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A B S 1" R A C T The intracellular pH (pH,) of squid giant axons has been measured 
using glass pH microelectrodes. Resting pHi in artificial seawater (ASW) (pH 7.6- 
7.8) at 23°C was 7.32 _+ 0.02 (7.28 if corrected for liquid junction potential). 
Exposure of the axon to 5% CO2 at constant external pH caused a sharp decrease in 
pHi, while the subsequent removal of the gas caused pH~ to overshoot its initial 
value. If  the exposure to CO2 was prolonged, two additional effects were noted: (a) 
during the exposure, the rapid initial fall in pH~ was followed by a slow rise, and (b) 
after the exposure, the overshoot was greatly exaggerated. Application of external 
NH4C1 caused ph i  to rise sharply; return to normal ASW caused pH~ to return to a 
value below its initial one. If  the exposure to NH4CI was prolonged, two additional 
effects were noted: (a) during the exposure, the rapid initial rise in pH~ was 
followed by a slow fall, and (b) after the exposure, the undershoot was greatly 
exaggerated. Exposure to several weak acid metabolic inhibitors caused a fall in pH~ 
whose reversibility depended upon length of  exposure. Inverting the electrochemi- 
cal gradient for H + with 100 mM K-ASW had no effect on pHi changes resulting 
from short-term exposure to azide. A mathematical model explains the pH, 
changes caused by NH4CI on the basis of  passive movements of  both NHs and 
NH4 +. The simultaneous passive movements of  CO2 and HCO~- cannot explain the 
results of  the CO~ experiments; these data require the postulation of an active 
proton extrusion and/or sequestration mechanism. 

I N T R O D U C T I O N  

Since the p ionee r ing  work  o f  Caldwell  (1954), several workers  (Caldwell,  1958; 
Spyropou los ,  1960; Kos tyuk  et al., 1969; Car te r  et al., 1967; McLaugh l in  and  
Hinke ,  1968; Pail lard,  1972; Bicher  and  Ohki ,  1972; and  T h o m a s ,  1974 a, b) have 
s tudied the in t racel lu lar  p H  (pHi) o f  excitable tissues by means  o f  microelec-  
t rodes .  T h e y  have established n o r m a l  values and  e x a m i n e d  factors  respons ib le  
for  pHi  a l terat ion.  With  the excep t ion  o f  Car te r  et al. (1967), all the above  
invest igators  f o u n d  that  the intracel lular  p r o t o n  activity is substantial ly lower  
than  that  p red ic ted  by a passive D o n n a n  dis t r ibut ion.  I n  studies on  axons  o f  the 
squid Loligoforbesi, Caldwell (1958) r e p o r t e d  that  pHi  was normal ly  nea r  7. For  
axons  o f  Loligo pealei, S p y r o p o u l o s  (1960) f o u n d  that  pHi  was a p p r o x i m a t e l y  
7.35, while Bicher  a nd  Ohki  r e p o r t e d  a value o f  7. A l t h o u g h  pHi  is relatively 
insensitive to e xpe r i m e n t a l  man ipu la t ion ,  increases in pco2 cause a rap id  acidifi- 
cat ion in squid axon  (Caldwell,  1958). Similarly, T h o m a s  (1974 a), work ing  with 
snail n e u r o n s ,  f o u n d  that  NH3 and  CO2 cause rap id  and  large pHi  changes ,  
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whereas anoxia, Na azide, and 2,4-dini trophenol (DNP) p roduce  smaller altera- 
tions (Thomas,  1974 a). 

We now repor t  a study of  p h i  in squid giant axons. Special attention was given 
to the calibration of  pH-sensitive, glass microelectrodes.  Th e  pH-sensitive area 
of  these electrodes was at least two orders  of  magni tude  smaller than that of  
those previously used in squid axons (Caldwell, 1958; Spyropoulos,  1960). A 
series of  steady-state measurements  were made in normal  seawater previous to 
fu r ther  manipulations.  These  exper iments  establish that the intracellular p H / o f  
the giant axon of  Loligo pealei in artificial seawater (ASW) is near  7.3. 

In addition, we examined the kinetics of  p h i  transients created by sudden  
changes in external  conditions, such as addit ion or removal of  CO2, NH4C1, 
NaCN, DNP, and azide. The  temporal  pHi changes observed in these weak 
electrolyte exper iments  are complex,  and are not all intuitively interpretable.  It 
has long been known that the rate of  permeat ion  and distribution of  weak acids 
and bases across cell membranes  is dependen t  on extra- and intracellular pH,  
and also that exposure  of  cells to solutions containing certain weak acids or bases 
could lead to rapid intracellular pH changes. Jacobs (1940) clearly identified the 
fundamenta l  principles governing these phenomena .  On the assumption that 
only the uncharged par tner  of  the conjugate pair is permeant ,  he derived an 
equation for the steady-state t r ansmembrane  distribution of  a weak acid or base as 
a function of  its dissociation constant and both intra- and extracellular pH.  In 
their study of  the excret ion of  ammonia  and other  weak bases by the kidney, 
Or lof f  and Berl iner  (1956) employed an equil ibrium t rea tment  which included a 
finite permeability to the charged par tner  of  the conjugate pair. However ,  their  
approach required  that there be no electrical potential difference across the 
epithelium. Finally, a r igorous  steady-state analysis of  the t r ansmembrane  distri- 
bution of  a weak acid was provided by Roos (1965, 1971, 1975) who took into 
account membrane  potential as well as the permeabili ty to both the charged and 
uncharged forms.  T h e  ex t reme case of  exclusive permeabili ty to the neutral  
species reduces the equation of Roos to that of  Jacobs (1940), whereas exclusive 
permeability to the charged species (provided pH ~ pKa') simplifies Roos' 
equation to that of  Donnan (1924). 

We have developed a mathematical  model  which describes the kinetics o f  the 
movement  of  both par tners  of  a conjugate pair of  a weak electrolyte across the 
cell membrane  and the at tendant  changes in pHi. This model satisfactorily 
explains the transients observed in our  exper iments  and provides a means of  
estimating several system parameters .  Certain aspects o f  the exper iments  with 
CO2 require the additional postulation of  an active pro ton  extrusion and/or  
consumption mechanism responsive to pro ton  loads. As expected,  our  equa- 
tions, when constrained to the conditions of  steady state, reduce  to those of  Roos 
(1965, 1975). Part of  this work has been communica ted  in prel iminary form 
(Boron and De Weer,  1975). 

M E T H O D S  

General 

The experiments were performed at the Marine Biological Laboratory in Woods Hole, 
Mass., during the months of June 1974 and May 1975. Giant axons (average diameter, 540 
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/zm) from the hindmost  stellar nerve of  live specimens of the squid Loligo pealei, were 
cleaned and both ends were tied to glass cannulae. The  axons were incubated in a 
horizontal dialysis chamber  (Brinley and Mullins, 1967) kept at 23°C. The chamber (vol, 
0.15 ml) was continuously perfused with seawater at a rate of  2 ml/min. 

Solutions 

ASW, used in all experiments ,  had the following composition (in mM): 425 NaCI, 10 KCI, 
25 MgCI2, 10 CaC12, 25 MgSO4. Tris-HEPES (5 raM) buffered all solutions (including COs- 
containing media) to pH 7.6-7.8. When CO2 was used, we equilibrated solutions in the 
supply reservoir with 5% CO~-95% 02 for at least 1 h before and continuing throughout  
the experiment;  50 mM NaHCO3 was substituted for 50 mM NaC1. In the CO2 seawater, 
CaCI~ was added just  before the exper iment  began, and some precipitate was noted by the 
experiment 's  end.  Either 10, 9, or 3 mM NH4CI, nominally 2 mM NaCN, 1 mM 2,4- 
dini t rophenol ,  and 3 mM NaN3 were added directly to normal seawater. In 100 K-ASW, 
90 mM KCI was substituted for NaCI, although in K-free or 1 mM K-ASW, no substitution 
was made for the absent KCI. 

