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Each  poin t  on the  g raph  is a result  f rom a single session. 
Above the  g raph  are pairs  of circular phase  h i s tograms  
which  are a r ranged  in the  same order  as points  on the  
graph.  T h a t  is, the  first  pai r  of h i s tograms  shows the  
phase  of the  dr iving cycle a t  which  muscles L2b and D l a  
were recrui ted in each cycle dur ing the  session f rom which  
the f irs t  po in t  on the  graph  was derived.  H i s tog rams  3, 
4, 5, 7 and  8, re la t ing to sessions in which the  dr iven  fre- 
quency  was equal  to the  dr iving f requency  or was half  
the  dr iv ing f requency,  show t h a t  the  muscle r ec ru i tmen t  
cycle became phase  locked to  the  dr iving cur ren t  dur ing  
these  sessions. Dur ing  e n t r a i n m e n t  the  normal  L 2 b - D l a  
phase  angle of abou t  80 ~ was main ta ined .  

During sessions 1, 2 and 5, absolute  coord ina t ion  of the  
sort  descr ibed for the  o ther  sessions was no t  observed,  
bu t  the  neural  mo to r  exh ib i ted  a t endency  to ma in t a in  a 
prefer red  phase  re la t ionship  wi th  the  dr iving signal, slip- 
p ing rapidly  t h rough  regions of unfavourab le  phase  re- 
la t ionship  in the  m anne r  descr ibed by  VON HoLs* 5 as 
re la t ive  coordinat ion.  
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:Fig. 3. Regression of coupling phase angle on frequency difference. 
Ordinate: phase of muscle recruitment in driving signal cycle (posi- 
tive going zero voltage crossing = zero phase). Abscissa: difference 
between driving frequency (/o) and mean free-running frequency 
([,~). Abbreviation: ~ ,  mean recruitment phase angle during an en- 
training session (radians). Other abbreviations as in Figure 2. 

In  Figure 3 results  f rom a d i f ferent  set  of expe r imen t s  
are presented.  The phase  in the  dr iv ing cycle a t  which  
muscles were recrui ted  is shown on the  ordinate .  E a c h  
poin t  is ob ta ined  f rom a single session dur ing which  for- 
ward  bea t ing  was absolu te ly  en t r a ined  to the  dr iv ing 
signal for a m i n i m u m  of 10 cycles, and  represents  the  
mean r ec ru i tmen t  phase  angle dur ing  t h a t  session 6. The 
difference be tween  the  dr iv ing f requency  and tile mean  
free runn ing  f requency  for each session is p lo t t ed  along 
the  abscissa. The neural  motor  ev iden t ly  becomes ad-  
vanced  in the  dr iving cycle when  i t  is forced to run  
slowly, and r e t a rded  when  i t  is speeded  up. 

Four  fea tures  of these  resul ts  indicate  t h a t  the  dr iv ing 
signal ent ra ins  t he  neural  m o t o r  r a the r  t h a n  t h a t  it  drives 
the  muscles i ndependen t ly  of the  neural  motor .  These are, 
1. the  ma in t enance  of in te rmuscu la r  phase  angles dur ing  
en t r a inmen t ;  2. the  res t r ic ted  range of dr iving frequencies 
over which  absolute  coupling is observed,  3. the  re la t ive 
coordinat ion  observed outs ide  the  absolute  coupling fre- 
quency  bands ,  and  4. t he  phase  r e t a rda t ion  observed  
when  the  sys t em is made  to  run fas tL  

I t  is no t  possible to decide whe the r  the  neural  oscillator 
is en t ra ined  di rec t ly  to the  appl ied current ,  or w h e t h e r  
t h a t  cur ren t  modula tes  ac t iv i ty  ill a set  of neurones  to  
which the  neural  oscillator can become entra ined.  Never-  
theless now t h a t  expe r imen ta l  e n t r a i n m e n t  has been de- 
mons t ra ted ,  it  should be possible using a small  e lectrode 
to  map  the  regions of t he  gangl ion hav ing  tile g rea tes t  
sens i t iv i ty  to the  dr iving signal. In  th is  way  one could 
hope to locate the  neural  oscillator, cont ro l  its period, and 
even ob ta in  an indica t ion  of its size and  s t ructure .  
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The Oxygen-Linked Hydrogen Ion Binding (the Haldane Coefficient) of Bovine Hemoglobin 

N. TAKANO 1 and  K. NISHIKURA 

Department o/ Physiology, School o/Medicine,  Kanazawa University, Kanazawa 920 (Japan), 25 March 7976. 

