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m a l a b s o r p t i o n  of n u t r i e n t s  c o u l d  p roduce  f loral  changes  
or  i n h i b i t  c e r t a i n  bac te r i a l  enzymes .  I n  th i s  regard,  7 e- 
dehydroxy tase ,  t he  bac te r i a l  e n z y m e  respons ib le  for  t he  
anae rob i c  a n d  i r revers ib le  d e h y d r o x y l a t i o n ,  wh ich  affects  
t he  b u l k  of i n t e s t i n a l  bi le  acids, is i n h i b i t e d  b y  dehYdro-  
x y l a t e d  f a t t y  acids lL However ,  resu l t s  in t he  4 CF 
ch i ld ren  w i t h o u t  p a n c r e a t i c  insuf f ic iency  (CF-1) do n o t  
f a v o u r  t h a t  hypo thes i s .  A l t h o u g h  t h e  p r e s e n t  s tud ies  
were  car r ied  o u t  whi le  p a t i e n t s  were off an t ib io t i c s ,  i t  is 
possible  t h a t  t he  i n t e s t i n a l  f lora could be  chron ica l ly  
a l t e red  because  of i n t e r m i t t e n t  b u t  p ro longed  per iods  of 
a n t i b i o t i c  t h e r a p y .  Th i s  would  be s t  a c c o u n t  for t h e  ob- 
s e r v a t i o n  t h a t  t h e  p e r c e n t  l i thochol ic  acid g e n e r a t e d  b y  
CF-1 stools i n c u b a t e d  w i t h  chenodeoxycho l i c  was lower 
t h a n  t h e  p e r c e n t  o b t a i n e d  in controls .  
]Bile acids, especia l ly  in t he i r  u n c o n j u g a t e d  form,  are in-  
h i b i t o r y  to  anae rob i c  i n t e s t i n a l  m i c r oo r gan i s m s  ~s. Be-  
cause  of t he  large fecal  losses of bile acids in  CF w i t h  p a n -  
c rea t ic  insuf f ic iency  1~, i t  is r ea sonab le  to  suppose  t h a t  t he  
anae rob i c  f lora  respons ib le  for t he  7 c{-dehydroxyla t ion of 
cholic and  chenodeoxycho l i c  acid is is reduced.  I n  v iew of 
t h e  r e p o r t e d  i n h i b i t i o n  of 7 e - d e h y d r o x y l a s e  b y  a n  excess 
of s u b s t r a t e  ~9, t h e  poss ib i l i ty  t h a t  t h e  decreased  dehyd ro -  
x y l a t i o n  could be  due  to  large c o n c e n t r a t i o n s  of free 
p r i m a r y  bile acids  in  CF stool  h o m o g e n a t e s  c a n n o t  be  
dismissed.  However ,  t h e  c o n c e n t r a t i o n s  necessa ry  to  
ach ieve  s u b s t r a t e  i n h i b i t i o n  t5 are  far  in excess of con-  
c e n t r a t i o n s  we h a v e  f o u n d  in CF. 

The  p a t h o g e n e s i s  of bi le  acid m a l a b s o r p t i o n  in  CF  re- 
m a i n s  obscure.  A l t h o u g h  free bile acids are a b s o r b e d  
fas te r  t h a n  c o n j u g a t e d  ones 20, t he  p r e s e n t  f ind ings  do n o t  
sugges t  t h a t  t h e  h y d r o x y l a s e  bac te r i a l  enzymes  could  be  
a l imi t ing  factor .  The  impa i r ed  capac i t y  of CF stool  ho-  
m o g e n a t e s  to  d e h y d r o x y l a t e  bi le  acids is no t  l ikely to be  
respons ib le  for t he  large fecal s e q u e s t r a t i o n  of bi le  acids  
in CF, since free and  d e h y d r o x y l a t e d  bile acids are  p r o b -  
a b l y  equa l ly  well  a b s o r b e d  b y  t h e  i l eum 2o. I n  fact ,  im-  
pa i red  d e h y d r o x y l a t i o n  would  f a v o u r  bi le  acid a b s o r p t i o n  
in t he  colon since deoxychol ic  acid, r ead i ly  b o u n d  to  
d i e t a r y  res idues  and  bac te r i a ,  a n d  l i thochol ic ,  preci-  
p i t a t e d  ou t  of solut ion,  are  la rgely  u n a v a i l a b l e  for  ab-  
so rp t ion  ~1. 