Electrodes 

We inserted membrane and pH electrodes through cannulae at opposite ends of the 
axon. The  pH electrodes were constructed of  Corning 0150 pH-sensitive glass and 
Corning 0120 lead glass (Corning Glass Works, Corning,  N.Y.) according to the design of  
Hinke (1967). They had exposed, pH-sensitive glass tips of approximately 10-15-/xm 
diameter  × 50-/zm length, and lead glass shanks which maintained a diameter  of  less than 
100/~m for at least the terminal  3 cm. The  drift  of these electrodes was less than 1 mV 
over 24 h; they responded  to changes in pH within a few seconds, were linear over the pH 
range 5.87-7.89, and had an average slope of  56.9 mV/pH. 

The borosilicate glass membrane potential electrodes had dimensions similar to those 
of  the pH electrodes, tip potentials of  approximately -0 .5  mV, and resistances of  0.8 to 
1.1 MI~. Membrane potentials recorded from these electrodes were very stable, and 
reproducibil i ty was routinely better than -+0.3 mV when the membrane potential was 
changed with pulses of  K-free ASW. The  external electrodes were similar to the mem- 
brane potential electrodes. 

pH Standards 

From theoretical considerations,  Bates (1973) has stated that pr imary pH standards 
should be dilute, aqueous solutions of  simple solutes in the intermediate pH range (2.5- 
11.5). In making test measurements  the composition of the unknown should match the 
standard's  as closely as possible, a condition which is not met when measuring the pH of  a 
concentrated and ionically undef ined intracellular medium after standardization with a 
pr imary s tandard.  Thus,  the inaccuracy of  pHi measurements  with respect to pr imary 
standards is of  unknown magnitude.  Another  major difficulty is the drif t  in electrode 
output  often seen when the solution in which a pH electrode is immersed is suddenly 
changed to one with a very different  ionic strength. This latter problem has been 
overcome after a suggestion of  Bates (personal communication).  We have p repared  a 
series of  six secondary buffers using different  ratios of  pr imary to secondary potassium 
phosphates (at a constant total phosphate  concentrat icn of  50 mM) plus enough potas- 
sium chloride to make the total ionic strength 0.600 M, similar to the buffers of  Valensi 
and Maronny (Bates, 1973). Using primary standards o f  the National Bureau of  Stand- 
ards of  the United States (NBS) (0.05 m KH phthalate and 0.025 m KH2PO4/0.025 m 
K~HPO4, obtained from Harleco, Philadelphia, Pa.) to calibrate a s tandard macro combi- 
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nation pH electrode and an Instrumentation Laboratory, Inc., Lexington, Mass., model 
245 pH meter, we measured the pH of each of the six buffers at several temperatures. 
The pH measured in each of  the new buffers was then assigned to that solution. It was 
not necessary to oven-dry the salts of  the high ionic strength buffers before weighing, 
since their assigned pH values were determined solely by comparison with NBS stand- 
ards. We used these high ionic strength buffers to calibrate all intracellular pH elec- 
trodes. It should be pointed out that the use of these secondary standards does not 
increase the accuracy of  our measurements with respect to primary NBS standards; the 
advantage is that drift is minimized. 

Electrical Connections 

We coupled the 3 M KC1 membrane and external reference electrodes (via calomel half 
cells) and the pHi electrode to individual 311K electrometers (Analog Devices, Inc., 
Norwood, Mass.) in the single-ended configuration (input impedance, 10 TM 12). A gold 
wire in the chamber was connected to the system's ground. Operational amplifiers (Burr- 
Brown Research Corp., Tucson, Ariz., 3500 A and Analog Devices lI8A) electronically 
subtracted the signals of  the membrane electrode from that of the pHi electrode to 
produce the potential due to intracellular pH (Vvn), and the signal of  the external 
reference electrode from that of the membrane electrode to yield the membrane poten- 
tial (Vm). We could display each potential on a digital voltmeter (read to the nearest 
millivolt) and record them on a strip chart recorder. A filter with a time constant of 9 s 
was used at the input of  each channel of  the strip chart recorder. 

Calculations 

The intracellular pH was calculated using the following equation: 

p H i =  p H , -  V s -  VvH 
S 

where pHs is the pH of one of the standards, Vs the potential recorded in that Standard, 
VpH the net potential due to pHi, and S the slope (millivolts per pH) between two or more 
standards. The pHi values given in the figures in this paper do not include corrections for 
liquid junction potential. 

R E S U L T S  

Normal IntraceUular pH 

For  22 axons  in n o r m a l  ASW of  p H  7.61-7.80,  the u n c o r r e c t e d  pHi  was 7.32 +- 
0.013 (SEM) a nd  the m e m b r a n e  potent ia l  - 5 6 . 5  +-- 0.7 mV.  I f  the j u n c t i o n  
potent ia l  co r rec t ion  o f  Cole a n d  Moore  (1960) is m a d e  for  o u r  data ,  the m e a n  
pH~ would  d r o p  to 7.28. This  pH~ is s ignif icantly h ighe r  t han  p H  6.73, p red ic t ed  
f r o m  D o n n a n  theo ry  us ing  Vm = - 5 6 . 5  mV.  S p y r o p o u l o s  (1960) f o u n d  a value 
for  pHi  o f  7.40 +- 0.10 be fo re ,  o r  7.35 +- 0.10 af ter  a p p l y i n g  a cor rec t ion  for  
liquid j unc t ion  potent ia l .  Caldwell  (1958) r epor t s  tha t  the n o r m a l  pH~ o f  Loligo 

forbesi is nea r  7, a l t h o u g h  e xamina t i on  o f  his Fig. 17 yields an  average  n o r m a l  
pH~ o f  nea r  7.10. It  is no t  clear w h e t h e r  Caldwell  app l ied  any  cor rec t ion  for  
j u n c t i o n  potentials  o c c u r r i n g  with 3 M KC1 elect rodes .  Bicher  and  Ohki ' s  da ta  
(1972) yie lded an in t racel lu lar  p H  o f  7.0. T h e  nonl inear i ty  o f  their  a n t i m o n y  
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electrodes in the physiological range and the very large uncertainty (+0.2 pH 
units) in their measurements make the interpretation of their results difficult. 

Carbon Dioxide Experiments 

In his experiments with squid axons, Caldwell (1958) found that only application 
of CO2 (pKa' = 6.00) produced rapid and large changes in pHi. He did not 
examine the reversibility of the CO2 effect. As illustrated in Fig. 1 A, we similarly 
found that exposure to 5% COs produced a sharp fall in pHi, averaging 0.38 --- 
0.05 (SEM) pH units (n = 8). After termination of short-duration exposures to 
CO2 (approximately 5 rain), pHi promptly returned to a value which was 
consistently higher than the initial one. In the experiment of Fig. 1 A this 
overshoot amounted to about 0.04 pH units. 

In three experiments, we maintained exposure of the axon to CO2 for as long 
as 80 rain, as illustrated in Fig. 1 B. As usual, pHi initially fell sharply. However, 
after about 5 rain pH~ began to slowly climb at an average rate of 0.10 - 0.04 pH 
units/h (we shall call such a period of relatively slow pHi change a "plateau 
phase"). When we removed the CO2-ASW, pHi rapidly rose beyond the axon's 
initial pHi to a value considerably more alkaline. The size of the overshoot was 
positively related to the magnitude of the pHi rise during the plateau phase. We 
observed only small changes in membrane potential (Fig. 1 A and B) during and 
after exposures to COz. 