Summary.  The Ha ldane  coefficient  (the a m o u n t  of the  oxygen- l inked h y d r o g e n  ion b inding  of hemoglobin  )was deter-  
mined  in bovine  e ry th ro lysa te  (Hb concen t ra t ion  = 13.5 mM) by  means  of t he  di f ferent ia l  t i t r a t i on  me t h o d  wi th  vary-  
ing PCO 2 f rom 0 to 74 m m  Hg and  p H  f rom 6.0 to 8.5 a t  37 ~ The m a x i m u m  value of the  coeff icient  was found to  be 
0.49 m M  per  m M  H b  a t  PCO 2 = 0 and p H  7.20. W i t h  increasing of PCOe, t he  coeff icient  became  smaller in all ranges  
of p H  studied.  The coefficient  unde r  the condi t ions  of p H  7.20 and PCO2 = 45 m m  Hg  t h a t  are normal ly  prevai l ing 
in the  inter ior  of bovine e ry th rocy te s  was 0.31. 

At  a physiological  p H  hemoglobin  releases p ro tons  as 
O~ binds  (the alkaline Bohr  effect). The magn i tude  of th is  
effect  is represen ted  by  the  Ha ldane  coefficient expressed  
as - $ H b  H+/dHb-O2. The Ha ldane  coefficient of h u m a n  
hemoglobin  has been repor ted  to be 0.47 under  the  con- 
di t ions  of p H  7.20, PCO 2 = 34 m m  Hg, D P G / H b  4 --  0.84 
and H b  concen t ra t ion  (on a monomer  basis) = 12 m M  2. 
D P G  s tands  for 2 ,3-diphosphoglycerate .  W i t h  oxy-  
genat ion  of blood, an increase in the  nega t ive  charges  of 
the  hemoglobin  due to  the  alkaline Bohr  effect  leads to a 
decrease in the  p H  of t he  inter ior  of e ry th rocy t e s  a t  a 
given p lasma  pH,  t he  magn i tude  being p ropor t iona l  to 
the  Ha ldane  coefficient  8. Recent ly ,  we had  an o p p o r t u n i t y  
to  measure  the  e ry th rocy t e  p H  for bovine blood 4. I t  was 
7.24 on oxygena t ion  of the  blood and 7.252 on deoxygen-  

a t ion a t  p l a sma  p H  of 7.4, the  difference be tween the  
two values  being no t  significant .  This  f inding for the  
bovine blood made  us wonder  w h e t h e r  the Ha ldane  co- 
efficient of bovine hemoglobin  is ve ry  small  a t  physio-  
logical p H  and  PCO2. Resul t s  of s tudies  on the  Ha ldane  
coeff icient  for bovine hemoglob in  and blood are no t  

1 Acknowledgments. We are much obliged to Dr..1. N. HUNT for his 
valuable discussion during preparation of the manuscript. 

20. SIGGAARD-ANDERSEN, Scand. ]. elin. Lab. Invest. 27, 351 
(1971). 
O. SIGGAARD-ANDERSEN, The Acid-Base Status o] the Blood, 4th 
edn. (Munksgaard, Copenhagen 1974), p. 79. 

$' N.  TAKANO, l~,. HAYASt{I a n d  K.  MATSUE, Clin. Physiol. 5, 357 
(1975), in Japanese. 



1438 Specialia EXPERIENTIA 32/11 

read i ly  avai lable .  I n  t he  p r e s e n t  work,  we a t t e m p t e d  to  
d e t e r m i n e  t he  H a l d a n e  coeff ic ient  for the  lysa te  of bov ine  
e r y t h r o c y t e s  w i th  v a r y i n g  p H  a n d  PCO 2 a t  37~ The  
lysa te  of t he  e r y t h r o c y t e s  was chosen  in o rder  to  m a k e  
t h e  d e t e r m i n a t i o n  u n d e r  t h e  cond i t ions  as close to t h e  
in te r io r  of the  e r y t h r o c y t e s  as possible.  Since bov ine  
b lood con ta ins  on ly  t r ace  a m o u n t s  of D P G  5, and  i t  
s l igh t ly  affects  t he  af f in i t ies  of O s and  CO s to  b o v i n e  
h e m o g l o b i n  s,v, t he  effect  of D P G  on t he  H a l d a n e  co- 
eff ic ient  was no t  t a k e n  in to  account .  

