  s e t  o f  T F B S s  t h a t  w e r e  

d e t e r mi n e d  u s i n g  t h e  b a c k g r o u n d  d a t a  s e t  o f  39156  mouse  p romo te r s  

 

 

 

 



55 

and  an  ORI  o f  no t  l e s s  t han  3  ( s ee  Me thods ) .  The  h igh  ORI  c r i t e r i a  

f i l t e r e d  ou t  T F B S s  t h a t  a r e  l e s s  e n r i c h e d  i n  t h e  t a r g e t  p r o mo t e r  s e t s  

t han  t he  backg round .  Aga in ,  no t e  t ha t  t he se  TFBSs  c lu s t e r  gene ra l l y  

a l o n g  t h e  a n a t o mi c a l l y  r e s t r i c t ed  gene  c lu s t e r s .   

 
F i g u r e  9 :  D i s t r i b u t i o n  o f  T F B S s  ( h o r i z o n t a l )  a c r o s s  1 2  C A 3  c l u s t e r s  ( v e r t i c a l ) .  

O R I  v a l u e  w a s  n o t  l e s s  t h a n  3 .  T h e  b a c k g r o u n d  s e t  w a s  m o u s e  p r o m o t e r  s e t  

 

T h e  O R I  c r i t e r i a  be c o me s  i n c r e a s i n g l y  mor e  r e s t r i c t i v e  t h e  h i g he r  i t  i s  

s e t ,  a s  c a n  b e  s e e n  w h e n  O R I  i s  n o t  l e s s  t h a n  4  i n  F i g u r e  1 0 .  T h e  

d i s t r i b u t i o n  o f  T F B S s  t h a t  a r e  u n iq u e l y  a s s o c i a t e d  w i t h  p r omo t e r s  

f r o m o n l y  o n e  c l u s t e r  a r e  d i s p l a y e d  i n  F i g u r e  1 1 .   

 

 
F i g u r e  1 0 :  D i s t r i b u t i o n  o f  TFBSs (horizontal) across 12 CA3 clusters (vertical). O R I  n o t  l e s s  

t h a n  4  a n d  w h e n  p r o m o t e r  b a c k g r o u n d  i s  u s e d  
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F i g u r e  1 1 :  D i s t r i b u t i o n  o f  TFBSs (horizontal) across 12 CA3 clusters (vertical). Here, TFBSs 

unique t o  o n e  o f  t h e  1 2  c l u s t e r s  a r e  d i s p l a y e d .  

 

The  d i s t r i bu t i on  o f  TFBSs  ac ro s s  ge n e  p r o mo t e r s  w i t h i n  t h e  t we l v e  

c l u s t e r s  w a s  c h e ck e d  t o  d e t e r mi n e  i f  i t  r e ma i n e d  q u a l i t a t i v e l y  s i mi l a r  

w h e n  u s i n g  a  b a c k g r o u n d  o f  r a n d o m g en o mi c  s e q u e n c e s  a s  a p p o s e d  t o  

t h e  mo u s e  p r o mo t e r  s e t s .  I n d e e d ,  t h e  q u a l i t a t i v e  s i mi l a r i t y  i s  h i g h  i n  

t h a t  s p e c i a l i z a t i o n  o f  t h e  c o l l ec t i ons  o f  TFBSs  a s soc i a t ed  w i th  t he  

v a r i o u s  c l u s t e r s  c o u l d  b e  o b s e r v e d .   

 
F i g u r e  1 2 :  D i s t r i b u t i o n  o f  s i g n i f i c a n t  T F B S s  o b t a i n e d  b y  c o n t r a s t i n g  c l u s t e r  

t a r g e t  p r o m o t e r  d a t a  w i t h  t h e  n o n - p r o m o t e r  ( r a n d o m )  g e n o m i c  b a c k g r o u n d .  O R I  

n o t  l e s s  t h a n  2  i s  u s e d  
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A  s u b s e t  o f  S u p p l e me n t a r y  T a b l e  0 1  i n  T a b l e  5  s h o w s  d o mi n a n t  T F B S s  

a n d  t h e  f r e q u e n c y  t h a t  t h e y  w e r e  found  i n  e ach  o f  t he  12  c lu s t e r s .  The  

s t u d y  i d e n t i f i e d  1 7 8  u n i q u e  T F B S s  t h a t  w e r e  u s e d  t o  a n n o t a t e  a l l  

e x t r ac t e d  p r o mo t e r s  fo r  t h e  s e t  o f  c l u s t e r ed  genes .  I n  summa r y ,  t he  

t o p  f i v e  m o s t  f r e q u e n t l y  f o u n d  T FB S s :  ‘ + 1  O c t a me r ’  ( 3 2  p r o m o t e r s ) ,  

‘ - 1  O c t a me r ’  ( 2 5  p r o mo t e r s ) ,  ‘ - 1  my o g e n i n / N F - 1 ’  ( 2 4  p r o mo t e r s ) ,  ‘ + 1  

P B X ’  ( 2 2  p r o mo t e r s )  a n d  ‘ + 1  P a x - 6 ’  ( 19  p romote r s ) .  I n  con t r a s t ,  whe n  

w e  c o n s i d e r  h o w  u n i q u e  T F B S s  a r e ,  w e  f i n d :  2 1  T F B S s  t h a t  a p p e a r  i n  

o n l y  o n e  t r a n s c r i p t ;  5 8 . 9 9 %  T F B S s  a p p e a r  e x c l u s i v e l y  i n  g e n e s  o f  o n e  

a n a t o mi c a l l y  r e s t r i c t e d  g e n e  c l u s t e r ,  2 4 . 1 6 %  i n  2  c l u s t e r s ,  1 1 . 2 4 %  i n  

3  c lu s t e r s ,  4 . 49% in  4  c lu s t e r s ,  and  on ly  1 .12% a re  sha r ed  w i th  5  gene  

c l u s t e r s .  

 

I t  i s  l i k e l y  t h a t  ‘ - 1  O c t a m e r ’  an d  ‘ + 1  P B X ’ ,  w h i c h  a r e  f o u n d  i n  5  

d i f f e r e n t  c l u s t e r s  e a c h ,  s h a r e  t h e  l ea s t  c h a nc e  t o  r e g u l a t e  a n a t o mi c a l l y  

r e s t r i c t e d  g e n e  e x p r e s s i o n  s i n c e  t he y  r e p r e s e n t  t h e  m o s t  p r o m i s c o u s  

T F B S s  w i t h i n  t he  se t .  
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T a b l e  5 :  L i s t  o f  s i g n i f i c a n t  T F B S s  a n d  t h e i r  d i s t r i b u t i o n  a c r o s s  1 2  c l u s t e r s  

( C 1 , C 2 , . . , C 1 1 , C 1 2 ) .  T h e  l i s t  i s  a  s u b s e t  o f  S u p p l e m e n t a r y  T a b l e  0 1 .  

 

 
 

I n t u i t i v e ly ,  t h o s e  T F B S s  t h a t  i n f l u en c e  a n a t o mi c a l l y  r e s t r i c t e d  g e n e  

e x p r e s s i o n  mo s t ,  s h o u l d  a l s o  b e  t h o se  t ha t  a r e  exc lu s ive ly  found  t o  be  

a s s o c i a t e d  w i t h  o n e  g e n e  e x p r e s s i o n  c l us t e r .  F u r t he r mo r e ,  t h e s e  

TFBSs  s hou ld  be  found  i n  t he  ma jo r i t y  o f  p r o mo t e r s  w i t h i n  t h a t  

c l u s t e r .  U s i n g  t h i s  i d e a  a s  c r i t e r i a  we  r anked  c lu s t e r  spec i f i c  TFBSs  

a n d  f i n d  t h e  t o p  4  a s :  ‘ + 1  P P A R  d i r e c t  r e p e a t  1 ’ ,  ( 9  p r o mo t e r s ) ,  ‘ + 1  

T s t - 1 ’  ( 9  p r o mo t e r s ) ,  ‘ + 1  M A F ’  ( 8  promoters) and ‘-1 Cdc5’ (8 

promoters).  A cursory inspection of peer-reviewed literature reveals that 

PPAR (Teboul et al.  2001) and MAF (Li-Weber et al.  1997) are known 

controllers of tissue- and cell-specific transcription, whilst Tst-1 is thought 

to influence the control of tissue-specific expression (Josephson et al.  

1998). Nothing similar could be found for Cdc5.  
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Re-cluster ing data  based on annotat ion by s igni f icant  

TFBSs 

I n  o r d e r  t o  e v a l u a t e  h ow  w e l l  t h e  c o mp u t a t i o n a l l y  d e t e rmi n e d  

s i g n i f i c an t  T F B S s  r e l a t e  t o  t h e  t we l v e  a n a t o mi c a l l y  d e f i n e d  g e n e  

c l u s t e r s  w e  r e - c l u s t e r e d  d a t a  u s i n g  o n l y  s i g n i f i c a n t  T F B S s  f o r  

p r o mo t e r  a n n o t a t i o n .  T h i s  c l u s t e r i n g  w e  t e r me d  f e a t u r e - b a s e d  

c l u s t e r i n g .  T h u s ,  w e  e x p e c t e d  t o  f i n d  t h a t  t h e r e  w o u l d  b e  a  mi n i ma l  

d i f f e r e n c e  b e t w e e n  f e a t u r e - b a s e d  c l u s t e r s  and  t hose  c lu s t e r s  de r i ved  

a n a t o mi c a l l y  b y  g e n e  e x p r e s s i o n .  A t  f i r s t  g l a n c e  t h e r e  mi g h t  b e  a  

p e r c e i v e d  e r r o r  i n  l o g i c  t o  t h i s  e va l ua t i on  a s  c i r c u l a r i t y  o f  a rgumen t s :  

T h e  T F B S s  a r e  d e r i v e d  i n  a  s t e p w i se  ma nne r ,  c l u s t e r -by -c lu s t e r ,  and  

t h u s ,  o n e  mi g h t  e x p e c t  a  mi n i ma l  d i f f e r e n c e  i n  f e a t u r e - b a s e d  c l u s t e r s  

and  t hose  by  exp re s s ion  ba sed  c lu s t e r i ng  wh ich  wou ld  r ende r  t h i s  t e s t  

me a n i n g l e s s .  H o w e v e r ,  T FB S s  a r e  de r i ved  ba sed  on  s equence  da t a  and  

a  s t a t i c  b a c k g r o u n d  p r o mo t e r  s e t s .  Th e  s i g n i f i c a n t  T F B S s  f o u n d  n e e d  

no t  be  c lu s t e r - spec i f i c  a l t hough  t hey  c o u l d  b e  d e r i v e d  f o r  a  s p e c i f i c  

c l u s t e r .  The  r ea son  i s  t ha t  no  cond i t ion  i s  u sed  t o  r e s t r i c t  TFBSs  t o  be  

s p e c i f i c  fo r  o n l y  o n e  i n d i v i d u a l  c l u s t e r .  I n d e e d ,  s o me  o f  t h e  T F B S s  

f o u n d  t o  b e  d o mi n a n t  i n  o n e  c l u s t e r ,  a r e  a l s o  f o u n d  t o  b e  d o mi n a n t  i n  

o t h e r  c l u s t e r s .  H e n c e ,  i f  t h e  p r o mo t e r s  w i t h  a n n o t a t ed  TFBSs  c l u s t e r  

i n  a  h i g h l y  c o r r e l a t e d  f a s h i o n  w i t h  t h e  a n a t omi c a l l y  r e s t r i c t e d  g e n e  

e x p r e s s i o n  c l u s t e r s ,  t h e n  t h i s  me t h o d  h a s  e x t r a c t e d  t h e  p a r t  o f  t h e  

i n f o r ma t i o n  t h a t  spe c i f i e s  p r o mo t e r  p r o p e r t i e s  i n  a  p o t e n t i a l  r o l e  o f  

r e g u l a t i n g  g e n e  e x p r e s s i o n .   
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We  us e d  k - me a ns  c l u s t e r i ng  w i t h  12  seeds (Saeed et al.  2003). The actual 

association of the resulting feature-based c l us t e r s  i s  ob t a i ne d  u s i ng  

d o mi n a n t  T F B S s  f r o m a l l  1 2  g e n e  e xp r e s s i o n  c l u s t e r s .  T h e  c o r r e l a t i o n  

o f  t h e s e  c l u s t e r s  w i t h  t he  a n a t o mic a l l y  r e s t r i c t e d  g e n e  e x pr e s s i o n  

c l u s t e r s  c a n  b e  i n s p e c t e d  i n  Su p p l e me n t a r y  F i g u r e  0 1 .  E a c h  o f  t h e  

s u b - f i g u r e s  i n  S u p p l e me n t a r y  F i g u r e  0 1  s h o w s  a  s e p a r a t e  c l u s t e r  o f  

g e n e s .  W e  h i g h l i g h t e d  g e n e s  b y  a  d i f f e r e n t  c o l o u r  b a s e d  o n  t h e  

a n a t o mi c a l l y  r e s t r i c t e d  g e ne  c l u s t e r ,  s o  a s  t o  b e  a b l e  t o  e a s i l y  o b s e r v e  

t h e  e f f e c t s  o f  r e - c l u s t e r i n g .  T h u s ,  i f  t h e  g e n e s  i n  t h e  f e a t u r e - b a s e d  

c l u s t e r s  o r i g i na l l y  c a me  f r o m  t h e  s a me  a n a t o mi c a l l y  r e s t r i c t e d  c l u s t e r ,  

t h e n  t h e  c o l o u r  s t r i p  o n  t h e  t o p  o f  t he  g r a p h  w i l l  i n d i ca t e  t h a t  co l o u r .  

T h u s ,  a t  a  g l a n c e ,  a  h i g h  c o r r e l a t i o n  b e t w e e n  o r i g i n a l  a n d  n e w  

c lu s t e r s  c an  be  obse rved  by  t he  p r e se r va t i on  o f  t he  co lou r  s t r i p .  On ly  

1 2 0  o f  t h e  1 5 5  g e n e s  w e r e  a n n o t a t e d  s i n c e  o u r  c r i t e r i a  r e q u i r e d  t h a t  

e a c h  T F B S s  s c o r e  a n  O R I  o f  a t  l e a s t  3  a n d  w e r e  f o u n d  i n  a t  l e a s t  2 0 %  

o f  t h e  p r o mo t e r s .  T h u s ,  o n l y  t h e s e  1 2 0  c o u l d  b e  c l u s t e r e d ,  a n d  w h i l s t  

w e  o b s e r v e  1 2  c l u s t e r s  we  n o t e  t h a t  1 5  g e n e s  w e r e  u n c l a s s i f i a b l e  

ba sed  on  ava i l ab l e  anno t a t i ons .  The re fo r e  o u r  s e n s i t i v i t y  c a n  b e  g i v e n  

a s  a p p r o x i ma t e l y  6 7 . 7 4 %  ( 1 0 5 / 1 5 5 )  a n d  s i n c e  n o  g e n e  t h a t  i s  

c l a s s i f i e d  i s  w r o n g l y  c l a s s i f i e d ,  o u r  pos i t i ve  p re d i c t i v e  v a l u e  ( P P V )  i s  

1 0 0 % .  

 

C o n s i d e r i n g  t h e  m a n y  me t h o d s  a v a i l a b l e  t o  c l u s t e r  d a t a  w e  a p p l i e d  

t w o  a d d i t i o n a l  c l u s t e r i n g  me t h o d s  ( h i e r a r c h i c a l  a nd  s u p p o r t  t r e e  

c l u s t e r i ng )  i n  o r de r  t o  e v a lu a t e  w he t h e r  t h e  r e s u l t s  r e m a i n  s i mi l a r  a n d  

a r e  n o t  t h e  a r t e fa c t  o f  t h e  c l u s t e r i n g  me t h o d  u s e d .  D e p i c t e d  i n  
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S u p p l e me n t a r y  F i g u r e  0 2 ,  b o t h  c l u s t e r i n g  me t h o d s  s h o w  g e n e  

g roup ings  ba sed  on  TFBS  anno t a t i ons  t ha t  l a rge ly  co inc ide  w i th  one  

a n o t h e r  a s  w e l l  a s  t o  t he  o r i g i n a l  exp re s s ion  ba sed  c lu s t e r s .  F igu re  13  

d i s p l a y s  t h e  r e s u l t i n g  h e a t ma p  o f  t he  s u p p o r t  t r e e  c l u s t e r i n g  me t h o d .  

T h e  g e n e s  a l o n g  t h e  h o r i z o n t a l  a x i s  a re  h i g h l i g h t e d  i n  o n e  o f  t w e l v e  

c o l o u r s  i n  t h e  s a me  ma n n e r  u s e d  i n  t h e  k - me a n s  c l u s t e r i n g .  A g a i n  i t  i s  

e v i d e n t  t h a t  t h e  d i s t r i b u t i o n s  o f  p r ed i c t ed  TFBSs  ac ro s s  gene  

p r o mo t e r s  c o n t a i n  e n o u g h  i n f o r ma t i o n  t o  p a r t i t i o n  g e n e s  i n t o  g r o u p s  

o f  s i mi l a r  g e n e  e x p r e s s i o n  p a t t e r ns  ( a l t h o u g h  f e a t u r e - b a s e d  c l u s t e r i n g  

i s  u s e d ) .  

 

F i g u r e  1 3 :  H e a t - m a p  d i s t r i b u t i o n  o f  g e n e s  ( h o r i z o n t a l )  o b t a i n e d  b y  s u p p o r t  t r e e  

c l u s t e r i n g  o f  a n n o t a t e d  p r o m o t e r s  ( u s i n g  T F B S ,  v e r t i c a l )  u s i n g  E u c l i d e a n  

d i s t a n c e  
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Funct ional  speci f ic i ty  of  gene  c lusters  

W h i l s t  t he r e  i s  n o  r e a s o n  t o  e x p e c t  t h a t  me mb e r s  o f  g e n e s  i n  t he  s a m e  

g e n e  c l u s t e r  w o u l d  share any functional similarity, i t  was an intriguing 

possibility. We queried the DAVID system (Dennis et al.  2003) for Gene 

Ontology (GO) (Ashburner et al.  2000) categories and analysed if there are 

any significant functional specializations for genes in each cluster.  

Unfortunately, the DAVID system c ou l d  no t  de t e c t  a ny  s i gn i f i c a n t  

f unc t i ona l  GO ca t ago r i e s  amoungs t  any  o f  t h e  g e n e  e x p r e s s i o n  b a s e d  

c lu s t e r s .  Ye t ,  ove r  60% o f  gene s  i n  c l u s t e r  8  we re  found  t o  be  

a s s o c i a t ed  w i t h  c e l l  s i g na l l i n g  a n d  5 0 %  o f  g e n e s  i n  c l u s t e r  1 0  w e r e  

f o u n d  t o  b e  a s s o c i a t e d  w i t h  c e l l  g ro w t h  a n d  ma i n t e n a n c e .  H e n c e ,  w e  

i nves t i ga t ed  t he  ne tworks  o f  p romo t e r s  a n d  T F B S s  f o r  c l u s t e r s  8  a n d  

10 ,  s i nce  t he  r ema in ing  10  gene  c lu s t e r s  d i sp l ayed  a  l a rge  deg ree  o f  

f unc t i ona l  d ive r s i t y .  

