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INTRODUCTION

The importance of acid-base balance in problems of calcification has been empha-
sized in a number of different ways in recent studies (MONGIK, ig6s; SIMKISS, 1968 a, b.).
Much of the intpetus to such work came from the elegant results obtained by 3.ION-
GiN and LACASSAGNE (rgf>4) in their work on the variations of blood pH, pCO, and
bicarbonate during the laying cycle of the fowl. This work was followed by a demons-
tration of renal responses in that the pH (AxDERSQX, ig67) and electrolyte compo-
sition (3IoxGi  and LACASSAGNE, igf>7 ; TAyum and KrxKr,r;y, 1967) of the urine
changed during laying days. There is also a pulmonary compensation (MoNGiN and
LACASSAG!t;, 1965) which indicates that the acidosis observed during shell forma-
tion leads to a number of compensatory adjustments in the bird.

In recent years w-e have made a number of observations on some of these pro-
cesses. The results are put together in this paper in the hope that they will indicate
the direction of our work and the way it appears to confirm or contradict the results

of other workers. It should be emphasized, however, that a number of our observa-
tions are preliminary and are based upon small numbers of experiments. To that
extent this paper represents little more than a review and progress report of work
from our laboratory.

MATERIALS AND METHODS

Most of the work described in this paper has been performed upon two strains of domestic
fowl, namely Thovnbevs 404’s and Avbov Acves. Two colostomized cocks have also been used one
of which was a Thornbev 404 (cock i) while the other was a Southdown broiler (cock 2).

The intracellular pH of the shell gland of laying birds was measured by the method of Wnn-
DELL and BurLEx (1959). This method depends upon the distribution of the drug 5-5 dimethyl
2-4 oxazolidene dione (DMO) between the intracellular and extracellular water. The size of these
fluid compartments was assessed by using three different methods utilizing endogenous chloride



or exogenous thiocyanate or inulin. The details of these methods are given elsewhere (SIMK1SS,
ig6g). The intracellular pH of the shell gland was calculated from the equation

where

pH i = intracellular pH
pHe = extracellular pH
Ct = concentration of DMO in total tissue

Ce = concentration of DMO in extracellular fluid

Ve = volume of extracellular water
Vi = volume of intracellular water

pKl = apparent ionization constant of DMO = 6.13 3

The pH of the blood was measured with a Radiometer microelectrode system and the PC02
was determined with the Astrup microtonometer and the extrapolation method of SIGGARD

ANDERSEN (1965). Samples of fluid obtained from the shell gland during calcification were collected
into capillary tubes and analysed similarly.

Volatile carbonates in the urine and faeces were determined by CONWAY’S (1962) micro-
diffusion methods and will be referred to as o bicarbonate », although small amounts may exist
in other forms. Ammonia was estimated after steam distillation into boric acid solutions followed

by titration with hydrochloric acid. Calcium was determined with a HILGER and WATTS atomic

absorption spectrophotometer.

RESULTS

The changes in the intracellular pH of the shell gland are shown in figure i as
the differences between extracellular and intracellular pH during the process of shell
formation. The same results are shown in figure 2 plotted against the time of day.



Changes in the pH, ammonia and bicarbonate content of the urine of a colosto-
mized laying hen and a male bird (cock I) are shown in fig. 3 in relation to time of

day and laying cycle.
Analyses of the foeces of colostomized birds are shown in table i.

DISCUSSION

There is probably sufficient mineral in the diet of most laying fowl to supply
directly the calcium carbonate required for the eggshell. If the food was used in this
way there would be no obvious reason why the calcium or acid-base metabolism of
the bird should be disturbed during shell formation. Since it is well documented,
however, that both these aspects of avian physiology are disturbed during reproduc-
tion it is worth considering the fate of these dietary minerals in the laying bird. Un-
fortunately, there is remarkably little information upon this subject although the
analyses of Ty!!R (1946) clearly demonstrated that two phenomena occur. First
the calcium carbonate in the diet is destroyed when the food enters the stomach and
gizzard and comes into contact with the gastric fluids. Thus the secretion of hydro-



chloric acid destroys the dietary calcium carbonate, but its secretion is accompanied
by the release of an equivalent amount of bicarbonate ions into the blood stream.
As the food then passes along the alimentary canal a second process occurs, namely
a resorption of intestinal chloride in exchange for plasma bicarbonate. This leads
to a reprecipitation of calcium carbonate which therefore reappears in the distal

parts of the alimentary canal. TYLVR found, however, that there was less carbonate
in the faeces of laying as opposed to non-laying birds. Our own sparse evidence tends
to confirm this hypothesis since there is more calcium and carbonate in the faeces
of a cock than in those of a laying hen (table i). It should be emphasized, however,
that these analyses are based upon percentage composition and not upon a complete
analysis of daily intake and retention of carbonate.

