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SUMMARY 

I. The enzyme, carbonic anhydrase (carbonate hydro-lyase, EC 4.2.I. I), has been 
studied in the nmcosal cells of the avian (Gallus domesticus) shell gland and ilas been 
found to be a soluble constituent of these cells. 

2. Mitochondrial and microsomal fractions showed very low and non-fluctuating 
levels of carbonic anhydrase activity. These findings support a non-membrane- 
attached, intracellular role for the enzyme. 

3-Intramuscular injections of tile specific inhibitor, acetazolamide, were 
correlated with decreases of enzymatic activity in the mucosal cells and with decreases 
in egg shell weight. These results have been interpreted to indicate an intimate as- 
sociation of the enzyme in the shell gland mucosal cells with CaCO 3 deposition. 

4- The fine structure of the shell gland mucosa in normal and acetaz)lanlide- 
treated laying hens did not reveal ultrastructural changes in conjunction with carbonic 
anhydrase inhibition. 

5- A model of the mode of action of carbonic anhydrase in the shell gland mucosa 
is discussed. 

INTRODUCTION 

The mucosa of tile shell gland of the avian oviduct provides a model system for 
investigating the mobilization of relatively large amounts of Ca 2+ and CQ" which 
are ultimately deposited as a CaCO a shell on the egg. The deposition of tile CaCO 3 
occurs mainly in the shell gland, and the source of the CO32 was thought To be the 
HCOa- of the blood 1. Recently, it has been demonstrated that the source of tile C032- 
is not circulatory HCO a (see ref. 2). This finding seems to support the theory that the 
shell gland derives the COa 2- from its own metabolic CO 2 production s. Previous 
investigations have indicated that in any case the production of C032- may be fa- 
cilitated by the enzyme, carbonic anhydrase2, ~. 

The histology of the hen's shell gland at tile light microscope level has been 
reported by numerous authors ~-8 and the electron microscopic appearan(e of the 
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mucosal cells has also been described in the laying hen% ~°. In spite of extensive studies, 
tile sites of CO 2 and HCO a mobilization and Ca 2+ movement  in the shell gland mucosa 
remain undefined. 

MELDRUM AND I~.OLTGH'fON 1l were the first investigators to suggest tha t  carbonic 
anhydrase might play an impor tant  role in the egg shell formation of birds. The act ivi ty 
of this enzyme in the hen's oviduct was investigated by (;O~MO~< r '  who reported that  
act ivi ty was higher in the epithelial cells of the shell gland than in any other section 
of the oviduct. (;UTOWSKA AND MITCHELL 1 proposed an essential role for carbonic 
anhydrase in the calcification of the egg shell on the basis of the inhibitory effect of 
sulfanilamide injections on the act ivi ty of the enzyme in the blood of hens tha t  were 
observed to lay chalky or soft-shelled eggs. The latter workers proposed that  carbonic 
anhydrase could act in the secreting cells of the shell gland by catalyzing the dehy- 
drat ion of H2CO a, a colnponent in the equilibrium reaction : 2HCO a ~-  H,,CO a -- COa 2 ; 
and thus the enzyme could increase the amount  of available C()a '~ . Recent work, 
however, suggests that  this theory is no longer tenable 'a,m. DL, XMANTSl'E1N'S theory a, 
in which intracellular carbonic anhydrase catalvzes the hydrat ion of metabolic C() e 
to produce the carbon source for the egg shell, seems to have considerable support". 

Recently, a t tempts  have been made at the light microscope level to locate the 
site of action of the enzyme in the avian shell gland using HAUSLER'S 14 histochemical 
staining technique. The use of this technique has produced contradictory results in 
several investigations la,la,16. BARKA AND A N D E R S O N  17 reported that  the histochemical 
technique for detection of carbonic anhydrase gave uninterpretable results. 