 

Transcript ion regulat ion networks  

A s  p r e v i o u s l y  me n t i o n e d ,  c l u s t e r s  8  a n d  1 0  c o n t a i n  t h e  mo s t  g e n e s  

w i t h  u n i fo r m fu n c t i o n  ( s i mi l a r  G O  c a t a g or i e s ) .  H e r e  w e  i l l u s t r a t e  

s e v e r a l  n e t w o r k s  p o t e n t i a l l y  r e g u la t i ng  t he  t r an sc r i p t i on  o f  genes  

f o u n d  i n  c l u s t e r s  8  a n d  1 0  ( F i g u r e  1 4 ) .  The  i n t e r e s t i ng  i s sue  i s  t ha t  

f e w  T F s  a p p e a r  t o  b e  c o m m o n  t o  b o t h  n e t w o r k s ,  w h i l e  t h e  n e t w o r k s  

a r e  l a r g e l y  c o n t r o l l e d  b y  d i s p a r a t e  s e t s  o f  TFs .  Th i s  c an  be  exp l a ined  

by  two  a rgumen t s :  1 /  c l u s t e r s  8  and  10  con t a in  genes  exp re s s ing  i n  
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t w o  d i s t i n c t  a n d  d i f f e r e n t  a n a t o mi c  r e g i ons ;  2 /  ge ne s  a r e  a l s o  

a s soc i a t ed  w i th  d i f f e r en t  f u n c t i o n a l  G O  c a t a g o r i e s .   

 

 
Figure 14. Transcriptional regulatory network for cluster 10 (Top left). Transcriptional regulatory network for 

cluster 10 (Bottom left). Transcriptional regulatory network for combined clusters 8 and 10 (Right). TFBS 

identified as significant for both clusters are highlighted in yellow, TFBS unique to the individual clusters are 

depicted in blue. 
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Conclusion  

O f  t h e  w h o l e  s e t  o f  ma m m a l i a n  T FB S  ma t r i x  mo d e l s  c o n t a i n ed  w i t h i n  

t h e  T r a n s f a c  P r o f e s s i o n a l  d a t a b a s e ,  w e  h a v e  s e l e c t e d  a  s e t  o f  1 7 8  

d o mi n a n t  T F B S s  f o u n d  i n  1 2 0  g e n e  p r o mo t e r s  a c r o s s  t h e  1 2  g e n e  

e x p r e s s i o n  c l u s t e r s  f r o m t h e  C A 3  r e g i o n  o f  t h e  h i p p o c a mp u s  i n  t h e  

adu l t  mo use .  The  d i s t r i bu t i ons  o f  t h e  s e t  o f  1 7 8  T F B S s  a mo n g s t  g e n e  

p r o mo t e r s  a r e  b o t h  l a r g e l y  h e t e r o g e n e o u s  b e t w e e n  c l u s t e r s  b u t  s i mi l a r  

w i t h i n  t h e  p r o mo t e r s  o f  e a c h  c l u s t e r  and  a r e  ab l e  t o  d i s t i ngu i sh  

b e t w e e n  p r o mo t e r s  o f  e a c h  g e n e  c l u s t e r .  S i n c e  e a c h  g e n e  c l u s t e r  

r e p r e se n t s  a  s e t  o f  s i mi l a r  a n d  a na t o mi c a l l y  r e s t r i c t e d  e x p r e s s i n g  

g e n e s ,  t h e  s e t s  o f  T F B S s  i d e n t i f i e d  a s  d o mi n a n t  f o r  a n y  p a r t i c u l a r  

c l u s t e r  c o n t a i n s  p o s s i b l e  k e y  c o n t r o l l e r s  o f  t a r g e t e d  t r a n s c r i p t i o n  f o r  

t h e  g e n e s  i n  t h a t  c l u s t e r .  A d d i t i ona l l y ,  t h e  d i s t r i b u t i o n  o f  T F B S s  i s  

su f f i c i en t  t o  p r ed i c t  g roups  o f  s imi l a r l y  e x p r e s s e d  g e n e s  w i t h  s o me  

d e g r e e  o f  a c c u r a c y  d u e  t o  t h e  T F B S s  b e i n g  s i g n i f i c a n t l y  c l u s t e r -

s p e c i f i c .  H o w e v e r ,  t h o s e  T F s  t h a t  a r e  f ound  s i gn i f i c an t  i n  s eve ra l  

c l u s t e r s  mi g h t  p l a y  d o mi n a n t  r o l e s  i n  d e f i n i n g  e x p r e s s i o n  b o u n d a r i e s  

w i t h i n  C A 3  h i p p o c a mp u s  a s  t h e y  a r e  sha r ed  by  d i f f e r en t  sub - r eg ions .  

W h i l s t  s u c h  b o u n d a r i e s  w o u l d  h a v e  a n  i n c r e a s e d  s i g n i f i c a n c e  w i t h i n  

t he  con t ex t  o f  t he  deve lop ing  mouse  b r a i n  f o r  t h e  p u r p o s e s  o f  t i s s u e  

p a t t e r n i n g  a n d  d e f i n i n g  t he  c e l l u l a r  l a y e r s  c om m o n  t o  b r a i n  t i s s u e s ,  i t  

s hou ld  no t  be  fo rgo t t en  t ha t  t he  den t a t e  gy rus ,  ne ighbou r ing  t he  CA3  

r e g i o n ,  ma i n t a i n s  a c t i v e  n e u r o n a l  p r e c u r s o r  c e l l  p o p u l a t i o n s  t h a t  

wou ld  r equ i r e  CA3  bo rde r s  t o  be  ma i n t a i n e d  fo r  c o r r e c t  i n ne rv a t i o n  

v i a  p r o pe r  a x o n  g u i d a n c e  c u e s .  U n l t i ma t e l y ,  i t  s e e ms  t h a t  t a r g e t e d  
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c e l l u l a r  e x p r e s s i o n  i n  t h e  C A 3  r e g i o n  i s  t h e  r e s u l t  o f  c o mb i n a t i o n s  o f  

T F s .  R e s u l t s  g e n e r a t e d  f r o m t h i s  s t u d y  p r o v i d e  a  me a n s  f o r  t a r g e t e d  

e x p e r i me n t s  t o  r e s o l v e  t h e  f u n c t i on  and  i n f l uence  o f  t he  mos t  

s i g n i f i c a n t  T F B S s  w i t h i n  each  gene  c lu s t e r s .  
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Chapter 4: Networks of Gene-to-
TranscriptionFactor edges elucidate key 
nodes in the regulatory potential behind 
differential gene expression along the 
septo-temporal axis of CA3 anatomy 
 

Introduction 
O u r  p r i m a r y  t a s k  h a s  b e e n  i n  l oc a t i n g  T F s  t h a t  p u t a t i v e l y  c on t r o l  

exp re s s ion  o f  genes  i n  12  gene  c l u s t e r s  d e t e r mi n e d  b y  a n a t o mi c a l l y  

r e s t r i c t e d  g e n e  e x p r e s s i o n .  T h e se  c l u s t e r s ,  ‘ C 1 ’  t h r o u g h  ‘ C 1 2 ’ ,  a r e  

o b t a i n e d  f r o m  g e n e s  d i s p l a y i n g  d i f f e r e n t i a l  e x p r e s s i o n  a c r o s s  9  

r e g i o n s  a l o n g  t h e  s e p t o - t empora l  ax i s  o f  CA3 .  No t ing  t ha t  ou r  me thod  

r e v o l v e s  a r o u n d  t h e  a n n o t a t i o n  p r o mo t e r  s e q u e n c e s  b y  T F B S s ,  o u r  

me t h o d  s e l e c t s  o n l y  t h o s e  T F B S s  t h a t  a r e  d o mi n a n t  i n  t h e  p r o m o t e r s  

o f  t he  t a rge t  gene  g roups .  The  p r emi s e  b e i n g  t h a t  w e  e x p e c t  t h a t  

TFBSs ,  b e ing  t a rge t ed  DNA mot i f s ,  mus t  b e  p r e s e n t  i n  p r o mo t e r s  o f  

s imi l a r l y  exp re s s ing  genes  more  o f t e n  t h a n  o n e  w o u l d  e x p e c t  i n  

r a n d o m o r  n o n - p r o mo t e r  D N A .  I n  s uch  ca se s ,  we  cons ide r  t he  

p o s s i b i l i t y  t h a t  t h e  o v e r - r e p r e s e n t e d  T F B S s  c o n f e r  s o me  d e g r e e  o f  

t r a n s c r i p t i o n a l  r e g u l a t o ry  con t ro l  t o  a  g roup  o f  c o - e x p r e s s i n g  g e n e s .  
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T h e  me t h o d o l o g y  i s  l i mi t e d  i n  t h a t  i t  c a n n o t  s i n g l e  o u t  t h e  a c t u a l  T F  

t h a t  b i nds  t o  t he  i d e n t i f i e d  T F B Ss .  T h i s  i s  a  co r o l l a r y  o f  t h e  

f o l l o w i n g :   

a /  T F B S s  a r e  c o m p u t a t i o n a l l y  d e t e r mi n e d  b a s e d  o n  t h e  ma t r i x  

m o d e l s  o f  ma m m a l i a n  T F BSs  f r o m T ra n s f a c  P r o f e s s i ona l  d a t a ba s e  v e r  

9 . 4 .  Ma t r i x  mode l s  o f  TFBSs  a r e  no t  p e r f e c t  a n d  u s i n g  t h e m t o  p r e d i c t  

T F B S s  i n e v i t a b l y  i n t r o d uc es  f a l s e  p o s i t i ve s  t o  t h e  mo t i f  s e t .  Wh i l s t  

e a c h  mo d e l  p r e d i c t s  s e t s  o f  m o t i f s  o n  t h e  t a r g e t  D N A  t h a t  a r e  s i mi l a r  

t o  t h e  m o t i f s  f r o m  w h i c h  t h e  mo d e l  i s  d e r i ve d ,  t h e r e  i s  n o  c e r t a i n t y  

t h a t  t h e  p r e d i c t i on s  w i l l  b i n d  o n l y  t h e  T F s  w h o s e  b i n d i n g  s i t e s  w e r e  

u s e d  t o  c r e a t e  t h e  m o d e l .  M o r e o v e r ,  i t  i s  we l l  known  tha t  TFBSs  can  

b i n d  T F s  f r o m v a r i o u s  r e mo t e  f a mi l i e s  a n d  w h i l s t  w e  ma y  fo r  e x a m p l e  

r e p o r t  t h a t  a  p r e d i c t e d  mo t i f  b i n d s  T s t - 1 ,  o t h e r  T F s  a r e  a l s o  k n o w n  t o  

b i n d  t h e  m o t i f  ( s e e  T a b l e  6 ) .  

 b /  T h e r e  i s  n o  c o m mo n  me t h o d  o f  n a mi n g  T F s  a n d  a s s i g n i n g  

t h e m w i t h  ma t r i x  mo d e l s  f r o m t h e  T r a n s fac  P r o fe s s i o n a l  da t a b a s e .  

T h i s  i s s u e  o f f e r s  o b s c u r e  i n t e rp r e t a t i ons  o f  t he  r e su l t s .  

  

T o  r e s o l v e  t h e  a b o v e - me n t i o n e d  i s s ue s  we  p roces sed  t he  T rans f ac  

d a t a b a s e  a l o n g  w i t h  p u b l i c l y  a v a i l ab l e  da t abase s  f o r  synonyms  o f  TFs  

t o  r e d u c e  t h e  mu l t i p l i c i t y  a n d  r e d u n d a n c y  o f  T F - ma t r i x  a s s o c i a t i o ns  

f o u n d  i n  t h e  T r a n s f a c  P r o f e s s i o na l  da t abase .  Thus ,  f o r  e ach  

s i gn i f i c an t l y  p r ed i c t ed  mo t i f  we  sh ow a  de t a i l ed  l i s t  o f  TFs  known  to  

b i n d  s u ch  mo t i f s .  A d d i t i on a l l y ,  u s i n g  a  n e t w o r k  r e p r e s e n t a t i o n  a n d  

me t a - n o d e s ,  k e y  g e n e s  h a v e  b e e n  i den t i f i ed  t ha t  con t a in  un ique  
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d i s t r i bu t i ons  o f  TFBSs .  These  TFBSs  s eem to  suppo r t  r egu l a to ry  

c o n t r o l  i n  g e n e  e x p r e s s i o n  c l u s t e r s .  F i n a l l y ,  t h e  r e l a t i v e  c o n t r o l  t h a t  

p r e d i c t e d  T F B S s  ma y  e x e r t  o n  g e n e  e x p r e s s i o n  i s  d e p e n d a n t  o n  w h a t  

r e s o l u t i on  o f  a n a t o my  i s  a n a l y z e d .  I n  t h i s  ca s e ,  t h e  m o s t  p r o x i ma l l y  

l oca t ed  r eg ion  t o  CA3  i s  CA2 .  The  s a me  me t h o d  u s e d  t o  p r e d i c t  

T F B S s  a c r o s s  g e n e s  h i g h l y  e x p r e s s e d  i n  C A 3  i n  C h a p t e r  3  i s  u s e d  f o r  

C A 2  g e n e  s e t s .  C A 2  T F B S  d i s t r i b u t i o n s  w e r e  c om p a r e d  t o  C A 3  

d i s t r i b u t i o n  a n d  t h o s e  T F B S s  s p e c i f i c  t o  C A 3  a n a t o my  r e s o l v e d .  

F u r t h e r mo r e ,  d a t a  d i s p l a y e d  i n  t he  fo r m o f  a  n e t w o r k  i d en t i f i e s  

d i s c r e t e  sub -ne tworks  o f  TFBSs  pa r t i cu l a r  t o  gene  exp re s s ion  c lu s t e r s .  

T h i s  d e m o n s t r a t e s  t h e  p o t e n t i a l  r e g u l a t o r y  me c h a n i s ms  b e h i n d  

d i f f e r e n t i a l  s e p t o - t e mp o r a l  e x p r e s s io n  a l o n g  t h e  C A 3  a n a t o my  o f  a d u l t  

m o u s e  h i p p o c a mp u s .   
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Methods 

Construct ion of  Table  6  

C l u s t e r  s p e c i f i c  TFB S s  h a v e  b e e n  e x t r a c t e d  i n  S u p p l e me n t a r y  T a b l e  

0 2 ,  w h e r e  T F B S s  a r e  r a nke d  a c c or d i n g  t o  t h e i r  f r e q u e n c y .  F o r  

e x a mp l e ,  C 7  “ + 1  T s t - 1 ”  r e p r e s e n t s  a  T F B S  t h a t  i s  s pe c i f i c  fo r  c l u s t e r  

C7  and  i s  f ound  i n  t he  p romo te r s  o f  9  genes .  

 

P l e a s e  no t e  t h a t  T a b l e  6  c o n t a i ns  o n l y  d a t a  t h a t  r e l a t e s  t o  T F B S s  

f o u n d  t o  b e  u n i q u e  f o r  a  c l u s t e r .  T h i s  me a n s ,  e v e r y  T F B S  i n  T a b l e  1  

h a s  b e e n  f o u n d  t o  b e  i n  t h e  p r o mo t e r s  o f  g e n e s  f r o m o n l y  o n e  o f  t h e  

1 2  c l u s t e r s .  I f  a  T F B S  a p p e a r e d  i n  p r o mo t e r s  o f  g e n e s  o f  mo r e  t h a n  

o n e  c l u s t e r ,  i t  h a s  b e e n  e x c l u d e d  f r o m  t h i s  t a b l e .  T h e  r e a s o n  f o r  t h i s  

i s  t h e  a i m t o  f i n d  t h e  m o s t  l i ke l y  T F  c a n d i d a t e s  t h a t  a f f e c t  

a n a t o mi c a l l y  r e s t r i c t e d  ge ne  e x p r e s s i o n  i n  C A 3  r e g i o n .  

 

Construct ion of  Figure  15  

Data  f rom Supp l e men ta ry  Tab l e  01  was  u sed  t o  ma p  gene  c lu s t e r s  t o  

t h e i r  a s so c i a t e d  T F B S s .  E a c h  ed g e  b e t w e e n  t h e  n o d e s  w a s  t h e n  

w e i g h t e d  a c c o r d i ng  t o  t h e  f r e q u e n c y  o f  t h e  T F B S s  w i t h i n  t h e  c l u s t e r .  

T h e  w e i g h t i n g s  a r e  v i e w a b l e  w i t h i n  F i g u r e  1 5  a s  a  t h i c k e n i n g  o f  t h e  

e d g e  l i n e ;  t h e  n e t w o r k  i s  c o d e d  i n  X G M M L  f i l e  f o r ma t ,  a n  e x a mp l e  o f  

w h i c h  c a n  b e  v i e we d  i n  S u p p l e me n t a r y  D a t a  F i l e  1 3 .  

 

TFBSs  a r e  r ep r e sen t ed  a s  e i t he r  g r e e n  d i a mo n d s  o r  t r i a n g u l a r  n o d e s .  

T h e  d i a m o n d  s h a p e  i s  u s e d  t o  d e n o t e  T F B S s  t h a t  a p p e a r  o n  b o t h  
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pos i t i ve  and  nega t i ve  DNA s t r ands ,  wh i l e  t r i a n g u l a r  n o d e s  a r e  u s e d  

fo r  TFBSs  t ha t  a r e  f ound  on ly  on  one  o f  t he  DNA s t r ands .  These  

T F B S s  a r e  l i s t e d  i n  t h e  f i l e  Supp l eme ta ry  Tab l e  03 .  TFBS  nodes  a r e  

l i nked  t o  t he  c lu s t e r  nodes  t o  wh ich  t h e y  a r e  a s s o c i a t e d .  E a c h  s e t  o f  

c l u s t e r - s p e c i f i c  TFB S s  h a v e  b e e n  l i s t e d  i n  Su p p l e me n t a r y  T a b l e  0 4 .  

