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P r e p a r a t i o n  of so lu t ions  for perfus ion s ta in ing.  1. Sta.ming 
solut ion.  Dissolve 0.130 g of 2 - ca rboxy -2 ' - hyd rox y -5 ' -  
su l fo fo rmazy lbenzene  (Zincon, ca t  No. 3750, S igma Chem-  
ical Co., St. Louis ,  USA) in 2 m l  1 N N a O H  and  d i lu te  to  
100 ml  w i t h  redis t i l led  water .  2. Buffer .  Di lu te  213 ml  
1 N N a O H  to 600 ml  w i th  redis t i l led  water .  Dissolve 37.3 g 
KC1 and  31.0 g HsBO s in the  so lu t ion  a n d  d i lu te  to  1:1 
w i t h  redis t i l led water .  3. Per fus ion  fluid. To 100 ml  of 
so lu t ion  1 a d d  200 m l  so lu t ion  2 (or e n o u g h  to  b r ing  p H  
to  10.0). 
P rocedu re  for per fus ion  s ta ining.  R a t s  were deep ly  anes-  
t h e t i z e d  w i t h  p e n t o b a r b i t a l  sod ium and,  a f t e r  open ing  
t he  thorac ic  cav i ty ,  a po lye the lene  c a n n u l a  was in se r t ed  
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Fig. 1. The structural formula of 2-carboxy-2'-hydroxy-5'-sulfofor- 
mazylbenzene (Zincon). 

in to  the  a scend ing  a o r t a  t h r o u g h  the  left  vent r ic le .  The  
ra t e  of pe r fus ion  was a d j u s t e d  to 8 ml /min .  The  r i gh t  
auricle  was opened  to al low a low-res is tance  r e t u r n  of t he  
per fus ion  f lu id  f rom t h e  head .  The  per fus ion  was dis- 
c o n t i n u e d  a f t e r  10-15 rain  w h e n  oozing of t h e  f luid was 
a p p a r e n t  f rom a cu t  m a d e  in the  uppe r  lip. The  skul l  was  
opened,  the  b r a i n  r e m o v e d  careful ly  an d  i m m e d i a t e l y  
f rozen on t h e  f reezing s tage of a cold m i c r o t o m e  (Kryo-  
t o m e  Model  1310 I~, Leitz,  Fed.  Rep.  of Ge rmany) .  F rozen  
sect ions  20 ~xm t h i c k  were o b t a i n e d  a f t e r  p r o p e r  t r i m m i n g  
of the  block. T h e y  were col lected on glass s l ides an d  dried.  
Some of t h e  f rozen s e c t i o n s  were f u r t h e r  s t a ined  w i t h  
t h e  same buf fe red  s t a in ing  so lu t ion  (pH 10) for 0.5 rain,  
t h e n  r insed w i t h  deionized water .  Glycerol  ge la t in  (Cata- 
