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Bicarbonate and other buffer systems can enhance the rate of H*
diffusion through mucus in vitro
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The effect of various diffusible buffers on mucus H* permeability, and in particular the potency of the HCO; /CO, buffer
system relative to other selected buffers is reported here. The diffusional resistance of mucus and water was demonstrated to be
dependent on buffer concentration, and the contrast between the two types of layer was most pronounced for low D+ values
near neutrality. This concentration dependence was most marked with mucus layers in the buffer systems investigated.
Furthermore, the nature and pK, values of the diffusible buffer systems used in this study had a profound effect on measured
D+ The effect was particularly striking in the case of HCO; buffer with mucus. Possible implications of these in vitro findings

in mucosal protection from acid are discussed.

Introduction

Mucus forms a protective gel layer on the surface
epithelium of the gastrointestinal tract. Though vari-
able in thickness {1,2], high synthetic rates for its con-
stituent glycoprotein ensure a maintained layer in the
face of hostile luminal contents. Accordingly mucus
constitutes an integral part of the interface between
the luminal contents and the mucosa. There is a gen-
eral agreement on the importance of mucus as a high
viscosity mechanical barrier, but it may have other
important protective roles, and its alteration in a num-
ber of pathological states (3) may contribute to epithe-
lial damage. Maintenance of an adequate mucus layer
is thought by some to be an important means of gastric
mucosal protection from luminal acid and peptic diges-
tion [4,5]. A deficiency in mucus may precede and,
thereby, play an aetiological role in chronic peptic
ulcer [4].

The exact mechanisms responsible for gastric mu-
cosal protection from acid remain to be conclusively
determined. Certainly, the overlying mucus layer could
be the basis for such mucosal protection, but neither its
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intrinsic buffering power [7] nor the ability to retard
H™* diffusion [8,9] appear to be adequate to resist
~ 100 mM HCI. Another factor needs to be postu-
lated. Florey [10] considered mucus to be a defence
against H" by virtue of the HCO;J Secreted into it. In
this mucus/bicarbonate barrier, mucus is considered
to provide an unstirred water layer at the epithelial
surface, where local neutralisation of acid occur due to
a limited secretion of bicarbonate at relatively low
concentrations [11]. Consistent with this hypothesis is
the demonstration, with micro pH electrodes, of pH
gradients within mucus that is maintained in contact
with viable gastric epithelium [12,13]. Bicarbonate con-
centrations found in the non-parietal component of
gastric juice in dogs (8 mmol /1) [14] and in man (25
mmol /1) [15] probably represent the approximate lev-
els of HCO;3 present within mucus at the epithelial
interface. Such concentrations fall well short of the
bicarbonate required for HCl neutralisation under am-
bient conditions generally present in the stomach [16].
A further variable, which may allow the HCO3 / mucus
barrier to operate effectively is a retarded H™* diffu-
sion.

Our early studies using mucus-coated glass pH elec-
trodes suggested that H* diffusion through mucus was
highly pH-dependent [17]. Thus, it appeared that above
pH 4 the barrier property of mucus was greater than
over conditions usually used to determine mucus H*
permeability [18-20]. More recently these observations
have been confirmed, and quantitated in terms of
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objective diffusion coefficients [21,22]. Remarkably, we
have found that H* diffusion through aqueous films is
also strongly pH-dependent. Diffusion coefficient/ pH
profiles show a minimum at pH ~ 7, with D at pH 7
only 10% of Dy,. at pH 1[19], and D+ for mucus
reduced by a further factor to 2%. During these studies
we found evidence for the well-known buffer shuttle
effect whereby apparent D,;- increases in the pres-
ence of diffusible buffer [23,24], particularly when
buffer pH is close to pK,.

Here we report on the effect of different diffusible
buffers on mucus H™ permeability, and in particular
the potency of the HCO7 / CO, buffer system relative
to that of other selected buffers. Possible implications
of these in vitro findings for mucosal protection from
acid will be discussed.