T h e  c l u s t e r - n o n - s p e c i f i c  T F B S s  h a v e  a l s o  b e e n  l i s t e d  a t  t h e  e n d  o f  t h e  

S u p p l e me n t a r y  T a b l e  0 4 .  C l u s t e r  s p e c i f i c  T F B S s  h a v e  b e e n  e x t r a c t e d  

i n  S u p p l e me n t a r y  T a b l e  0 2 ,  w h e r e  T F B S s  a r e  r a n ke d  a c c o r d i n g  t o  

t h e i r  f r e q u e n c y .  F o r  e x a mp l e ,  C 7  “ + 1  T s t - 1 ”  r e p r e s e n t s  a  T F B S  t ha t  i s  

s p e c i f i c  f o r  c l u s t e r  C 7  a n d  i s  fo u n d  i n  p r o mo t e r s  o f  9  g e n e s .  S e e  

S u p p l e me n t a r y  F i g u r e  0 3  f o r  t h e  f u l l  n e t w o r k  o f  g e n e s  a n d  T F B S s .  

 

Construct ion of  f igure  16  

F i g u r e  1 6  r e p r e s e n t s  t he  s y n t h e s i s  o f  d a t a  f r o m F i g u r e  1 5  a s  w e l l  a s  

da t a  f r om hea t - map  F igu re  13 .  Th e  ne twork  r equ i r ed  i n t roduc t i on  o f  

add i t i ona l  gene  nodes  such  t ha t  t he  e d g e s  w i t h i n  t he  n e t w o rk  a r e  

d i s p l a ye d  a s  TFBS→G e n e C l u s t e r  fo r  t h o s e  T F B S s  t h a t  h a v e  b e e n  

a s s o c i a t ed  t o  mu l t i p l e  g en e  c l u s t e r s .  A l so ,  e d g e s  o f  t h e  fo r m 

TFBS→G e n e→G e n e C l u s t e r  a r e  u s e d  t o  f o r m c l u s t e r - s pe c i f i c  e l e me n t s  

w i th in  each  o f  t he  12  c lu s t e r s .  Node  a r e  c o l o r e d  a n d  sha p e d  t he  s a me  

a s  i n  F igu re  15 .  Gene  nodes  a r e  g r e e n  c i r c l e s .  Se e  S u p p l e me n t a r y  

F i g u r e  0 3  f o r  t h e  f u l l  n e t w o r k  o f  g e n e s  a n d  T F B S s .  

 

Construct ion of  Figure  17  

Dis t r i bu t i ons  o f  TFBSs  fo r  CA2  r eg ion  we re  ob t a ined  u s ing  t he  s ame  

me t h o d s  a s  d e s c r i b e d  f o r  F i g u r e  1 5  excep t  t ha t  no  gene  exp re s s ion  
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c l u s t e r s  w e r e  d e t e r mi n e d  f o r  C A 2 .  B o t h  C A 2  T F B S s ,  a s  w e l l  a s  

ma p p e d  C A 3  T F B S s  f o r  e a c h  C A 3  c l u s t e r ,  w e r e  p l o t t ed  i n  t h e  f o r m  o f  

a  ne twork .  F igu re  17  dep i c t s  a  un ion  o f  TFBSs  fo r  CA2  and  CA3 .  The  

f o r ma t  o f  F i g u r e  1 7  i s  s i mi l a r  t o  F i g u r e  1 5  e x c e p t  w i t h  t h e  a d d i t i o n  o f  

t h e  C A 2  me t a - n o d e  ( a  n o d e  u s e d  t o  c l a s s i f y  o t h e r  n o d e s  i n t o  mo r e  

i n fo r ma t i v e  g r o u ps )  a n d  t he  c o l o ra t i o n  o f  e d g e s .  A l l  e d g e s  b e l o n g i n g  

t o  o n e  o f  1 2  C A 3  c l u s t e r s  a r e  c o l o r ed  b lue ,  and  g r een  i f  b e l o n g i n g  t o  

CA2 .  No t e  t ha t  a l l  TFBSs  t ha t  a r e  c o m mo n  t o  C A 2  a n d  C A 3  h a v e  b o t h  

g r e e n  a n d  b l u e  e d g e s  a s s o c i a t e d  w i t h  t h e m.  A l s o ,  a l l  T F B S s  c o m mo n  

t o  C A 2  a n d  C A 3  t h a t  w e r e  u n i q u e l y  a s s o c i a t e d  t o  o n e  o f  t w e l v e  C A 3  

c lu s t e r s  i n  F igu re  15  have  been  pu l l e d  a w a y  f r o m t h e  i n n e r  w he e l  i n  

F igu re  17 .     
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Results and Discussion 

Exploring the  dis tr ibut ion of  TFBSs across  gene  c lusters  of  

CA3 

I t  i s  p o ss i b l e  t o  p r i o r i t i z e  T F s  o f  i n t e r e s t  t h a t  e x h i b i t  p o t e n t i a l  

c o n t r o l  o f  a n y  o f  t he  1 2  c o n s i d e r e d  g e n e  c l u s t e r s .  I n  T a b l e  6 ,  T F s  a r e  

r anked  acco rd ing  t o  t he i r  an t i c i pa t ed  l i ke l i hood  o f  r e l evance  t o  t he  

con t ro l  o f  gene  exp re s s io n  i n  a  c l u s t e r .  T h i s  r e l e v a n ce  i s  d e t e r mi n e d  

b a s e d  o n  t h e  n u mb e r  o f  g e n e s  i n  w h o s e  p r o mo t e r s  T F B S  a r e  f o u n d .  We  

c o n s i d e r  a  T F B S  m o r e  r e l e v a n t  t h e  m o r e  g e n e s ’  p r o mo t e r s  i t  h a s  b e e n  

f o u n d  t o  b e  a s s oc i a t e d  w i t h .  F u r the r mo r e ,  a s  T F B S s  b i n d  mu l t i p l e  

T F s ,  t h e  s a me  h o l d s  f o r  c o g n a t e  T F s .  A l t e r n a t i v e l y ,  o n e  c o u l d  u s e  p -

v a l u e s  f o r  t h e  s i mi l a r  p u r p o s e .  

 

C o r r e s p o n d i n g  t o  T a b l e  6  a n d  t h e  he a t - ma p  p r e s e n t e d  i n  F i g u r e  1 3 ,  

F i g u r e  1 5  d e p i c t s  a  n e t w o r k  o f  c l u s t e r s  a n d  T F B S s .  I n i t i a l l y ,  c l u s t e r s  

o f  genes  r e s t r i c t ed  t o  pa r t i cu l a r  sub - r eg ions  o f  CA3  ana tomy  were  

a n a l y z e d  f o r  t h e  p r e s e n c e  o f  d o mi n a n t  p u t a t i v e  T F s .  T h i s  d a t a  

p r e s e n t e d  i n  F i g u r e  1 5 ,  w a s  p a r t  o f  a n  e f f o r t  t o  u n d e r s t a n d  t h e  

c o m m o n  c o n t r o l  m e c h a n i s ms  a mo n g  t r a n s c r i p t i o n a l  r e g u l a t i o n  i n  t h e s e  

c l u s t e r s .  A c c o r d i ng l y ,  t h e  a s s o c i a t i on  be tween  TFBS  to  gene  c lu s t e r  

c a n  b e  w e i g h t e d  b y  t h e  n u m b e r  o f  g e n e s  i n  a  c l u s t e r  t h e  T F B S  i s  

a s s o c i a t e d  w i t h  a n d  d r a w n  a s  a  s e t  o f  e d g e s ,  g e n e  c l u s t e r s ,  a n d  T F B S s  

( F i g u r e  15 ) .  
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F igu re  15  i s  a  ba s i c  ne twork  demo n s t r a t i n g  w h i c h  T F B S s  ma y  r e g u l a t e  

w h i c h  c l u s t e r  o f  g e n e s  i n  t e r ms  o f  t r a n s c r i p t i o n  i n i t i a t i o n .  H o w e v e r ,  

i t s  s i mp l i c i t y ,  a l l ow s  fo r  i n  d e p t h  e x p l o r a t i o n  i n t o  p o s s i b l e  r e gu l a t o r y  

r e l a t i o n sh i p s  a p p l i c a b l e  w i t h i n  t he  sub -ana tomy  o f  CA3 .  F igu re  15  i s  

c o n s t r u c t e d  f r o m T F B S s  a n d  g e n e  c l u s t e r  ( G C )  n o d e s .  T h e  l i n k  ( e d g e )  

be tween  t he  TFBS  and  GC nodes  i s  de r i ved  f rom the  f r equency  o f  

T F B S  a s s o c i a t i o n s  t o  g e n e s  w i t h i n  a  G C .  

 

TABLE 6. Link of TFBSs and TFs that are known to bind such motifs. Frequency: gives the number of genes 

in the cluster (indicated in second column) whose promoter contain TFBS (column 4) that can bind indicated 

TF. Cluster: indicates the anatomic cluster. Strand: indicates the strand where TFBS has been mapped. 

TFBS: this is the mapped binding site. Transfac ID: gives Transfac database identifier of the TF that can bind 

given TFBS. Transfac gene ID: gives Transfac ID of the gene that produces TF that can bind given TFBS 

 
 

The  ne twork  r ep re sen t a t i on  f rom F igu re  15  i s  e a s i e r  t o  u se  fo r  

ana lyz ing  pos s ib l e  r egu l a to ry  r e l a t i o n s h i p s  a mo n g s t  t h e  g e n e s ,  
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r e me mbe r i n g  t h a t  e a c h  n o d e  t h a t  c o r r e sponds  t o  a  TFBS  appea r s  i n  t he  

n e t w o r k  a s  a  c o n s e q u e n c e  o f  a l r e a d y  b e i n g  fo u n d  a s  s u f f i c i e n t l y  o v e r -

r e p r e s e n t e d  b y  o u r  c o mp u t a t i o n a l  a n a l y s i s .   

 

T h e  F i g u r e  1 5  n e t w o r k  c o n s i s t s  o f  o n l y  T F  t o  g e n e  c l u s t e r  

a s s o c i a t i o n s  a n d  i s  r e p r e se n t e d  i n  a  c i r c u l a r  p a t t e r n  s i mi l a r  t o  a  

w h e e l ,  w h e r e  n o d e s  w i t h  m o r e  t h a n  o n e  a s soc i a t i on  a r e  d i r ec t l y  on  t he  

w h e e l .  T h i s  me a n s  t h a t  TFB S  t h a t  a p p e a r  i n  o n l y  o n e  c l u s t e r  a r e  

dep i c t ed  a s  a  g roup  ou t s i de  o f  t he  whe e l  a n d  a r e  a s s o c i a t e d  w i t h  t h a t  

c l u s t e r  n o d e  ( c o l o u r e d  r e d ) .  T h e s e  u n i q u e  o u t e r  g r o u p s  o f  T F B S s  

r e p r e se n t  t h e  g r e a t e s t  p o t e n t i a l  o f  t he  p r e d i c t e d  T F B S  s e t  t o  d e t e r mi n e  

a n a t o mi c a l l y  r e s t r i c t e d  g e ne  e x p r e s s ion  i n  t he  a s soc i a t ed  gene  c lu s t e r .  

H o w e v e r ,  t h a t  be i n g  s a i d ,  T F B S s  a s s o c i a t e d  w i t h  mu l t i p l e  g e n e  

c l u s t e r s  a r e  s i g n i f i c a n t l y  o v e r - r e p r e s e n t e d  i n  t h o s e  c l u s t e r s  a n d  

c a n n o t  b e  i g n o r e d  s i n c e  t h e y  c e r t a i n l y  h a v e  p o t e n t i a l  f o r  r e g u l a t i n g  

c l u s t e r  s p e c i f i c  g e n e  e x p r e s s i o n .  In d e e d ,  i t  i s  mo s t  l i k e l y  t h a t  

c o mbi n a t i o n s  o f  p r o mi s c u o u s  a n d  c lu s t e r  s p e c i f i c  T F B S s  c o o p e r a t e  i n  

t h e  c o n t r o l  o f  g e n e  e x p r e s s i o n  a c r o s s  t h e  C A 3  a n a t o m y .  Y e t ,  c l u s t e r  

s p e c i f i c  T F B S s  a r e  mo r e  s u i t a b l e  f o r  e x pe r i me n t a l  e v a l u a t i o n  a s  

r e s u l t s  w o u l d  b e  s i mp l e r  t o  i n t e r p r e t .  
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Figure  15 :  D i s t r ibut ions  o f  TFBS a c r o s s  C A 3  g e n e  e x p r e ss i o n  

c lus t er s  
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Ident i f icat ion of  candidate  genes ,  per  c luster  (based on the  

presence  of  TFBS) ,  for  anatomical ly  restr icted express ion 

in  CA3 

T h e  l i s t  o f  T F s  i n  T a b l e  6  i s  c r i t i c a l  fo r  t h e  d e t e rmi n a t i o n  o f  T F  

c a n d i d a t e s  f o r  b i o l o g i c a l  e x p e r i me n t s ,  howeve r ,  i t  doe s  no t  a s soc i a t e  

T F s  t o  t h e  g e n e s  b e i n g  c o n t r o l l e d  i n  t h e  c l us t e r s  a n d  a  r e l a t i on s h i p  

b e t w e e n  t h e  t w o  c a n n o t  b e  d e t e r mi ne d .  We  a n s w e r  t h i s  i s s u e  b y  

e x a mi n i n g  t h e  l i n k  b e t w e e n  g e n es  a n d  T F B S s  a n d  c r e a t e  a  ne t w o r k  

d e p i c t i n g  a s s o c i a t i o n s  b e t w e e n  c lu s t e r s ,  genes ,  and  TFBSs  (F igu re  

1 6 ) .  

  

I n  F i g u r e  1 6 ,  g e n e s  w e r e  p r e s e n t e d  a s  g r e e n  c i r c l e  n o d e s ,  w h i l e  T F B S s  

a r e  r e p r e s e n t e d  a s  b r o w n  d i a mo n d s  and  t r i ang l e s  a s  de sc r i bed  fo r  

F i g u r e  1 5 .  T h e  i n n e r  w h e e l  o f  F i g u r e  1 6  i s  t h e  s a me  a s  t h a t  o f  F i g u r e  

15 ,  t he  d i f f e r ence  be ing  t ha t  i n  F igu r e  1 6  e a c h  r e d  g e n e  c l u s t e r  n o d e  

ha s  been  expanded  t o  i nc lude  gene s .  He re ,  expanded  c lu s t e r s  a r e  

r ep r e sen t ed  by  ma gen t a  nodes ,  wh ich  d i s p l a y  t h e  r e g u l a t o r y  p o t e n t i a l  

o f  TFBS  amongs t  c l u s t e r ed  genes .  To p o l o g y  o f  t h e s e  ma g e n t a  c l u s t e r  

n o d e s  i s  s u c h  t h a t  e a c h  c l u s t e r  n o d e  i s  a s s o c i a t e d  w i t h  g e n e s  t h a t  a r e  

t h e n  a s s oc i a t e d  t o  T F B S s .  D u e  t o  c o mpl e x i t y  o f  t h e  n e t w o r k ,  a s  i n  

F i g u r e  1 6 ,  e d g e s  i n v o l v i n g  T F B S  t h a t  a p p e a r  i n  mu l t i p l e  c l u s t e r s  a r e  

n o t  s h o w n .  

 

T w o  c l a s s e s  o f  g e n e s  a n d  t w o  c l a s s es  o f  T F B S s  a r e  d i s p l a y e d  w i t h i n  

F i g u r e  1 6 :  
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a /  G e n e s  a r e  g r o u p e d  i n t o  t w o  c l a s s e s ,  t h o s e  t h a t  a r e  a n n o t a t e d  

by  TFBSs  (p romi scuous  genes ) ,  and  t hose  t ha t  a r e  no t  a n n o t a t e d  w i t h  

TFBSs  ( s i ng l e ton  genes ) .  Th i s  happ e n s  b e c a u s e  i n  t h e  p r o c e s s  o f  

s e l e c t i n g  d o mi n a n t  T F B S s ,  ma n y  T F B S  p r e d i c t i o n s  t ha t  w e r e  

o r i g i n a l l y  ma p p e d  t o  p r o mo t e r s  o f  t h e  g e n e s  n o w  a p p e a r  a s  s i n g l e t o n s  

a r e  e l i mi n a t e d .  

b /  T F B S s  a r e  g r o u p e d  i n t o  t w o  c l a s s e s ,  t h o s e  t h a t  a r e  ma p p i n g  t o  

o n l y  o n e  p r o mo t e r  ( s i n g l e t o n  T F B S s )  a n d  t ho s e  t ha t  a r e  ma p p i n g  t o  

more  t han  one  p romo te r  wi th in  a  c l u s t e r  ( p romi scuous  TFBSs ) .  No te  

t h a t  T F B S s  t h a t  a r e  n o t  c l u s t e r - s p e c i f i c  ( o n  t h e  i n n e r  w h e e l  o f  F i g u r e  

1 6 )  a r e  n o t  i n c l u d e d  i n  t h i s  c l a s s .  T h i s  s i mp l i f i e s  t h e  g r a p h s  

c o n s i d e rab l y  a n d  s t i l l  r e t a i n s  t h o se  T F B S s  t h a t  a r e  d o mi n a n t  t o  

s p e c i f i c  c l u s t e r s .  
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F igu re  16 :  D i s t r i bu t i on  o f  TFBS a c r o s s  g e n e s  a n d  c l u s t e r s   
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S ince  co - r egu l a t ed  genes  a r e  t hou g h t  t o  s h a r e  s i mi l a r  p r o mo t e r  

c o n t e n t ,  i t  i s  r e a s o n a b l e  t o  a s s u me  t h a t  t h e  m o s t  p r o mi s c u o u s  T F s  

w i t h i n  t he  c l u s t e r  a r e  a l s o  t h e  mo s t  r e l evan t  r ega rd ing  t r an sc r i p t i on  

r e g u l a t i on  fo r  t h a t  c l u s t e r .  T h i s  a s s u mp t i o n  r e l i e s  on  t h e  f a c t  t h a t  

e a c h  c l us t e r  c o n t a i n s  s e t s  o f  c o - exp re s s ing  genes  and  t ha t  TFBSs  

c o m m o n / p r o mi s c u o u s  t o  m o s t  o f  t h e  g e n e s  w i t h i n  a  c l u s t e r  a r e  l i k e l y  

t o  c o n t r o l  t h e i r  g e n e  e x p r e s s i o n .  T h i s  d a t a  i s  p r e s e n t e d  i n  

S u p p l e me n t a r y  D a t a  F i l e  1 4 .  S u p p l e m e n t a r y  d a t a  f i l e  c on t a i n s  d a t a  o n  

e a c h  c l u s t e r  a n d  b r e a k s  dow n  t h o s e  g e n e s  a n d  T F B S s  c l a s s i f i e d  a s  

‘ p r o mi s c u o u s ’  o r  ‘ s i n g l e t o n ’ .  A d d i t i ona l l y  i nc luded  a t  t he  end  o f  t he  

f i l e ,  i s  a  l i s t  o f  a l l  g e n e s  a nd  T F B S s  a p p l i c a b l e  t o  t h e  s t u d y .  