]'lie techniques of tissue fractionation and analytical centrifugation have been 
employed previously to determine the intracellular distribution of carbonic anhydrase 
in rat tissues~S, va and in chick embryos 2°. The results have indicated that  the major i ty  
of enzymatic  act ivi ty is associated with the soluble constituents of the cells. In general, 
all particulate enzyme concentrations were relatively low, although KARLER AND 
WOODBt'RY 19 emphasized that  the small amount  of activi ty found in rat mitochondrial 
preparations could not be eluted. 

Up to the time of the present study, work reported in the literature has yielded 
very limited information on the intracellular biochemical role of carbonic anhydrase 
in the deposition of CaCOa and its intracellular locus in avian shell gland tissue. The 
present s tudy was designed to contribute to the elucidation of the role of carbonic 
anhydrase in the mucosal cells of the avian shell gland. Evidence was also sought 
concerning the mode of enzyme synthesis and action within the specialized tissue of 
the shell gland. Acetazolamide (e-acetylainino-I,3,4-thiadiazole-5-sulfonamide), which 
is a potent  carbonic anhydrase inhibitor (I50 equals approx, lO v M)'al, was used. 
Appropriate comparisons of morphology and enzymatic  activi ty could then be made 
between the normal and acetazolamide-treated birds in an a t tempt  to understand 
better the relationships which exist i,z vivo. 

MATERIAI .S  AND METHO1)~G 

Experime~ztal he~zs 
1-year-old, regularly laying, single-comb, white Leghorn liens weighing 2 to 

2. 5 kg were used in the investigation. All hens were maintained on the same regular 
schedule in wire cages under artificial light, and were fed water and a s tandard laying 
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ra t ion  ad libitum. Egg posi t ion in a pa r t i cu la r  one of the  three  ma jo r  sections of the  
ov iduc t :  the  magnum,  the  is thmus,  or the  shell gland,  was the cr i ter ion for selection 
of exper imenta l  an imal  tissue donors.  

Biochemical methods 
The hens were sacrificed b y  decap i ta t ion  and bled. The shell g land was quickly  

removed  and cooled to o °. All  fur ther  manipu la t ions  were carr ied out  at  o-4 °. When  
an egg was present  in the  oviduct ,  i ts  posi t ion was noted.  I f  the shell memb~ane was 
scheduled to be ana lyzed  for carbonic anhydrase  ac t iv i ty ,  the egg was also inmted ia te ly  
cooled. 2 g of shell g land mucosal  t issue were then scraped away  from the muscle 
layers,  suspended in enough o.44 M sucrose 22,2a to make a I : IO  (w/v) prepara ,  ion, and  
homogenized in a glass Po t t e r  E lveh jem homogenizer  with a motor -dr iven  Teflon 
pestle (clearance: o.o15-o.o2 3 cm) for 4 min. A sample  of the homogenate ,  ec u iva lent  
to o. 4 g of wet  tissue, was taken  to represent  the  to ta l  unf rac t iona ted  mate r ia l  while 
the  pa r t i cu la te  cellular components  were isolated from the remainder  of the  homogenate  
according to ti le differential  centr i fugat ion procedure  previously  worked ou~ for this  
t issue by  HOHMAN AND SCHRAER 2a. 