There is little doubt that in these experiments, the passive entry of CO2 and its 
subsequent hydration and dissociation to form H + and HCO3- causes the initial 
decline in pHi (Jacobs, 1940). During the first few instants of exposure to CO2 an 
inward gradient for HCOa- also exists, though the influx of this ion (which 
would blunt the acidification produced by CO2 influx) may be small due to either 
a low permeability and/or the effects of membrane potential. Soon thereafter, 
however, the concentration of intracellular CO2 approaches that of external 
CO2. If the pK for COs is the same on either side of the membrane, the following 
identities hold: [H+]i[HCOa-]i = Ka'[CO2]~ = Ka'[CO2]o = [H+]o[HCO3-]o, and 
therefore [HCOs-]i reaches levels high enough to make the equilibrium poten- 
tials for H + and HCOz- equal. Its electrochemical gradient having now been 
reversed, HCOz- would tend to leave the cell. This would result in a reduction of 
[COz]i, thus maintaining an inward gradient for CO2 (see Fig. 1 C). These 
simultaneous, passive fluxes of HCOz- and COs would then be expected to lead 
to a further acidification during the plateau phase, yet, an alkaline drift was 
actually observed. This alkaline drift can only be explained by outward H + 
pumping (or its formal equivalent: pumping of HCOa- or OH-  in the opposite 
direction), or, possibly, by an intracellular proton sequestration mechanism. 
Furthermore, this alkaline drift indicates that the rate of proton pumping 
exceeds any proton accumulation due to passive shuttling by the COz/HCOa- 
couple. 

Upon removal of external CO2, intracellular CO2 will passively diffuse out- 
ward whereas most intracellular HCO~- will combine with H + and likewise leave 
as CO2, thereby nullifying nearly the entire intracellular proton load brought 
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FIGURE 1. (A) Effect of short-term CO2 exposure on pHi and membrane po- 
tential. During the indicated time the axon was exposed to 5% CO2 at constant pH,, 
(7.70). Note the slight overshoot of pHi upon return to the control ASW. All rec- 
ords have been traced by an artist from original copies. The broken lines which 
appear during periods of rapid voltage changes are a consequence of the recording 
pen's alternately tracing the pHi and V m curves. (B) Effect of long-term C()2 ex- 
posure on ph i  and membrane potential. The conditions were similar to those in 
Fig. 1 A except for the longer exposure to 5% COs. Note the slow alkalinization 
during the plateau phase and the exaggerated overshoot upon return to ASW. 
(C) Inward shuttling of protons by the COJHCOa- couple dur ing the plateau 
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about  by CO2 entry.  However ,  since addit ional pro tons  had been p u m p e d  out  
du r ing  the CO2 exposure ,  pHi ,  u p o n  removal  o f  external  CO2, should be h igher  
than  its initial value. T h e  magn i tude  of  this overshoot  should be a funct ion of  
the algebraic sum of  pro tons  p u m p e d  f rom the axon and those passively shutt led 
in the opposi te  direction.  It  might  be poin ted  out  that  any passive exit o f  H C O z -  
du r i ng  the CO2 eff lux phase  would only serve to blunt  this overshoot ,  and  that  
the a m o u n t  of  H C O z -  exit ing af ter  the removal  o f  COz would be expec ted  to be 
much  greater  than  the am oun t  which en te red  dur ing  the first momen t s  of  CO2 
exposure ,  due to the effect  of  m e m b r a n e  potential .  

T h e  small overshoots  seen af ter  CO2 exposures  of  short  dura t ion  (Fig. 1 A) 
were most  likely caused by the propor t iona te ly  smaller  amounts  of  H + p u m p e d .  
I t  is interest ing to note that  in one expe r imen t  several successive short  CO2 
exposures  had  the effect  of  progressively increasing the value to which pHi  
r e b o u n d e d  af ter  COz removal .  Th is  is to be expected,  since the H + p u m p i n g  
which occurs du r ing  the short  COz exposures  is cumulat ive in its effects on pHi.  
A mathemat ica l  fo rmula t ion  of  these events has successfully mimicked the 
observed changes in pHi  seen with COz applicat ion and removal  (see Appendix) .  

Ammonia Experiments 

Exposure  of  axons to 9-10  mM NH4 + (pKa' = 9.5) at p H  7.7 resulted in a rapid  
increase in pHi  by 0.51 +- 0.02 p H  units (n = 8), as i l lustrated in Fig. 2 A. A 
smaller increase (0.34 pH)  was noted in one axon where  3 mM NH4 + was used. 
Return  to ASW within 8-25 rain caused pHi  to d r o p  to a value 0.07 + 0.02 (n = 
4) below the start ing point .  These  undershoo ts  were observed af ter  a per iod of  
exposure  to NH4 + so br ie f  that  pHi  was still increasing with t ime when the NH4 + 
was r emoved .  Dur ing  the per iod of  exposure  to NH4 +, the m e m b r a n e  potential  
depolar ized by 2.4 ± 0.1 mV (n = 8) and,  upon  removal  of  NH4 +, r e tu rned  to its 
initial level within ± 0.1 mV.  It is interest ing to note that  a change  f rom 10 K to 
20 K-ASW caused a similar degree  of  depolar izat ion,  2.7 + 0.1 mV (n = 4). 

T h e  initial alkalinization seen du r ing  the first momen t s  o f  exposure  to NH4 + is 
p resumably  caused by the rapid ,  passive entry  of  NHz and  its subsequent  
hydra t ion  to fo rm NH4 + and  O H -  (Jacobs, 1940). I f  the m e m b r a n e  exhibits a 
finite permeabi l i ty  to NH4 + as well, this would result  in an influx of  this ion early 
dur ing  the exposure  to NH4C1. Such an influx would t e m p e r  the alkalinization 
due  to NH3 influx, since a small fraction of  these ions dissociate to fo rm pro tons  
and  NHz. Thus ,  even as pHi i s  rising, some H + would be carr ied into the axon by 
the incoming NH4 +. Removal  of  external  NH4 +, at this point ,  will result  in an 
exit of  NHz and NH4 +. However ,  since the dr iving force for  net eff lux of  NH4 + 
is less than  for  the previous  influx of  these ions (due to the effect of  m e m b r a n e  
potential) ,  the f iber should lose fewer  of  these p ro ton  carriers  than it has gained.  
For this reason it is expected  that  af ter  withdrawal of  NH4CI f rom the m e d i u m ,  
pHi  will be lower than  before  exposure ,  as can be seen in Fig. 2 A. 

