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The calcified portion of the shell of the 
'4merican lobster, Hontarus nyziericunus, con- 
tains primarily calcium carbonate, with 
smaller amounts of sodium. potassium. phos- 
phate and other ions present. The mammal- 
ian skeleton participates in homeostatic regu- 
lation of body-fuid ionic concentration but 
the effects of disturbances in acid-base bal- 
ance upon the shell mineral are not clear. 
Collip ( 1 ) and Tilgner-Peter and Tilgner ( 2 ) 
suggested that the carbonate of the exoskele- 
tons of molluscs and intermolt crustaceans 
could serve as a source of buffer during such 
disturbances. In the present study. the car- 
bon dioxide tension of the artificial sea water 
environment of the lobster was increased. 
This permitted a study of the effects of altera- 
tions of acid-base balance on the composi- 
tion of the shell and hemolymph. 

Methods. Live male lobsters weighing 400- 
550 g, obtained from a local market. were 
allowed to equilibrate a t  least 24 hours at 
8-10°C in an aerated bathing solution com- 
posed of 3.4% conimercial sea salt in dis- 
tilled water. The animals were not fed dur- 
ing the experiments. 

The concentrations of several components 
of the hemolymph and shell of the control 
animals were determined. Citrate was esti- 

mated by a modification of the method of 
Carlsson and Hollunger(3), and the proce- 
dure of color formation developed by Taus- 
sky and Shorr(4) was employed. A step was 
introduced in which the heptane extract, con- 
taining pentabromoacetone obtained by oxi- 
dation of citric acid, was wahed with satu- 
rated sodium carbonate solution. Hemo- 
lymph chloride was estimated as described 
by Schales and Schales(5). The method of 
Caster, MacDonald and Armstrong( 6) was 
employed for determination of shell chloride. 

Weighed portions of hemolymph and dry 
shell were ashed at 450-50O"C and the ash 
was dissolved in a known volume of dilute 
hydrochloric acid. The sodium and potas- 
sium contents of aliquots of these ash solu- 
tions were determined, using a Coleman flame 
photometer. Calcium content of the ash so- 
lutions was determined as described by Clark 
and Collip(7). The method of Fiske and 
Subbarow(8) was used to estimate phos- 
phorus. Analysis of ash solutions indicated 
the quantity af total phosphate, while a tri- 
chloroacetic acid filtrate was employed in de- 
termination of inorganic hemolymph phos- 
phate. 

The pH af the hemolymph in the peri- 
cardial sinus and the arthrodial joints was 

t Trainee supported by Biochemistry Training 12). TO estimate total hemolymph cod con- 
centration, a sample of this fluid was with- Grant, U. S. Public Health Service. 
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TABLE I. Composition of Heniolymph and Shell of Control Lobsters. 

PS 
diff. claw Hernolymph," Dry shel1,t meq/g claw 

Ion meq/l -e S.E. meq/g carapace 2 S.E. -+- S.E. and carapace 

Na+ 
K+ 
Cat+ 

C1- 
PO,$ 
HCO, 
COa' 
Citrate: 

Total 

Total 

438 210 .1  (8) t .25 k .0084 (12) 
8.5 2 .68 (8) .014 .0011 (12) 

34.5 2 .87 (8) 12.6 f .139 (10) 
481 12.9 
475 2 7.4 (8) .lo7 -1- .0061 (6)  

.55 k .069 (8)  1.29 ? .070 (14) 

12.7 k .46 (4) 
.16 & .022 (8)  .0215+ .0052 (10) 

10.8 -r- 1.79 (6)* 

487 14.1 

.28 2 .013 <.Ol 

.021* .0016 <.Ol 
11.9 & .12 <.05 
12.2 

.163 2 .0053 <.Ol 
1.99 k .214 <.02 

11.1 & .76 < -2 

13.3 
.012 2 . 0 0 1 9  < .05 

* Hemolymph analyses, with exception of HCO,;, from same group of animals. Fourteen lob- 
sters served as sources of shell, but  all analyses were not completed on every shell sample. Cam- 
pace and claw from the same animal were always :ma.lyzed. 