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Summary. Elec t rophys io log ica l  a n d  b e h a v i o u r a l  e x p e r i m e n t s  showed  t h a t  wh i t e f i sh  (Coregonus c lupeaformis)  were 
able  to  d i s c r im ina t e  b e t w e e n  glycine a n d  ful ly d e u t e r a t e d  glycine  b y  olfact ion,  whi le  b o t h  chemica l s  s t i m u l a t e d  t h e  
o l f ac to ry  r ecep to r s  to  induce  b u l b a r  responses  of s imi la r  m a g n i t u d e .  

F i sh  m a y  d e t e c t  va r ious  chemica l  s t imul i  a n d  r e spond  
b y  c h a n g i n g  t h e i r  b e h a v i o u r a l  p a t t e r n s .  These  m a y  be  
cha rac t e r i zed  as e i t he r  a v o i d a n c e  or p re fe rence  d e p e n d i n g  
u p o n  t h e  s t imul i  perce ived.  These  chemica l  s t imul i  are  
de t ec t ed  t h r o u g h  a t  l eas t  2 d i f fe ren t  sensory  channe ls ,  
o l fac t ion  a n d  tas te ,  as in  t e r r e s t r i a l  v e r t e b r a t e s .  I n  fish, 
b o t h  o l fac t ion  a n d  t a s t e  t a k e  place  en t i r e ly  in  t he  a q u a t i c  
e n v i r o n m e n t .  The  ca r r i e r  of s t i m u l a n t  molecules  is water ,  
t he re fo re  chemica l s  t h a t  are  de t ec t ed  o l fac tor i ly  need  n o t  
be  vola t i le .  T h u s  t h e  spec t r a  of chemica l s  de t ec t ed  b y  
fistl could  be  en t i r e ly  d i f fe ren t  f r o m  those  de t ec t ed  b y  
t e r r e s t r i a l  an ima l s .  One of such  chemica l  classes is t h e  
a m i n o  acid. E lec t rophys io log ica l  s tud ies  i nd i ca t e  t h a t  
c e r t a i n  a m i n o  acids,  w h i c h  are  n o r m a l l y  n o n - o d o u r o u s  
to h u m a n s ,  are  e x t r e m e l y  ef fec t ive  o l fac to ry  s t imu l i  a n d  
m a y  p l a y  a n  i m p o r t a n t  role, such  as ac t ing  as chemica l  
s ignals ,  in  o l f ac to ry  c o m m u n i c a t i o n  in f ishes 2-5. R e c e n t  
i n v e s t i g a t i o n  of t h e  speci f ic i ty  of o l f ac to ry  s t i m u l a t i o n  
b y  a m i n o  acids a n d  ana logues  ha s  led to  t h e  e s t a b l i s h m e n t  
of def in i te  s t r u c t u r e - a c t i v i t y  re la t ionsh ips ,  a n d  f u r t h e r  
sugges ted  t h e  n a t u r e  of a poss ible  r ecep to r  m e m b r a n e  
b i n d i n g  s i te  w h i c h  invo lves  2 cha r ged  subsi tes ,  one ca t -  
ionic,  one anionic ,  c apab l e  of i n t e r a c t i n g  w i t h  ionized 
e - amino  a n d  c{-carboxyl g roups  of a m i n o  acid molecules  6, v. 
The  s u b s t i t u t i o n  of a n  isotopic  a t o m  such  as d e u t e r i u m  
for  p r o t i u m  ill a molecule  c o n t a i n i n g  h y d r o g e n  shou ld  

leave  essen t ia l ly  u n c h a n g e d  those  molecu la r  p roper t i e s  
t h a t  are  assoc ia ted  w i t h  e lec t ron ic  s t r u c t u r e  a n d  force 
fields. I n  con t ras t ,  molecu la r  p rope r t i e s  d e p e n d e n t  u p o n  
mass  are  changed  s. I f  t h e  o l f ac to ry  r ecep to r  for a m i n o  
acid de t ec t i on  invo lves  a n  electr ic  field t h a t  f i ts  t h e  re- 
cep to r  s i te  men t ioned ,  t h e  r e p l a c e m e n t  of h y d r o g e n  w i t h  
d e u t e r i u m  shou ld  n o t  change  t he  s t i m u l a t o r y  effect ive-  
ness  of a molecule.  I f  i t  invo lves  molecu la r  mo t ions  or 
dipole m o m e n t s  9,1~ t h e  isotopic  effects shou ld  cause  
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changes .  Here  I p r e s e n t  ev idence  t h a t  t he  amino  acid 
glycine  (Gly) a n d  ful ly  d e u t e r a t e d  glycine  (Gly-d~) (bo th  
o b t a i n e d  f rom Ald r i ch  Chemica l  Co., 9 8 %  pur i ty )  h a v e  
s imi la r  s t i m u l a t o r y  ef fec t iveness  i nd i s t i ngu i shab le  elec- 
t rophys io logica l ly ,  b u t  t h a t  f ish are able  to  d i s c r imina t e  
b o t h  c o m p o u n d s  o l fac tor i ly  w h e n  t e s t e d  behav iou ra l ly .  