Experimental procedures

The measuring glass pH electrode (Type CETL;
Russell, U.K.) was used in conjunction with a saturated
calomel reference electrode (Microelectrodes, London-
derry, U.S.A)). Electrode e.m.f. was measured using a
pH meter (PCMKI, Newcastle, U.K.) and output
recorded at a strip-chart recorder (Linseis, Selb, Ger-
many). A combination pH electrode served as a fol-
lower electrode to monitor bulk solution pH during the
addition of HCI in the pH jump experiments. All
standard reagents were of AnalaR grade and pur-
chased from BDH (Poole, U.K.); carbonic anhydrase
(CA) from bovine erythrocytes (EC 4.2.1.1 specific ac-
tivity ~ 200000 U/mg) was obtained from Fluka
(Glossop, U.K.). Native pig gastric mucus from the
stomachs of freshly slaughtered abattoir animals, was
removed, washed and stored as described previously
{22].

Native mucus was applied to the tip of the measur-
ing glass pH electrode which had a pre-mounted 135
wm nylon netting that acted as a spacer. A uniform
mucus layer of equivalent depth was then created by
stretching a final external 10 uwm Cuprophan dialysis
membrane, using Cuprophan from a haemodialysis car-
tridge (Gambro, Lund, Sweden). For measurements
through aqueous films, the nylon spacer and the dialy-
sis membrane were used alone. The measuring and
follower electrodes were immersed in a mixing cham-
ber containing 175 ml of solution that was stirred
rapidly throughout the experiments [22], 1 M NaOH
was added to raise the pH of the bulk solution to about
11 prior to HCl addition. When the electrodes had
achieved equilibrium, 1 M HCI was added over 1-2 s
using an automatic pipette; this produced step changes
in pH of the bulk solution of about 1. Solution temper-
ature was maintained at 21 + 1°C.

Measurement principle

The dynamic response of a pH electrode and its
approach to an equilibrium was modelled in terms of
diffusion through a stagnant, unstirred layer over the
sensor surface [25]. Provided that the diffusion layer,
and not the intrinsic electrode response, is rate limit-
ing, the change in the electrode e.m.f. shows the fol-
lowing dynamic time-dependence in its approach to an
equilibrium response:
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Here, E, is the electrode e.m.f. at any given time ¢, £,
the electrode equilibrium response, S is the slope of
the pH calibration graph (mV per decade), [H ], is the
H™ concentration at time zero, [H*]cq is H* concen-
tration at the final equilibrium response and 7 is the
time constant for the system. The value of 7 is gov-
erned by both the thickness of the unstirred layer, d,
and by the H* diffusion coefficient, D, within that
layer:

4d?
T=—
7D

(2)

The measurement of + permits the calculation of D
provided that 4 is known. Alternatively, mucus and
liquid films have been created over the glass surface of
a pH electrode [21,22], which provided a well-defined
boundary layer in a stirred solution and which, further-
more, were of sufficient depth both to define the
dynamic response of the pH electrode according to
Eqgns. 1 and 2 and eliminate the effects of an external
Nernst diffusion layer.

Results

The recording of dynamic responses of coated and
uncoated pH electrodes, and their treatment to obtain
effective diffusion coefficients of HCI (D), have
been described and validated previously [21,22]. By
applying the same principle, D, in various buffer
systems at varying concentrations were estimated across
a wide pH range.

The results shown in Figs. 1-4 all confirm the gen-
eral trend, previously observed [21,22] of a strong pH-
dependence for apparent D in both aqueous and
mucus layers in all the buffer systems examined, no-
tably, bicarbonate (HCOj;), phosphate (PO;7), glu-
cosamine and a mixture of HCO; and PO; ", respec-
tively. The key observation is that, whereas high D,
is observed at pH extremes, D, is low around physio-
logical pH values. Thus, for both aqueous and mucus
layers, for example, there is a 5-10-fold reduction in
Dy at ~pH 7 as compared with that at pH 3.0
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Fig. 1. Effective Dy calculated from dynamic responses of a spacer and dialysis membrane mounted pH electrode against pH in aqueous layer
(a) and mucus layer (b) at various HCO3 concentrations; 1 mM (e), 5 mM (), and 50 mM (®). Arrow indicates pK, value of HCO; . pH
values are the mid-points of pH jumps.

depending on the buffer system used. In addition, the
estimated diffusion coefficients at near neutral pH are
approx. 6-15-fold lower through the mucus layer as
compared to aqueous layers for lower concentrations
of buffer (1 mM) where there would be minimal influ-
ence of buffer ions.