Methods. The  H a l d a n e  coeff ic ient  was  d e t e r m i n e d  f rom 
the  dif ference be twe en  t i t r a t i o n  curves  of o x y g e n a t e d  
a n d  d e o x y g e n a t e d  e r y t h r o l y s a t e s  (d i f ferent ia l  t i t r a t i o n  
curve).  The  pr inc ip le  of t he  m e t h o d  was based  on Sm-  
OAARD-ANOERSEN 2. Bov ine  b lood was sampled  d u r i n g  
venesec t ion  a t  a s l augh te rhouse .  The  b lood  to w h i c h  
h e p a r i n  was added,  was  cen t r i fuged  to  o b t a i n  p a c k e d  
e ry th rocy te s .  The  packed  e r y t h r o c y t e s  washed  w i t h  
sal ine were r ap id ly  frozen in the  l iquid  n i t r ogen  and  t h e n  
t h a w e d  a t  room t e m p e r a t u r e .  To a l iquots  of 1.0 ml  of 
e r y t h r o l y s a t e  t h u s  ob ta ined ,  0.6 ml  of t i t r a n t  of acid or 
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Fig. 1. The Haldane  coefficient of bovine  e ry th ro lysa te  a t  va ry ing  
pH and PCO 2 (in nini  Hg) at  37 ~ 
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Fig. 2. The decrease in the Ha ldane  coefficient (<$Haidaue coef.) of 
e ry th ro lysa te  agains t  the increase in PCO~ (dPCO~) at  va ry ing  pH.  
The re la t ionships  shown in this  figure were ob ta ined  based on the 
results  shown in Figure  1. The ordinate  on the r igh t  hand  of the 
figure indica tes  the amoun t  of oxygen- l inked carbamate .  For  the 
computa t ion  of this  amount ,  see text .  

base  were added.  The  t i t r a n t  was  m a d e  b y  mix ing  0.15 M 
KCI and  0.15 N HC1 or 0.15 N K H C O  3 in v a r y i n g  pro- 
por t ions .  The  t i t r a t e d  so lu t ions  of e r y t h r o l y s a t e  were 
t h e n  e q u i l i b r a t e d  a t  37~ in a m i c r o t o n o m e t e r  (Radio-  
meter ,  Blood m i c r o s y s t e m  BMS-2) w i t h  gas m i x t u r e s  

o/ in  c o n t a i n i n g  var ious  COo c o n t e n t s  (0 to 10/o) in  O s or 
N v Fol lowing t he  equ i l ib ra t ion ,  t h e  p H  of t he  solut ions  
of e r y t h r o l y s a t e  was measu red  a t  37 ~ ( R a d i o m e t e r  glass 
e lectrode,  BMS-2 a n d  PHM71Mk2) ,  c a l i b r a t ed  wi t l l  
R a d i o m e t e r  precis ion buffers.  The  H b  c o n c e n t r a t i o n  of 
t he  solut ions  of e r y t h r o l y s a t e  were m e a s u r e d  b y  t he  
c y a n o m e t h e m o g l o b i n  me thod ,  the  molecu la r  we igh t  of 
b o v i n e  h e m o g l o b i n  (monomer)  be ing  e s t i m a t e d  to be  
16,250 s. The  f r ac t ion  of m e t h e m o g l o b i n  in d e o x y g e n a t e d  
so lu t ions  of e r y t h r o l y s a t e  was d e t e r m i n e d  b y  EVELYN 
a n d  12VIALLOY'S m e t h o d  0. 

T i t r a t i o n  curves  (pH vs. a m o u n t  of a d d e d  base  per  
Hb)  were c o n s t r u c t e d  for t he  o x y g e n a t e d  a n d  deoxy-  
gena t ed  e r y t h r o l y s a t e s  a t  t h e  c o n s t a n t  PCO2 values  of 0, 
23, 45, 58 a n d  74 m m  Ha.  The  cu rve  for d e o x y g e n a t e d  
e r y t h r o l y s a t e  was  cor rec ted  for t he  m e t h e m o g l o b i n  
f ract ion.  The  d i s t ance  be tween  t he  t i t r a t i o n  curve  for oxy-  
gena t ed  e r y t h r o l y s a t e  and  t he  cor rec ted  curve  for deoxy-  
gena ted  one a t  a g iven  p H  ind ica tes  the  H a l d a n e  coefficient.  