The  e lectr ical  responses  were m e a s u r e d  in t he  o l fac to ry  
b u l b  of whi t e f i sh  (Coregonus c lupeaformis)  w h e n  t h e  
pa i red  nares  were s t i m u l a t e d  w i t h  so lu t ions  of Gly  a n d  
Gly-d  5 accord ing  to t h e  m e t h o d  descr ibed  p rev ious ly  1i, i~. 
G ly  is t he  smal les t  of a m i n o  acid molecules  t h a t  fulfill  
m o s t  of t he  r e q u i r e m e n t s  for  o l f ac to ry  s t i m u l a t i o n  in 
f ish 6. The  i n t e g r a t e d  b u l b a r  responses  to  Gly  a n d  Gly-d  5 
increased  e x p o n e n t i a l l y  w i t h  a l oga r i t hmic  increase  in 
s t imu lus  i n t e n s i t y  u n t i l  t h e  response  r eached  a m a x i m u m .  
No s ign i f i can t  di f ference in t h e  s t i m u l a t o r y  ef fec t iveness  
was obse rved  be tween  2 c o m p o u n d s  over  t h e  c o n c e n t r a t i o n  
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Fig. 1. Relations between the olfactory bulbar responses and the 
concentrations of glyeine and glycine-d~. The inserted record shows 
a typical response induced by 10 -* M glycine, where the top record 
indicates an integration of the below. The period of stimulation and 
time marker indicating 1-see-intervals is shown at bottom. 
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Fig. 2. Avoidance and preference reactions of whitefish to glycine 
and glycine-d~, with performance of each fish treated as a graded 
response. The lines represent mean reactions at each concentration. 
Diamonds at far left represent the control response of fish with clean 
water in both halves of the trough. 

r ange  t e s t ed  (figure 1). The  c r o s s - a d a p t a t i o n  e x p e r i m e n t s  
pe r fo rmed  ind ica te  t h a t  b o t h  Gly  a n d  Gly-d 5 m a y  s t im-  
u la t e  t h e  same  r ecp to r  site. 
The  b e h a v i o u r M  reac t ions  of whi t e f i sh  to Gly  a n d  Gly-d~ 
were t e s t ed  in an  avo idance /p re fe rence  t r o u g h  (plexiglass, 
17 • 17 • 120 cm). Deta i l s  of t he  se tup  a n d  e x p e r i m e n t a l  
p rocedures  are descr ibed  elsewhere13,14. Briefly,  w a t e r  
f lows i n to  each  end  a n d  o u t  t h e  cen t re  of t he  t rough,  w i t h  
t e s t  so lu t ion  on one or  o the r  side. W i t h  a p p r o p r i a t e  flow 
ve loc i ty  (0.6 cm/sec  in t he  p r e s e n t  exper imen t ) ,  a d i s t i nc t  
s e p a r a t i o n  b e t w e e n  t he  2 bodies  of w a t e r  a t  t h e  cen t re  
was ob ta ined .  Fol lowing t he  in i t i a l  a c c u s t o m i z a t i o n  for 
a b o u t  5 min,  whi te f i sh  genera l ly  s w a m  b a c k  and  f o r t h  
across t he  cen t re  line, w i t h  on ly  occas ional  stops.  I n  each  
t e s t  t he  fol lowing p rocedure  was  a d o p t e d :  a) w i t h  c lean 
w a t e r  in  b o t h  ha lves  of t he  t rough ,  t he  t ime  wh ich  a f ish 
s p e n t  in  one  side was ca lcu la ted  as a p e r c e n t a g e  of t he  
t o t a l  t e s t  t i m e  of t he  5 m i n  (control  recording) ,  b) upon  
i n t r o d u c t i o n  of a t e s t  chemica l  in  e i the r  side, t he  t i m e  
s p e n t  b y  t he  f ish i n  t he  c lean side was ca lcu la ted  as in a. 
