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pH-Sensitive Glass Mieroeleetrodes 
and Intraeellular pH Measurements 
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Abstract. 1. Some properties of the open-tipped, uninsulated, pH-sensitive glass micro- 
electrode were examined in several electrical experiments. 

2. Based on these observations, technical and theoretical problems were considered for 
application to tile pH measurement in small cells. 

3. The intracellular pH, (pH)~, of the epithelial cell in rat duodenum measured was 
approximately 7.0. A reduction in (pH)~ was apparent (about 0.3) with the addition of 20 mM- 
glucose to the bathing fluid. 

4. I t  was concluded that with certain limitations such uninsulated, open-tipped micro- 
electrodes may be successfully utilized for intracellular pH measurements. 

Key words: pH-Sensitive Glass - -  Uninsulated, Open-Tipped pH-Mieroelectrode - -  Tip 
Potential - -  Intracellul'~r pH. 

Introduction 

Lavall6e (t964) and Winship and Caflisch (t973) reported tha t  open-t ipped 
mieroeleetrodes made of  Corning 0t50 pH-sensitive glass tubings were applicable 
to the measurement  of  intracellular pH. In  the course of  s tudying the nature  of  the 
tip potential  (TP) of  Ling-Gerard Type microeleetrodes (Okada and Inouye,  1975a, 
b) we also investigated the feasibility of  using microeleetrodes made of  0150 glass. 
Based on our observations, technical and theoretical  problems in applying such 
open-t ipped pH-sensitive glass mieroeleetrodes to the p H  measurements  in small 
cells are discussed. 

Methods 

Microelectrodes 

Two types  of  glass microelectrodes of Ling-Gerard type  were constructed in a 
pipette puller (Narishige, Tokyo) as described earlier (Okada and Inouye,  1975a). 
One was made of  Pyrex  capillaries of  2 m m  outside diameter  and I m m  inside 
diameter  (P-electrode), and the other of  Coming 0150 capillaries of  I m m  outside 
diameter and 0.5 Into inside diameter  (C-electrode), their t ip diameters being 
0.5 [xm or less. Using the alcohol me thod  (Tasaki et al., I954), C-electrodes were 
filled with 0.5 M KC1 and then subjected to the potential  and resistance measure- 
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ments with a system of reversible Ag-AgC1 electrodes after aging for 7 N 14 days 
in the filling solution. Their resistances ranged from 100 to 1800 MfL P-electrodes 
for membrane potential measurements were filled with 3 M KC1 by the glass fiber 
method (Tasaki et aI., 1968), their resistances and tip potentials ranged from 15 to 
40 M~ and 0 to -- 5.0 mV, respectively. In order to make a comparison with the 
C-electrodes, P-electrodes were, sometimes, subjected to the measurements after 
aging for 7 days. Such a P-electrode had a smaller electrode resistance and a 
greater tip potential than a P-electrode without aging, as shown previously 
(Okada and Inouye, 1975a). 

Measurements o/Electrode Properties 

The measurement technique of the electrode properties has been described in 
detail in the preceding paper (Okada and Inouye, 1975b). In brief, the micro- 
electrode was connected to the high impedance input of the electrometer, the 
output of which was led to an oscilloscope and penrccorder. The tip potential (TP) 
was measured by the method described by Adrian (1956), with slight modification. 
The electrical resistance of the glass wall was measured using the arrangement 
described in the preceding paper (Okada and Inouyc, t975b); a thin layer of 
saline-agar was placed over the liquid paraffin (, air or CC14) in a small container, 
and saline with a pH of 7.3 was overlaid on the agar layer. The electrode tip was 
advanced through the agar layer into liquid paraffin (, air or CC14) under micro- 
meter control and microscopic observation. Using such a method, we could also 
examine the "depth-effect" on pH-sensitivity described by Carter et al. (1967) and 
Winship and Catlisch (1973) by adding HCI or NaOIt to the overlaid saline 
solution. 

Potential Measurement in Rat Small Intestine 

Membrane potentials of the epithelial cells in rat  duodenum were measured 
in vitro using the technique as described elsewhere (Okada et al., 1975). As the 
control saline solution, a phosphate buffer saline (PBS) was used and contained 
(mM) NaC1, 127.0; KC1, 2.7; CaCl~, 0.9; MgCI~, 0.5; Na2HP04, 8.0; KH2PO 4, 1.5; 
mannitol, 20.0; and pH 7.3 • 0.1. The mannitol in this solution was replaced with 
20 mM glucose in the experiments on the effect of glucose. 