The second major observation is that as buffer con-
centration increases, in most instances there is an
apparent direct influence on D around neutral pH
values. Thus, as buffer concentration increases, so there
is an increase in Dy, (Figs. 1-3). This concentration
dependence is most marked on mucus layers (Figs.
1b-3b). Furthermore, the pH at which this maximum
impact of buffer is observed is for values in the vicinity
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of buffer pK, for each buffer system. Again the effect
is most marked on mucus layers as shown in Figs.
1b-4b. The effect for all the buffers is not equivalent
and shows the trend HCO; > glucosamine >
phosphate. Most dramatic is the high D, in bicar-
bonate at pH ~ 6.5 which is similar to that at pH 3.

The modest effects on Dy, around pK, (~ pH 7.2)
for PO}~ (Fig. 2), are consistent with the data on
mixtures of PO;~ and HCOj; (Fig. 4) and do not
suggest any cooperativity or potentiating effect of buffer
mixtures. Thus, the overall D, values in the buffer
mixtures for a combined concentration of 50 mM (Fig.
4) are an order of magnitude lower than D, values
for HCO5 at 50 mM concentration (Fig. 1).
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Fig. 2. Effective Dy, against pH in aqueous layer (a) and mucus layer (b) at various PO}~ concentrations; 1 mM (®), 5 mM () and 50 mM
(m). Arrow indicates pK, value of PQ; ~.
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Fig. 3. Effective Dy against pH in aqueous layer (a) and mucus layer (b) at various glucosamine concentrations; 1 mM (@), 5 mM (a) and 50
mM (). Arrow indicates pK, value of glucosamine.

In order to investigate the effect of carbonic anhy-
drase (CA) which catalyses both forward and reverse

reactions H,0 + CO, \L* H,CO;, the D experi-
ments were repeated for HCO; buffer in the presence
of CA, since the non-enzymic reaction is relatively
slow, &k, =0.003 [26]. H* flux at pH ~ pK, was ob-
served to be independent of HCO; concentrations
when CA (1 mg/ml; 200000 U /ml) was present in the
bulk solution or in bulk solution and in the liquid film
on the electrode surface (Figs. 5 and 6, respectively).
Indeed at low pH a reverse trend was seen for Dy vs.
[HCO; ] (Fig. 5). Some of the other buffer systems also
show such a reverse or at least inconsistent trend with
respect to buffer concentrations in the case of both
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mucus (Fig. 4b) and aqueous (Figs. 1 and 2b) layers.
When the HCO; experiments were repeated using CA
in both bulk solution and the liquid layer, the results
indicate a HCO; independent transport above [HCO; ]
of 5 mM (Fig. 6).

Discussion

The concept of the mucus-bicarbonate barrier [2,27]
has recieved supportive evidence in the form of exis-
tence of pH gradients within the mucus layer [27,13]
and continues to attract interest [3,4]. Central to find-
ing the importance of this defence mechanism is the
diffusional resistance attributable to the mucus gel
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Fig. 4. Effective Dy against pH in aqueous layer (a) and mucus layer (b) in equimolar mixture of HCO; and PO; " ; 1 mM (), 5 mM (a) and
25 mM (m). Arrows indicate pK, values of the two buffers.
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Fig. 5. Effective Dy against pH in aqueous layer at various HCO73
concentrations in the presence of Carbonic anhydrase (1 mg/ml;
200000 U/mg) in the bulk solution only. 1 mM (e), 5 mM (a),
10 mM (m) and 50 mM (0O). Arrow indicates pK, value of HCOj .
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itself; this in turn critically affects the rate at which
protons approach the surface epithelium from the lu-
men, and, therefore, the problem presented to the
mucosal surface in relation to proton disposal, through
either cellular buffering mechanisms or disposal into
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Fig. 6. Effective Dy against pH in aqueous layer at various HCO3

concentrations in the presence of Carbonic anhydrase on the elec-

trode and in the bulk solution. 1 mM (@), 5 mM (a), 10 mM (m) and
50 mM (O). Arrow indicates pK, value of HCOj .
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the vascular compartment. The major difficulty with
the concept of mucus as a diffusion barrier has been
that the approximate 4-fold retardation reported hith-
erto is insufficient to explain the size of pH gradients
observed [16), particularly in the face of luminal pH in
the 1-2 range. Retardation effects on H* diffusion in
mucus due to the negative charge of constituent glyco-
proteins by means of Donnan exclusion mechanism
have been found to be minor compared with those of
uncharged gels [3], and do not generate a significant
barrier. Similarly, diffusional resistance resulting fron
the specific ordering of water molecules around the
glycoprotein structure [28] or any other colloidal mate-
rial such as protein, lipid and cell debris [29] is unlikely
to have a significant impact on mass transport.