Represen ta t ive  pellets of par t i cu la te  mat te r ,  isolated from several  hens by  the 
above  homogeniza t ion  and centr i fugat ion techniques were observed in the  electron 
microscope and proved  to be in excellent  agreement  wi th  the  results  of the  l a t t e r  
workers.  All  fractions,  including the homogenate  were ana lyzed  for carbonic anhydrase  
ac t i v i t y  according to the  manomet r i c  technique of KREBS AND ROUGHTON 2t using a 
Gilson Medical Elect ronics  W a r b u r g  appa ra tu s  which was cooled to o ° wi th  a Neslab 
por tab le  ba th  cooler. 2 ml of a cold o.I  M phospha te  buffer (pH 6.9) were p ipe t t ed  
into the  main compar tmen t s  of the  W a r b u r g  vessels in an ice ba th  and were followed 
b y  0.2 nfl of a suspension in o.44 M sucrose of the subcel lnlar  fract ion to be assayed.  
Expe r imen t a l  control  b lanks  of 0.2 ml of o.44 M sucrose, which also served as, thermo-  
barometers ,  were assayed as well. F inal ly ,  I.O ml of o.I  M NaHCO a was p ipe t t ed  into 
each side arm and the flasks were a t t ached  to the manometers ,  placed in the o ° Warburg  
ba th ,  and allowed to equi l ibra te  for IO to 15 min while being shaken at  75 oscil lat ions 
per min. At  t ime zero, af ter  equi l ibrat ion,  the  solutions were mixed,  shak(.n at  ~45 
osci l lat ions per rain, and  the pressure changes recorded at  in tervals  of 30 s,~c over  a 
per iod of about  5 rain. The pressure changes in each flask were conver ted  l o/~1 CO 2 
b y  the appropr i a t e  flask constants ,  and  the increase in/~1 CO 2 evolved in the first 30 sec 
(i.e., the ini t ia l  velocity) above the b lank  was used as a measure  of the ac t iv t ty  of the 
enzyme 24. Subcel lular  fract ions were assayed for prote in  according to OY x~a AND 
EAGLE'S modif icat ion 2'~ of the  colorimetr ic  me thod  of LowRY et al. 26. 

The poss ibi l i ty  of whole or lysed red blood cell carbonic anhydrase  conta ruination 
of the  subcel lular  fract ions has been excluded in a fashion s imilar  to the  me thod  used 
by  DATTA AND SHEPARD 18. I0 ml of venous blood were wi thdrawn from a hen whose shell 
g land was to be assayed for enzymat ic  ac t iv i ty .  The red blood cells were spu~ down in 
a hepar in ized  centr ifuge tube,  the serum was discarded,  and  the red blood cells were 
resuspended in enough 0.44 M sucrose to make  a to ta l  of IO ml. This suspension of  red 
blood cells was then d i lu ted  1:125 (v/v) with 0.44 M sucrose. IO ml of the d i lu ted  red 
blood cell suspension were homogenized with  I.O g of the  shell g land mucosal  cells 
while IO ml of 0.44 M sucrose (without  red blood cells) was used to homogenize another  
g of the  mucosal  cells from the same hen. In  this  way, the usual  I : IO (w/v) concen t ra t ion  
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of homogenate was maintained while both homogenates were then carried through 
the rest of the fractionation scheme. In terms of carbonic anhvdrase activity, there 
was complete sedimentation of red blood cells in the nuclear fraction without any 
measurable destruction during the homogenizing procedure ~s. This finding is most 
important because of the extremely high concentration of carbonic anhydrase in red 
blood cells 11. 

Electro~z microscopy 
In order to examine shell gland mucosa from tissue treated in vivo with acetazol- 

amide, 3 hens were injected intramuscularly with 50 mg of acetazolamide in 0. 9°//o 
saline once a day for 5 days and sacrificed 4 h after the last injection. Two other liens 
were treated with a single injection of Ioo mg of acetazolamide in o.9()~ saline and 
sacrified 2 h later. The inhibitory effects of the drug were judged by the production of 
soft-shelled eggs and the results of enzymatic assays of the shell gland mueosae of all 
treated animals. 

In preparing tissues for electron microscopy, the birds were decapitated and 
small pieces (I mm a) from the shell gland mucosa were fixed in I o~ Os() 4 buffered with 
o.I2 M phosphate buffer (pH 7.3) at room temperature for I h (ref. 27). After dehy- 
dration in increasing concentrations of ethanol the tissue pieces were embedded in 
Epon 812 (ref. 28). Thin sections were prepared in a Porter-Blum MT-2 ultramicrotome 
(Sorvall) using glass knives and were then picked up on uncoated copper grids. The 
sections were stained with uranyl acetate 2" and lead citrate a° and studied in an RCA 
EMU-3H electron microscope. Thick sections (I 2 #) were prepared from the same 
OsQ-fixed and Epon-embedded blocks, and stained with basic fuchsin a~ for light 
microscopy. 