There is, however, confirmatory evidence for this hypothesis for it was first

noticed by COMMON (1941) and later by MONGIN and LACASSAGNE (1964) that there
was a higher concentration of bicarbonate in the plasma of a laying hen than in a
cock. Our own analyses of urine from colostomized birds indicate that the same sex
difference occurs here. Thus, between periods of shell calcification the urine of laying
birds reaches a pH of as much as 7.5 to 8.o when birds are fed on a normal commercial

laying ration. A colostomized cock, kept on the same diet for most of its life will

produce a urine with a pH of about 6.o to 6.5. Bicarbonate and ammonia concen-
trations are as might be expected for these different pH values (fig. 3). Thus, again
there is a sex difference between the birds with the hen being in a state of alkalosis
relative to the cock. When the female bird forms an eggshell there is a fall in the



pH and bicarbonate concentration of the urine but whereas ANDERSON (1967) inter-
prets this as a renal response to an acidosis induced by shell formation, it could be
pointed out that the urine is, in fact, only approaching in composition that of a non-
laying hen or cock. These results are interpreted by us as indicating that in the laying
bird there is some process tending to retain bicarbonate and put the female bird into
a state of alkalosis prior to the acidosis imposed by shell formation. (simxiss, z9!o).

The fate of this bicarbonate during shell formation is a matter of some conjec-
ture. According to the theory of GUTOWSKA and MITCHELL (1945) two bicarbonate
ions condense to form carbonic acid and a carbonate ion. An alternative theory
suggests that the carbonate of the shell is derived from carbon dioxide (Simyiss,
1961 ; DiAMAXSTEiN, r966 ; HODGES and L6RCHER, r96!). The problem is compli-
cated because the carbon dioxide-bicarbonate system performs two separate func-
tions during shell formation. First it provides the necessary molecules from which
the carbonate ion is derived and second it is involved in buffering the protons which
are released during the calcification process. It is the disentangling of this dual role
which has given rise to so much confusion in these studies and which led us to attempt
to approach the problem in a slightly different way.

It is apparent from our estimates of intracellular pH in the shell gland that
there is a rapid fall at the start of calcification followed by a slow rise back to resting
values. It was shown by MONGIN and I,ACASSnGrr! (1964) that there was a fall in
blood pH during shell formation and to eliminate this effect our results are plotted
as the change in the difference in pH between intracellular and extracellular pH
(fig. i). There is already some evidence that the oviduct is capable of modifying its
pH to a limited extent (OGASAWARA, VAN KREY and I,ox!NZ, 1964) and does in fact
have a circadian rhythm of such activity (WINCET, MEPHAM and AVERKIN, 1965).
This is, however, a rather different phenomenon from that reported here since plot-
ting our data against time of day reveals no such rhythm (fig. 2). It should be empha-
sized that the change in intracellular pH is however an average value for all the
cells in the shell gland and not just those involved in shell formation. The figures
have, therefore, no absolute value and merely indicate the changes which are occur-
ring.

Changes in intracellular pH due to active secretion are most easily envisaged
as being due to a splitting of water into protons and hydroxyl ions. The process is
similar to that occurring in the gastric mucosa except that instead of secreting pro-
tons and retaining hydroxyl ions the shell gland secretes hydroxyl ions and retains
the protons causing a fall in intracellular pH. The splitting of water probably actually
occurs by the removal of an electron from a hydrogen atom and its transfer through
the cytochrome system to react with water and oxygen and form hydroxyl ions
(ROBERTSON, ig68). It is interesting to note here the importance of the mitochondria
in the transfer of this electron especially in view of the importance attached to this
organelle in the transfer of calcium within the shell gland (Hoxwnrr and ScaRn!;R,
z966).

The proton released during this process passes out of the shell gland into the
blood where it is buffered by the protein and bicarbonate systems and induces the
state of acidosis first described by MorrGirr and I,ncASSnGrr! (r964). The hydroxyl
ion passes into the lumen of the shell gland and is involved in the formation of the
carbonate ion.