The  m e a n  va lue  of t ime- responses  d u r i n g  con t ro l  record-  
ing for  all t e s t s  was close to  50% (neu t ra l  r e ac t i on ;  
d i a m o n d s  in f igure 2). T ime- responses  ove r  50% were 
cons idered  to be avo idance ,  a n d  t ime- responses  less t h a n  
50% were cons idered  to be  preference.  Tes t  so lu t ions  
were i n t r o d u c e d  in to  e i the r  side a t  r a n d o m .  E a c h  f ish 
was t e s t ed  on ly  once to  one c o n c e n t r a t i o n  of chemica l  a t  
a t ime.  
W h i t e f i s h  avo ided  Gly-d~ a t  all  c o n c e n t r a t i o n s  tes ted ,  
excep t  10 .8 M a t  wh ich  no  apprec iab le  r eac t ion  was ob-  
se rved  (figure 2). On t he  con t r a ry ,  t h e y  showed a d iverse  
r eac t i on  p a t t e r n  to  Gly  over  t h e  c o n c e n t r a t i o n  r ange  
tes ted .  A t  10 -s M, some f ish def in i te ly  avo ided  Gly, b u t  
o the r s  did  n o t  avo id  it. 3 f ish avo ided  Gly  a t  10-~ M, b u t  
3 pre fe r red  it, r e su l t ing  in a n e u t r a l  reac t ion .  Clear  pre-  
ference was obse rved  a t  10 -~ a n d  I0 -5 M. All  f ish showed  
s l igh t  avo idance  to Gly  a t  t h e  h ighes t  concen t r a t i on ,  
10 .4 M. Such  b iphas ic  reac t ions  of f ish to  chemica ls  are 
n o t  u n u s u a l  1~. Since t h e  preference  reac t ions  to  Gly  were 
e l imina t ed  a f t e r  t h e  nares  of f ish were  cauter ized ,  i t  is 
c lear  t h a t  t he  b e h a v i o u r  r eac t ions  obse rved  are m e d i a t e d  
p r i m a r i l y  t h r o u g h  olfact ion.  
The  resul t s  c lear ly  ind ica te  t h a t  wh i t e f i sh  were able  to  
d i s c r imina t e  be tween  Gly  a n d  Gly-d 5 b y  olfact ion,  in  
sp i te  of t he  f ac t  t h a t  b o t h  chemica l s  s t i m u l a t e d  t h e  
o l fac to ry  recep tors  to  induce  b u l b a r  responses  o f  s imi la r  
m a g n i t u d e .  P rev ious  s tud ies  h a v e  sugges ted  t h a t  s t imu-  
l a t o r y  ef fec t iveness  depends  u p o n  i n t e r a c t i o n  of an  amino  
acid molecule  w i t h  a r ecep to r  m e m b r a n e  s t r u c t u r e  of 
def in i te  shape,  size a n d  cha rge  d i s t r ibu t ionS ,  ~. F u r t h e r -  
more,  a r ecep to r  si te  can  be  cons idered  t h a t  invo lves  2 
cha rged  subs i tes  capab le  of i n t e r a c t i n g  w i t h  ionized 
a m i n o  and  c a r b o x y l  groups  of a m i n o  acid molecules.  
Since d e u t e r a t i o n  shou ld  leave essen t ia l ly  u n c h a n g e d  
molecu la r  shape  a n d  those  molecu la r  p rope r t i e s  associa ted  
w i t h  e lec t ronic  s t r u c t u r e  a n d  force fields, b u t  a l t e r  mole-  
cu la r  mot ions ,  t he  p r e sen t  resu l t s  sugges t  t h a t  o l f ac to ry  
s t i m u l a t i o n  b y  amino  acids in  f ish invo lves  a n  electr ic  
field t h a t  f i ts  a r ecep to r  s i te  men t ioned ,  a n d  f u r t h e r  t h a t  
t he  d i s c r i m i n a t o r y  process  m a y  be  assoc ia ted  w i t h  o t h e r  
molecu la r  p roper t i e s  such  as molecu la r  mot ions .  
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