phase. Any efflux of HCO3- down its electrochemical gradient would maintain an 
intracellular sink for COz. The inward proton shuttling produced by such a 
mechanism during the plateau phase of Fig. 1 B would have to be more than offset 
by H + extrusion to account for the observed slow alkalinization. 
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I f  e x p o s u r e  to N H4 + is p r o l o n g e d  (Fig. 2 B), the  rate  o f  N H3 inf lux will decl ine 
a nd  eventual ly  vanish.  At this po in t  (assuming  pKa'  for' a m m o n i u m  to be 
identical  on  both  sides o f  the m e m b r a n e ) ,  the fo l lowing identit ies will hold:  
[H+]/[NH4+]i  = Ka'/[NH3]~ = Ka'[NH3]o = [H+]o/[NH4+]o. In  o t h e r  words ,  the 
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FIGURE 2. (A) Effect of short-term NH4C] exposure on pHi and membrane 
potential. During the time indicated, the ASW bathing the axon contained 10 mM 
NH4CI at constant pHo (7.70). Note the undershoot of ph i  upon return to control 
ASW. (B) Effect of long-term NH4CI exposure on pHi and membrane potential. 
During the time indicated, the axon was exposed to ASW containing 10 mM NH4CI. 
Note that the prolonged NH4CI treatment leads to a slow acidification following the 
initial decrease in pHi. (C) Suggested mechanism for inward shuttling of  protons by 
the NH~/NH4 + couple during the plateau phase of  Fig. 2 B. The continuing influx 
of  NH4 + down its electrochemical gradient maintains an intracellular source of 
NH3. The net proton influx produced by this shuttling mechanism is presumably 
responsible for the slow acidification observed during the plateau phase of Fig. 2 B. 
Although the electrochemical gradient for protons is inward, the absolute flux of  
H + per se is expected to be very small due to the low concentration of this ion. 

equi l ibr ium potent ia l  fo r  NH4 + will be identical  to tha t  fo r  H + (i.e., less negat ive 
then  Vm). Consequen t ly ,  since its e lec t rochemica l  g r a d i e n t  r emains  inward ,  
NH4 + cont inues  to en te r .  Moreove r ,  since a f rac t ion o f  these ions dissociate u p o n  
en t ry  to f o r m  NH3 a nd  H +, an  o u t w a r d  g rad ien t  for  NH3 will be c rea ted .  T h e  
net  effect  o f  these two s imul t aneous  fluxes is the  inward  shut t l ing  o f  p ro tons  (see 
Fig. 2 C), which shou ld  lead to a g r adua l  acidification o f  the cell. This  is i n d e e d  
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what we observed dur ing  prolonged exposures to NH4 + (see the plateau phase of  
Fig. 2 B): pH~ declined at an average rate of  0.08 + 0.02 pH/h  (n = 4). After  
re tu rn  to ASW the undershoo t  of  pH~ was greatly exaggerated.  A mathematical 
s tatement  of  these events is given in the Appendix .  

The  triphasic t ime-course of  Vm dur ing  the first moments  of  exposure  to 
NH4CI was consistently observed in o ther  exper iments ,  and may have several 
explanations.  T h e  rapid initial depolarization plainly results f rom the K+-like 
effect of  external  NH4 +. The  second (hyperpolarizing) phase may be due to the 
intracellular accumulation of  N H 4  +, the osmotic exit of  water, or to a combina- 
tion of  both. A third (depolarization) phase would be expected if a significant 
loss of  K + occurs or if N H 4  + accumulation lags appreciably behind the water 
movement .  

Cyanide Experiments 

T h e  exposure  of  axons to nominally 2 mM NaCN at pH 7.70, af ter  a 5-min de- 
lay, caused a slow fall in pH~ which cont inued for  30--60 min (see Fig. 3 A). Th e  
total decrease in pH~ averaged 0.27 -+ 0.02 pH units in four  exper iments .  In each 
of  these exper iments ,  the membrane  voltage showed a slight depolarizat ion,  fol- 
lowed by a marked  hyperpolar izat ion of  as much as 7 mV or more  af ter  1 h. Th e  
existence of  these peculiar effects of  CN on membrane  potential has been noted 
by De Weer  and Geduldig (1975) and is the subject of  cont inuing investigation. 
Removal of  external  CN led to a partial recovery of  pHi, which after  approxi-  
mately 5 min averaged 0.12 -+ 0.01 pH units. Th e  membrane  potential re- 
sponded by depolarizing to a value near  its initial level. 

Since the pKa' for  HCN (approx.  10) is so much larger than pHi, the entry of  
HCN produces  very few protons by dissociating to fo rm CN-  + H +. Thus ,  a 
fairly rapid intracellular acidification, analogous to that seen with the onset of  
CO2 exposure ,  is not to be expected with HCN. Fur the rmore ,  because [CN-]~ is 
so low (we calculate - 2/~M), the permeabili ty of  the membrane  to CN -  would 
have to be exceedingly large to explain the long-term intracellular acidification 
on the basis of  the shuttling hypothesis. It is more  likely that the acidification 
seen is due to some metabolic inhibitory effect of  HCN,  and the resultant  build- 
up o f  intracellular acids. 

DNP and Azide Experiments 

Fig. 3 B and C show the effects of  long-term exposure  of  an axon to DNP and 
azide, respectively. Each type of  exper iment  was p e r fo rm ed  on three axons. 
Mitchell (1961) has in te rpre ted  the ability of  DNP (pKa' --- 4.0) to uncouple  
oxidative phosphoryla t ion on the basis of  its acting as a pro ton  shuttler across 
mitochondrial  inner  membrane .  Thus ,  exposure  to DNP may decrease pHi in at 
least three ways: (a) by penet ra t ing  the plasma membrane  as DNP and dissociat- 
ing to form H + and d in i t rophenoxide  ions (DNP-),  (b) by shuttl ing H + across the 
plasma membrane  via the influx of  DNP and the efflux o f  DNP- ,  and (c) by 
causing a bui ldup of  metabolic acids due to its effect on mitochondria .  It is very 
difficult to distinguish among  the three alternatives experimental ly.  It should be 
pointed out that the initial fall in pH~ started shortly af ter  exposure  to DNP, and 
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that  its initial rate of  fall was more  than five times greater  than  that  p roduced  by 
CN. We have no explanat ion  for  the changes in Vm. 

Azide (pKa'  = 4.7), which also uncouples  oxidative phosphory la t ion  (Mitch- 
ell, 1961), p roduces  an ab rup t  fall in pHi,  whose reversibility depends  u p o n  the 
length o f  exposure  (see Figs. 3 C and 4). This  sequence of  pHi  changes  is 
qualitatively similar to that  seen with CO,;  the initial fall in pH~ is probably  
caused by an influx of  HN3 which then dissociates to f o r m  N3- and  H + intracellu- 
larly. T h e  slow fall in pHi  seen du r ing  chronic exposure  may be due  to p ro ton  
shuttling. Accumula t ion  of  metabolic acid and the reduced  activity of  the p ro ton  
p u m p  cannot  be ruled out.  

It  should be no ted  that  azide pulses had identical effects on pH,  in the 
presence  of  ei ther  100 or 10 mM K-ASW (two exper iments )  even though  the 
directions of  the electrochemical  gradients  for  H + in the two cases are opposi te  
(see Fig. 4). I f  poisoning of  a p ro ton  p u m p  in the face of  a cont inuing p ro ton  
influx were responsible  for  the acidification p roduced  by azide in 10 mM K +, as 
has been  suggested as a possibility in the snail neu ron  by T h o m a s  (1974 a), then  
revers ing  the H + electrochemical  gradient  should p roduce  alkalinization, even 
in the absence of  pumping ;  this is clearly not the case. It the re fo re  seems more  
probable  that the immedia te  fall in pH~ observed u n d e r  both  conditions is due  to 
the influx and  subsequent  dissociation of  the acid HN3. 