Our values for the pH of the fluid in the shell gland vary with their method of
collection. If the fluid is expressed from the conscious bird it has a pH of about 7.6
to 7.8 and a pCO, of about 60 to 80 mm Hg which is similar to the values obtained
by EL JACK and LAKE (r967). If, however, the birds are first killed and bled before
the removal of the shell gland we obtain fluid with a pH of about 7.1 to 7.2 and a

pCOz of up to 200 mm Hg. Fluid obtained by either of the two methods gives about
the same pH if it is equilibrated at a constant carbon dioxide tension. This suggests
that the difference is due to a very rapid rise in pCO, in the shell gland after killing
the bird. Furthermore, the fact that the pCO, is normally above that of the other
body fluids indicates that it must normally be maintained by some physiological
process and this process is presumably uncoupled rapidly after death.

It must be stressed that these are preliminary results and the following is, there-
fore, a very tentative explanation. It implies that the fall in intracellular pH leads
to a reaction between protons and bicarbonate ions either within the blood or within
the oviduct cells. The concentration of bicarbonate found within, for example, muscle
cells and the intracellular pH determined could lead to PC02 values of the magnitude
reported. The carbon dioxide thus generated could pass into the lumen of the shell



gland where an equivalent amount of hydroxyl ions would lead to the formation of
shell carbonate.

A summary of these concepts of shell formation is given in fig. 4.

SUMMARY

It is well known that shell formation induces a metabolic acidosis in the laying hen which
leads to respiratory and renal compensations. Thus, it is confirmed that there is a fall in urine
pH from values of about S.o to below 6.o during shell calcification. In the cock, however, the
urine is normally about pH 6. It appears, therefore, that the laying hen is in a state of induced
alkalosis prior to the acidosis of eggshell formation. This may be due to differences in the func-
tioning of the alimentary canal or the kidney. Superimposed upon these adaptations is the acti-
vity of the oviduct.

The intracellular pH of the shell gland of the domestic fowl has been measured at various
stages of eggshell formation. There is a rapid fall in the pH of these cells at the start of shell calci-
fication followed by a progressive rise back to resting values (about pH 7.0). It is suggested that
these changes occur due to the separation of hydroxyl ions and protons. The hydroxyl ions pass
into the lumcn of the shell gland and form carbonate ions by reacting with carbon dioxide in the
presence of the enzyme carbonic anhydrase. The protons, which cause the fall in intracellular pH,
pass into the blood causing the acidosis which occurs during shell formation.

There arc, therefore, two parts to these acid-base aspects of shell formation. The first consists
of a buffering of protons by blood proteins and bicarbonate ions and is related to the excretion
of protons by the shell gland. The second consists of a movement of carbon dioxide or its hydration
products from the blood into the lumen of the oviduct where they react with the hydroxyl ions.

RÉSUMÉ

ÉQUII,IBRE ACIDO-BASIQUE DE L’UTÉRUS CHEZ LA POUI,E PONDEUSE

Il est bien connu que la formation de la coquille produit chez la poule pondeuse une acidose
métabolique entraînant une compensation respiratoire et rénale. Ainsi il est confirmé que le pH de
l’urine diminue de 8,o jusqu’en dessous de 6,o pendant la calcification de la coquille. Chez le Coq,
cependant, l’urine est généralement de pH 6. Il apparaît donc que la poule est en état d’alcalose
provoquée avant que ne se déclenche l’acidose liée à la formation de la coquille. Ceci peut être
dû à des différences de fonctionnement du canal alimentaire ou du rein, l’activité de l’oviducte
venant se superposer à ces adaptations.

Le pH intracellulaire de l’utérus de la poule domestique a été mesuré à différents stades de
la formation de la coquille. Il se produit un abaissement rapide du pH de ces cellules au début de
la calcification de la coquille, suivi d’un retour progressif aux valeurs de repos (pH environ).
Nous suggérons que ces changements soient causés par la séparation des ions hydroxyles et des
protons. Les ions hydroxyles passent dans la lumière de l’utérus et forment des ions carbonates
par réaction avec l’acide carbonique en présence d’un enzyme, l’anhydrase carbonique. Les pro-
tons, qui entraînent l’abaissement du pH intracellulaire, passent dans le sang et provoquent l’aci-
dose observée pendant la formation de la coquille.

Nous pouvons par conséquent distinguer deux aspects dans l’équilibre acido-basique de la
formation de la coquille. Le premier consiste en un tamponnement des protons par les protéines
et les ions bicarbonates du sang et est lié à l’excrétion de protons par l’utérus. Le second consiste
en un mouvement de gaz carbonique ou de ses produits d’hydratation depuis le sang jusque dans
la lumière de l’oviducte, où ils réagissent avec les ions hydroxyles.
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