Results and discussion. The  H b  c o n c e n t r a t i o n  of the  
solut ions  of e r y t h r o l y s a t e  a f t e r  the  t i t r a t i o n  and  equi-  
l i b ra t ion  was a p p r o x i m a t e l y  13.5 raM~1. Figure  1 shows 
the  H a l d a n e  coeff ic ient  of bov ine  e r y t h r o l y s a t e  w i t h  
v a r y i n g  p H  and  PCOo. E a c h  po in t  r ep resen t s  a m e a n  
va lue  of t he  coeff icients  o b t a i n e d  f rom 4 to  7 t i t r a t i o n  
expe r imen t s ,  t he  SD of all t h e  means  be ing  ~- 0.015. The  
H a l d a n e  coeff ic ient  h a d  a m a x i m u m  va lue  a t  a ce r t a in  
p H  in a n y  PCO s levels. A t  PCO s ~ 0, t he  m a x i m u m  va lue  
was seen a t  p H  7.2, t he  va lue  be ing  0.49. This  va lue  is 
s l ight ly  smal ler  t h a n  t h a t  of h u m a n  D P G - d e p l e t e d  e ry th -  
rolysate ,  0.51, d e t e r m i n e d  b y  SIGGAARD-ANDERSEN 2. 

U n d e r  t he  cond i t ions  of p H  7.20, PCO s ~ 45 m m  Hg, 
D P G / H b 4 ~ 0  and  H b  c o n c e n t r a t i o n  13.5 m M  t h a t  
are supposed  to p reva i l  n o r m a l l y  in t he  in te r io r  of bov ine  
e ry th rocy tes ,  t he  H a l d a n e  coeff icient  of b o v i n e  e ry th -  
ro lysa te  was found  to  be 0.31. This  va lue  is cons iderab ly  
smal ler  t h a n  t h a t  for the  h u m a n  e r y t h r o l y s a t e  u n d e r  
s imi lar  cond i t ions  o b t a i n e d  b y  SmaAARD-ANDERSEN s. 
The  smal l  va lue  of t he  H a l d a n e  coefficient  of bov ine  e ry th -  
ro lysa te  m a y  exp la in  in p a r t  t he  non-apprec iab le  dif- 
ference in e r y t h r o c y t e  p H  be tween  o x y g e n a t e d  and  de- 
o x y g e n a t e d  b lood of oxen  a t  a g iven  p l a s m a  pH,  a f ind ing  
t h a t  s t i m u l a t e d  us to  m a k e  t he  p r e sen t  s tudy .  Deta i led  
discussion in th i s  c o n t e x t  is ill progress  ~0. 

As seen in F igure  1, the  H a l d a n e  coefficient  of bov ine  
e r y t h r o l y s a t e  decreased  w i t h  increas ing  of PCOs. F igure  2 
shows the  decrease  in t he  coeff icient  aga ins t  t he  increase  
in PCO~ a t  v a r y i n g  pH.  The  effect  of CO s in decreas ing  
the  coeff icient  was g rea te r  a t  h igher  pH.  The  effect  of 
CO~ on t he  H a l d a n e  coeff icient  is due to t he  f o r m a t i o n  of 
c a rbamino -hemog lob in .  A t  physiological  p H  (7.0-7.6), 
d e o x y h e m o g l o b i n  ha s  a h ighe r  a f f in i ty  to  CO s t h a n  oxy-  
hemoglob in ,  i.e., t h e  oxygen- l inked  c a r b a m a t e  for- 
mar ion '1 .  The  b ind ing  of CO~ to h e m o g l o b i n  causes  a re- 

5 j .  D. TORRANCE, ill Erythrocytes, Thrombocytes, Leukocytes. {Ed. 
F~. GERI.ACH; Georg Thieme Publ. ,  S t u t t g a r t  1973), p. 161. 

6 L. H. J. VAN KEMPEN, P. M. BREEPOEL and F. KREUZER, Respir.  
Physiol.  23, 223 (1975). 
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lease of protons ,  i.e., the  ca rbamino- l inked  p ro ton  for- 
mat ion.  The higher  e x t e n t  of c a r b a m a t e  fo rmat ion  in de- 
oxyhemoglob in  causes the  increase in the  p ro ton  release 
f rom the  deoxyhemoglobin ,  and as the  resul t  of th is  the  
Ha ldane  coefficient is reduced.  If  t he  carbamino- l inked  
p ro ton  fo rma t ion  is assumed to be app rox ima te ly  1.5 m M  
per  m M  of ca rbama te  a t  physiological  p H  ~2, one can 
compu te  the  a m o u n t  of oxygen- l inked  ca rbama te  for- 
ma t ion  of bovine hemoglobin  f rom the  value of -6Hal -  
dane  coeff icient  in Figure  2. The ordina te  shown on the  
r igh t  side of Figure 2 indicates  t he  m M  of oxygen- l inked 

ca rbama te  per  m M  of hemoglobin .  The figure shows t h a t  
the  oxygen- l inked c a r b a m a t e  fo rma t ion  of bovine hemo-  
globin is e s t ima ted  to  be 0.11 m M  at  PCO~ = 40 m m  Hg 
and  p H  7.2. This  value is s l ight ly h igher  t h a n  t h a t  ob- 
t a ined  by  VAN KE~aPEN et al.% Figure  2 also shows t h a t  
the  oxygen- l inked ca rbama te  fo rma t ion  is increased wi th  
PCO 2 and  pH,  as has been d e m o n s t r a t e d  b y  VAN KEMPEN 
et al. 6 