D I S C U S S I O N  

Normal pHi 

Because of  the wide discrepancy a m o n g  published values for  pHi  in squid giant 
axons,  a major  aim of  this work was to a t t empt  to measure  pH~ in carefully 
p r e p a r e d  axons using glass pH microelect rodes  character ized by their  high 
stability and small size. Apar t  f rom its intrinsic interest ,  a precise knowledge  of  
pHi  is impor tan t  in a n u m b e r  of  calculations (for instance,  those involving the 
stability constants o f  such metal- l igand complexes  as Mg-nucleot ide and  Mg- or 
Ca -EGTA,  some of  which are quite p H  sensitive). "Norma l  pHi"  values must  be 
in te rp re ted  with caution.  Ours  were de t e rmined  in nominal ly CO2-free ASW. 
When these same axons were ba thed  in natural  seawater  (NSW), however ,  the 
pHi  values of ten were 0.02-0.04 p H  units lower (presumably  because NSW 
contains a significant a m o u n t  of  HCOa-) .  F u r t h e r m o r e ,  the in vivo env i ronmen t  

FIGURE 3. (A) Effect of long-term exposure to CN on pHi and membrane poten- 
tial. During the indicated time, the axon was exposed to nominally 2 mM NaCN at 
constant pHo (7.70). Note the 5-min delay between the introduction of CN- and the 
initial fall in pHi. See text for additional information. (B) Effect of long-term 
exposure to DNP on pH~ and membrane potential. During the indicated time the 
axon was exposed to ASW containing 1 mM DNP at constant pHo (7.70). Note that 
the onset of the initial acidification is more rapid and that the initial rate of pH~ fall 
is much greater than in the case of CN. This axon was previously exposed to DNP 
for about 5 min. (C) Effect of long-term exposure to azide on pHi and membrane 
potential. The axon was exposed to ASW containing 3 mM NaNz at constant pH0 
(7.70) during the indicated time. Note the very rapid rate of initial acidification. 
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of these axons is probably very different  f rom ASW. I f  the pco~ of  the extracellu- 
lar fluid, for instance, is appreciable, t ransferr ing the axons to CO2-free ASW 
will cause a rapid rise in pHi, the size of  which is a function of  the squid's normal  
Pco2. Fur thermore ,  it has been clearly documented  (Howell et al., 1970) for 
several poikilotherms that blood pH rises as tempera ture  decreases. And Reeves 
(1972), using the DMO method  to estimate pHi in f rog muscle, has found that 
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FIGURE 4. Effect of short-term exposure to azide on the pH~ of normal and 
depolarized squid axons. The axon was briefly exposed to 3 mM NaN3 before and 
during membrane depolarization with 100 mM K-ASW. Note that pH, changes are 
virtually identical and independent of the direction of the H + gradient. The axon 
had previously received an identical set of azide pulses. 

pH~ also is inversely related to acclimated temperature .  
For these reasons one must be careful in compar ing  values for pHi. Neither 

Caldwell (1958) nor  Spyropoulos  (1960) repor t  the composit ion of  their "normal"  
seawaters or clearly state the temperatures  at which their experiments were 
per formed.  Our  data (pHi -~ 7.3) agree more  closely with those of  Spyropoulos,  
but would not be inconsistent with Caldwell's results if his seawater contained 
significant amounts  of  bicarbonate, or if his axons were incubated at a tempera-  
ture substantially higher  than 23°C. 
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Experiments with C02 

Our experiments on squid axons exposed to CO2 and NH4 + have confirmed and 
extended several of  the findings of Thomas (1974 a, b) who worked with snail 
neurons. This agreement is significant in view of the differences in species and 
the style of pH electrode used. 

In order  to achieve a quantitative understanding of the events underlying the 
changes in pHi which occur during and after exposure to CO2, NH4C1, and 
other weak acids and bases, we have developed a mathematical model (see 
Appendix for derivation and examples) which has proven a useful tool, not only 
in the interpretation of our data, but also, in predicting possible events that have 
thus far not been tested. The model takes into account the simultaneous passive 
fluxes across the plasma membrane of both the protonated and unprotonated 
forms of  a weak acid or base. Several physicochemical parameters, including the 
dissociation constant of the weak electrolyte, the permeability of the membrane 
to both members of the conjugate pair, intracellular buffering power, and 
membrane potential, are used in calculating the net fluxes of  both forms of the 
weak electrolyte and their effect on pHi as a function of time. Data which cannot 
be reconciled with the model, after reasonable manipulation of the system 
parameters, constitute arguments in favor of some additional process, such as 
intracellular acid generation or consumption, or changes in the rate of proton 
extrusion. The model is readily expanded to include a proton pump with 
arbitrarily defined parameters. 

In applying this model to the pHi changes obtained with exposure to CO2, we 
found several aspects of the time-course of pHi which necessitate the introduc- 
tion of such additional processes. We refer to the overshoot seen after removal 
of CO2 (see Fig. 1 A) and also to the slow increase in pHi observed during 
prolonged CO2 exposure (see Fig. 1 B). As to the rebound upon CO2 removal, if 
no pumping mechanism were present, pH~ would return to a value equal to or (if 
H + is shuttled by the CO2/HCO3- couple) less than the initial pHi. Yet, we 
consistently found overshoots. As to the pH~ time-course during prolonged 
exposure to CO2, in the absence of proton pumping the initial acidification 
should be followed by a plateau phase which is flat or (if a finite permeability of  
the membrane to HCO3- is assumed, allowing proton shuttling) sloping down- 
wards. Yet, the observed slope was upward. An active proton extrusion mecha- 
nism will acount for both anomalies. It is obvious that the proton pumping rate 
must be high enough not only to produce alkalinization at the observed rate, but 
also to compensate for any acidification resulting from proton shuttling by the 
CO2/HCO3- couple. However, numerical solution of the differential equations 
describing our model (see Appendix) shows that with a bicarbonate permeability 
similar to that for chloride (approximately 10 -7 cm/s; calculated from the data of 
Caldwell and Keynes, 1960), the expected acidification due to proton shuttling 
will not exceed 0.01 pH/h of exposure to CO2. An intuitive grasp for the effect of 
this proton pumping on pHi may be gained by examining a [HCO3-] vs. pH 
diagram with various CO2 isopleths. Fig. 5 A has been constructed for squid 
axoplasm using the data of Harned and Davis (1943) and Harned and Bonner 
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(1945) for  the solubility and  first pKa'  o f  COs in solutions o f  0.5 M NaCl.  At the 
start o f  an e x p e r i m e n t  Pc% is very  low, and  pHi  is descr ibed  by point  A. 
I n t r o d u c t i o n  o f  5% COs (37 m m  Hg)  raises in t racel lular  pco2 to near ly  the same 
level and  causes a shift  in pH~ a long  the line AB (the slope, which is an  
express ion  o f  the b u f f e r i n g  power ,  is selected to fit the data)  to poin t  B. I f ,  at 
cons tan t  pc02, p ro tons  are  p u m p e d  out  o f  the cell, pH~ moves  a long  the  5% CO2 
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FIGURE 5. (A) Plot of  intracellular bicarbonate concentration vs. pH~ at various 
concentrations of  CO2. The dependence of [HCOa-]~ upon pH~ at constant CO2 has 
been calculated from the Henderson-Hasselbalch relationship for a variety of  CO~ 
levels (0.1, 2, 5, and 15% CO2). The value for buffering power, assumed to be 
constant (fl = -25  mM), was chosen because it gave the best fit. In a system 
containing CO2/HCOa- in addition to other buffers, the buffering power of  these 
other buffers is given by /3 = A[HCOa-]/ApHi. Values for pK, '  (6.00) and the 
solubility of  CO2 (0.0346 raM/ram Hg) in 0.5 M NaCI at 20°C have been taken from 
the data of Harned and Davis (1943) and Harned and Bonner (1945), respectively. 
Boldface lines represent the path the system follows in the course of a typical COs 
experiment. See text for detailed description. (B) Plot of intracellular ammonium 
concentration vs. pH~ at various concentrations of NHa. The Henderson-Hassel- 
balch equation has been used to calculate [NH4+]~ as a function of pH~ at constant 
intracellular NHa, using pKa' = 9.5. The three "constant NHa" curves represent 
NHa concentrations of  0.0016, 0.016, and 0.159 mM. The slope of the lines AB and 
DC is determined by the intracellular buffering power,/3;/3 = - 9  mM fit the data 
best. In a buffering system which includes NHa/NH4 + in addition to other buffers, 
the buffering power of these other buffers is described by /3 = -A[NHa+]/ApHi.  
See text for additional description. 