 

F i g u r e  16  d i s p l a ys  t h e  r e gu l a t o r y  r e l a t i onsh ip s  t ha t  h a v e  p r o m p t e d  

t w o  h y p o t h e s e s  r e l a t i n g  t o  t h e  n e t wo r k :  TFs  t h a t  b i n d  t h e  mos t  

p r o mi s c u o u s  T F B S s  w i t h i n  a  c l u s t e r  r e p r e s e n t  t h e  c o r e  o f  

t r a n s c r i p t i o n a l  c on t r o l  ma c h i n e r y  fo r  t h a t  c l u s t e r ;  d i s t r i b u t i o n s  o f  

TFBS  ca n  be  u sed  t o  p r ed i c t  wh ich  genes  shou ld  ‘be long ’  t o  wh ich  

c l u s t e r .  T h e  s e c o n d  h y p o t h e s i s  i s  b a s e d  o n  t h e  p r e mi s e  t h a t  g e n e s  

b e l o n g i n g  t o  t h e  c l u s t e r  wi l l  c o n t a in  s imi l a r  s e t s  o f  TFBSs  t o  con fe r  

s i mi l a r  e x p r e s s i o n  b e h a v i o r .  T h i s  b eh a v i o r  o f  T F B S s  h a s  a l r e a d y  b e e n  

obse rved  i n  F igu re  13 ,  Chap t e r  3  and  S u p p l e me n t a r y  F i g u r e  1 ,  w h i c h  

s h o w s  t h a t  T F B S s  a r e  a b l e  t o  c l u s t e r  g e n e s  s i mi l a r l y  t o  e x p r e s s i o n  

d a t a .   

 

We  i n s p e c t e d  t he  a b i l i t y  o f  T F B S  a n n o t a t i o n  t o  p r e d i c t  g e n e  

p l a c e me n t  a mo n g  t h e  c l u s t e r s  b y  c om p a r i n g  a l l  ge n e s  w e  c l a s s e d  a s  
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‘ s i n g l e t o n ’  ( S u p p l e me n t a r y  D a t a  F i l e  1 4 )  t o  t h o s e  c l u s t e r e d  g e n e s  t h a t  

d id  no t  f i t  c l e a r l y  i n  any  one  o f  t he  12  ana t omi ca l l y  r e s t r i c t ed  gene  

e x p r e s s i o n  c l u s t e r s .  T h e s e  a mb i g u o u s ly  c lu s t e r ed  genes  a r e  t hose  t ha t  

d i s p l a y  s i mi l a r  e x p r e s s i o n  p r o f i l e s ,  b u t  n o t  s u f f i c i e n t l y  s o ,  t o  t h e  

o t h e r  g e n e s  i n  a  c l u s t e r .  T h u s  t h e se  genes  have  shown  the  p r e sence  o r  

a b s e n c e  o f  g e n e  e x p r e s s i o n  i n  C A 3  r e g i o n s  t h a t  a r e  n o t  e xa c t l y  

mi r r o r e d  b y  a n y  o t h e r  C A 3  c l u s t e r .  T h e  c o m p a r i s o n  f o u n d  t h a t  a l l  

p a r t i a l l y  c l u s t e r e d  g e n e s  ( s e e  S u p p l e me n t a r y  T a b l e  5 )  a r e  c l a s s e d  a s  

‘ s i ng l e ton ’  genes  (F igu re  16 )  and  have  no t  been  anno t a t ed  by  

d o mi n a n t  T F B S s .  S u c h  a  r e s u l t  i s  i n t r i g u i n g  b e c a u s e  i t  s u g g e s t s  t h a t  

t h e  me t h o d  u s e d  t o  p r e d i c t  T F B S s  c o u l d  h e l p  t o  i mp r o v e  t h e  a c c u r a c y  

o f  g e n e  e x p r e s s i o n  c l u s t e r i n g  me t h o d s .  

 

 

 

 



81 

 

F i g u r e  1 7 : A )  U n i o n  o f  T F B S  n e t w o r k s  fo r  CA3  (b lue )  and  CA2  ( g r een )  

r e g i o n s  i n  a d u l t  mo u s e  b r a i n .  B )  B a s i c  h i p p o c a mp a l  a n a t o my  
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T h u s  f a r ,  a l l  a n a l y s e s  h a v e  i n v o lved  genes  exp re s s ing  d i f f e r en t i a l l y  

a c r o s s  t h e  C A 3  r e g i o n  o f  t h e  h i p p oc a mp u s .  W h i l s t  suc h  a n  a n a l y s i s  

h a s  i mp l i c a t e d  l i k e l y  k e y  r e g u l a t o r y  n e t wo r k s  w i t h i n  C A 3  s u b -

a n a t o my ,  i t  c a n n o t  b e  s a i d  t h a t  t he se  TFBSs  r e p re sen t  t he  CA3  r eg ion  

a s  a  w h o l e .  T h u s ,  t h e  n e a r e s t  n e ighbo r ing  r eg ion  popu l a t ed  by  neu ra l  

c e l l s ,  C A 2 ,  w a s  a n a l y z e d  u s i n g  t h e  s a me  m e t h o d s  a s  r e p o r t e d  f o r  t h e  

C A 3  a n a l y s i s  i n  C h a p t e r  3  a n d  c o mp a r e d  t o  CA3  r e s u l t s .  T h e  

c o mp a r i s o n  ma y  b e  v i e w e d  i n  F i g u re  17 .  Th i s  ana ly s i s  was  impor t an t  

f o r  t w o  r e a s o n s :  

 a /  F i r s t ,  t h e  c o mp a r i s o n  i de n t i f i e d  a  s e t  o f  T F B S s  c o m mo n  t o  

p r o mo t e r s  o f  g e n e s  e x p r e s s e d  i n  bo th  CA2  and  CA3  ana tomy .  A  

r e c u r r i n g  h y p o t h e s i s  h e r e  i s  t h a t  t h e  d e n t a t e  g y r u s  ma i n t a i n s  a  

p o p u l a t i o n  o f  n e u r a l  p r e c u r s o r  c e l l s  a n d  t h u s  i t  i s  n o t  u n r e a s o n a b l e  t o  

p ropose  t ha t  common  TFBSs  be tween  CA2  and  CA3  a r e  i nvo lved  i n  

ma i n t a i n i n g  a n a t o mi c a l  b o u n d a r i e s  b e t w e e n  t h e  t w o  r e g i o n s  i n  t h e  

a d u l t  mo u s e .  

 b /  S e c o n d ,  t h o s e  T F B S s  t h a t  r e ma in  un ique  t o  one  o f  t he  twe lve  

c l u s t e r s  o f  C A 3  a f t e r  t h e  u n i o n  b e tween  CA2  and  CA3  show g rea t e r  

s p e c i f i c i t y  t o w a r ds  C A 3 .  T h u s ,  t h i s  c o mpa r i s o n  i d e n t i f i e d  r e g u l a t o r y  

ne tworks  t ha t  a r e ,  i n  t he  con t ex t  o f  Ammon’ s  ho rn ,  spec i f i c  f o r  

r eg iona l i z ed  exp re s s ion  wi th in  CA3 .  I n t e r e s t i n g l y ,  t h o s e  TFB S s  

f i l t e r e d  ou t  b y  t h i s  c o mpa r i s o n  a r e  a l s o  t h o se  T F B S s  t h a t  h a v e  l o w 

r a n k i n g  i n  T a b l e  6 ,  s u g g e s t i n g  t h a t  h igh  f r equency  o f  TFBSs  i n  

c l u s t e r s  i s  a  g o o d  me a s u r e  f o r  i den t i f y ing  key ,  c l u s t e r  spec i f i c ,  

T F B S s .  F i g u r e  1 8  s h o w s  a  l o w  f r e q u e n cy  o f  T F B S  t o  g e n e  a s s o c i a t i o n s  

f o r  t h o s e  T F B S s  f i l t e r e d  b y  t h e  C A 2 - C A 3  u n i o n .  
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F i g u r e  1 8 :  C l u s t e r  s p e c i f i c  T F B S s  f i l t e r e d  b y  t h e  C A 2 - C A 3  c o m p a r i s o n  a n d  t h e  

p e r c e n t a g e  o f  c l u s t e r e d  g e n e s  t h e y  w e r e  f o u n d  i n   
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Chapter 5: Graph EZ software tool 
 

Graph EZ as a tool for creating, maintaining, 

and analyzing network-based projects using an 

HTML interface 
M o d e r n  b i o i n f o r ma t i c s  h a s  s e e n  t h e  d e v e l o p me n t  o f  ma n y  d a t a  

v i sua l i z a t i on  t oo l s .  Wi th  t he  i nc l u s ion  o f  me t a -nodes  (nodes  u sed  t o  

g r o u p  o t h e r  n o d e s  i n t o  s u b - n e t w o r k s ) ,  n e t w o r k s  a r e  b e c o mi n g  b o t h  a n  

i n t u i t i v e  a n d  a n a l y t i c a l  me t h o d  f o r  r ep r e sen t i ng  r e l a t i onsh ip s  i n  da t a .  

P r i o r  t o  t h e  u s e  o f  me t a - n o d e s ,  n e t w o r k s  h a v e  b e e n  c u mbe r s o me  t o  

w o r k  w i t h  f o r  v i s u a l i z a t i o n  p u r p o s e s  a n d  h a v e  b e e n  mo s t l y  u s e d  f o r  

i den t i f y ing  key  nodes ,  sho r t e s t  pa th s ,  and  va r i ous  o the r  i n fo rma t ive  

s t a t i s t i c s  on  da t a .  

 

‘ G r a p h  E Z ’  h a s  c u l mi n a t e d  f r o m t h e  c o mb i n a t i o n  o f  P y t h o n  

(www.py thon .o rg )  s c r i p t s  and  t oo l s  r equ i r e d  t o  c r e a t e  t h e  n e t w o r k  

v i s u a l i z a t i o n s  p r e se n t e d  i n  t h i s  t he s i s .  I t  i s  a  t o o l  t h a t  p r o v i d e s  a  

p l a t f o r m t o  h o s t  d a t a  r e l a t i o n s h i p s  i n  t he  fo rm o f  a  ne twork  a long  

w i t h  a p p l i c a b l e  a n n o t a t i o n s ,  a n a l y t i ca l  r e s u l t s ,  a n d  t h e  a l g o r i t h m s  fo r  

p e r f o r mi n g  ma n y  c o m m o n  n e t w o r k  a n a l y se s  such  a s  sho r t e s t  pa th  

a lgo r i t hms .  A  s ing l e  ne twork  and  a l l  a s s o c i a t e d  d a t a  a r e  s t o r e d  i n  t h e  

f o r m o f  a  p r o j e c t  a c t i n g  a s  b o t h  a  s um m a r y  o f  p r i o r  a na l y s e s  a nd  a s  a  

p l a t f o r m f o r  a n y  n e w  a n a l y s e s .  G r aph  EZ  makes  u se  o f  a  ‘ be s t  o f  

b o t h ’  p h i l o s o p h y  p r o v i d i n g  f u n c t i o n a l i t y  t o  o r g a n i z e  n e t w o r k s  i n t o  
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u se r  spec i f i ed  c lu s t e r s  u s ing  me t a - n o d e s ,  w h i l s t  r e me m b e r i n g  t h e  

o r i g i n a l  n e t w o r k  t o p o l o g y  fo r  ana ly t i c a l  pu rpose s .  Thus ,  a  u se r  c an  

v i e w  a  m o r e  ‘ h uma n  r e a d a b l e ’  n e t w o r k  w h i l s t  s t i l l  b e i n g  ab l e  t o  

a n a l y z e  i t  w i t h  w e l l - e s t a b l i she d  a l g o r i t h ms .   

 

G r a p h  E Z  i s  a  w e b - b a s e d  t o o l ,  o p e ra t i ng  on  Py thon  and  HTML (CSS)  

c o d e  t h r o u g h  a  P y t h o n  c o m mo n  g a t e w a y  i n t e r f a c e  ( C G I ) .  D a t a  i s  

s t o r e d  i n  a  M y S Q L  d a t a b a s e  o n  t he  h o s t  s e r v e r  b u t  ma y  a l s o  b e  

a c c e s s e d  t h r o u g h  a  h u ma n  r e a d a b l e  f l a t - f i l e  f o r ma t  ( f o r  e x a mp l e  s e e  

Supp l eme n ta ry  Da t a  F i l e  15 ) .  Eve ry  p ro j ec t  c r ea t ed  on  t he  s e rve r  

c o n t a i ns  t h r e e  ma j o r  t a b s  t h a t  t h e  us e r  ma y  a c c e s s :  t h e  V i e w  t a b ,  t he  

A n a l y z e  t a b ,  a n d  t h e  E d i t  t a b .  I n  t h e  f o l l o w i n g  s e c t i o n s  e a c h  t a b ’ s  

fu n c t i o n  w i l l  b e  d i s c u s s e d .  

 

Creating a Project 

W h e n  a c c e s s i n g  t he  h o me  p a g e  o n  t he  s e r v e r ,  a  u s e r  i s  p r e s e n t e d  w i t h  

t w o  o p t i o n s ,  t o  s e l e c t  a n  a v a i l a b l e  p ro j e c t  o r  t o  c r e a t e  a  new  p ro j ec t .   

 

T h e  c r e a t i o n  p a g e  ( F i g u re  1 9 )  r e q u i r e s  t h e  i n p u t  o f  a  t i t l e ,  p ro j ec t  

de sc r i p t i on ,  and  a  l i s t  o f  edges  a s  t he  p r ima ry  i ndex  fo r  r e l a t i onsh ip s  

w i t h i n  t he  n e t w o rk .  O n c e  c r e a t e d ,  m or e  a d va n c e d  f e a t u r e s  f o r  t h e  

p r o j e c t  a r e  a c c e s s i b l e  t h r ou g h  t h e  E d i t  t a b .  N o t e  t h a t  o n c e  a  p r o j e c t  

h a s  b e e n  c r e a t e d  t h e  u s e r  i s  r e d i r e c t e d  t o  t h e  h o me  p a g e  w h e r e  t he  

p r o j e c t  m a y  b e  a c c e s s e d .  
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F i g u r e  1 9 :  S c r e e n s h o t  o f  t h e  c r e a t e  p r o j e c t  p a g e  

The Edit Project Tab 

T h e  E d i t  p r o j e c t  t a b  i s  a c c e s s i b l e  onc e  a  u se r  h a s  s e l e c t e d  a  p r o j e c t  

a f t e r  c l i ck ing  on  t he  “ se l ec t  p ro j ec t s ”  o p t i o n  f r o m t h e  h o me  p a g e .  T h e  

E d i t  t a b  a c t s  a s  a n  a c c o u n t  f o r  t h e  p ro j e c t  a n d  i s  s e p a r a t e d  i n t o  t w o  

s e c t i o n s .  T h e  f i r s t  s e c t i o n  a l l o w s  t h e  u s e r  t o  e d i t  t he  c o r e  ne t w o r k  

r e l a t i o n s h i p s  b y  d e l e t i n g ,  a d d i n g ,  o r  a n n o t a t i n g  e d g e s .  T h e  s e c o n d  

s e c t i o n  a l l o w s  t he  u s e r  t o  e d i t  w h a t  w i l l  be  s e e n  f r om t h e  V i e w  t a b  

(d i s cus sed  l a t e r  unde r  V iew  P ro j ec t ) .  

 

E d i t i n g  t h e  c o r e  r e l a t i o n s h i p s  o f  t he  n e t w o r k  c a n  o n l y  b e  d o n e  b y  

de l e t i ng ,  add ing ,  o r  anno t a t i ng  a n  e d g e ,  w h i l s t  n o d e s  ma y  o n l y  b e  

anno t a t ed .  The  r ea son  fo r  t h i s  i s  t ha t  t he  p r e sence  o r  ab sence  o f  a  

n o d e  i s  d e p e n d a n t  o n  t h e  e d g e s .  Whe n  a n n o t a t i n g  n o d e s ,  t w o  t y p e s  o f  

a n n o t a t i o n s  e x i s t :  i n f o r ma t i v e  and  ca t ego r i ca l  anno t a t i ons .  

I n f o r ma t i v e  a n n o t a t i o n s  a r e  d e s c r i p t i v e  a n d  i n c l u d e  a l t e r n a t i v e  

Iden t i f i e r s  f o r  nodes .  Ca t ego r i ca l  anno t a t i ons  a r e  u sed  t o  c l a s s i fy  
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n o d e s  i n t o  d i f f e r e n t  g r o u p s  o r  c l u s t e r s .  T h e  c a t e g o r i c a l  a n n o t a t i o n s  

a r e  u s e d  b y  n a t i v e   G r a p h  E Z  a l g o r i t h ms  ( r a t h e r  t h a n  3 r d - p a r t y  p l u g - i n  

a l g o r i t h m s )  t h a t  r e - o r g a n i z e  d a t a  i n t o  mor e  h u ma n  r e ada b l e  n e t w o r k s  

b y  ma k i n g  u s e  o f  me t a - n o d e s ,  f o r  e x a m p l e  t h e  n e t w o r k  c a n  b e  

a r r a n g e d  t o  v i s u a l i z e  n e t w o r k s  i n  t e rms  o f  gene  exp re s s ion  c lu s t e r s .  

 

The View Project Tab 

T h e  v i e w p r o j ec t  t a b  i s  t h e  f i r s t  t ab  a  u s e r  w i l l  s e e  a f t e r  s e l e c t i n g  t h e  

p r o j e c t  an d  w i l l  b e  b l a n k  u n t i l  t he  u s e r  ha s  u p l o ad e d  c o n t e n t  t o  i t  

t h r o u g h  t h e  E d i t  P r o j e c t  t a b .  Th e  V iew  P ro j ec t  t ab  s e rve s  t o  

s u m m a r i z e  a n d  e x p l o r e  t h e  d a t a .  A  u s e r  i s  a b l e  t o  u p l o a d  g r a p h i c s  

( u s u a l l y  n e t w o r k  f i g u r e s  i n  ‘ g i f ’  f o r ma t )  t o  t h e  p r o j e c t  v i a  t h e  E d i t  

t a b  a n d  ma k e  t h e  i ma g e  i n t e r - a c tab l e  by  s e l ec t i ng  r eg ions  on  t he  

i ma g e  t o  a n n o t a t e  w i t h  t e x t  a n d  mor e  i ma g e  d a t a .  O n  t h e  v i e w  p a g e ,  

t h e s e  a nn o t a t i o n s  w i l l  a pp e a r  t o  t h e  u s e r  a s  p o p u p  b o x e s  onc e  t h e  

m o u s e  h a s  r o l l e d  o v e r  t h e  r e q u i r e d  r e g i o n  o n  t h e  f i g u r e  ( s e e  F i g u r e  

2 0 ) .  
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F i g u r e  2 0 :  S c r e e n s h o t  o f  t h e  V i e w  t a b  

The Analyze Project Tab 

W h e n  a n a l y z i n g  t h e  p r o j e c t ,  i t  i s  i m p o r t a n t  t o  r e me m b e r  t h a t  a  u s e r  

c a n  only analyze the core (without meta-nodes) network. From this tab the 

re-organized networks with meta-nodes may be generated and downloaded 

into formats applicable to many network visualization tools such as 

Cytoscape (Shannon et al.  2003). 