12 L. GARBY, M. ROBERT and B. ZAAR, Acts physiol, scand. 8g, 482 
(1972). 

Ca-Induced  Arrest  R e s p o n s e  in Tr i ton-Extrac ted  Lateral  Cilia of Mytilus Gill 

T. TSUCHIYA ~'2 

Zoological Institute, Faculty of Science, University el Tokyo, Tokyo 113 (Japan), 18 May 7976. 

Summary. The role of Ca ions in the  ciliary arres t  response of Mytilus gill cilia was s tudied  wi th  Tr i ton -ex t r ac t ed  
models.  The cilia cont inue  to  bea t  when  the  Ca ion concen t ra t ion  is lower t h a n  abou t  10 v M, b u t  s top  bea t ing  and 
incline in the  direct ion of the  recovery  s t roke as in the  arres t  response observed in the  living la tera l  cilia when  Ca ion 
concen t ra t ion  is raised above 10 ~-10 -6 M. ATP,  Mg and Ca ions are all indispensable  for the  arres t  response in the  
model  sys tem.  

The ciliary arres t  response,  i.e. an ab rup t  s toppage  of 
ciliary beat ing,  has  been  observed in m a n y  animal  phyla .  
Recent ly ,  much  a t t en t i on  has  been  directed to  the  arres t  
response of the  lateral  cilia in the  gill of the  commo n  
mussel,  Mytilus edulis. These cilia s top bea t ing  when the  
branchia l  nerve  or the  visceral  ganglion is s t imula ted ,  
t empora r i ly  assmning a pos ture  inclined in the  di rect ion 
of the  recovery  stroke.  This  response can also be induced 
by  mechanica l  or chemical  s t imula t ion  given to the  
cilia a-5. Recent ly ,  it  has  been  repor ted  t h a t  the  response 
is accompanied  by  a m e m b r a n e  depolar izat ion of t he  

cil iated cell 6. These results  indicate  cer ta in  similarit ies 
be tween  the  arres t  response and the  ciliary reversal  
response of the  pro tozoans  such as Paramecium. 

Studies  made  wi th  Tr i ton -ex t r ac t ed  models  have  shown 
t h a t  bo th  the  reversal  of ci l iary bea t ing  in Paramecium 
and  the  reversai  in the  direct ion of flagellar wave  pro- 
paga t ion  in Crithidia are control led by  Ca ions 7, s. In  the  
ciliary arres t  response  in Mylilus, it  has  a l ready been 
suggested t h a t  Ca ions are also necessary  9. In  view of 
the  general  impor t ance  of Ca ions in the  modif icat ion of 
ciliary or flagellar movement ,  i t  is of special in teres t  to  
s tudy  the  effect  of Ca ions in t he  ciliary arres t  response 
of Mytilus gill. 

Material and methods. A single gill f i lament  isolated 
f rom the  gill of Zy t i lus  was placed in the  exper imenta l  
chamber  filled wi th  artificial sea wa te r  (434 m M  NaC1, 
10 m M  KCt, 10 m M  CaC12, 53 m M  MgCI> p H  adjus ted  
to 8.0 wi th  NaHCOa) and the  m o v e m e n t  of the  lateral  
cilia was observed in profile. Then  the  gill f i lament  was 
soaked in the  ex t rac t ing  solut ion (0.010-0.012% Tri ton 
X-100, 150 m M  KC1, 20 m M  MgCI~, 5 m M  EGTA;  ethyl-  
ene glycol bis(fi-aminoethylether)-N,N'tetraacetic acid, 
10 n l M  Tris buffer,  p H  7.0) precooled to 1-4~ After  

Photomicrograph of Triton-extracted gill cilia of Mytilus during the 
arrest response. The long white line indicates the position of the cilia 
in the washing solution and the circular arc indicates the change in 
angle of inclination of the cilia following the application of the 
reactivating solution inducing the arrest response (1 mM ATP, 
10 mM MgC12, 0.05 mM CaC12, 150 mM KC1, 10 mM Tris buffer 
pH 8.0). 

1 Present address: Department of Physiology, School of Medicine, 
Teikyo University, Kaga, ~Ttabashi-ku, Tokyo 173, Japan. 
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