t Numbers in parentheses indicate No. of animals serving as sourcc of tissue. 
S The probability that differences were significant waa evaluated by means of the t-test. The 

carapace and claw of each animal were considered to be one pair of variates. 
6 Phosphate is expressed as meq PO,-*-*/l in hemolymph and as meq PO,s/g in shell. 

drawn from the arthrodial joint with a 
syringe coated with mineral oil immediately 
after the pH had been measured. Total COZ 
content of this sample was determined at  
once. When subsequent samples of hemo- 
lymph were to be obtained within a 3 hour 
per id ,  a fresh arthrodial joint was punc- 
tured. The micromethod of West, et aZ.( 9) ,  
was used to determine total COZ in both he- 
molymph and shells. 

When gas mixtures containing carbon diox- 
ide were administertd, an animal was placed 
in a 5-liter portion of the artificial sea water 
in which i t  had been maintained. Either 10% 
CO2-9O% air or 5% C0,-9S% O2 was bub- 
bled into the sea water at low pressure while 
temperature was maintained at 1O0C Pe- 
riods of exposure varied 'from 20 to 180 min- 
utes. Hemolymph pH was determined be- 
fore and after exposure to the gas mixtures. 
The compit ion of the hemcdymph of 3 ani- 
mals before and after administration of 5% 
C02-95% 0 2  was examined and the cmposi- 
tion of the shells was also determined. The 
effect of increased COZ tension on inorganic 
phosphate concentration in the hemolymph 
of an additional 2 lobsters was determined. 

Results. The cornpition of the hemo- 
lymph and of the shell of the control animals 
is summarized in Table I. Values reported 
for inorganic ions in the hemolymph are simi- 
lar to those tabulated by Florkin and Mason 

( 10). The carapace and claw shell are simi- 
lar in composition. When the data are evalu- 
ated statistically the dry claw, except for cal- 
cium and carbonate, con'tains a. significantly 
greater concentration of inorganic ions. Cit- 
rate is present in greater concentration in the 
carapace, however. 

The pH of the hemolymph of control ani- 
mals, maintained under laboratory condi- 
tions, is somewhat variable. Six measure- 
ments of arthrodial joint pH in 4 animals 
ranged from 7.30-7.65. In the same animals 
6 measurements of pericardial sinus pH var- 
ied from 7.10 to 7.60. The pH of the sea 
water was 7.30-7.50. The data in Table I1 

TABLE 11. Effect of 10% C0,-90% Air on Henio- 
lymph pH of Lobsters. - Hemolymph -, 

Bathing 5th arthro- c?rdinl 
Peri- 

Lobster treatment solution dial joint sinus 

1" Before C0,-air 7.50 7.55 7.45 

4 days later 7.95 7.55 I .a0 

2 t  Before GO,-air 7.55 7.1 0 7.40 
C:O,-air; 60 min. 6.00 6.50 6.60 

C0,-air ; 20 min. 6.30 7.30 7.20 

C0,-air ; 50 min. 6.60 6.55 6.75 

r r  

C0,-air; 180 " 6.00 6.40f 6.30 

* Animal died IS hr aft.er 2nd expomre to GO,- 

t Aniiiial died 10 niin. after gas bubbling discon- 
air. 

t.inued. 
From 4th arthrodial joint. 
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indicate that a 107; C‘0,-90‘;: air mixture. 
administered for 60 minutes. results in a. de- 
crease of 0.6-1.0 unit in hemolymph pH. 
‘This decrease appears to be close to the maxi- 
mum possible. since an addition;il 120 min- 
utes of exposure resulted in  a further decrease 
of only 0.1 pH unit (animal 2 ) .  This gas 
niixture was tosic. since after one to 3 hours 
of exposure, the animals did not recover. 

The effects of S Y ,  c‘0,-9.5% 0, upon the 
electrolyte composition of the hemolymph oi  
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FIG. 1.  Effcet of nilministratioil of 95% CO2-5Ci;. 
0: on trichloroncetic acid soluble phoaphatc coil- 

ceiitra tion of hernolymph. 