 

T h i s  t a b  h o s t s  a l g o r i t h ms  i mp l e me n t e d  w i t h i n  G r a p h  E Z ,  b u t  a l s o ,  

p rov ide s  a  s ec t i on  fo r  up load ing  o f  3 r d - pa r t y  p lug - in s  by  t he  

commun i ty .  Commun i ty  ba sed  a lgo r i t hms  ma y  on l y  ac t  on  co re  

n e t w o r k  d a t a  a n d  m u s t  b e  c o d e d  i n  t h e  f o r m o f  a  C G I  s c r i p t ,  a l o n g  

w i t h  t h e  r e q u i r e d  c o d e  f o r  p r e s e n t i n g  t h e  r e s u l t s  b a c k  t o  t h e  u s e r .   

 

Discussion 
G r a p h  E Z  i s  a  t o o l  d e s i g n e d  t o  e x h i b i t  d a t a  t h a t  c a n  b e  d e s c r i b e d  i n  

t h e  f o r m  o f  a  n e t w o r k .  W h i l s t  i t  con t a in s  some  func t i ona l i t y  f o r  

a n a l y t i c a l  p u r p o s e s ,  i t s  p r i ma r y  f u n c t i o n  i s  t o  e f f e c t i v e l y  d esc r i b e  

p r o j e c t s  o f  d a t a  b o t h  l o g i c a l l y  a n d  i n t u i t i v e ly .  I t  i s  a  t o o l  t ha t  h a s  

b e e n  d e s i g n e d  a r o u n d  t h e  g o a l  t o  fa c i l i t a t e  unde r s t and i n g  o f  r e s u l t s  

b e t w e e n  r e s e a r c h  c o l l a b or a t o r s  w o r k i n g  o n  t h e  s a me  p r o j e c t s  o r  t h i r d  

p a r t i e s  w h o m a r e  me r e l y  i n t e r e s t e d  i n  t he  p r o j e c t .  Graph EZ was 

originally developed using Python implementing Python Card 

(http://pythoncard.sourceforge.net/)  for the graphical user interface (GUI). 

This version o f  G r a p h  E Z  s u p p o r t e d  o n l y  t h e  a l g o r i t h m s  n e c e s s a r y  t o  
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c r e a t e  a n d  a n a l y z e  n e t w o r k s .  S i n c e  t h i s  v e r s i o n ,  G r a p h  E Z  h a s  b e g u n  

t o  b e  i m p l e me n t e d  i n  H T M L  a nd  P y t h o n  C G I  t o  ma k e  i t  mor e  

a c c e s s i b l e .  T h i s  w e b - b a s e d  v e r s i o n ,  a s  d e s c r i b e d  i n  d e t a i l  p r e v i o u s l y ,  

i s  cu r r en t l y  s t i l l  unde r  deve lopmen t  a t  t he  t ime  t h i s  r epo r t  was  

w r i t t e n .    
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Chapter 6: Discussion and concluding 
remarks 
 

T h e  w e a l t h  o f  d a t a  g e n e r a t e d  b y  t h e  A B A  p r o j e c t  i s  e n o r mou s  a n d  

r e q u i r e d  6 0 0  t e r a b y t e s  o f  d a t a  t o  map  h i g h - r e s o l u t i o n  g e n e  e x p r e s s i o n  

d a t a  d o wn  t o  i n d i v i d u a l  b r a i n  s e c t i on s .  T h i s  s t u d y  h a s  ma d e  u s e  o f  t h e  

e x p r e s s i o n  d a t a  i n  t h i s  r e s o u r c e  t o  d i s s e c t ,  f r o m t h e  v i e w p o i n t  o f  

t r an sc r i p t i on  r egu l a t i on ,  t he  CA3  a n a t o m y  o f  t h e  a d u l t  mo u s e  

h ippocampus  and  t o  i nves t i ga t e  pos s ib l e  r egu l a to ry  ne tworks  

r e spons ib l e  f o r  co r r ec t  gene  exp re s s ion .  

 

T o  d i s c e r n  t h o s e  g e n e s  w h o s e  e x p r e s s i o n  mo s t  l i k e l y  c o n t r i b u t e s  t o  

t h e  c o r r e c t  f u n c t i o n i n g  o f  t h e  h i p p o ca mp u s ,  2 6 8 6  g e n e s  w e r e  c l u s t e r e d  

u s i n g  t wo  d i s t i n c t  a n d  u n b i a s e d  c o m p u t a t i o n a l  me t h o d o l o g i e s .  N o n -

nega t i ve  ma t r i x  f a c to r i z a t i on  y i e lde d  b r o a d  a n a t o mi c  c l u s t e r s  t h a t  

c o r r e s p o n d e d  w e l l  w i t h  c l a s s i c a l l y  d e f i n e d  n e u r o - a n a t o my  

d i s t i n g u i s h i n g  b e t w e e n  t h e  d e n t a t e  gy rus  and  Ammon’ s  ho rn .  Ye t ,  t h i s  

me t h o d o l o g y  w a s  u n a b l e  t o  d e t e r mi n e  h i g h - r e s o l u t i o n  s u b - a n a t o m y  

p r e s u ma b l y  d u e  t o  b a c k g r o u n d  i n t e r f e r e n c e  f r o m  g e n e s  e x p r e s s i n g  i n  

n o n - n e u r o n a l  c e l l  p o p u l a t i o n s .  U s i n g  a  h i e r a r ch i ca l  c l u s t e r i ng  

a p p r o a c h  t h e  CA3  p o r t i o n  o f  Am m o n ’ s  h o r n  w a s  s u c c e s s f u l l y  

p a r t i t i o ned  i n t o  9  s u b - r e g i ons  g e n e r a l l y  a l o n g  t h e  s e p t o - t e mp o r a l  a x i s .  

A s  a  r e s u l t ,  1 5 5  g e n e s  w e r e  s e l e c t e d  t o  c h a r a c t e r i z e  t h e  C A 3  r e g i o n .     
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T h e  C A 3  r e g i o n  i s  o b s e r v e d  t o  e x p re s s  155  genes  d i f f e r en t i a l l y  a c r o s s  

t h e  a n a t o m y  i n  a n  a x i s  d e p e n d a n t  m a n n e r .  M o r e o v e r ,  t h e  e x p r e s s i o n  

s e e ms  t o  b e  t i g h t l y  r e g u l a t e d  a n d  r e g i o n a l i z e d  t o  C A 3  s u b - a n a t o my .  

O b s e r v e d  w i t h  t h e  a i d  o f  c o mp u t e r  g r a p h i c s  t h e  n i n e  r e g i o n s ,  s u b -

d iv id ing  CA3 ,  a ppea r  t o  be  banded  d i agona l l y  a long  t he  s ep to -

t empora l  ax i s .  The  sub - r eg ions  o f  CA 3  show d i s c r e t e  bo rde r s  o f  gene  

e x p r e s s i o n  b e t w e e n  a l l  r e g i o n s .  T h u s ,  i t  s e e ms  t h a t  g e n e s  t e n d  t o  

e i t h e r  e x p r e s s  o r  n o t  e x p r e s s  i n  d i f f e r i n g  c o m b i n a t i o n s  o f  t h e s e  s u b -

r e g i o n s .  T h e s e  d i f f e r e n t i a l  g e n e  e x p r e s s i o n  p a t t e r n s  h a v e  n o t  

p r e v i o u s l y  b e e n  o b s e r v e d  f o r  t h i s  ma n y  g e n e s  i n  t h e  C A 3  r e g i o n .  

A l t h o u g h ,  ma n y  p r e v i o u s  s t u d i e s  h a ve  i ndeed  i den t i f i ed  much  

e v i d e n c e  t o  s u gge s t  t ha t  t h e  C A 3  a n a t omy  i s  o r g a n i z e d  s e p t o -

t empora l l y .  The  CA3  r eg ion  d i sp l ays  a n a t o mi c a l  d i f f e r e n t i a t i o n ,  a n d  

a f f e r en t  and  e f f e r en t  i nne rva t i on  o c c u r s  d i f f e r e n t i a l l y  a l o n g  t h e  s e p t o -

t e mp o r a l  a x i s .  F u r t h e r mo r e ,  a f f e r e n t  n e u r o n s  ma k e  d i f f e r e n t i a l  u s e  o f  

n e u r o - t r an s mi t t e r s  i n  c om p l i a n c e  t o  t h e  s e p t o - t e mp o r a l  t h e me .  

A d d i t i o na l l y ,  ne u r o t r a ns mi t t e r  c h e mo- r e ce p t o r s  t y p es  w i t h i n  t he  C A 3  

r eg ion  pa r a l l e l  t he  d i f f e r en t i a l  a f f e r e n t  n e u r o n s  a c c o r d i n g  t o  w h i c h  

n e u r o - t r ans mi t t e r s  a r e  u s e d .  

 

T h u s ,  i t  s e e ms  t h a t  w h i l s t  g e n es  exp re s s  d i f f e r en t i a l l y  a long  t he  

s e p t o - t e m p o r a l  a x i s ,  s o  t o o  i s  t he  ana tomy  o f  CA3  a r r anged  i nd i ca t i ng  

t h a t  C A 3  f u n c t i o n a l i t y  i s  a l s o  s p a t i a l l y  o r g a n i z e d  a l o n g  t h e  s e p t o -

t e mp o r a l  a x i s .  T o  i n v e s t i g a t e  t he  p o t e n t i a l  o f  fu n c t i o na l  d i f f e r en c e s  

a l o n g  t h i s  a x i s ,  g e n e  s y mb o l s  w e r e  que r i ed  aga in s t  r e sou rce s  such  a s  

t h e  G e n e  O n t o l o g y .  R e s u l t s  i n d i c a t e  t h r e e  m a j o r  f u n c t i o n a l  t h e me s  o f  

 

 

 

 



92 

g e n e s  w i t h  v a r y i n g  e x p r e s s i o n  a l o n g  t h e  s e p to - t e mp o r a l  a x i s .  T h e s e  

t h e me s  a r e  c e l l u l a r  c o m m u n i c a t i o n ,  r e g u l a t i o n ,  a n d  p h y s i o l o g y .  A l l  

t h r e e  t h eme s  d i s p l a y e d  s i mi l a r  p r o f i l e s  o f  gene  exp re s s ion  and  a l l  

t h e me s  c o n t a i n  g e n e s  o n l y  e x p r e s s i n g  a t  e i t he r  p o l e  a s  w e l l  a s  g e n e s  

e x p r e s s i n g  t h r o u g h o u t  t h e  C A 3  r e g i o n .  T w e n t y - t w o  g e n e s  c o d i n g  f o r  

i o n  c h a n n e l  r e l a t e d  f u n c t i o n s  demo ns t r a t ed  phys io log i ca l  

d i f f e r e n t i a t i o n  w h i l s t  5 3  g e n e s  c o d in g  f o r  c e l l u l a r  a d h e s i o n  p r o d u c t s  

e x p r e s s e d  i n  s i mi l a r  p a t t e r n s .  I n i t i a l l y  i t  s e emed  odd  t ha t  c e l l  

a d h e s i o n  g e n e s  w o u l d  b e  u p r e g u l a t e d  w i t h i n  t h e  a d u l t .  T h e s e  ge n e ’ s  

p r o d u c t s  a l o n g  w i t h  a x o n  g u i d a n c e  s i g n a l i n g  mo l e c u l e s  a r e  u s u a l l y  

a s s o c i a t e d  w i t h  t h e  d e v e l o p i n g  b r a i n  a n a t o my  a n d  f u n c t i o n  i n  c o r r e c t  

a x o n a l  p a t h  f i n d i n g .  S i n c e  m u c h  o f  t he  a d u l t  b r a i n  i s  g e a r e d  t o w a r d s  

i nh ib i t i ng  neu rogenes i s  and  i n s t ead  focus ing  on  neu rona l  c e l l  

ma i n t e n a n c e ,  i t  s e e ms  u n n e c e s s a r y  t o  e x p r e s s  g e n e s  c o d i n g  f o r  c e l l  

a d h e s i o n  mo l e c u l e s .  A  e xc e p t i o n  i s  t h e  c a se  o f  t h e  C A 3 ,  w h e r e  n o t  

o n l y  d o  w e  f i n d  t h e  e x p r e s s i o n  o f  c e l l  a d h e s i o n  g e n e s ,  b u t  a l s o ,  t h e y  

a r e  t i g h t l y  r e g u l a t e d  i n  a  r e g i o n a l i z e d  ma n n e r .  T h i s  mi g h t  b e s t  b e  

exp l a ined  by  t he  p r e sence  o f  a  pe r s i s t e n t  a n d  a c t i ve  popu l a t i on  o f  

n e u r a l  p r o g e n i t o r s  i n  t h e  d e n t a t e  g y r u s .  N e w l y  ma t u r e d  c e l l s  mi g h t  

r e q u i r e  t h e  r e g i o n a l i z e d  e x p r e s s i o n  p a t t e r n s  o b s e r v e d  i n  c e l l  a dh e s i o n  

g e n e s  i n  t h e  C A 3  f o r  c o r r e c t  a x o n a l  p a t h  f i n d i n g  a n d  C A 3  i n e r v a t i o n .  

 

O f  t he  t h r ee  ma jo r  f unc t i ona l  t hemes  i den t i f i ed  u s ing  on to logy ’ s ,  t ha t  

o f  r e g u l a t i o n  i s  p e r h a p s  t h e  mo s t  i n t r i gu ing .  He re ,  29  genes  we re  

found  t o  code  fo r  TFs  t ha t  had  va ry ing  exp re s s ion  a long  t he  s ep to -

t e mp o r a l  a x i s .  T h e s e  T F s  mi r r o r  gene  exp re s s ion  pa t t e rn s  f ound  i n  
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bo th  t he  ce l l - c e l l  s i gna l i ng  and  phy s i o l o g y  t h e me s ,  s u g g e s t i n g  t h a t  

t h e y  a r e  a t  l e a s t  p a r t  o f  a  s e t  o f  key  r egu l a to r s  r e spons ib l e  f o r  

obse rved  CA3  ge ne  exp re s s ion .  Ye t ,  a t  t h i s  s t a g e  o f  t h e  s t u d y  t h e r e  

was  no  con t ex t  f o r  how the se  TFs  r egu l a t ed  genes  w i th in  CA3 .  The  

l i n k  b e t we e n  t h e  TF  r e g u l a t o r  a n d  t he  t a r g e t  g e n e  w a s  n o t  y e t  ma d e .  

T o  c r e a t e  t h i s  l i nk ,  a  p r e d i c t i v e  a pp r o a c h  e s t a b l i s h e d  b y  (Bajic et al. 

2004) wa s  ma d e  a n d  r e l a t ed  t o  t we l v e  c l us t e r s  o f  u n a mb i g u o u s l y  

e x p r e s s i ng  g e n e s .  T h e s e  c l us t e r s  d i sp l ayed  twe lve  exp re s s ion  p ro f i l e s  

ba sed  on  r eg iona l i z ed  CA3  exp re s s ion .  O f  t h e  1 5 5  g e n e s  e x p r e s s i n g  i n  

C A 3  t h e  ma j o r i t y  e x p r e s s e d  i n  p e r f ec t  c o r r e l a t i o n  w i t h  o n e  o f  t h e  1 2  

c l u s t e r s ,  w h i l s t  t h e  mi n o r i t y  d i s p l a y e d  s l i gh t  dev i a t i on  o f  exp re s s ion  

p a t t e r n s .  S u c h  c l u s t e r i n g  s h o ws  mu c h  p r o mi s e  f o r  b i o l o g i c a l  

s i g n i f i c a n c e  r e l a t i n g  t o  t h e s e  c l u s t e r s .  A d d i t i o n a l l y ,  o n e  mi g h t  e x p e c t  

t h a t  h i g h l y  o v e r l a p p i n g  e x p r e s s i o n  pa t t e rn s  i n  gene  c lu s t e r s  a r e  

p u t a t i v e l y  t h e  r e su l t  o f  s i mi l a r  t r ans c r i p t i on a l  c o n t ro l  e l e me n t s  s u c h  

a s  T F s .   

 

T o  d e t e rmi n e  t h e  mos t  l i k e l y  t r a ns c r i p t i o na l  c o n t r o l  e l e me n t s ,  t h e  

f i r s t  s t ep  r equ i r ed  t he  ex t r ac t i on  o f  a  pos s ib l e  610  TSSs  

r e p r e s e n t a t i v e  o f  t h e  1 5 5  g e n e s  e x p re s s ing  i n  CA3 .  Wi th  t he se  TSSs  

t h e  p r o mo t e r  r e g i o n s  w e r e  d e f i n e d  a s  1 0 0 0 b p  u p s t r e a m a n d  2 0 0 b p  

d o w n s t r e a m o f  e a c h  T S S .  E a c h  p r o mo t e r  w a s  a n a l y z e d  f o r  t h e  

p r e sence  o f  mo t i f s  t ha t  pos s ib l y  bound  TFs .  These  TFBSs  we re  

d e t e r mi n e d  u s i n g  p o s i t i o n  w e i g h t  ma t r i x  m o d e l s  f r om t h e  l i t e r a t u r e  

b a s e d  T r a n s f a c  P r o f e s s i o n a l  d a t aba s e .  S t r i c t  c r i t e r i a  e n s u r e d  a  

mi n i mu m  fa l s e  p o s i t i ve  p re d i c t i v e  r a t e ,  y e t  l a r g e  l i s t s  o f  p r e d i c t e d  
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TFBSs  we re  s t i l l  g ene ra t ed .  To  t r unca t e  t he se  l i s t s  f u r t he r  and  

i n c r ea s e  d a t a  q u a l i t y ,  t he  p r e d i c t ed  T F B S s  w e r e  c o mp a r e d  t o  t h e  

backg round  da t a  s e t s  gene ra t ed  by  r andom mouse  DNA as  we l l  a s  

b a c k g r o u n d  mo u s e  p r o mo t e r  s e t s .  P r e d i c t i ons  t ha t  d id  no t  appea r  t o  be  

w i t h  o v e r r e p re s e n t a t i o n  i nd e x  g r e a t e r  t ha n  t h r e e  fo l d  i n  t he  t a r g e t  

v e r s u s  b a c k g r o u n d  p r o mo t e r  s e t s  w e r e  r e j e c t e d .  T h e  s u b s e q u e n t  T F B S  

l i s t  r e p re s e n t e d  h i g h  q u a l i t y  p r e d i c t e d  d a t a  t h a t  ha d  b e e n  p a s s e d  

t h r o u g h  m u l t i p l e  a d d i t i o n a l  f i l t e r s .  O n c e  t h e  l i s t  o f  do mi n a n t  T F B S s  

w a s  a s c e r t a i n e d ,  T F s  t h a t  c o u l d  b i n d  T F B S s  w e r e  d e t e r mi n e d  b y  

ma k ing  u se  o f  t he  T rans f ac  P ro f es s i o n a l  d a t a b a s e .  C o n s e q u e n t l y ,  

ma p p i n g  t h e s e  T F s  b a c k  t o  t h e  g e n e s ,  y i e l d e d  a  t r a n s c r i p t i o n a l  

r egu l a to ry  ne twork  spec i f i c  f o r  t he  exp re s s ion  o f  genes  w i th in  t he  

C A 3  r e g i o n .  A d d i t i o n a l l y ,  r e o r g a n i z in g  t h e  n e t w o r k  s u c h  t h a t  g e n e s  

w e r e  g r o u p e d  i n t o  t w e l v e  s i mi l a r l y  e x p r e s s i n g  g e n e  c l u s t e r s  i d e n t i f i e d  

r e g u l a t o r y  s u b - n e t w o r k s  sp e c i f i c  fo r  e a c h  c l u s t e r .  B e c a u s e  e a c h  

c l u s t e r  d e mo n s t r a t e s  a  h i g h  d e g r e e  o f  un i fo r mi ty  i n  gene  exp re s s ion ,  

s p e c i f i c  s u b - n e t wo r k s  o f  r e g u l a t o r y  e l e me n t s  s e e m t o  s u g g e s t  t h a t  

t h o s e  T F s  i d e n t i f i e d  b y  t h i s  a p p r o a c h  ma y  p l a y  k e y  r o l e  i n  t h e  

r e g u l a t i o n  o f  r e g i o n a l i z e d  CA3  gene  exp re s s ion .  