isopleth to point  C. U p o n  remova l  o f  CO2, pH~ re tu rns  to point  D, where  pH~ is 
now grea te r  than  the initial pHi.  Because  o f  the d i f f e r ing  slopes a m o n g  the COs 
isopleths,  [pH(C)  - pH(B)]  < [pH(D)  - pH(A)] .  Inspec t ion  o f  the d i a g r a m  also 
illustrates tha t  u p o n  r e t u r n  to the or iginal  low pco2 level, vir tually no H C O 3 -  
remains  inside the  cell. It is instruct ive to no te  two predic t ions  o f  the mode l  
r e g a r d i n g  chronic  COz exposu re :  (a) pHi  in the pla teau phase  shou ld  p rogres -  
sively increase (because o f  cont inua l  p r o t o n  ext rus ion) ;  (b) subsequen t  r emova l  
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of  CO2 should produce  an overshoot  which is greater ,  the longer the preceding 
CO2 exposure .  

Experiments with NH 4Cl 
Two remarkable  features o f  the response of  pHi in our  NH4CI exper iments  are 
the slow acidification seen dur ing  the plateau phase (Fig. 2 B) in chronic 
t reatments  and the sizable undershoo t  of  pHi (Fig. 2 A) which is elicited after  
even br ief  exposures  to the salt. These  p h en o m en a  could be explained in several 
ways: the axon might  respond  to high values of  pHi by p u m p in g  protons inward; 
there  may be a passive eff lux of  an endogenous  weak base; some intracellular 
process could generate  protons;  or the NH4+/NH3 couple could shuttle protons  
inward. None of  these possibilities can presently be ruled out.  However ,  there  
are a priori  reasons for  expect ing the last to occur.  Namely,  NH3 is known to be 
permeant ,  and the membrane  permeabili ty for  NH4 + must be similar to that for  
K + in o rde r  to explain changes in Vm at tending changes in [NH4+]o (see section 
entitled Estimation of System Parameters). It can be shown that a permeabili ty of  
this magni tude  is sufficient to account for  the observed undershoots  and the 
plateau phase acidifications. Thus ,  we feel that this simple model ,  which con- 
siders the simultaneous flux of  both NH4 + and NH3, warrants a more  detailed 
analysis. 

In this context ,  a graphic representa t ion of the events taking place dur ing  and 
after  exposure  to NH4CI is provided by a [NH4+]~ vs. pHi  diagram (Fig. 5 B), 
analogous to the graph (Fig. 5 A) discussed in connect ion with the CO2 experi-  
ments.  Since dur ing  the plateau phase the internal NH3 concentrat ion will 
remain  essentially unchanged ,  and nearly identical to that in the external  fluid, 
one may construct  a background grid of  "constant intracellular NH3" curves by 
means of  the Henderson-Hasselbalch equation applied to the equilibrium: NH4 + 
-~- NH3 + H + (pKa' = 9.50). Let us assume an arbitrarily low NH3 concentrat ion 
of  0.0016 mM and pHi  = 7.30 at the start (point A). T h e  int roduct ion of  10 mM 
NH4 + - A S W  ([NH3] = 0.159 mM) causes the system to move f rom A toward B. 
T h e  slope of  the line AB is de te rmined  by the buf fer ing  power of  the intracellu- 
lar fluid, while the curve BB'C represents  the external  NH3 concentrat ion,  0.159 
mM. If  the membrane  were permeable  to NH3 only, and enough time were 
allowed for equilibration, then point B would characterize the new condition; 
conversely, removal of  NH4C1 f rom the medium would lead to a re tu rn ,  along 
AB, to A. However ,  a finite permeabili ty to NH4 + (but PNH3 ~> PNn,) leads to an 
influx of  this ion and a reduct ion of  the intracellular alkalinization p roduced  by 
the influx of  NH3. T h e  system's new composit ion would eventually be described 
by B',  ra ther  than by B. If  the axon is r e tu rned  to ASW before  B' is reached 
(that is, before  the net entry of  NH3 is complete),  the system will r e tu rn  to curve 
AD'D by a path nearly parallel to AB. This is so because, due  to the effect of  
membrane  potential on ion fluxes, fewer am m o n iu m  ions will leave the axon 
upon  removal of  NH4C1 than en tered  dur ing  exposure  to the salt. Thus ,  pHi  
after  an exposure  to NH4CI will be lower than that preceding exposure .  

During pro longed  exposures  to NH4CI, the system not only reaches B' (indi- 
cating that internal  and external  NH3 levels are nearly identical) but  even moves 
toward C on the curve BB'C.  This reduct ion in pHi,  which manifests itself as 
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a drif t  in the acid direction dur ing  the plateau phase, is caused by the cont inuing 
addition of  protons  derived from the dissociation of  the enter ing NH4 +, while 
NHa leaves the cell. This inward pro ton  shuttling will cont inue until e i ther  one 
of two conditions is met: (a) H + and NH4* reach Donnan equilibrium and net 
fluxes o f  both NHs and NH~- fall to zero, or (b) the rate o f  pro ton  pumping  keeps 
pace with shuttling and pH~ remains constant.  A steady-state scenario where 
shuttling by the lactic acid system in rat d iaphragm muscle is balanced by pro ton  
pumping  has been developed by Roos (1975). Our  model  predicts that pHi 
should slowly fall in the plateau phase, and that, with increasing lengths of  
exposure  to NH4CI, r e tu rn  to ASW should cause increasing amounts  of  under -  
shoot. This is illustrated in Fig. 5 B, where point  C represents  conditions after  
some prolonged exposure ,  On removal of  external  NH4C1, point D would be 
reached (DC parallel to AB) if only NHa were permeable .  I f  NH4 + is also 
permeable ,  the new condition is described by point D', slightly more alkaline 
than D. A fu r the r  predict ion is that reversal of  the H + gradient  (by depolariza- 
tion, for  instance) should result in a reverse shuttling and a slow alkalinization 
dur ing  the plateau phase. 

At this point the question may be considered as to whether ,  and how, pHi will 
ever revert  to its original value after  a prolonged exposure  to ei ther COs or 
NH4C1. Clearly, the challenge imposed upon the cell dur ing  exper iments  of  the 
type described above ( intermit tent  exposure  to relatively high levels of  CO2 and 
NH4CI) will not normally be encounte red  u n d e r  physiological circumstances. 
After  prolonged exposure  to COz or NH4CI, we have moni tored  pH~ over- and 
undershoots  for  5-10 rain after  the at tainment  of  an appa ren t  new steady state, 
and have not seen any convincing evidence for a re turn  to "normal"  ph i .  
However ,  one can envisage several mechanisms by which the axon, given more  
time, would eventually recover its initial pH~ value. For  example,  the excess 
protons  remaining inside the axon af ter  removal of  external  NH4CI could 
eventually be ex t ruded  via a H + pump.  On the other  hand,  no single mechanism 
immediately suggests itself for replenishing the proton  deficit accrued dur ing  
removal of  COs. Possibilities include (a) the passive influx of  protons,  (b) an 
inward proton  pump,  or (c) the loss of  an intracellular weak base. 