The shell gland mucosa remaining after the sampling of tissue for electron 
microscopy was assayed for carbonic anhydrase activity as above. 

RESULTS AND IIISCUSSION 

Biochemical 
In Table i tile distribution of carbonic anhydrase activity in mitochondrial, 

microsomal, and soluble cell fractions are compared. The data illustrate that carbonic 
anhydrase is essentially a soluble constituent of the mucosal cells of the shell gland. 
Since Table I indicates that the enzymatic activity in the homogenate might not 
account for the combined activity observed in the particulate and soluble fractions 
on a wet weight basis, an attempt was made to recombine the soluble and particulate 
subcellular fractions into a "recombined homogenate" in order to see if the activity 
of these coinbined fractions would tiros be depressed. The result (Table II) was that 
the activity in the "recombined homogenate" was depressed to approximately the 
same level as the original homogenate. That is, it was lower on the basis of wet weight 
than the sum of the activities in the total particulate and soluble fractions from which 
it had been prepared. It  is assumed that tile enzyme does not exhibit full activity in 
the homogenate because of the presence in this suspension of inhibitors. 

The data shown in Table I I I  were obtained by eliminating washing procedures 
during the centrifugation of cell fractions. A comparison of Table I with Table I I I  is 
sufficient to demonstrate that the miniinal activity present in doubly washed par- 
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T A B I , E  I 

I N T R A C E L L U L A R  D I S T R I B U T I O N  OF C A R B O N I C  A N H Y D R A S E  IN T H E  M U C O S A L  C E L L S  OF T H E  A V I A N  

S H E L L  G L A N D  

See ~ETHODS for de ta i l s  of assay procedure.  

Fraction* Initial velocity in id COJ3o sec 
standard deviation (7 hens) 

per mg wet wt. per mg protein 

H o m o g e n a t e  0-42 J- 0.09 3-5 -= 0.5 
Nuclear*" o. 1 o 1.9 
Mi tochondr ia l  o.oo 5 ~ o.oo 5 0.5 ~ 0.5 
Microsomal  o.o~5 ~ O.OIO 1 , 2  ~2 I .O  

Soluble o.48 x7 o.o8 ~I.O ± 2. 5 

* Subcel lu lar  f ract ions  were isolated by  the  different ia l  cen t r i fuga t ion  procedur(  of HOH- 
MAN A N D  S C H R A E R  23. 

** A rep resen ta t ive  va lue  for the nuclear  f rac t ion  is included here for comparison.  Bout ine ly ,  
such f rac t ions  were only moni to red  for morphologica l  componen ts  and  were d e m o n s t r a t e d  to  
coa t a in  the  few red blood cells r emain ing  in the  t i s sue lh  

ticulate fractions (Table I) is decreased even further when the fractions are not washed. 
On the basis of these results, it was concluded that carbonic anhydrase is primarily a 
soluble constituent of the shell gland mucosal cells of the laying hen. The small and 
inconsistent amount of carbonic anhydrase activity associated with the mitochondrial 
and/or microsomal fractions might also have indicated that the enzyme is associated 
in a labile fashion with these subcellular components. Therefore, an attempt to dislodge 
further enzymatic activity from the mitochondrial or microsomal fractions was deemed 
necessary. When the particulate and soluble fractions were subjected to freeze-drying 
for I6 h and then reassayed for enzymatic activity and protein, there was no enhance- 
ment of the activity in particulate fractions. The activity of soluble fractions remained 

T A B L E  l I  

T H E  E F F E C T S  OF R E C O M B I N A T I O N  ON P A R T I C U L A T E  A N D  S O L U B L E  C A R B O N I C  A N H Y D R A S E  A C T I V I T Y  

Treatment" Fraction Initial velocity in t d CO 2 
per 3 ° see 

per mg per mg 
wet wt. protein 

A H o m o g e n a t e  o.5o 4.° 
Tota l  p a r t i c u l a t e  o. t 5 z. 2 
Soluble o. 50 13 