 

Unfo r tuna t e ly ,  t h i s  p r ed i c t i ve  ap p roach  canno t  p inpo in t  un ique  

a s soc i a t i ons  o f  t he  t ype  TF→TFBS.  Th i s  i s  because  ma ny  TFs  a r e  

known  to  b ind  ma ny  d i f f e r en t  TFBSs ,  wh i l e  ma ny  TFBS  can  b ind  

v a r i o u s  T F s .  T h i s  ma n y - t o - ma n y  r e l a t i o n sh i p  r e s u l t s  i n  m u l t i p l e  

c o mb i n a t i o n s  o f  T F→T F B S  a s s o c i a t i o n s ,  ma n y  o f  w h i c h  ma y  n o t  b e  

a p p l i c a b l e  t o  t h e  g i v e n  s t u d y .  F i n a l l y ,  TF  nome nc l a tu r e  w i th in  t he  
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T ransc f ac  P ro fe s s iona l  da t abase  i s  no t  a l w a y s  c l e a r ,  t h u s  d a t a  mu s t  b e  

h a n d  c u r a t e d  b e c a us e  i t  i s  no t  a me n a b l e  t o  a u t o ma t i c  p ro c e s s i n g .  M o s t  

o f  t h e s e  p r o b l e ms  w e r e  r e s o l v e d  b y  i n t e g r a t i n g  t h e  T r a n s f a c  d a t a b a s e  

w i t h  p u b l i c l y  a v a i l a b l e  d a t a b a s e s  by  l i n k i n g  t h e m o v e r  t h e  E n t r e z  

g e n e  i d e n t i f i e r s .  

 

O f  t h e  1 7 8  T F B S s  u t i l i z e d  f o r  p ro m o t e r  a n n o t a t i on ,  59% (105 /178 )  

a p p e a r  a s s o c i a t e d  w i t h  o n l y  o n e  a n a to mi c a l l y  r e s t r i c t e d  g e n e  c l us t e r ,  

w h i l e  8 3 %  ( 1 4 8 / 1 7 8 )  a r e  a s soc i a t ed  w i th  a t  mos t  two  c lu s t e r s .  Th i s  

i mp l i e s  a  p o t e n t i a l  s p e c i a l i z a t i o n  o f  i d e n t i f i e d  T F B S s  i n  c o n t r o l  o f  

g e n e s  o f  d i f f e r e n t  a n a t o m i c a l l y  r es t r i c t e d  g e n e  c l us t e r s .  F u r t h e r  

i n s p e c t i on  o f  t h e  d i s t r i bu t i on  o f  TFBSs  a mongs t  t he  CA3  exp re s s ing  

g e n e s  r e s u l t e d  i n  t h e  c l u s t e r i n g  o f  g e n e s  b a s e d  o n  T F B S  i n f o r ma t i o n .  

S u r p r i s i n g l y ,  a  h i g h  d e g r e e  o f  s i mi l a r l y  e x p r e s s i n g  g e n e s  w a s  g r o u p e d  

t oge the r .  Compar i sons  be tween  t he s e  c l u s t e r s  a n d  t h e  o r i g i na l  1 2  

p roduced  by  gene  exp re s s ion  da t a  i n d i c a t e d  t h a t  105  o f  155  genes  

w e r e  p o ss i b l e  t o  r e - c l u s t e r e d ,  a  s en s i t i v i t y  o f  6 7 . 4 7 % .  A l l  o f  t h e  

g e n e s  a s s o c i a t e d  t o  c l u s t e r s  h a v e  b e e n  a s s i g n e d  t o  t h e  o r i g i n a l  1 2  

e x p r e s s i o n  b a s e d  c l u s t e r s  f r o m w h i ch  t h e y  o r i g i n a t e d ,  p r o v i d i n g  t h u s  

p o s i t i ve  p r e d i c t i ve  v a l u e  o f  1 0 0 % .  T h i s  e v i d e n c e  su g g e s t s  t h a t  t h e  

p r e d i c t e d  T F B S  l i s t  c o n t a i n s  e n o u g h  p e r t i n e n t  d a t a  t o  p a r a l l e l  t h e  

b i o l o g y  b e h i n d  C A 3  g e n e  e x p r e s s i o n .  He re ,  i t  s hou ld  be  acknowledged  

t h a t  t h e  s e n s i t i v i t y  mi g h t  i n c r ea s e  i f  t h e  s t r i c t  c r i t e r i a ,  r e q u i r e d  t o  

g e n e r a t e  t h e  T F B S  l i s t ,  w a s  r e l a xe d .  
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I n  c o n t r a s t ,  w h i l s t  t h e  ge n e s  a n a l y z e d  w e r e  s p e c i f i c  f o r  C A 3 

e x p r e s s i o n ,  t h e  s a me  c a n n o t  b e  s a i d  f o r  t h e  p r e d i c t e d  T F B S s .  I n d e e d ,  

g e n e s  e x p r e s s i n g  i n  t h e  n e i g h b o r i ng  CA2  r eg ion  mi gh t  a l so  con t a in  

s imi l a r  d i s t r i bu t i ons  o f  TFBSs .  I f  t h i s  w e r e  t h e  ca s e ,  t h e re  w ou l d  b e  

n o  g r o u n d s  t o  c l a i m t h a t  r e g i o n a l i z ed  g e n e  e x p r e s s i o n  w i t h i n  CA3  i s  

d u e  t o  s p e c i f i c  C A3  r e g u l a t o r y  n e t works .  Wh i l s t  ana lyz ing  CA2  gene  

p r o mo t e r s  f o r  T F B S  d i s t r i b u t i o n s  d i d  r e v e a l  c o mmo n l y  p r e d i c t e d  

T F B S ,  t h e  c o mp a r i s o n  o f  t h e  t w o  s e t s  p r od u c e d  a n  i n s i g n i f i c a n t  

n u mbe r  o f  c o m m o n  T F B S s .  M o r e o v e r ,  o f  t h o s e  c o m m o n  T F B S s ,  t h e  

ma j o r i t y  w e r e  n o n- s p e c i f i c  f o r  a n y  o f  t h e  1 2  e x p r e s s i o n  c l u s t e r s  a n d  

t hose  t ha t  we re ,  we re  on ly  found  i n  a  mi n o r i t y  o f  g e n e ’ s  p r o mo t e r s  i n  

e a c h  c l us t e r  s u g g e s t i n g  t ha t  t h e y  w e r e  l a r ge l y  i r r e l e v a n t .    

 

A s  a  w h o l e  t h i s  s t u d y  h as  s e t  ou t  t o  de f i ne  ( i den t i f y ,  p r i o r i t i z e ,  and  

r e c o n s t r u c t  a  n e t w o r k  o f  T F s )  a  m o l e c u l a r  mo d e l  o f  n o r ma l  g e n e  

e x p r e s s i o n  a n d  r e g u l a t i o n  i n  t h e  a d u l t  m o u s e  h i p p o c a mp u s  w i t h  

s p e c i f i c  f o c u s  o n  t h e  C A 3  r e g i o n  o f  A m m o n ’ s  h o r n .  B e c a u s e  t h e  

h i p p o c a m p u s  c o n s t i t u t e s  a  h i g h l y  o r d e r e d  c e l l u l a r  a r ch i t e c t u r e ,  i t  i s  

p a r t i c u l a r l y  c o mp l i a n t  t o  t h e  a p p r o a c he s  u s e d  i n  t h i s  s t ud y  t o  i d en t i fy  

d i s c r e t e  r e g i o n s  o f  g e n e  e x p r e s s i o n  a n d  t r a n sc r i p t i o n a l  c o n t r o l  i n  i t s  

s u b - a n a t o m y .  T h e  h i p p o c a m p u s  h a s  s h o w n  t o  d i f f e r e n t i a l l y  e x p r e s s  

g e n e s  a c r o s s  ma n y  a x e s ,  a n d  t h e  C A 3  r e g i o n  d i s p l a y s  t h i s  mos t  a p t l y .  

S e v e r a l  c l a s s e s  o f  g e n e s  e x p r e s s  d i f f e r en t i a l l y  a c ro s s  t he  r eg iona l i z ed  

C A 3  a n a t o my  d e m o n s t r a t i ng  func t i ona l  d i f f e r en t i a t i on  o f  i on  channe l  

and  ce l l - adhes ion  r e l a t ed  genes .  D i f f e r e n t i a l  r e g u l a t i o n  o f  g e n e  

exp re s s ion  ac ro s s  r eg ions  o f  CA3  i s  p u t a t i v e l y  d ue  t o  d i f f e r e n t i a l  

 

 

 

 



97 

a c t i o n  o f  T F s ,  a n d  i n d e e d ,  t h i s  i s  w h a t  i s  obs e r v e d  i n  C A 3  a n a t o my .  

R e c o n s t r u c t e d  t r a n s c r i p t i o n  r eg u l a t o r y  n e t w o r k s  d e f i n e  t h e  

t r a n s c r i p t i o n  p o t en t i a l  f o r  a d u l t  C A 3  e x p r e s s i n g  g e n e s  a n d  d i s p l a y  

p l aus ib l e  r egu l a to ry  sub -ne tworks  f o r  1 2  c l u s t e r s  o f  c o - e x pr e s s ed  

g e n e s .  I n t e r e s t i n g l y ,  t h o u g h  s o m e wha t  expec t ed ,  genes  c lu s t e r ed  

b a s e d  o n  t h e i r  p r o mo t e r  c o n t e n t  ( d i s t r i b u t i o n  o f  T F B S s ) ,  g r o u p  c o -

e x p r e s s e d  g e n e s  t o g e t h e r  t o  a  l a r ge  ex t 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  a r e  s o c i a l l y  c r i pp l i ng  and  o f t en  mor t a l .  

U n d e r s t a n d i n g  b o t h  t h e  a n a t o m i c a l  a r ch i t e c t u r e  and  mo l ecu l a r  

p roce s se s  o f  a  no rma l  b r a in  i s  c ruc i a l  t o  t he  k inds  o f  s t ud i e s  r equ i r ed  

t o  c o mb a t  b r a i n  d i s e a s e .  Th i s  s t u d y  r e p r e s e n t s  o n e  o f  t h e  f i r s t  t o  

me r g e  a n a t o mi c a l  a r c h i t e c t u r e ,  exp re s s ion  p ro f i l e s  and  t r an sc r i p t i on  

r e g u l a t o r y  p o t e n t i a l  o n  s u c h  a  l a r g e  s c a l e  i n  h i p p o c a mp a l  s u b -

a n a t o my .  I t  w o u l d  n o t  b e  f e a s i b l e  w i t h o u t  t h e  g e n e  e x p r e s s i o n  a t l a s  

p r o j e c t  c o n d u c t e d  b y  t h e  A l l e n  I n s t i t u t e  f o r  B r a i n  S c i e n c e .  Al r e a d y  

t h i s  s t u d y  h a s  i d e n t i f i e d  a  s e t  o f  T F s  t h a t  ma y  e x p l a i n  g r a d i e n t s  o f  

c e l l  a d hes i o n  mo l e c u l e s  o b se r v e d  a c r o s s  t h e  C A 3  a r e a .  I f  i n d e e d  t h e s e  

a r e  r e q u i r e d  f o r  c o r r e c t  a x o n a l  p a t h  f i nd ing  by  den t a t e  gy rus  neu ra l  

p r o g e n i t o r s  t h e n  t h e y  w o u l d  ma k e  good  cand ida t e s  f o r  s t u d i e s  i n t o  

c o mba t i n g  n e u r o d e g e n e r a t i v e  d i s e a se  a n d  i n j u r i e s  t h r o u g h  n e u r a l  a n d  

s t e m c e l l  t r a ns p l a n t s .  A d d i t i o na l l y ,  i d e n t i f i e d  T F s  a p p e a r i n g  t o  

con t ro l  d i s c r e t e  g roups  o f  co - exp re s s ing  genes  a r e  i dea l l y  su i t ed  fo r  

k n o c k - o u t  mi c e  s t u d i e s .   
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F ina l l y ,  t he  s t udy  ha s  made  an  i nven to ry  o f  TFs  t ha t  po t en t i a l l y  

c o n t r o l  g e n e s  i n  C A 3  h i p p o c a mp a l  r e g i o n  a n d  w h o s e  c o mbi n a t i o n  o f  

spec i f i c  TFs  i n  p romo te r s  o f  ge n e s  c o u l d  b e  r e s p o n s i b l e  f o r  

a n a t o mi c a l l y  r e s t r i c t e d  g e n e  e x p r e s s i o n .  Th e  r e s u l t s  o f  t h i s  s t u d y  

s u g g e s t  t h a t  i t  i s  a  c o mb i na t o r i a l  e f f e c t  o f  T F s  t h a t  a r e  p r o v i d i n g  

spec i f i c i t y  o f  gene  exp re s s ion  i n  t he  adu l t  CA3  r eg ion .  A l though  we  

a r e  a b l e  t o  f i n d ,  o r  p r i o r i t i z e ,  c e r t a i n  TFs  h in t i n g  t o  b e i n g  u n i q u e  t o  

c e r t a i n  gene  c lu s t e r s ,  i t  i s ,  howeve r ,  h i g h l y  u n l i k e l y  t h a t  t h e s e  T F s  

a c t  i n  a  s i n g u l a r  c a p a c i t y  a n d  mor e  l i k e l y  t h a t  t h e y  r e p r e s e n t  a  c o r e  

p a r t  o f  t h e  t r a n s c r i p t i o n a l  r e g u l a t o r y  ma c h i n e r y  r e s p o n s i b l e  fo r  t h e  

a n a t o mi c a l l y  r e s t r i c t e d  g e ne  e x p r e s s i o n  p a t t e r n s  o b s e r v e d  i n  t h e  C A 3  

a n a t o my  o f  t h e  a d u l t  mo u s e  b r a i n .     

 

I n  t h e  fu t u r e  w e  w o u l d  l i ke  t o  i d e n t i f y  t h e  b i o l o g i c a l  p r o p e r t i e s  o f  t h e  

i den t i f i ed  TFBS  fo r  a l l  c l u s t e r s  by :  a /  c l e a r l y  i den t i f y ing  modu l e s  o f  

T F s  b a s e d  o n  t h e i r  c o mp o s i t i o n ,  a r r a n g e me n t  a n d  p o t e n t i a l  p r o t e i n -

p r o t e i n  i n t e r a c t i o n ,  b /  a  c o mpa r i s o n  o f  s a i d  mo d u l e s  w i t h  t h e  

backg round  d i s t r i bu t i ons .  

 

 

 

 



 

99 

References 
 

Ashburner, M., Ball, C.S., Blake, J.A., Botstein, D., Butler, H., Cherry, J.M., Davis, A.P., 

Dolinski, K., Dwight, S.S., Eppig, J.T., Harris, M.A., Hill, D.P., Issel-Tarver, L., Kasarskis, 

A., Lewis, S., Matese, J.C., Richardson, J.E., Ringwald, M., Rubin, G.M., and Sherlock, G. 

(2000). Gene ontology: tool for the unification of biology. The Gene Ontology Consortium. 

Nature Genetics 25(1): 25-9. 

 

Ashton, D., Van Reempts, J., Haseldonckx, M., and Willems, R. (1989). Dorsal-ventral 

gradient in vulnerability of CA1 hippocampus to ischemia: a combined histological and 

electrophysiological study. Brain Research 487(2): 368-72. 

 

Bajic, V., Hofmann, O., MacPherson, C., Kaur, M., and Hide, W. (2006A). Progress report: 

Analysis of promoter properties for the clusters in the hippocampus CA3 region in mouse. 

South African National Bioinformatics Institute, internal document (08 July). 

 

Bajic, V., MacPherson, C., Schmeier, S., Hofmann, O., Kaur, M., and Hide, W. (2006B). 

Progress report No.2: Analysis of promoter properties for the clusters in the hippocampus 

CA3 region in mouse. South African National Bioinformatics Institute, internal document 

(12 November). 

 

Bajic, V., Choudhary, V., and Hock, C. (2004). Content analysis of the core promoter 

region of human genes. In Silico Biology 4:109-125. 

 

 

 

 

 



100 

Bajic, V., Tan, S., Christoffels, A., Schonback, C., Lipovich, L., and Yang, L.. (2006). Mice 

and men: their promoter properties. PLoS Genetics 2(4): e54. 

 

Bannerman, D.M., Deacon, R.M.J., Offen, S., Friswell, J., Grubb, M., and Rawlins, J.N.P. 

(2002). Double dissociation of function within the hippocampus: spatial memory and 

hyponeophagia. Behavioral Neuroscience 116(5): 884-901. 

 

Bannerman, D.M., Rawlins, J.N.P., McHugh, S.B., Deacon, R.M.J., Yee, B.K., Bast, T., 

Zhang, W-N., Pothuizen, H.H.J., and Feldon, J.. (2004). Regional dissociations within the 

hippocampus--memory and anxiety. Neuroscience and Biobehavioral Reviews 28(3): 273-

83. 