Results and Discussion 

Tip Potential and Its pH-Dependency 

As shown in Fig. l, TP of C-electrodes in KC1 solution of a given concentration 
is apparently greater than that  of P-electrodes after aging for the same period 
(7 days). When the external KC1 concentration was varied (0.01 ~ 0.5 M) at 
constant pH (7.3 +_ 0.1 with 5 mM Tris buffer), however, the former changed in 
parallel with the latter. As discussed in detail previously (Okada and Inouye, 
1975a, b), TP of P-electrodes after several days aging in electrolyte solutions 
chiefly originates from the interfacial potential built up on the thin glass wall of 
the tip region, and magnitude largely depends upon the ionic strength of the 
bathing solution. These results suggest that  an increase in fixed charges brought 
about by aging in an electrolyte solution can hardly be attributed to the type of 
glass used for preparing microelectrodes, Pyrex or 0150. The more positive TP  of 
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Fig. I. Tip potentials of C- and P-electrodes measured in KC1 solutions of various concentra- 
tions ( + 5 mM Tris-buffer; pH 7.3 i 0.t) after 7 days of aging. �9 C-electrode filled with 
0.5 M KC1, �9 : P-electrode filled with 3 M KCI 
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Fig. 2. Tip potentials of C- and P-electrodes measured in 0A M KCI solutions of various pH 
values (+  5 mY Tris-buffer) after 7 days of aging. �9 C-electrode filled with 0.5 M KCI, 
�9 : P-electrode filled with 3 M KC1 

C-electrodes seems 1)o reflect the  effect of  p H  on the  pH-sens i t ive  p a r t  in the i r  t ip  
region. Indeed,  when p H  of  the  ex te rna l  solut ion was va r ied  (5 mM Tris-buffer  of  
p H  4~-- i0) a t  a f ixed KC1 concentra t ion ,  T P  of  C-electrodes increased in paral le l  
wi th  the  decrease in pH,  whereas  T P  of  P-e lec t rodes  wi thou t  aging d id  no t  change 
and  even T P  of  P-e lec t rodes  af ter  aging for the  same per iod  (7 days)  was h a r d l y  
affected b y  the  p H  changes (Fig. 2). 
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l~ig. 3. Glass wall resistances of C-electrodes having different Q-values as well as P-elecLrodes. 
The aging periods, Q-values and electrode resistances without dipping (r) are listed in the insert 

Linearity of the TP-pH plot in the range of pH 4 N  8 (Fig. 2) shows that  the 
pH-sensitivity of C-electrodes defined as Q = - ATP/ApH is constant in the pH 
range of physiological interest. Moreover, the results shown in Fig. I suggest tha t  
the Q-value of each electrode remains almost constant in KC1 of 0.0i N 0.5 M, and 
presumably also in the other electrolyte solutions of the same ionic strength. As 
claimed by Lavall@ (1964) and Winship and Caflisch (1973), such an open-tipped 
p i t  electrode appears to be applicable to the intracellular pH measurements. 

Resistance and pH-Sensitivity o/ Partly Insulated Tip 

Changes in the resistance and pH-sensitivity of the glass wall along the 
electrode shaft axis were examined. As long as the t ip remained in saline or in the 
saline-agar layer, a microelectrode responded to acid or alkali addition and its 
resistance remained nearly constant, thus reflecting the electrode resistance as a 
whole. When the tip reached the paraffin, air or CC14 layer, however, the resistance 
(r) sharply increased. I t  becomes greater with the increase in the depth of dipping 
into paraffin (x), and then attained a nearly constant level i000 to 1500 M~ 
(Fig. 3). Response to acid and alkali addition was also lost at a certain depth, 
usually x =  5 N  15~zm. 

Fig. 3 shows some examples of the r-x relation of C-electrodes having different 
Q-values. Also illustrated are those of the P-electrodes with and without aging. Of 
course, the P-electrodes were always practically pH-intensitive for all x's. I t  is 
worth noting here tha t  the C-electrodes are roughly classified into 3 types accord- 
ing their characteristics; I. Electrodes of 100 N 400 M~, which give the r-x curve 
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lfig. 4. Glass wall conductance of C-electrodes and P-electrodes. (~): C-electrode after 7 days 
of aging. Q = t0 (mV/pH), r - 250 (M~). @: C-electrode after 12 days of aging. Q = 30, 
r - 990. @: P-electrode after 7 days of aging. Q - 0, r = 8. @: P-electrode without aging. 
Q= O,r= 2~l 

rising less steeply in the x < 20 Bm and show a relatively low Q-value (less than 17). 
The Pyrex electrodes appear to be an extreme case of Q _~ 0 in this category. 