B " R e c o m b i n e d  
h o m o g e n a t e "  0.49 3.2 

" A, The homogena te  was cea t r i fuged  once a t  lO6 ooo X g for 56 min  in the  Spinco Model L 
Ul t r acen t r i fuge  (3 ° rotor,  Rmax -:  IO. 5 cm) to ob ta in  a "To ta l  P a r t i c u l a t e "  f rac t ion  ( including 
nuclei,  ce l lu lar  debris,  and  a ny  red blood cells present)  and  a soluble fract ion.  B, The l a t t e r  two 
f rac t ions  (i.e., " T o t a l  p a r t i c u l a t e "  and  "Soluble")  were then  recombined  and  assayed aga in  for 
e n z y m a t i c  a c t i v i t y  and  protein.  Of the  p ro te in  concen t ra t ion  or ig inal ly  p resen t  in the homo- 
genate ,  95 % was recovered in the  " T o t a l  p a r t i c u l a t e "  and  "So lub le"  fract ions.  
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TABLE I11 

T H E  C A R B O N I (  A N H Y D R ' \ S E  A(YI'IVITY IN U N W ~ A S H E D  F R A C T I O N S *  

Fraction in i t ia l  velocity i n / d  C02 per 
3 ° sec : .  standard devialion 
(4 hens) 

per mg wet w{. per mg protein 

Homogenate 0.45 ! 0.04 3.6:= 0. 5 
Mitochondrial 0.0 o.o 
Microsomal o.o o.o 
Soluble 0.39 • o.',)5 9.o ~ 2.4 

• The differential centrifugation schedule employed was identical to that previously des- 
cribed except that fractions were not subjected to the washing procedures. 

at  approx inra te ly  the  same level. I t  is assumed tha t  cellular subs t ruc ture  such as 
endoplasmic  re t iculum and mi tochondr ia  was d i s rup ted  by  the freeze-drying process. 
In  l ight of this  evidence, i t  would seem reasonable  tha t  the very  low and inconsis tent  
carbonic anhydrase  ac t iv i ty  somet imes observed in the mi tochondr ia l  and/or  micro- 
somal  fract ions was in fact  due to an ar t i fac t  of adsorpt ion  of the  soluble enzyme to the 
components  of these fract ions dur ing homogenizat ion and washinga2, 3a ra the r  than  
to a funct ional  and/or  s t ruc tura l  role of the enzyme in the archi tec ture  of the cells. 

When  assays of the  homogenized shell membranes  removed from is thmus and 
shell g land eggs were performed,  it  was found tha t  in all cases there was no measurable  
carbonic anhydrase  ac t iv i ty .  This finding is con t r a ry  to the repor t  by  ROBINSON A,','I) 
KING 15 of ex t race l lu lar  his tochemical  local izat ion of the enzyme in tlle mammil lae  of 
the  shell membrane .  I t  was concluded tha t  the his tochemical  me thod  used by  these 
workers  was not  specific for the  enzyme, possibly  because it d id  not  include a modi-  
fication suggested by  BLEYL a4. BLEYL repor ted  tha t  the specific demons t ra t ion  of 
carbonic anhydrase  ac t iv i ty  by  tile HAUSI_ER technique "requires tile use of chelat ing 
agents  to e l iminate  unspecific react ions with b iva len t  metals  (especially Zn)".  The 
value and meaning of tile h is tochemical  work can only be viewed in light of contra-  
d ic tory  results  and  oversights  in methodology16,1L 

GUTOWSKA ANI) MIT(?HELL 1 observed tha t  i t  was possible to make the same hens 
lay ei ther  thick-shel led eggs, soft-shelled eggs, or rough-shelled eggs by  manipu la t ion  
of doses of subcutaneous ly  in jected sulfanilamide.  MUELLER s'5 demons t r a t ed  the 
diuret ic  act ion of aee tazolamide  in hens laying soft-shelled eggs during drug t r e a t m e n t  
and  suggested tha t  the interference of carbonic anhydrase  inhibi tors  with shell 
format ion  might  be due to their  d iuret ic  effect at  the k idney level and not  to interfer-  
ence with the enzyme 's  function at  the  level of the  shell gland.  This hypothes is  has 
been refuted by  MAREN 36. However,  ne i ther  of these inves t iga tors  has assayed the 
shell g land tissue for enzymat ic  ac t iv i ty  during t r ea tmen t  with sulfanilalnides.  