 

Bannerwarth, S., Laine, S., Daher, A., Grandvaux, N., Clerzius, G., Leblanc, A., and 

Gatignol, A.. (2006). Cell-specific regulation of TRBP1 promoter by NF-Y transcription 

factor lymphocytes and astrocytes. Journal of Molecular Biology 355(5): 898-910. 

 

Bergen, A.W., Baccarelli, A., McDaniel, T.K., Kuhn, K., Pfeiffer, J., Bender, P., Jacobs, K., 

Packer, B., Chanock, S.J. and Yeager, M. (2007). Cis sequence effects on gene expression. 

BMC Genomics 8:296. 

 

Bernat, J., Crawford, G., Ogurtsov, A., Collins, F., Ginsburg, D., Kondrashov, A., 

Kondrashov, A.. (2006). Distant conserved sequences flanking endothelil-specific 

promoters contain tissue-specific DNase-hypersensitive sites and over-represented motifs. 

Human Molecular Genetics 15(13): 2098-2105. 

 

 

 

 

 



101 

Bragdon, A.C., Taylor, D.M., and Wilson, W.A. (1986). Potassium-induced epileptiform 

activity in area CA3 varies markedly along the septotemporal axis of the rat hippocampus. 

Brain Research 378(1): 169-73. 

 

Carninci, P., Kasukawa, T., Katayama, S., Gough, J., Frith, M.C., Maeda, N., Oyama, R., 

Ravasi, T., Lenhard, B., Wells, C., Kodzius, R., Shimokawa, K., Bajic, V.B., Brenner, S.E., 

Batalov, S., Forrest, A.R., Zavolan, M., Davis, M.J., Wilming, L.G., Aidinis, V., Allen, J.E., 

Ambesi-Impiombato, A., Apweiler, R., Aturaliya, R.N., Bailey, T.L., Bansal, M., Baxter, 

L., Beisel, K.W., Bersano, T., Bono, H., Chalk, A.M., Chiu, K.P., Choudhary, V., 

Christoffels, A., Clutterbuck, D.R., Crowe, M.L., Dalla, E., Dalrymple, B.P., de Bono, B., 

Della, G.G., di Bernardo, D., Down, T., Engstrom, P., Fagiolini, M., Faulkner, G., Fletcher, 

C.F., Fukushima, T., Furuno, M., Futaki, S., Gariboldi, M., Georgii-Hemming, P., Gingeras, 

T.R., Gojobori, T., Green, R.E., Gustincich, S., Harbers, M., Hayashi, Y., Hensch, T.K., 

Hirokawa, N., Hill, D., Huminiecki, L., Iacono, M., Ikeo, K., Iwama, A., Ishikawa, T., Jakt, 

M., Kanapin, A., Katoh, M., Kawasawa, Y., Kelso, J., Kitamura, H., Kitano, H., Kollias, G., 

Krishnan, S.P., Kruger, A., Kummerfeld, S.K., Kurochkin, I.V., Lareau, L.F., Lazarevic, D., 

Lipovich, L., Liu, J., Liuni, S., McWilliam, S., Madan, B.M., Madera, M., Marchionni, L., 

Matsuda, H., Matsuzawa, S., Miki, H., Mignone, F., Miyake, S., Morris, K., Mottagui-

Tabar, S., Mulder, N., Nakano, N., Nakauchi, H., Ng, P., Nilsson, R., Nishiguchi, S., 

Nishikawa, S., Nori, F., Ohara, O., Okazaki, Y., Orlando, V., Pang, K.C., Pavan, W.J., 

Pavesi, G., Pesole, G., Petrovsky, N., Piazza, S., Reed, J., Reid, J.F., Ring, B.Z., Ringwald, 

M., Rost, B., Ruan, Y., Salzberg, S.L., Sandelin, A., Schneider, C., Schonbach, C., 

Sekiguchi, K., Semple, C.A., Seno, S., Sessa, L., Sheng, Y., Shibata, Y., Shimada, H., 

Shimada, K., Silva, D., Sinclair, B., Sperling, S., Stupka, E., Sugiura, K., Sultana, R., 

Takenaka, Y., Taki, K., Tammoja, K., Tan, S.L., Tang, S., Taylor, M.S., Tegner, J., 

Teichmann, S.A., Ueda, H.R., van Nimwegen, E., Verardo, R., Wei, C.L., Yagi, K., 

 

 

 

 



102 

Yamanishi, H., Zabarovsky, E., Zhu, S., Zimmer, A., Hide, W., Bult, C., Grimmond, S.M., 

Teasdale, R.D., Liu, E.T., Brusic, V., Quackenbush, J., Wahlestedt, C., Mattick, J.S., Hume, 

D.A., Kai, C., Sasaki, D., Tomaru, Y., Fukuda, S., Kanamori-Katayama, M., Suzuki, M., 

Aoki, J., Arakawa, T., Iida, J., Imamura, K., Itoh, M., Kato, T., Kawaji, H., Kawagashira, 

N., Kawashima, T., Kojima, M., Kondo, S., Konno, H., Nakano, K., Ninomiya, N., Nishio, 

T., Okada, M., Plessy, C., Shibata, K., Shiraki, T., Suzuki, S., Tagami, M., Waki, K., 

Watahiki, A., Okamura-Oho, Y., Suzuki, H., Kawai, J., and Hayashizaki, Y.; FANTOM 

Consortium; RIKEN Genome Exploration Research Group and Genome Science Group 

(Genome Network Project Core Group). (2005). The transcriptional landscape of the 

mammalian genome. Science 309(5740): 1559-63. 

 

Carninci, P., Sandelin, A., Lenhard, B., Katayama, S., Shimokawa, K., Ponjavic, J., Semple, 

C.A., Taylor, M.S., Engstrom, P.G., Frith, M.C., Forrest, A.R., Alkema, W.B., Tan, S.L., 

Plessy, C., Kodzius, R., Ravasi, T., Kasukawa, T., Fukuda, S., Kanamori-Katayama, M., 

Kitazume, Y., Kawaji, H., Kai, C., Nakamura, M., Konno, H., Nakano, K., Mottagui-Tabar, 

S., Arner, P., Chesi, A., Gustincich, S., Persichetti, F., Suzuki, H., Grimmond, S.M., Wells, 

C.A., Orlando, V., Wahlestedt, C., Liu, E.T., Harbers, M., Kawai, J., Bajic, V.B., Hume, 

D.A., and Hayashizaki, Y.. (2006). Genome-wide analysis of mammalian promoter 

architecture and evolution. Nature Genetics 38(6): 626-35. 

 

Cayuso, J., Ulloa, F., Cox, B., Briscoe, J., and Martí, E. (2006). The Sonic hedgehog 

pathway independently controls the patterning, proliferation and survival of neuroepithelial 

cells by regulating Gli activity. Development 133(3): 517-28. 

 

 

 

 

 



103 

Chong, A., Zhang, Z., Choi, K.P., Choudhary, V., Djamgoz, M.B.A., Zhang, G., Bajic, V.B. 

(2007). Promoter profiling and coexpression data analysis identifies 24 novel genes that are 

coregulated with AMPA receptor genes, GRIAs. Genomics 89(3): 378-84. 

 

Clarke, G., Collins, R.A., Leavitt, B.R., Andrews, D.F., Hayden, M.R., Lumsden, C.J., 

McInnes, R.R. (2000). A one-hit model of cell death in inherited neuronal degenerations. 

Nature 406(6792): 195-9. 

 

Colombo, M., Fernandez, T., Nakamura, K., and Gross, C.G.. (1998). Functional 

differentiation along the anterior-posterior axis of the hippocampus in monkeys. Journal of 

Neurophysiology 80(2): 1002-5. 

 

Creuzet, S.E., Martinez, S. and Le Douarin, N.M. (2006). The cephalic neural crest exerts a 

critical effect on forebrain and midbrain development. Proceedings of the National 

Academy of Sciences of the United States of America 103(38): 14033-14038. 

 

Cuenca, A.A., Schetter, A., Aceto, D., Kemphues, K. and Seydoux, G. (2003). Polarization 

of the C.elegans zygote proceeds via distint establishment and maintenance phases. 

Development 130(7): 1255-1265. 

 

Datson N.A., Meijer, L, Steenbergen, P.J., Morsink, M.C., van der Laan, S., Meijer, O.C., 

and de Kloet, E.R.. (2004). Expression profiling in laser-microdissected hippocampal 

subregions in rat brain reveals large subregion-specific differences in expression. The 

European journal of neuroscience 20(10): 2541-54. 

 

 

 

 

 



104 

de Wit, J., and Verhaagen, J. (2003). Role of semaphorins in the adult nervous system. 

Progress in Neurobiology 71(2-3): 249-67. 

 

Dennis, G., Sherman, B.T., Hosack, D.A., Yang, J., Gao, W., Lane, H.C., and Lempicki, 

R.A.. (2003). DAVID: Database for Annotation, Visualization, and Integrated Discovery. 

Genome Biology 4(5): P3. 

 

Dolorfo, C.L., and Amaral, D.G.. (1998). Entorhinal cortex of the rat: topographic 

organization of the cells of origin of the perforant path projection to the dentate gyrus. The 

Journal of Comparative Neurology 398(1): 25-48. 

 

Dong, H. (2007). The Allen Atlas: A Digital Brain Atlas of C57BL/6J Male Mouse. (in 

press) John  Wiley & Sons. 

 

Eriksson, P.S., Perfilieva, E., Bjork-Eriksson, T., Alborn, A-M., Nordborg, C., Peterson, 

D.A., and Gage, F.H.. (1998). Neurogenesis in the adult human hippocampus. Nature 

Medicine 4(11): 1313-1317. 

 

Farlow, M., Murrell, J., Ghetti, B., Unverzagt, F., Zeldenrust, S., and Benson, M. (1994). 

Clinical characteristics in a kindred with early-onset Alzheimer's disease and their linkage 

to a G-->T change at position 2149 of the amyloid precursor protein gene. Neurology 44(1): 

105-11. 

 

Ferri, G., Prince, M., Brayne, C., Brodaty, H., Fratiglioni, L., Ganguli, M., Hall, K., 

Hasegawa, K., Hendrie, H., Huange, Y., Jorm, A., Mathers, C., Menezes, P., Rimmer, E., 

 

 

 

 



105 

and Scazufca, M. (2005). Global prevalence of dementia: a Delphi consensus study. The 

Lancet 366(9503): 2112-2117. 

  

Gage, F.H., and Thompson, R.G. (1980). Differential distribution of norepinephrine and 

serotonin along the dorsal-ventral axis of the hippocampal formation. Brain Research 

Bulletin 5(6): 771-3. 

 

Galceran, J., Miyashita-Lin, E., Devaney, E., Rubenstein, J, and Grosschedl, R. (2000). 

Hippocampus development and generation of dentate gyrus granule cells is regulated by 

LEF1. Development 127(3): 469-482. 

 

Gatz, M., Reynolds, C.A., Fratiglioni, L., Johansson, B., Mortimer, J.A., Berg, S., Fiska, A., 

and Pedersen, N.L.. (2006). Role of genes and environments for explaining Alzheimer 

disease. Archives of General Psychiatry 63(2): 168-74. 

 

Goate, A., Chartier-Harlin, M.C., Mullan, M., Brown, J., Crawford, F., Fidani, L., Giuffra, 

L., and Haynes, A., Irving, N., and James, L.. (1991). Segregation of a missense mutation in 

the amyloid precursor protein gene with familial Alzheimer's disease. Nature 349(6311): 

704-6. 

 

Groenewald, P., Bradshaw, D., Nojilana, B., Bourne, D., Nixon, J., Mahomed, H., Daniels, 

J. (2003). Cape Town Mortality, 2001, Part III, Cause of death profiles for each sub-district. 

Medical Research Council, Cape Town, South Africa. 

 

Hampel, H., Bürger, K., Pruessner, J.C., Zinkowski, R., DeBernardis, J., Kerkman, D., 

Leinsinger, G., Evans, A.C., Davies, P., Moller, H-J., and Teipel, S.J. (2005). Correlation of 

 

 

 

 



106 

cerebrospinal fluid levels of tau protein phosphorylated at threonine 231 with rates of 

hippocampal atrophy in Alzheimer disease. Archives of Neurology 62(5): 770-3. 

 

Ishizuka, N., Weber, J., and Amaral, D.G. 1990. Organization of intrahippocampal 

projections originating from CA3 pyramidal cells in the rat. The Journal of Comparative 

Neurology 295(4): 580-623. 

 

Izaki, Y., Takita, M., and Nomura, M.. (2000). Comparative induction of long-term 

depression between dorsal and ventral hippocampal CA1 in the anesthetized rat. 

Neuroscience Letters 294(3): 171-4. 

 

Jiang, H., Nucifora, F.C., Ross, C.A., and DeFranco, D.B.. (2003). Cell death triggered by 

polyglutamine-expanded huntingtin in a neuronal cell line is associated with degradation of 

CREB-binding protein. Human Molecular Genetics 12(1): 1-12. 

 

Josephson, R., Müller, T., Pickel,  J., Okabe, S., Reynolds, K., Turner, P.A., Zimmer, A., 

and McKay, R.D. (1998). POU transcription factors control expression of CNS stem cell-

specific genes. Development 125(16): 3087-100. 

 

Jung, M.W., Wiener, S.I., and McNaughton, B.L.. (1994). Comparison of spatial firing 

characteristics of units in dorsal and ventral hippocampus of the rat. The Journal of 

Neuroscience 14, no. 12, 7347-56. 

 

Kadonaga, J. (2004). Regulation of RNA Polymerase II transcription by sequence-specific 

DNA binding factors. Cell 116:247-257. 

 

 

 

 

 



107 

Kaiser, K., and Meisterernst, M. (1996). The human general co-factors. Trends Biochemical 

Science 21(9): 342-345. 

 

Karlinsky, H., Vaula, G., Haines, J.L., Ridgley, J., Bergeron, C., Mortilla, M., Tupler, R.G., 

Percy, M.E., Robitaille, Y., and Noldy, N.E. (1992). Molecular and prospective phenotypic 

characterization of a pedigree with familial Alzheimer's disease and a missense mutation in 

codon 717 of the beta-amyloid precursor protein gene. Neurology 42(8): 1445-53. 

 

Keeble, T.R., Halford, M.M., Seaman, C., Kee, N., Macheda, M., Anderson, R.B., Stacker, 

S.A., and Cooper, H.M. (2006). The Wnt receptor Ryk is required for Wnt5a-mediated axon 

guidance on the contralateral side of the corpus callosum. The Journal of Neuroscience 26, 

no. 21(24): 5840-8. 

 

Kel, A.E., Gössling, E., Reuter, I., Cheremushkin, E., Kel-Margoulis, O.V., and Wingender, 

E. (2003). MATCH: A tool for searching transcription factor binding sites in DNA 

sequences. Nucleic Acids Research 31(13): 3576-9. 

 

Khachaturian, Z.S. (1985). Diagnosis of Alzheimer's disease. Archives of Neurology 42(11): 

1097-105. 

 

Köhler, C., Schultzberg, M., and Radesäter, A.C. (1987). Distribution of neuropeptide Y 

receptors in the rat hippocampal region. Neuroscience Letters 75(2): 141-6. 

 

Kuhn, H., Dickinson-Anson, H., and Gage, F. (1996). Neurogenesis in the dentate gyrus of 

the adult rat: age-related decrease of neuronal progenitor proliferation. Journal of 

Neuroscience 16(6): 2027-2033.  

 

 

 

 



108 

 

 

 

Lee, D.D., and Seung, H.S. (1999). Learning the parts of objects by non-negative matrix 

factorization. Nature 401(6755): 788-91. 

 

Lein, E.S., Callaway, E.M., Albright, T.D., and Gage, F.H. (2005). Redefining the 

boundaries of the hippocampal CA2 subfield in the mouse using gene expression and 3-

dimensional reconstruction. The Journal of Comparative Neurology 485(1): 1-10. 

 

Lein E.S., Hawrylycz, M.J, Ao, N., Ayres, M., Bensinger, A., Bernard, A., Boe, A.F., 

Boguski, M.S., Brockway, K.S., Byrnes, E.J., Chen, L., Chen, L., Chen, T-M., Chin, M.C., 

Chong, J., Crook, B.E., Czaplinska, A., Dang, C.N., Datta, S., Dee, N.R., Desaki, A.L., 

Desta, T., Diep, E., Dolbeare, T.A., Donelan, M.J., Dong, H-W.,Dougherty, J.G., Duncan, 

B.J., Ebbert, A.J., Eichele, G., Estin, L.K., Faber, C., Facer, B.A., Fields, R., Fischer, S.R., 

Fliss, T.P., Frensley, C., Gates, S.N., Glattfelder, K.J., Halverson, K.R., Hart, M.R., 

Hohmann, J.G., Howell, M.P., Jeung, D.P., Johnson, R.A., Karr, P.T., Kawal, R., Kidney, 

J.M., Knapik, R.H., Kuan, C.L., Lake, J.H., Laramee, A.R., Larsen, K.D., Lau, C., Lemon, 

T.A., Liang, A.J., Liu, Y., Luong, L.T., Michaels, J., Morgan, J.J., Morgan, R.J., Mortrud, 

M.T., Mosqueda, N.F., Ng, L.L., Ng, R., Orta, G.J., Overly, C.C., Pak, T.H., Parry, S.E., 

Pathak, S.D., Pearson, O.C., Puchalski, R.B., Riley, Z.L., Rockett, H.R., Rowland, S.A., 

Royall, J.J., Ruiz, M.J., Sarno, N.R., Schaffnit, K., Shapovalova, N.V., Sivisay, T., 

Slaughterbeck, C.R., Smith, S.C., Smith, K.A., Smith, B.I., Sodt, A.J., Stewart, N.N., 

Stumpf, K.R., Sunkin, S.M., Sutram, M., Tam, A., Teemer, C.D., Thaller, C., Thompson, 

C.L., Varnam, L.R., Visel, A., Whitlock, R.M., Wohnoutka, P.E., Wolkey, C.K., Wong, 

V.Y., Wood, M., Yaylaoglu, M.B., Young, R.C., Youngstrom, B.L., Yuan, X.F., Zhang, B., 

 

 

 

 



109 

Zwingman, T.A., Jones, A.R. (2007). Genome-wide atlas of gene expression in the adult 

mouse brain. Nature 445(7124): 168-76. 

 

Lein, E.S., Zhao, X., and Gage, F.H. (2004). Defining a molecular atlas of the hippocampus 

using DNA microarrays and high-throughput in situ hybridization. The Journal of 

Neuroscience  24(15): 3879-89. 