2. Electrodes having resistances of 400 ~ 1200 M~, whose r-x curve rises quite 
sharply in x = 0 H  i0 ~tm. These have a relatively high Q of 2 0 ~  35 and a pH- 
sensitive region of less than t5 ~zm. 

3. Electrodes of high electrode resistance (about 1500 Nf~ or more) the tip 
potentials of which often fluctuate. These are usually pH-intensitive but occasion- 
ally are highly pH-sensitive (Q > 40). In the latter case, the pK-sensitivity extends 
over 50 Bm or more from the extreme point of the tip. These electrodes are very 
breakable, probably because of the very thin and pH-sensitive glass wall over a 
wide range of the tip region. I t  is absolutely required that  a coat of insulating 
material be applied (e.g. a glaze) to such an electrode, when intracellular pH 
measurements are made in small cells, in order that the pH sensitivity be confined 
only to the distal 15 ~m or less of the tip. Such was also pointed out by Winship 
and Caflisch (1973). 

The conductivity ( = 1/~') - x plot reveals the changes in the specific resistance 
along the electrode axis as shown in Appendix of our preceding paper (Okada and 
Inouye, t975b). Such a plotting typical of category t and 2 is shown in Fig. 4. I t  
is quite evident that  the eleetrode of category 2 shows a high conductivity only in 
the tip region ( < 10 ~m), just as a non-aged P-electrode, which is possibly a pH- 
sensitive region. On the other hand, the electrode of category i shows a higher 
conductivity through the glass wall than that  of category 2, and this ( l / r ) -  x 
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Fig. 5. Equivalent circuit model of C-electrode in the bulk solution. EG, Re: the e.m.f, and 
resistance across the glass wall of the pH-insensitive (non-hydrated) area. EH, RH: the e.m.f. 
and resistance across the glass wall of the pH-sensitive (well-hydrated) area. ET, RT: the 
e.m.f, and resistance through the tip pore 

pat tern  is quite similar to tha t  of an aged P-electrode. Such a high conductivity 
extending over 50 ~xm would result in a shunting effect upon the e.m.f, generated in 
the pH-sensitive tip region and a reduction of @values would ensue. 

All these results suggest that  uncoated, open-tipped pIt-microeleetrodes most 
suitable for intraeellular p H  measurements should be those belonging to category 2. 
They must  have a relatively high sensitivity (Q > 20) but the sensitive area should 
be confined to 5 N 15 ~m from the tip and strong enough to insert the cells. 

Equivalent Circuit Analysis 

There arc no doubt many  possible interpretations regarding the TP generation, 
however, the results reported hitherto (Bingley, 1964; Agin and Holtzman, i966 ; 
Agin, 1969; Okada and Inouye, i975a, b) strongly indicate tha t  TP  originates 
from one or more interfacial potentials between the glass itself and electrolyte 
solutions. In  a simple approach to describe our system which generates a pi t -  
sensitive TP, we adopted here the equivalent circuit diagram in Fig. 5, which is a 
modification of tha t  proposed by Agin and Hol tzman (1969), Lavall6e and Szabo 
(1969), or Okada and Inouye (t975b). I t  is easy to derive TP of C-electrodes in a 
bulk solution from this model as 

TP ~ (RT. RG. EH-~ RH. RT.  Ee@ RH. Re .  ET)/R, (1) 

where R =  RH. RG-I- RH" RT@ RT" RG. Here, an e.m.f, of EH appears across 
the glass wall in the pH-sensitive area with a resistance of RH. The magnitude of 
EH (but not RH) depends on the difference in p H  between the inside and the 
outside of the electrode. Since other E 's  and R's arc practically insensitive to pH, 
the pH-sensitivity (Q) is given by 

R~" Ra AE, (2) 
Q = /7 ApH " 
So-called asymmetric potential may  be included in EH, but AEH/ApH is 

theoretically expected to be around - 6 0  mV/pH unit. When the tip of the 
electrode is completely insulated except for the pH-sensitive region, Re would be 
extremely high, and so 