The drawback to earlier studies has been, however,
the assumption that Dy, is pH independent, and that
measurements made at high acid concentrations ex-
trapolate to pH approaching physiological conditions.
Certainly, the diffusional resistance of H* in mucus
observed in this study for low pH (~2) and at low
buffer concentrations, is consistent with that reported
previously by Williams and Turnberg [9], who used a
classical two compartment diffusion chamber. How-
ever, direct measurement of HCI diffusion coefficients
in low strength media have not been reported largely
due to the problems of achieving a stable pH under
near neutral conditions in a two compartment system
without buffering. As a result, all previous studies of
Dy in mucus have been limited to using HCI at or
below pH 2. The present single compartment system,
however, allows controlled pH in the bulk solution and
obviates drift problems by the short < 30 min time-
scale of the experimental procedure. These are the
first such studies, to our knowledge, exploring pH
effects on D, using this technique.

The results show that the most powerful influence
on diffusional resistance is the precise value of pH
itself, where a marked drop in H* diffusion coeffi-
cients occur as neutral pH is approached, irrespective
of whether an unstirred liquid or mucus gel barrier is
interposed (Figs. 1-4). The effective Dy, values at
about neutral pH would appear to have major implica-
tions for H* diffusion in biological systems generally,
and confirm our previous findings [22]. The mechanism
for such pH-dependence remains to be elucidated;
however, one relevant consideration is the unique
mechanism for proton transfer through water, involving
the sequential creation / lysis of hydrogen bonds [30].

Essentially, the diffusional resistance of mucus or
water in a particular buffer system is concentration
dependent, and the contrast between the two types of
layers is most for low buffer concentrations near neu-
trality. Furthermore, the nature and pK, values of the
diffusible buffer systems used in this study have a
profound effect on measured D,. The effect is par-
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ticularly striking in the case of HCO; buffer with
mucus as shown in Fig. 1b which shows Dy to
increase with HCO; concentration in the vicinity of
HCO; pK,. However, the effect in PO;~ (Fig. 2),
glucosamine (Fig. 3) and mixture of PO;~ and HCO;
(Fig. 4) though apparent, is less dramatic. This un-
doubtedly reflects the greater diffusion rates for HCO;
and (uncharged) CO, through mucus compared to
PO; "~ and glucosamine which if less diffusible, would
be less able to transport protons through a parallel
mechanism of buffer-mediated transport [24,31]. It is
possible that PO;~ with its large negative charge may
partition less well into the mucus layer with its nega-
tively charged mucoglycoprotein components as com-
pared with the less negatively charged HCO;. The
affinity of pig gastric mucus glycoprotein to counter
ions of various charge has been demonstrated previ-
ously [32] where ions with high valencies showed the
highest avidity for mucus, the opposite effect being
operative with ions of opposite charge. Similarly, the
possible slow diffusion of glucosamine in this study
may be due to specific binding of NH, containing
glucosamine to mucus. It has already been shown that
the diffusion of some antibiotics bearing nitrogen
groups are selectively retarded through mucus possibly
as a result of specific charge interactions [33]. Such an
effect does not explain the reduced buffer influence of
PO;~ and glucosamine in relation to aqueous layers
(Figs. 2a and 3a, respectively), although the conclusion
that here also HCOy /CO, transport is more rapid
must still remain a valid one.

Mucus was previously shown in a non-quantitative
manner to retard H™ diffusion above pH 4, and that
the barrier property was seriously compromised in the
presence of a diffusible buffer [17]. The general effect
of a diffusible buffer in solution is well established as a
mechanism for augmenting proton transfer by means
of a buffer shuttle [24]. This can be represented for
bicarbonate by:

H* +HCO; H,CO; tow pH

barrier to protons - ——————————————————— .
H* +HCO; > H,CO;high pH

This system amounts to an inexhaustible buffer shuttle
[31] ferrying protons from a low pH environment to
one which is at high pH. All that is required is a pH
gradient, and concentration gradients, in opposite di-
rections, for both HCO; and CO, reflecting the dif-
ferent pH environments. For HCO3, the source of
gradients can be explained on the basis of simple
Henderson-Hasselbach equation:

pH=pK, +log-—~—~~~

whereby, (i) the speed of proton transfer will increase
with increasing HCO; /H,CO; buffer concentrations

for a given pH gradient, and (ii) the rate of proton
transfer is greatest when the pH gradient occurs at or
near the pK, of the buffer i.e. where the maximum
gradients of HCO; and H,CO; occur. The overall
result is that, as with a buffer in homogeneous solution
that minimises pH change, when a pH gradient exists,
buffer assisted proton transfer will also act to reduce
the size of the pH perturbation [24].

From the above basic principles, the buffer systems
under investigation would be expected to operate in a
concentration-dependent manner and also to have
maximal effect at a pH close to the pK, of the buffer.
This is precisely what has been observed in this study
with regards to H* flux in various buffer systems,
particularly in the presence of mucus. Both phenom-
ena have been observed in a general study of the
dynamic responses of pH glass electrodes mounted
respectively with immobilised protein [34] and native
gastric mucus [17]. This is the first study, however, to
explore the bicarbonate buffer shuttle system with mu-
cus.

The additional studies with HCO; in the presence
of CA, were carried out to determine the influence of
accelerated H,O + CO, == H,CO; interconversion,
both of which are slow reactions. However, CA led to a
general reduction of D, with increasing [HCOJ] at
low pH (< 3). Dy at pK, was observed to be inde-
pendent of HCOj; concentrations for the aqueous
layer. Nevertheless, the flux of H* was greatest at the
pK, of HCOj . Interestingly, Dy at the pK, was
reduced an order of magnitude when CA was present
in both the liquid layer and the bulk solution (Fig. 6) as
compared with when it was in the bulk solution only
(Fig. 5). However, these experiments could not be
carried out across the pH spectrum due to potential
enzyme inactivation at extreme pH values. The results
suggest that in the liquid film, the CA as simply an
additional protein component may have retarded H”
flux. The less efficient transport with CA in bulk solu-
tion may be due to the rapid conversion of H,CO; to
CO,, with the latter perhaps requiring additional time
to hydrate and liberate H™ inside the liquid film. CA is
present in the surface epithelium at high concentra-
tions [35] and appears to be involved in HCO; secre-
tion since inhibition of this enzyme with acetazolamide
reduces alkali secretion [36].

A possible implication of the present findings for
the mucus-bicarbonate barrier is that HCOJ secretion
into mucus by surface epithelial cells may be designed
to adjust the pH of the mucus to a range (above 4)
where D is reduced, rather than to effect complete
neutralisation. At this pH range, the low H™" diffusion
through mucus (reduced ~ 10-fold at low [HCO; ]
could be sufficient to provide adequate protection of
mucosa from acid, and would equally account for the
proposed pH gradients in mucus [12,13]. The present



findings therefore provide further support for such a
‘modified mucus-bicarbonate barrier’ described previ-
ously [16,17]. Furthermore, they give indication of why
the concentration of HCOJ in gastric epithelial secre-
tions is low (approx. 5-10% of maximal acid output
[37D). Thus, (i) neutralisation is not necessary, and (ii) a
high local HCOj / CO, concentrations would have ad-
verse effects by augmenting H* flux. Ultimately, the
ability of mucosal circulation to cope with an inward
diffusion of H* from the lumen would be improved if a
diffusion barrier were interposed between the mucosa
and the lumen, and it is possible that a pH-optimised
mucus layer could constitute such a barrier.

These in vitro studies also suggest that a high con-
centration of buffer within the mucus layer (especially
the HCOj3 / CO, buffer system), would greatly acceler-
ate proton flux to the surface epithelium by the opera-
tion of a buffer shuttle provided the lumen was acidic.
There is also some relevance to the possible role of
Heliobacter pylori in the aetiology of peptic ulcer. This
organism has been repeatedly observed to occur in
mucosal surfaces subject to peptic ulceration [38,39]. It
is, therefore, of interest that the organism has a high
urease activity, and generates ammonia which can cer-
tainly neutralise H* within mucus [40], but which may
also be significant in the associated shuttling of H*
along the pH gradient contributing to mucosal damage
proposed to occur with this organism [41].
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