 

Li, Y.J., Oliveira, S.A., Xu, P., Martin, E.R., Stenger, J.E., Scherzer, C.R., Hauser, M.A., 

Scott, W.K., Small, G.W., Nance, M.A., Watts, R.L., Hubble, J.P., Koller, W.C., Pahwa, R., 

Stern, M.B., Hiner, B.C., Jankovic, J., Goetz, C.G., Mastaglia, F., Middleton, L.T., Roses, 

A.D., Saunders, A.M., Schmechel, D.E., Gullans, S.R., Haines, J.L., Gilbert, J.R., Vance, 

J.M., Pericak-Vance, M.A., Hulette, C., Welsh-Bohmer, K.A. (2003). Glutathione S-

transferase omega-1 modifies age-at-onset of Alzheimer disease and Parkinson disease. 

Human Molecular Genetics 12(24): 3259-67. 

 

Li-Weber, M., Laur, O., Davydov, I., Hu, C., Salgame, P., and Krammer, P.H.. (1997). 

What controls tissue-specific expression of the IL-4 gene? Immunobiology 198(1-3): 170-8. 

 

Lin, C-Y., Vega V.B., Thomsen J.S., Zhang, T., Kong, S.L., Xie, M., Chiu, K.P., Lipovich, 

L., Barnett, D.H., Stossi, F., Yeo, A., George, J., Kutznetsov, V.A.,  Lee, Y.K., Charn, T.H., 

Palanisamy, N., Miller, L.D., Cheung, E., Katzenellenbogen, B.S., Ruan, Y., Bourque, G., 

Wei, C-L. and Liu, E.T. (2007). Whole-genome cartography of estrogen receptor α binding 

sites. PLoS Genetics 3(6):e87.  

 

Mata, J., Wilbrey, A. and Bahler, J. (2007). Transcriptional regulatory network for sexual 

differentiation in fission yeast. Genome Biology 8:217. 

 

 

 

 



110 

 

Matys, V., Kel-Margoulis, O.V., Fricke, E., Liebich, I., Land, S., Barre-Dirrie, A., Reuter, 

I., Chekmenev, D., Krull, M., Hornischer, K., Voss, N., Stegmaier, P., Lewicki-Potapov, B., 

Saxel, H., Kel, A.E., and Wingender, E. (2006). TRANSFAC and its module 

TRANSCompel: transcriptional gene regulation in eukaryotes. Nucleic acids research 

34(1): D108-10. 

 

Meissner, B., Westner, I.M., Kallenberg, K., Krasnianski, A., Bartl, M., Varges, D., 

Bosenberg, C., Kretzschmar, H.A., Knauth, M., Schulz-Schaeffer, W.J., and Zerr, I. (2005). 

Sporadic Creutzfeldt-Jakob disease: clinical and diagnostic characteristics of the rare VV1 

type. Neurology 65(10): 1544-50. 

 

Michele, D.E., Barresi, R., Kanagawa, M., Saito, F., Cohn, R.D., Satz, J.S., Dollar, J., 

Nishino, I., Kelley, R.I., Somer, H., Straub, V., Mathews, K.D., Moore, S.A., Campbell, 

K.P. (2002). Post-translational disruption of dystroglycan-ligand interactions in congenital 

muscular dystrophies. Nature 418(6896): 417-22. 

 

Miquelajauregui, A., Van de Putte, T., Polyakov, A., Nityanandam, A., Boppana, S., 

Seuntjens, E., Karabinos, A., Higashi, Y., Huylebroeck, D., and Tarabykin, V. (2007). 

Smad-interacting protein-1 (Zfhx1b) acts upstream of Wnt signaling in the mouse 

hippocampus and controls its formation. Proceedings of the National Academy of Sciences 

of the United States of America 104(31): 12919-24. 

 

Mosconi, L., Sorbi, S., Nacmias, B., De Cristofaro, M.T.R., Fayyaz, M., Cellini, E., 

Bagnoli, S., Bracco, L., Herholz, K., and Pupi, A. (2003). Brain metabolic differences 

between sporadic and familial Alzheimer's disease. Neurology 61(8): 1138-40. 

 

 

 

 



111 

 

 

Moser, M.B., and Moser, E.I. (1998). Functional differentiation in the hippocampus. 

Hippocampus 8(6): 608-19. 

 

Motohashi, H., Katsuoka, F., Miyoshi, C., Uchimura, Y., Saitoh, H., Francastel, C., Engel, 

J.D. and Yamamoto, M. (2006). Molecular and Cellular Biology 26(12): 4652-4663. 

 

Muenter, M.D., Forno, L.S., Hornykiewicz, O., Kish, S.J., Maraganore, D.M., Caselli, R.J., 

Okazaki, H., Howard, F.M., Snow, B.J., and Calne, D.B.. (1998). Hereditary form of 

parkinsonism--dementia. Annals of Neurology 43(6): 768-81. 

 

Neumann, M., Sampathu, D.M., Kwong, L.K., Truax, A.C., Micsenyi, M.C., Chou, T.T., 

Bruce, J., Schuck, T., Grossman, M., Clark C.M., McCluskey, L.F., Miller, B.L., Masliah, 

E., Mackenzie, I.R., Feldman, H., Feiden, W., Kretzschmar, H.A., Trojanowski, J.Q., and 

Lee, V.M-Y. (2006). Ubiquitinated TDP-43 in frontotemporal lobar degeneration and 

amyotrophic lateral sclerosis. Science 314(5796): 130-3. 

 

Ohtake, H., Limprasert, P., Fan, Y., Onodera, O., Kakita, A., Takahashi, H., Bonner, L.T., 

Tsuang, D.W., Murray, I.V.J., Lee, V,M-Y., Trojanowski, J.Q., Ishikawa, A., Idezuka, J., 

Murata, M., Toda, T., Bird, T.D., Leverenz, J.B., Tsuji, S., and La Spada, A.R. (2004). 

Beta-synuclein gene alterations in dementia with Lewy bodies. Neurology 63(5): 805-11. 

 

Papatheodoropoulos, C., and Kostopoulos, G. (2000). Decreased ability of rat temporal 

hippocampal CA1 region to produce long-term potentiation. Neuroscience Letters 279(3): 

177-80. 

 

 

 

 



112 

 

Pazos, A., Cortés, R., and Palacios, J.M. (1985). Thyrotropin-releasing hormone receptor 

binding sites: autoradiographic distribution in the rat and guinea pig brain. Journal of 

Neurochemistry 45(5): 1448-63. 

 

Petrovich, G.D., Canteras, N.S., and Swanson, L.W.. (2001). Combinatorial amygdalar 

inputs to hippocampal domains and hypothalamic behavior systems. Brain Research 

Reviews 38(1-2), 247-89. 

 

Pinkstaff, J.K., Detterich, J., Lynch, G., and Gall, C. (1999). Integrin subunit gene 

expression is regionally differentiated in adult brain. The Journal of Neuroscience 19(5): 

1541-56. 

 

Racine, R., Rose, P.A., and Burnham, W.M.. (1977). Afterdischarge thresholds and kindling 

rates in dorsal and ventral hippocampus and dentate gyrus. The Canadian journal of 

neurological sciences 4(4): 273-8. 

 

Reddy, P.H., Williams, M., Charles, V., Garrett, L., Pike-Buchanan, L., Whetsell, W.O., 

Miller, G., and Tagle, D.A. (1998). Behavioural abnormalities and selective neuronal loss in 

HD transgenic mice expressing mutated full-length HD cDNA. Nature Genetics 20(2): 198-

202. 

 

Reymann, S. and Borlak, J. (2006). Transcriptome profiling of human hepatocytes treated 

with Aroclor 1254 reveals transcription factor regulatory networks and clusters of regulated 

genes. BMC Genomics 7:217. 

 

 

 

 

 



113 

Risold, P.Y., and Swanson, L.W. (1997). Connections of the rat lateral septal complex. 

Brain Research Reviews 24(2-3): 115-95. 

 

Rossi, G., Giaccone, G., Maletta, R., Morbin, M., Capobianco, R., Mangieri, M., 

Giovagnoli, A.R., Bizzi, A., Tom,aino, C., Perri, M., Di Natale, M., Tagliavini, F., Bugiani, 

O., and Bruni, A.C. (2004). A family with Alzheimer disease and strokes associated with 

A713T mutation of the APP gene. Neurology 63(5): 910-2. 

 

Rovelet-Lecrux,, A. Hannequin, D., Raux, G., Le Meur, N., Laquerrière, A., Vital, A., 

Dumanchin, C., Feuillette, S., Brice, A., Vercelletto, M., Dubas, F., Frebourg, T., and 

Campion, D. (2006). APP locus duplication causes autosomal dominant early-onset 

Alzheimer disease with cerebral amyloid angiopathy. Nature Genetics 38(1): 24-6. 

 

Saeed, A.I., Sharov, V., White, J., Li, J., Liang, W., Bhagabati, N., Braisted, J., Klapa, M., 

Currier, T., Thiagarajan, M., Sturn, A., Snuffin, M., Rezantsev, A., Popov, D., Ryltsov, A., 

Kostukovich, E., Borisovsky, I., Liu, Z., Vinsavich, E., Trush, V., and Quakenbush, J. 

(2003). TM4: a free, open-source system for microarray data management and analysis. 

BioTechniques 34(2): 374-8. 

 

Shannon, P., Markiel, A., Ozier, O., Baliga, N.S., Wang, J.T., Ramage, D., Amin, N., 

Shwikowaski, B., and Ideker, T. (2003). Cytoscape: a software environment for integrated 

models of biomolecular interaction networks. Genome Research 13(11): 2498-504. 

 

Sheth, U. and Parker, R. (2003). Decapping and decay of messenger RNA occur in 

cytoplasmic processing bodies. Science 300(5620): 805-808. 

 

 

 

 

 



114 

Shin, M.H., Lee, E-G., Lee, S-H., Lee, Y.S., and Son, H.. (2002). Neural cell adhesion 

molecule (NCAM) promotes the differentiation of hippocampal precursor cells to a 

neuronal lineage, especially to a glutamatergic neural cell type. Experimental & Molecular 

Medicine 34(6): 401-10. 

 

Shingleton, A.W., Das, J., Vinicius, L. and Stern, D.L. (2005). The temporal requirements 

for insulin signaling during development in drosophila. PLoS Biology 3(9): e289.  

 

Shiraki, T., Kondo, S., Katayama, S., Waki, K., Kasukawa, T., Kawaji, H., Kodzius, R., 

Watahiki, A., Nakamura, M., Arakawa, T., Fukuda, S., Sasaki, D., Podhajska, A., Harbers, 

M., Kawai, J., Carninci, P., and Hayashizaki, Y. 2003(). Cap analysis gene expression for 

high-throughput analysis of transcriptional starting point and identification of promoter 

usage. . Proceedings of the National Academy of Sciences of the United States of America 

100:15776-15781. 

 

Small, S.A., Nava, A.S., Perera, G.M., DeLaPaz, R., Mayeux, R., and Stern, Y. (2001). 

Circuit mechanisms underlying memory encoding and retrieval in the long axis of the 

hippocampal formation. Nature Neuroscience 4(4): 442-449.  

 

Sood, R., Zehnder, J.L., Druzin, M.L. and Brown, P.O. (2006). Gene expression patterns in 

human placenta. . Proceedings of the National Academy of Sciences of the United States of 

America 103(14): 5478-5483. 

 

Teboul, L., Febbraio, M., Gaillard, D., Amri, E.Z., Silverstein, R., and Grimaldi, P.A. 

(2001). Structural and functional characterization of the mouse fatty acid translocase 

 

 

 

 



115 

promoter: activation during adipose differentiation. The Biochemical Journal 360(2):  305-

12. 

 

Thompson, C., MacPherson, C., Pathak, S, Lydia, N., Allison, C., Schmeier, S., Hofmann, 

O., Kaur, M., Riley, Z., Hide, W., Sunkin, S., Bernard, A., Puchalski, R., Gage, F., 

Hawrylycz, M., Jones, A., Bajic, V.B., and Lein, E. Molecular partitioning of the 

hippocampus into novel subdomains with implications for functional architecture and 

transcriptional regulation. Manuscript submitted to Neuron, 2007. 

 

Tomita, T., Maruyama, K., Saido, T.C., Kume, H., Shinozaki, K., Tokuhiro, S., Capell, A., 

Walter, J., Grunberg, J., Haass, C., Iwatsubo, T., and Obata, K. (1997). The presenilin 2 

mutation (N141I) linked to familial Alzheimer disease (Volga German families) increases 

the secretion of amyloid beta protein ending at the 42nd (or 43rd) residue. Proceedings of 

the National Academy of Sciences of the United States of America 94(5): 2025-30. 

 

van Groen, T., Miettinen, P., and Kadish, I. (2003). The entorhinal cortex of the mouse: 

organization of the projection to the hippocampal formation. Hippocampus 13(1): 133-49. 

 

Verney, C., Baulac, M. , Berger, B., Alvarez, C., Vigny, A., and Helle, K.B. (1985). 

Morphological evidence for a dopaminergic terminal field in the hippocampal formation of 

young and adult rat. Neuroscience 14(4): 1039-52. 

 

Verwer, R.W., Meijer, R.J., Van Uum, H.F., and Witter, M.P. (1997). Collateral projections 

from the rat hippocampal formation to the lateral and medial prefrontal cortex. 

Hippocampus 7(4): 397-402. 

 

 

 

 

 



116 

Wakabayashi, K., Hayashi, S., Ishikawa, A., Hayashi, T., Okuizumi, K., Tanaka, H., Tsuji, 

S., and Takahashi, H. (1998). Autosomal dominant diffuse Lewy body disease. Acta 

neuropathologica 96(2): 207-10. 

 

Wang, Y., Barbacioru, C., Hyland, F., Xiao, W., Hunkapiller, K.L., Blake, J., Chan, F., 

Gonzalez, C., Zhang, L. and Samaha, R.R. (2006). Large scale real-time PCR validation on 

gene expression measurements from two commercial long-oligonucleotide microrrays.  

BMC Genomics 7:59.  

 

Wilhelmsen, K.C., Forman, M.S., Rosen, H.J., Alving, L.I., Goldman, J., Feiger, J., Lee, 

J.V., Segall, S.K., Kramer, J.H., Lomen-Hoerth, C., Rankin, K.P., Johnson, J., Feiler, H. S., 

Weiner, M.W., Lee, V.M-Y., Trojanowski, J.Q., and Miller, B.L. (2004). 17q-linked 

frontotemporal dementia-amyotrophic lateral sclerosis without tau mutations with tau and 

alpha-synuclein inclusions. Archives of Neurology 61, no. 3, 398-406. 

 

Wimo, A., Winblad, B., and Jonsson, L. (2007). An estimate of total worldwide societal 

costs of dementia in 2005. Alzheimer's & Dementia 81-91. 

 

Wodarz, A., and Nusse, R.. (1998). Mechanisms of Wnt signaling in development. Annual 

review of cell and developmental biology 14:59-88. 

 

Yi, J-H., Park, S-W., Kapadia, R. and Vemuganti, R. (2007). Role of transcription factors 

mediating post-ischemic cerebral inflammation and brain damage. Neurochem Int. 50(7-8): 

1014-1027. 

 

 

 

 

 



117 

Zhao, C., Teng, E.M., Summers, R.G., Ming, G-L., and Gage, F.H. (2006). Distinct 

morphological stages of dentate granule neuron maturation in the adult mouse 

hippocampus. The Journal of Neuroscience, 26(1): 3-11. 

 

Zuberi, S.M. and Hanna, M.G. (2001). Current topic: Ion channels and neurology. Arch. 

Dis. Child. 84:277-280.  

 

 

 

 



 

118 

 
Appendix A: Supplementary Figures 

 
Contents:  

 

Supplementary Figure  01:  K-means  gene  c lus ters  based  

on  TFBS dis t r ibut ion  amongst  CA3 express ing  genes  

 

Supplementary Figure  02:  Clus ter ing  resul t s  of  

gene |TFBS dis t r ibut ions  us ing  Eucl idean  d is tance  

 

Supplementary Figure  03:  Ful l  ne twork  of  Clus ter - to  

Gene- to-TFBS associa t ions  

 

 

 

 



 

119 

 
Appendix B: Supplementary Tables 

 
Contents 

 

Supplementary Table  01:  List of significant TFBSs and their 

distribution across 12 CA3 clusters 

 

Supplementary Table  02:  Candidate transcription factor binding 

sites ordered from the most promising to the least 

 

Supplementary Table  03:  Description of all predicted TFBSs and 

their shape within network representations 

 

Supplementary Table  04:  Cluster Specific and Non-Specific 

TFBS 

 

Supplementary Table  05:  Overlap of Singleton Genes with those 

that demonstrate ambiguous clustering in the 12 CA3 clusters 

 

 

 

 



 

120 

 
Appendix C: Supplementary Data Files 

 
Content:  

 

Supplementary Data  Fi le  01:  TFBS mappings to CA3 Cluster 1 

Supplementary Data  Fi le  02:  TFBS mappings to CA3 Cluster 2 

Supplementary Data  Fi le  03:  TFBS mappings to CA3 Cluster 3 

Supplementary Data  Fi le  04:  TFBS mappings to CA3 Cluster 4 

Supplementary Data  Fi le  05:  TFBS mappings to CA3 Cluster 5 

Supplementary Data  Fi le  06:  TFBS mappings to CA3 Cluster 6 

Supplementary Data  Fi le  07:  TFBS mappings to CA3 Cluster 7 

Supplementary Data  Fi le  08:  TFBS mappings to CA3 Cluster 8 

Supplementary Data  Fi le  09:  TFBS mappings to CA3 Cluster 9 

Supplementary Data  Fi le  10:  TFBS mappings to CA3 Cluster 10 

Supplementary Data  Fi le  11:  TFBS mappings to CA3 Cluster 11 

Supplementary Data  Fi le  12:  TFBS mappings to CA3 Cluster 12 

Supplementary Data  Fi le  13:  Example  ‘XGMML’ code  for  

cytoscape  ne tworks  

Supplementary Data  Fi le  14:  Breakdown of  c lus ter  

spec i f ic  genes  and TFBSs presented  in  Figure  20  

Supplementary Data  Fi le  15:  Example  of  EZ Graph 

human readable  f la t  f i le  format  

 

 

 

 


	Title page

	Keywords
	Abstract
	Thesis structure
	Acknowledgements
	Table of Contents
	List of Abbreviations
	Chapter 1: Introduction
	Chapter 2: A discrete moleculararchitecture underlies the cellular patterningand function of the hippocampus
	Chapter 3: Predicted transcriptionfactor binding sites in promoters ofdifferentially expressed genes of CA3identify groups of co-expressing genes
	Chapter 4: Networks of Gene-to-TranscriptionFactor edges elucidate keynodes in the regulatory potential behinddifferential gene expression along thesepto-temporal axis of CA3 anatomy
	Chapter 5: Graph EZ software tool
	Chapter 6: Discussion and concludingremarks
	References
	Appendix