Iol~sters are found in Table TI1 and Fig. 1. 
H(’Ql and H,CO, concentrations were cal- 
culated from total C02 content and pH of 
the hemolymph by mathematical operations 
similar to those of Hastings and Sendroy ( 1 1 ) . 
The pK( 12) of carbonic acid at  10°C and in- 
finite dilution was extrapolated to the pK’ 
at 10°C and an ionic strength af 0.51, the 
calculated ionic strength of lobster hemo- 
lymph. The value obtained, 6.12, was then 
substituted in the Henderson-Hasselbalch 
equation and the calculations were completed. 

From the calculated carbonic acid concen- 
t ra t ion, the pC0, was calculated, according 
to  the formula: 

pC02 = (H2C0:{) / a 
it is a. constant relating the dissolved CO? in 
mM/1 to the partial pressure of this gas. At 
10°C and an ionic strength of 0.51, a was 
estimated from the data given by Edsall and 
l\\‘yman(l3) to be 0.06 rather than the more 
faiiiiliar 0.03. 

In Fig. 1, the percent increase in mMoles 
per liter of inorganic phosphate in the hemo- 
lymph during administration of 5 %  COZ- 
c).jC/c 0, is plotted as a function of time. 
These alterations occurred with no change or 
a slight decrease in total hemolymph phm- 
phate. 

In agreement with the obser- 
vations of Creac’h ( 14), little correlation was 

Discussion. 
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found betwecii calcium carbonate content and 
citrate content in the shells of crustaceans. 
The high hemolymph calcium concentration 
cannot be accounted ,for by sequestration by 
citrate owing to the low concentration of the 
latter in hemolymph. 

Comparison of the composition of the 
shells of lobsters treated with 5% C02-95% 
O2 with that of the shells of control animals 
(Table I) demonstrated that this treatment 
had no effect upon the sodium, potassium, 
calcium or phosphorus contents of the shell. 
These results indicate that the shell does not 
effectively participate over short periods of 
time in acid-base balance regulation. The 
failure of the hemolymph calcium to increase 
as pH decreases further suggests that the 
shell is not a source of readily available base. 
The changes observed in sodium and chloride 
concentrations in the hemolymph could be in- 
terpreted as  gain or loss of hemolymph ions 
across the gill membrane. 

There is no regular pattern apparent for 
compensation for respiratory acidosis. Lob- 
ster 13 appears to have compensated some- 
what for the increase of 10 meq/l of b i m -  
bonate ion by a loss of 23 meq/l of other an- 
ions and 12 meq,/l cations, so that the anion- 
cation balance remains constant. Lobster 14, 
on the other hand, appears to have cornpen- 
sated for the increase of 14 meq/l in bicarb+ 
nate by an increase of 32 meq/l of cations 
and 21 meq/l of anions, with the balance be- 
tween the two again remaining constant. 

The increased hemolymph phosphate con- 
centration could result froin hydrolysis of 
phosphate esters in the hemolymph. Brown 
and Prasad( 1 5 )  obtained similar results when 
C02 tension was increased in the blood of 
dogs. 

The effects of increased COz 
tension on the hemolrmph and shell of fast- 
ing intermolt lobsters were examined. The 

Summary. 

citrate ant1 calcium contents of the hemo- 
lymph were not increased. The pattern of 
distribution of ions observed in the dry shell 
of control lobsters was not altered by an in- 
creased environmental and body fluid COZ 
tension but a decrease in hemolymph pH oc- 
curred. After 100 minutes of exposure to 
CO?, an increase in hernolymph inorganic 
phosphate was observed, and, after 140 min- 
utes: an increase in hemolymph bicarbonate 
occurred. I t  can be concluded that, although 
exposure to an aqueous environment with an 
increased C 0 2  tension results in changes in 
the concentration patterns of some hemo- 
lymph ions, little effect is produced on the cal- 
cified tissues of the lobster. 
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