Experiments with Metabolic Inhibitors 

The  interpretat ion of  our  work with weak electrolyte metabolic inhibitors must 
remain uncertain,  since it has not yet been possible to sort out metabolic effects 
f rom those expected f rom our  pro ton  shuttling model.  It seems very likely that 
exposure  of  a cell to any weak acid or base can lead to significant alterations in 
pHi. The re fo re ,  due  caution should be exer ted when in te rpre t ing  pH~ effects o f  
metabolic inhibitors which are also weak electrolytes. Metabolic effects resulting 
from interference with mitochondrial  activity would be expected to be in the acid 
direction, while changes due  to pro ton  shuttling would be in the direction 
de te rmined  by the H + electrochemical gradient .  

Estimation of System Parameters 

As indicated in the Appendix ,  our  model can be used to select such values for  
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the parameters :  bu f f e r ing  power ,  permeabil i t ies ,  and p ro ton  p u m p i n g  rates,  as 
will yield a theoretical  curve which fits the observed one.  Rapid changes  in pHi  
p roduced  by azide, CO2, and N H  + require  a buf fe r ing  power /3  (see Eq. 6 of  the 
Append ix  for  definition) in the range  - 9  to - 3 3  mM. These  estimates are not 
inconsistent with the values for /3 extracted f rom Spyropoulos '  (1960) t i tration of  
ex t ruded  squid axoplasm,  which ex tend  f rom - 1 4  to - 5 2  mM over  the p H  
range  6-8 .  Al though we have t rea ted/3  as a constant  in ou r  pre l iminary  calcula- 
tions, variations with pHi  would be compat ib le  with our  results, and  would not 
affect  the qualitative aspects o f  our  a r g u m e n t .  

T h e  permeabil i ty  of  the m e m b r a n e  to N H  + should be the major  factor  in 
de te rmin ing  the rate of  p ro ton  shutt l ing du r ing  the plateau phase.  F rom the 
relative effect on Vm of  increasing by 10 mM either  external  N H  + or K + 
concentrat ions in ASW (see page 97) we est imate that  PNn4 is o f  the same o rde r  
o f  magn i tude  as PK. I f  K + influx is normal ly  about  50 pmol/cm2s (Caldwell and 
Keynes,  1960), then the constant  field assumpt ion  leads to a PK of  about  6.7 x 
10 -s cm/s. Thus ,  PNH4 may be about  6 × 10 -s cm/s. A similar value for  PNa~, when 
employed  in the mathemat ica l  model ,  leads to a predic ted p ro ton  shutt l ing rate 
close to that  actually observed in our  long- te rm N H  + exper iments .  

At tempts  to est imate the permeabi l i ty  of  the m e m b r a n e  to NHn and  especially 
to CO2 are compl ica ted by the 9-s t ime constant  o f  the record ing  appara tus .  
F u r t h e r m o r e ,  the uncatalyzed hydra t ion  reaction: CO2 + H20  ~ H2COa has a 
t ime constant  o f  about  27 s at 25°C (Edsali and Wyman ,  1958). Thus ,  in the 
absence of  carbonic anhydrase ,  intracellular acidification resul t ing f rom the 
influx of  CO2 can be expected  to be a r a the r  slow process. It  follows that  it will be 
difficult to distinguish between the absence of  carbonic anhydrase  and a low 
permeabil i ty  to CO2 as causes for  the relatively slow (1-2 min) fall in pHi  at the 
onset  of  an exposure  to CO2. Consequent ly ,  in our  mathemat ica l  t r ea tmen t  of  
the data (see Appendix) ,  we have l umped  pe rmea t ion  and  hydra t ion  of  CO2 into 
a single event  gove rned  by a p a r a m e t e r  conveniently t e rmed  "permeabi l i ty ."  

Proton p u m p i n g  rates needed  to explain ou r  data on both  short-  and long- 
t e rm CO2 exposures  cannot  be est imated without def in ing the pa ramete r s  that  
de te rmine  the H + p u m p i n g  rate. I f  the total rate at which protons  are p u m p e d  is 
given by k[H+]i, where  k is a rate constant ,  and  the rate  at which protons  are 
p u m p e d  dur ing  the control  per iod is k[H+]~ then we def ine  the rate of  addit ional  
p ro ton  p u m p i n g  in response  to an intracellular acid load (Mn) by 

MH = k([H +] - [H+]'). 

H e r e  we have assumed that  the background  rate of  passive p ro ton  influx (and 
thus the background  p ro ton  p u m p i n g  rate k[H+] ') du r ing  exper imenta l  condi- 
tions is identical to the total acid flux (and to the total p u m p i n g  rate) du r ing  
control  conditions. Our  data indicate that  k is at least 75 s - ' .  

A P P E N D I X  

Kinet ics  o f  I n t r a c e l l u l a r  p H  C h a n g e s  u p o n  E x p o s u r e  

to W e a k  Acids  o r  Bases  
In this section we derive the differential equations for the time-course of pH~ as determined 
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by the  in t r ace l lu la r  b u f f e r i n g  power  a n d  by the  " p r o t o n  load"  (posit ive or  negat ive)  
i m pos ed  u p o n  the  cell a f t e r  e x p o s u r e  to a weak acid. Similar  e q u a t i o n s  can  also be de r i ved  
for  the  case o f  a weak base.  

Der iva t ion  

We assume  Fick's law to g o v e r n  the  ne t  passive f lux of  u n c h a r g e d  part icles ,  a n d  the  
cons t an t  field e q u a t i o n  ( G o l d m a n ,  1943; H o d g k i n  a n d  Katz,  1949) to descr ibe  tha t  of  
c h a r g e d  species: 

MHA = P e a  ([HA],, - [HA]i), (1 a) 

m a  - PAV,,,F [a]o - [A]~E , (2 a) 

R T  1 - 

w h e r e  M~A a n d  MA r e p r e s e n t  the  ne t  i n w a r d  f luxes o f  the  weak acid a n d  con juga t e  base ,  
respect ively;  PnA a n d  PA are  permeabi l i t i e s ;  the  subscr ip t s  i a n d  0 r e f e r  to i n t e rna l  and  
ex t e rna l  c o n c e n t r a t i o n s ,  respect ively;  Vm is the  m e m b r a n e  potent ia l ;  E r e p r e s e n t s  
exp( -V ,~F/RT) ;  a n d  F, R, a n d  T have  the i r  usual  m e a n i n g .  T h e s e  two f luxes,  a n d  the  
a r ea / vo l um e  ra t io  o f  the  cell (p), d e t e r m i n e  the  t ime ra te  o f  c h a n g e  of  total  in t r ace l lu la r  
weak acid c o n c e n t r a t i o n  ([TA]0: 

d[TA]i - (MHA + MA)  p .  (3  a )  

dt 

A f rac t ion  (a) of  the  total  in t r ace l lu la r  weak acid r e m a i n s  und i s soc ia t ed :  

[HA]~ [H], 
ez = - (4 a) 

[HA], + [A]l [H]i + K 

where K is the acid dissociation constant. Thus,  a fraction (a) of the entering A- will combine with 
H +, and a portion (1 - a) of the entering HA will dissociate into A- + H +. The  proton load imposed 
upon the cell interior is then determined by (a) the production of protons from entering HA, or (1 - 
ot)Mna, and (b) their consumption by enter ingA-,  or OMA. Consequently, if dQ/dt represents the rate 
at which protons are added to the cell per unit volume, we have 

dQ 
- -  = p [(1 - o t ) M t t A  -- t x m A  - -  Mn], (5 a) 
dt 

w h e r e  the  add i t i ona l  t e r m  M n  r e p r e s e n t s  the  ra te  (in mol  cm -2 s -1) of  in t r ace l lu la r  
c o n s u m p t i o n  a n d / o r  active ex t ru s ion  of  p r o t o n s  in excess of  t ha t  o c c u r r i n g  in the  con t ro l  
state.  