Carbonic anhydrase  ac t iv i ty  in all subcel lular  fract ions and in the homogenate  
decreased to zero in the case of 4 hens sacrificed 2 h af ter  a single dose of zoo mg of 
acetazolamide.  When  3 hens were sacrificed 4 h af ter  t i le last of 5 doses of 50 lng each 
per  day,  the carbonic anhydrase  ac t iv i ty  was present  only in the  homogenate  and the 
soluble fract ion at  ex t remely  low levels. Ace tazo lamide  thus  reduced the level of 
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carbonic anhydrase activity in the shell gland mucosa while the average shell weight 
of eggs laid by these birds decreased from 5.1 ~- o.4 g (S.D. for 6 eggs) before treat- 
ment began to 3.o 4- o.I g (S.D. for 7 eggs) during treatment. 

The present investigation has therefore served to demonstrate an intimate 
relationship between the carbonic anhydrase activity of the shell gland muc,~sal cells 
and the specific function of this tissue with regard to CaCO a deposition. 

EHRENSPECK, SCHRAER AND SCHRAER a7 have established that the mov.mmnt of 
45Ca in vitro from the shell gland serosa to the mucosa (i.e., toward the lumen) is in the 
ratio of 2.4 : I (movement toward mucosa : movement toward serosa) when an egg shell 
is calcifying in the shell gland, whereas the unidirectional fluxes are in a : : I  ratio 
when the egg is in any other section of the oviduct or absent from the oviduct Recent, 
as yet unpublished, work by the latter investigators indicates that acetazolamide also 
affects this ratio. 

Morphological 
The fine structure of the shell gland mucosa of the control birds was largely in 

agreement with that published by JOHNSTON, AIWKEN AND WYBURN 9. How,~ver, the 
vacuolation of the tubular gland cells described by these authors was not evident in 

Fig. i. A l ight  mic rograph  of the  shell g land mucosa  (SL:shel l  g land lumen) from a hen 2 11 
af ter  i n t r a m u s c u l a r  ace tazo lamide  inject ion (,oo rag). No carbonic a n h v d r a s e  a c t i v i t y  was ob 
served in the  tissue. Normal  co lumnar  ep i the l ium (CE) and the t u b a l a r  g lands  are shown with 
t ubu l a r  g lands  in long i tud ina l  sect ion (LS) and in cross section (CS) showing the  t ubu l a r  g land  
lumen (TL). The large arrow poin ts  to a t u b u l a r  g land cell s imi lar  to  the cell seen iq Fig. 2. 
Capi l lar ies  (Ca) with reel blood cells are also visible. Magnif icat ion 95 ° >~.. 

Biochim. Biophys. Acta, I5q (i9o8) 307-376 



374 R. S, BERNSTEIN et al. 

Fig. 2. An electron micrograph of a tubular  gland cell f rom the same bird as in Fig. t. Tile ap- 
pearance of the cell is normal.  Microvilli project into the tubular  gland lumen (TL). The nucleus 
is large and round with nuclear pores (NP) in the envelope. A few flattened cisternae of the endo- 
plasmic ret iculum (ER) are scattered in the cytoplasm. Besides mitochondria  (*I), there are 
dense osmiophilic bodies (D) in the cytopla,sm. Magnification 15 ooo >.. 

tile present material fixed in MILLONIG'S OsO427 having an osmolarity of approx. 
36o mosM. On the other hand, the vacuolation could be consistently produced in the 
acetazolamide-treated birds as well as in the control birds by fixation in 5°,0 glutar- 
aldehyde as. This phenomenon may be an artifact due to the high osmolarity of the 
latter fixative (approx. IOOO mosM). 