60 
Q~- I + Rn/Rr " 
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Fig. 6. A schematic diagram of C-electrode inserted into a cell. EH": the e.m.f, across the glass 
wall of the pH-sensitive area in the cell fluid. ET': the e.m.f, through the tip pore in the cell 
fluid. Em: the membrane potential of the cell. / ~  : the resistance of the cell membrane 

In  the open-t ipped electrodes, however, RT is finite and Q is always less t han  60. 
I f  RH " .RT as discussed below, the Q-value of  such an insulated microeleetrode is 
around 30 m V / p t t  unit. Winship and Caftisch (1973) reported about  45 m V / p H  
uni t  for the Q-value of  their most  suitable electrode. I n  this ease, RH/-RT ~-- 1/3 
and RH are not  so different in the order of  magni tude  from RT. 

As described in the previous section, the Q-value of  our electrode for intra- 
cellular measuremests  is 20 ~ 30 m V / p g  unit, so tha t  

Rr.  Rs/R-_ 1/3,-, J/2. 
The results presented in Fig. 3 lead to 

R~ ~ t000,'- '  1700 M ~  

1 t I 1 1 t 
Rc -4- ~ d -RT Electrode Resistance 400 1200 

F rom these three relations it can be easily seen tha t  these three resistances are in 
the order of  magni tude  of  l0 s ME} and roughly R s  ~- RH ~ RT. 

Since the pH-sensitive region is confined to the cell dimension, a diagram of a 
pH-sensit ive microelectrode inserted into a cell could be approximate ly  described 
as in Fig. 6, in which the e.m.f, of  Era, the so-called membrane  potential,  and the 
resistance of  Rm across the cell membrane  should be included. Since the value of  
Rm for most  cells is some ten M~,  it can be safely assumed as Rm << RH, RT and 
Rs.  Thus the potential  difference measured in this system is approximated  to 

(3) 
$ 

Here, E H depends ot:1 intracellular pill, (pH)i, and its deviation from p H  of the 
bathing solution, (pH)0, is given by 

3 p H  = ( p H ) i -  (pit) 0 = ( E H -  EH)/Q. (4) 
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On the other hand, ET, the potential difference at the pore of tip in the cell fluid, 
would hardly differ from E z  in the bathing fluid, because this potential would be 
probably derived from the diffusion potential (Okada and Inouye, 1975 b), and the 
solution inside of an electrode is a KC1 solution of high concentration (0.5 M). 
Using Eqs. ( l )N  (4), the membrane potential measured with the pH-sensitivc 
mieroelectrode, Era, can be written as 

E ~ =  -- Q. Ap~I§ Em ( i -  RH. RT/R). 

Putting the difference between the membrane potentials obtained with C- and 
P-electrodes as / IMP ( = E m -  Em), therefore, 

(pH)~-  (p~I)0 = - ~JMP/Q- (RH. RT/R). Em/Q. (5) 

The first term in the right hand of this equation can be evaluated by the measure- 
ment of Em with Pyrex microelectrodes, but the second one remains unknown 
unless the values of RH, R~ and RT are estimated by other independent measure- 
ment(s). The second term disappears only when RG--> cc is achieved by an appro- 
priate insulation. Even in the case of uninsulated electrodes, change in (pit)i could 
be accurately estimated by evaluating the changes in ziMP from the following 
equation, if Em remains fairly constant. 

(ptt)~ = 5 (pH)0 - 5 (AMP)/Q (6) 

Of course, an approximate estimation of (pH)~ might be achieved from the 
following equation obtained by putting RH" RT/R ~- i/3 into Eq. (5), because 
RH ~-- RT ~-- R~ for our pH-sensitive microeleetrodes. 

(pIt)~ _~ (pH)0-  zJMP/Q - Em/3Q (7) 

Application o/pH-Sensitive Microelectrode8 to Intracellular Measurements 

Based on the foregoing discussions, we at tempted to apply the pH-sensitive 
Corning-glass microeleetrodes to (p~I)i measurement of duodenal epithelial cells of 
rats. The dimension of the duodenal epithelial cells was around ~5 tzm • 50 fzrn in 
the histological section. The membrane resistance (Rm) of the cell in physiological 
saline was found to be 24.3 • 2.2 Mg2 (n = 47) (Okada and Irima]iri, unpublished 
observation). Therefore the above discussions are quite plausible at least as far as 
these particular cells are concerned. 