T h e  t ime ra te  o f  c h a n g e s  o f  the free p r o t o n  c o n c e n t r a t i o n  is a f u n c t i o n  of  in t r ace l lu la r  
b u f f e r i n g  power ,  classically d e f i n e d  as /3  = d Q / d p H .  Since 2.303 p H  = In [H] ,  or  2.303 
d p H  = - d [ H ] / [ H ] ,  we have  

d[H],  _ - 2 . 3 0 3  [H]~ 
- -  • d Q ,  (6  a )  

dt /3 

and ,  c o m b i n i n g  Eqs. 5 a a n d  6 a ,  

d [/-/] ~ - 2 . 3 0 3  [H]~p 
T = - ~ [(1 - -  o I ) M H A  - -  t x m  a - M H ] .  (7 a) 

Subs t i t u t ion  of  [HA]~ = a[TA], a n d  [A]i = (1 - a)[TA]i into  Eqs. 3 a a n d  7 a yields the  de-  
s i red set o f  d i f f e ren t i a l  e q u a t i o n s  in t e r m s  o f  [TA]~ and  [H]i: 
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d[TA], 

dt 
- p PnA([HA]o - 

[n]~ 
[H]~ + K 

+ _ _  

[TA ],) 

K 
[A]o - [TA]#  

PAVmF [H]i + K 

R T  1 - • 

I- 
d[H], _ -2.303 [H],p [ K Pna([HA]o - [H], [TA]3 

fl L ~/~,, + K [H]i + K 

[A ]o - K [TA ],• q 
[H]i PAV,,d 7 [H]i + K - M n J  • 

[H]i + K R T  1 - • 

(8 a) 

(9 a) 

I. [HB]o - 
d [ H ] i  = -2.303 [H]ip K P n s V ~ F  

dt /3 [H]~ + K R T  

K 

[H]~ + K 
- -  [TB ]~) 

+ P n n V m F  

R T  

[HB]o - 

q 
- [H]------L~'Pn ([B],, - -- K [TB]0 - M n ] ,  

[H]i + K [H]i + K _J 
where [TB]~ is the intracellular concentration of total base, PHs and PB are permeabilities, 
and • '  = e x p ( V , , F / R T ) .  Fig. 6 B illustrates typical examples of  the numerical  solutions to 
Eqs. 10 a and 11 a for the case of exposure to NH4CI. Again, certain aspects of  the pHi  
time-course are primarily affected by specific parameters:  the initial rate of pH, increase 

[H]i [TB],C 
[H]i + K 

• t _ 1 

[H]~ [TB ]~C 
[H]i + K 

• t _ 1 

I (10 a) 

(11 a) 

d[TB]~ I --~ - P PB([B]o - 

These simultaneous equations, which have no general analytical solution, were solved 
numerically by computer .  (The time-course of the concentrations of H A  and A-  individ- 
ually can be computed from [H]~, [TA]~, and K.) Fig. 6 A illustrates the result of such 
computations applied to a typical CO2 experiment .  By systematically altering the various 
parameters ,  the mathematical model  can be made to fit the experimental  results: the 
initial rate of pH decrease is approximately proport ional  to the permeability of  the 
membrane to CO2; the extent of this initial change is nearly proport ional  to the buffer ing 
power; and the rate of  pH change dur ing the plateau phase is de te rmined  by the extent to 
which proton pumping  exceeds proton entry via the COflHCO~- shuttle. Obviously, a 
lower limit for the rate of addit ional H + pumping  is obtained in the case where the 
permeabili ty to HCO~ is put equal to zero. 

W e a k  B a s e  

An analogous derivation for the case of a weak base ( B H  + ,~-B + H +) leads to the fi)llow- 
ing equations: 



110 THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME: 67 • 1976  

8.2 

8.0 

Z8 

Z6 

o. Z4 

7.2 

7,0 

5% CO 2 
k 

k*300 

k:O 
10' 

~ k , 7 5  

k , lO 
- k : O  ' I  

Q_ 

A 

~omM NH4CI 
8.0 

7.0 

6.8 

6.6 5m,° : - 

6.4 B 

~ NH4 : I0 -4 

6.2 

FIGURE 6. (A) Compute r - s imu la t ed  pH~ t ime-course  d u r i n g  and af ter  exposu re  to 
CO2. Variat ions in k, the p ro ton  p u m p  rate constant  (given in s-l),  result  in changes  
in the plateau phase slope and the a m o u n t  of  overshoot .  When  k = 0 (no pumping)  
pH~ actually declines in the plateau phase and fails short  o f  the initial pH~ upon  
removal  o f  the CO~. In these plots, pKa'  = 6.00, fl = - 2 6  mM,  PHCO3 • 5 X 10 -7 
t in/s ,  Pco~ = 6 X 10 -3 cm/s,  pHo = 7.70, Pco2 = 37 mm Hg  (5% CO2), T = 23 °, and 
fiber d iameter  = 500 /zm. (B) Compute r - s imu la t ed  pH~ t ime-course  d u r i n g  and 
af ter  exposure  to NH4CI. Variat ions o f  PNm,  the  permeabi l i ty  o f  the m e m b r a n e  to 
NH4 + (given in cen t imeters  per  second),  p roduce  changes in the plateau phase 
slope and the a m o u n t  o f  undershoot .  When  PNm = 0, the pla teau phase is nearly 
horizontal ,  and pH,  re turns  to exactly the initial pH~ af ter  removal  of  external  
NH4C1. When  PNm is very large p ro ton  shut t l ing takes place at a very rapid pace.  
and pH,  soon approaches  the value pred ic ted  f rom Donnan  theory.  In these plots, 
pKa'  = 9.50,/3 = - 9  mM,  PNH3 = 6 X 10 -3 cm/s, [NH4CI]o = 10 mM,  pH,, = 7.70, k 
(H + p u m p  rate constant)  = 0, T = 23 °, and fiber d iamete r  = 500 ~m.  

is de t e rmined  mainly by PNn:,, the extent  o f  the initial change  in pHi  by fl, and the slope of  
the plateau phase by PNH4. 

S p e c i a l  Case:  C o n s t a n t  p H i  

Consider  the case o f  Eqs. 8 a and 9 a in which d [ H ] J d t  = 0. This  condi t ion  is met  by 
assuming ei ther  an infinite bu f fe r ing  power  (fl --~ - ~ )  or,  more  realistically, a rate of  
p ro ton  extrusion equal  to the rate at which protons  are  carr ied into the cell by the H A ~ A -  

shuttle.  Note that constant  pH~ does not  necessarily imply a steady state with respect  to 
the o ther  variables. T h e  analytical solut ion to the r ema in ing  equa t ion  (8 a) is readily 
obta ined and describes the t ime-course  o f  total intracel lular  acid concent ra t ion:  

[TA ] i = 

P,A[HA], ,  + PAVmF[A] ,  
RT(1  - E) 

P Ha " [H]i + P AVmFe K 

[H]i + K RT(1  - e) [H], + K 

• - exp  t " p HA " [H]i + K R T ( 1  - E) [H]i + K " 

(12 a) 
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At infinite t ime, [TA]i reaches a constant  value. I f  [TA]i (t = ~) is substi tuted into Eqs. 1 a 
and 2 a, Mna = -MR. This  special case is essentially a res ta tement  of  the equat ion  
deve loped  by Roos (1965) for the steady-state distr ibut ion of  a weak acid across a cell 
m e m b r a n e .  
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