logue No. GG 1, S igma Chemical  Co., St. Louis,  USA)  
was used as t h e  m o u n t i n g  med ium.  
Microscopy a n d  p h o t o m i c r o g r a p h y .  Sect ions  were e x a m -  
ined w i th  an  O r t h o p l a n  un ive r sa l  large field microscope 
(E. Leitz,  We tz l a r ,  Fed.  Rep.  of Germany)  an d  the  p h o t o -  
mic rog raphs  of t h e  a p p r o p r i a t e  regions (figure 2) were 
ob t a ined  us ing  an  O r t h o m a t  W a u t o m a t i c  microscope  
c a m e r a  (E. Leitz).  
Results and discussion. The  Zincon s t a in ing  solut ion,  
wh ich  is deep red, forms a blue complex  w i t h  zinc ions, 
especial ly  in  a lka l ine  so lu t ions  (pH 9-10). Cold knife  or 
cold m i c r o t o m e  sect ions  are u n d o u b t e d l y  bes t  for t h e  
d e m o n s t r a t i o n  of n a t u r a l  t issue zinc. The  zinc co mplex  
is s t ab le  over  a p H  range  of 8.5-10, whereas  t h e  copper -  
Zincon complex  is s t ab le  5 in t h e  p H  range  5.0-9.5.  Th i s  
difference in effect  of p H  p e rmi t s  the  r e a d y  de t ec t i on  of 
zinc a t  p H  9 . 5 - p H  10. The  d i th izone  m e t h o d  wh ich  is 
c o m m o n l y  used for h i s tochemica l  d e m o n s t r a t i o n  of zinc 
is n o t  so specific. The  redd i sh  d i th izone  s t a in ing  so lu t ion  
forms a r edd i sh -purp le  reac t ion  complex  w i t h  n o t  on ly  
zinc b u t  w i t h  a n u m b e r  of o the r  h e a v y  me ta l s  (Pb, Ag, 
Cu, Hg, Au, Cd) as well a. A tomic  a b s o r p t i o n  spect ro-  
p h o t o m e t r i c  ana lys i s  of the  b ra ins  ob t a ined  f rom the  
same group  of r a t s  has  revea led  t h a t  t h e  Zincon m e t h o d  
was h igh ly  sens i t ive  to  as low a c o n c e n t r a t i o n  as 20 ~g 
of zinc/g b r a i n  t issue. A un ique  cha rac t e r i s t i c  of Z incon  is 
i ts  ab i l i ty  to  diffuse un i fo rmly  to a lmos t  eve ry  p a r t  of 
the  b ra in  to  r eac t  w i t h  zinc in t r av i t a l ly .  The  m e t h o d  des- 
c r ibed  in th i s  p a p e r  can  be  a d v a n t a g e o u s l y  used to  loca-  
lize m i n u t e  a m o u n t s  of zinc r ap id ly  an d  accura te ly .  