The results obtained with the C-electrodes ofQ ~ 20 mV/pH are summarized in 
Table i, in which the nomcorrected (pI-I)~ is computed from dpI~I = AMP/Q, and 
the corrected one by Eq. (7). Taking into consideration the lack of data concerning 
the absolute magnitude, (pH)~ obtained with different microelectrodes is fairly 
constant irrespective of variation in the Q-value. The non-corrected (pH)i value, 
6.3, is nearly equal the value in rat  skeletal muscle reported by Carter et al. (~967). 
Recently, Paillard (i972) has pointed out that  such a low (pH)i value would be an 
artifact because the membrane potentials recorded by the pH-microelectrodes are 
partly shunted. Indeed he obtained the low (pH)~ values in rat and crab muscles 
using non-insulated pH-mieroelectrodes. The corrected (pH)i value, 7.0, is almost 
identical with the (pH)~ values of various cells reported by many investigators 
(Caldwell, i954; Kostyuk and Sorokina, i961; Carter, 196i; Lavall@e, J964; 
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Table 1. Measurements of (pH)~ in duodenal epithelial cells 
(see text for explanation) 

29 

No. t 2 3 4 

Q (mV/pH) 32 27.5 24 20 
E~' • SE (mu (n) --22.7 • 1.3 --25.7 • 1.1 --22.5 • 0.4 --27.7 • 2.5 

(10) (13) (5) (5) 
E,,, • SE (mV) (n) --53.9 • 1.3 --53.2 • 1.7 --52.5 • 1.6 --50.5 + 1.1 

(2t) (10) (t2) (5) 
zlMP/Q 0.98 1.00 1.25 1.t4 
AMP/Q + E,~/3 Q 0.4t 0.36 0.52 0.30 
(ptt)o 7.30 7.43 7.40 7.40 
(pH)i (non-corrected) 6.3 6.4 6.2 6.3 
(pH)~ 6.9 7A 6.9 7.1 
[corrected by Eq. (7)] 

Table 2. Effect of 20 raM-glucose on the (pH)i value 
(see text for explanation) 

No. 3 4 

Q (mV/pH) 24 20 
condition Control Glucose Control Glucose 

Era' _+ SE (mV) (n) --22.5 _+ 0.4 --20.0 • 1.8 --27.7 • 2.5 --23.7 _+ 1.8 
(5) (4) (5) (7) 

Em• SE (mV) (n) --52.5 • 1.6 --51A • 1.5 --50.5 • 1A --50.2 • L8 
(12) (6) (5) (8) 

zlMP/Q 1.25 L30 ~_.14 1.33 

(pH)o 7.40 7.23 7.40 7.23 

($ (pH)~ [ - -  Eq. (6)] 0.2 0.4 

AMP/Q + Era~3 Q 0.52 0.59 0.30 0.49 

(pH)~ (corrected) 6.9 6.6 7.1 6.7 
~(pH)~ 0.3 0.4 

Pa i l l a rd ,  1972; Thomas,  i974).  Thus  the  use of Eq.  (7) appears  reasonable,  a t  leas t  
for our pH-sens i t ive  microelectrodes.  

The  change in p h i  in t he  presence of  ex t e rna l  glucose (20 mM) is p resen ted  in 
Table  2. Glucose a d d e d  to the  ba th ing  solut ion causes a s l ight  depola r iza t ion  of  
duodena l  epi the l ia l  cells, bu t  i t  is so s l ight  t h a t  Eq.  (6) holds.  The values  of  
decrease in (ptt)~ thus  e s t ima ted  are  l i s ted  in Table  2 toge ther  wi th  t he  values  
e s t ima ted  b y  the  corrected (pIt) t  values.  The add i t ion  of  glucose b rough t  abou t  a 
decrease of  a b o u t  0.3 in (pH)~. This  m a y  poss ib ly  be re la ted  to  the  increased  
glycolysis  evoked  b y  the  increased in t race l lu la r  sugar.  

The  resul ts  p resen ted  here suggest  t h a t  our analysis  on the  t ip  po ten t i a l  
provides  a basis for app ly ing  pH-sens i t ive  glass microelect rodes  to  in t race l lu la r  p H  
measurement .  The uninsula ted ,  open t i p p e d  mieroelect rodes  can be app l ied  to  
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measure the intracel lular  pH value of the small cell as the t ip  is sharp, and  
construct ion is quite feasible as sealing and insula t ing  procedures are no t  required. 

Acknowledgements. Thanks are due to M. Ohara, Kyoto University, for assistance with the 
manuscript and to Miss T. Wada for secretarial service. 
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