The ultrastructure of the cells in the shell gland mucosa of the short-term (ioo 
mg × 2 h) acetazolamide-treated birds (Figs. I and 2), where the carbonic anhydrase 
activity of the tissue was observed manometrically to be completely inhibited, did 
not differ from that observed in the control birds. Neither were there any noticeable 
fine structural changes in birds treated for 5 days. The swelling of the microvilli in the 
tubular gland cells reported by JOHNSTON, AITKEN AND WYBURN 9 was not observed 
in the acetazolamide-treated birds. This phenomenon is not found consistently in the 
normal bird either; and its occurrence may vary from block to block sampled from the 
same shell gland. In the pecten oculi and the ciliary body in the eye of the domestic 
fowl, marked ultrastructural changes 6o-9 ° rain after acetazolamide administration 
have been reported a'a. Dog tissues studied by MAREN, MAYER AND WADSWORTH 40 did 
not show light microscopical changes after prolonged acetazolamide treatment. Ultra- 
structural changes were also absent in acetazolamide-treated rat kidney 4t. 
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GENERAL CONCLUSIONS 

From the preceding data and discussion, it can be seen that an evaluation of 
the mode of action of carbonic anhydrase in the shell gland mucosa is a complex and 
multifaceted one. MUELLER'S a'5 hypothesis that acetazolamide treatment leads to 
decreased shell deposition by interfering with the movement of ions at the level of the 
kidney is apparently only part of the biochemical action of the drug. The lepeated 
and consistent demonstration in the present investigation that carbonic anhydrase 
activity of the shell gland nmcosa and CaCO 3 deposition were both drastically affected 
by the drug strengthens the hypothesis of a role for carbonic anhydrase in "he shell 
deposition. Furthermore, the authors feel that the soluble enzvme may thus t'unction 
as an intracellular mediator to promote the production of HCO 3 from the lretabolic 
(;()2 produced in the cells of the epithelium as suggested by DIAMANTSTEIN 3. Investi- 
gations 42 of other types of cells which secrete extracellularly acting enzyir es have 
demonstrated fluctuating levels of enzyme activity associated with the en&,plasmic 
reticulum (the microsomes); such fluctuations have not been observed in this study. 

It  can be seen from Fig. I that the colunmar epithelial cells, the tubular glands 
(which are highly convoluted but ultimately secrete into the shell gland lure.m), and 
the blood capillaries are all in close proximity within the mucosa of the she i gland. 
The secretion of Ca into the lumen from the blood during the 20 h the egg spends in 
the shell gland may be via the tubular glands 6 or the ciliated columnar epitheli~ 1 cells 43. 
From the concentrations of Ca, CO2, and HCOa which have been reported in the 
uterine fluid surrounding the egg in the shell gland during these 2o h (refs. 44, 45) it 
is clear that mechanisms for rapidly replenishing these molecules must be available 
(otherwise volumes of fluid on the order of 6oo to 25oo ml would be required t,, supply 
an average egg shell containing 5 g of CaCOa). The function of carbonic anhydrase in 
the uterine nlucosa is apparently to assure that the HCO 3 supply is not limit ng. The 
concentration of HCO a- expressed in mmoles/ml has been shown to be about 4 times 
that of Ca in the uterine fluid44, 45. 

The addition of fluid to the albumin of the egg (i.e., "plumping") occurs during 
the first 4 h of the 2o-h period 4. The shell gland tissue becomes distended after the egg 
enters the shell gland and plumping begins. The juxtaposition of capillaries, tubular 
glands, and epithelial cells is also affected by the distention. Also, during the first 4 h 
the rate of CaCO 3 deposition increases slowly and approaches a maximum. This 
maximum rate of deposition is then maintained for the next 16 h after which expulsion 
of the egg occurs 4. The nature of the control system, providing for maximal CaCO a 
deposition only after plumping is completed, is undefined at this timeaL 
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