Fig. 2. Photomicrograph of a frozen section of rat cerebrum showing 
zine-Zincon reaction product in the form of dark blue granuIes and 
radiating fibres. Bar -- 50 ~m. 
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Summary. Tile in t race l lu la r  p H  of t he  L imulus  v e n t r a l  p h o t o r e c e p t o r  was  m e a s u r e d  w i t h  a doub le -ba r re l l ed  p H  micro-  
e lec t rode  and  found  to be 7.01 • 0.04 SE  (n = 9). 

I n  t he  course of s tudies  on the  l ight  t r a n s d u c t i o n  m e c h a -  
n i sms  in L imulus  v e n t r a l  eye, e x p e r i m e n t s  h a v e  been  re- 
p o r t e d  in wh ich  ca lc ium buffers  a, p H  buffers  a,* an d  cal- 
c ium sens i t ive  dye 5 h a v e  been  in jec ted  in to  the  p h o t o -  
r ecep to r  cells. Since t he  p rope r t i e s  of these  in jec ted  sub-  
s tances  depend  on  pH,  i t  is p a r t i c u l a r l y  i n t e r e s t i ng  to 
h a v e  a va lue  for t he  in t r ace l lu la r  p H  of these  cells. 

Materials and methods. The  doub le -ba r re l l ed  p H  micro-  
e lec t rodes  were m a d e  b y  a modi f i ca t ion  of t h e  t e c h n i q u e  
deve loped  b y  Puccaco  an d  Car te r  6. The  pr inc ip le  consis ts  
of seal ing a t h i n  m e m b r a n e  of pH-sens i t i ve  glass ove r  t he  
t ip  of a m i c ro p i p e t t e  m a d e  of a h igh  e lectr ical  res is tance,  
p H - i n s en s i t i v e  glass. A l t h o u g h  the  t e c h n i q u e  worked  well  
for s ingle-barre l led  p H  microelect rodes ,  t h e r e  was some 
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dif f icul ty  in ob ta in ing  double-barre l led  ones. By  using a 
d i f fe rent  glass conf igura t ion  and  by  improv ing  2 cri t ical  
po in t s  : a) t he  seal ing be tween  the  2 barrels,  b) the  opening  
of the  reference barrel ,  we successful ly made  double-  
barre l led  p H  microelectrodes .  
Micropipe t tes  were pulled f rom borosi l icate t h e t a  capil-  
laries (Hilgenberg-Glas,  Glaswarenfabr ik ,  D-3509 1Vials- 
feld, Federa l  Republ ic  of Germany)  and  ground oil an 
a i r -dr iven  p la te  of 0.3 b~m rugos i ty  (St~hli, CH-2542 Pie- 
ter len,  Switzer land)  to  have  a bevel  4 vm wide (figure 1). 
A mic rop ipe t t e  was t h e n  held  veirtically by  a micromani -  
pu la to r  and  a microscope focused on the  t ip.  A p H  
m e m b r a n e  (about  0.08 ~zm thick) was held  hor izonta l ly  
above the  t ip  and hea t ed  by  a small  f i l ament ;  s imul tane-  
ously, t he  p ipe t t e  was advanced  upwards  t h r o u g h  the  
m e m b r a n e  so t h a t  a piece of m e m b r a n e  covered the  final 
100-200 ~zm of t he  p ipe t t e  t ip  6. We found t h a t  t he  m e m -  
b rane  sealed over  t he  bevel  be t t e r  if the  pressure  inside the  
p ipe t t e  was reduced  by  connec t ing  i t  to  a fi l ter pump .  
Care was t aken  no t  to ove rhea t  the  glass membrane .  The 
p H  glass used was an u ran ium-con ta in ing  glass (SiO 2 
61.5~o, UO 2 2.1% MgO 8.1~o, Na20 28.3%). Thanks  to  
the  t h e t a  configurat ion,  the  microelec t rode  could be filled 
d i rec t ly  w i th  a h y p o d e r m i c  needle.  The p H  barrel  was 
filled w i t h  magnes ium ace ta te  1 2r and the  reference side 
wi th  KC1 2.5 M, K N O  a 0.5 M; an Ag-AgC1 wire was placed 
in each barrel  and sealed wi th  den ta l  wax.  

Fig. 1. Scanning micrograph of a theta glass micropipette after be- 
velling. The reference barrel is on the left; the pH barrel is on the 
right. The pH membrane is nlounted afterwards. (The photograph 
was taken by Miss S. Voorhoeve using a technique developed by 
M. Baumann, Department of Histology, University of Geneva.) 

In  order  to have  a working  double-barre l led  p H  micro-  
electrode,  the  reference side m u s t  be open;  th is  was 
achieved by  app ly ing  an  AC vol tage  across the  m e m b r a n e  
on the  reference barrel .  The t ip  of the  microelect rode was 
immersed  in a sa tu red  NaCI solut ion and  a var iable  50 Hz 
vol tage source (up to  200 V RMS) connec ted  to t he  re- 
ference side t h r o u g h  a 1 M X2 series resistor.  The vol tage  
was increased gradual ly  unt i l  the  current ,  moni to red  on 
an oscilloscope, sudden ly  increased.  The  p H  barrel  was 
kep t  connec ted  to a h igh  impedance  amplif ier  and  re- 
s is tance measur ing  circuit  to  check t h a t  its m e m b r a n e  re- 
ma ined  intact .  The electr ical  res is tance of the  2 barre ls  
was t h e n  checked:  abou t  90% of t he  electrodes h a d  
5-30 • 106 f2 for the  reference side and  1-5 • 1011 f2 for 
the  p H  side. E lec t rodes  wi th  res is tances  in these ranges  
a lmos t  a tways r e sponded  to  p H  changes  wi th  56-58 m V  
per  p H  unit .  E a c h  barre l  was  connec ted  to  an opera t iona l  
amplif ier  (Teledyne Phi lb r ick  1029, 1013 ~2 inpu t  imped-  
ance) w i th  capac i ty  neut ra l i sa t ion .  
The ven t r a l  eye of Limulus  was dissected out  of t he  
animal ,  t r ea ted  wi th  pronase,  and  m o u n t e d  in a Sylgard  
184 c h a m b e r  L The c h a m b e r  was cont inuous ly  superfused  
wi th  art if icial  sea wa te r  (ASW) (NaC1 423 m3/f, KC1 10 
mM, MgC12 22 mM, MgSO4 26 raM, CaC12 10 raM, Tris-C1 
buffer  10 mM, p H  7.6-7.8). L igh t  f rom a X e n o n  lamp was 
passed t h ro u g h  an e lec t romechanica l  shu t t e r  and  was  
focused on the  prepara t ion .  The measu remen t s  were per-  
fo rmed in the  dark ;  weak t e s t  flashes were p resen ted  to  
check t h a t  b o t h  barrels  were recording the  receptor  po-  
t en t i a l  (and hence  were intracellular) .  The electrode was 
advanced  towards  the  upper  surface of the  cell a t  abou t  
45 ~ w i t h  t he  sharp  side of the  bevel  downwards .  
Resul t s  and  discussion,. P e n e t r a t i o n  of the  cell was  
achieved b y  m o m e n t a r i l y  overcompensa t ing  the  i npu t  
capac i tance  of the  reference barrel  s . The  electrode was 
r emoved  f rom the  cell wi th in  5 min  and the  p H  was mea-  
sured f rom pen  recordings  a t  e n t r y  and  exi t  (figure 2). 
The mean  value ob ta ined  for the  intracel lular  p H  was 
7.01 :~ 0.04 SE (n = 9). Mic rospec t ropho tome t ry  of Li- 
mulus  ven t ra l  pho to recep to r s  in jec ted  wi th  phenol  red has  
been  pe r fo rmed  by  J .E.  L i sman  and P .K .  Brown and  b y  
J .E .  Brown and  P. K. Brown  (personal communica t ions)  
who ob ta ined  p H  values  of 6.8-6.9. A p a r t  f rom small  
differences a t t r ibu tab le  to  the  high res is tance of t he  p H  
barrel ,  the  same intracel lular  receptor  po ten t ia l  evoked 
by  l ight  was recorded f rom each barrel.  This shows t h a t  
the  p H  barrel  en tered  the  cell toge ther  wi th  the  reference 
barrel .  We  conclude t h a t  th is  double-barre l led  e lect rode 
can be used for in t racel lular  m e a s u r e m e n t  of pH.  The 
fac t  t h a t  the  reference bar re l  can be electr ical ly oscil lated 
appears  to be helpful  for pene t r a t i on  of Limulus ven t ra l  
pho to recep to r  cells and  m a y  pe rhaps  be useful in o ther  
cases. 
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Fig. 2. Recording of the removal of the double-barrelled pH micro- 
electrode from a Limulus ventral photoreceptor. The upper trace 
shows the membrane potential (Em) recorded by the reference barrel. 
The lower trace shows the potential difference between the 2 barrels 
and thus records pH. In this experiment, the artificial sea water had 
a pH of 7.64. 

I This work was supported by the Swiss National Science Foun- 
dation, grants Nos. 3.634.075 and 3.128.73. 

2 Acknowledgments. We thank Drs L. R. Pueacco and N.W. Carter 
for technical advice and a gift of pH glass. We also thank Drs 
M. Tsacopoulos and F. BaumanI1 for helpful discussion. 

3 J . E .  Lisman and J. E. Brown, J. gen. Physiol. 66, 473 (1975). 
4 J. A. Coles and J. E. Brown, Biochem. biophys. Acts ,136, 140 

(1976). 
5 L.H. Pinto, J. E. Brown and P. K. Brown, Biophys. J. 16, 34a 

(1976). 
6 L.R. Puccaeo and N. W. Carter, Analyt. Biochelll. 73, 501 (1976). 
7 J .E.  Lisman and J. E. Brown, J. gen. Physiol. 59, 701 (1972). 
8 D.A. Baylor, M. G. F. Fuortes and P. M. O'Bryan, J. Physiol. 

214, 265 (1971). 


