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Effect of Prolonged Exposure to 15% CO. on Calcium and Phosphorus

Metabolism.*

(26624)

K. E. SCHAEFER, MARY HASSON AND H. NIEMOELLER!
U.S.N. Medical Research Laboratory, New London, Conn. and Department of Pathology,
Yale University School of Medicine, New Haven, Conn.

Brown and Prasad(1l) reported slight in-
creases in plasma calcium and inorganic
phosphorus, associated with a fall in ultra-
filtrable Ca, during acute exposure of dogs
to high CO» concentrations (30-40% CO-).
Nichols, Schaefer and Carey(2) found in
men during a chronic slight respiratory aci-
dosis (exposure to 1.5% CO; for 42 days) a
decrease in plasma calcium and increase in
inorganic phosphorus during the period of
uncompensated respiratory acidosis. In ex-
periments reported here, calcium and phos-
phorus metabolism was studied during a pe-
riod of chronic respiratory acidosis induced
by exposure to 15% CO. in guinea pigs.

Methods. Male guinea pigs of the Hartley
strain weighing between 400 and 550 g were
exposed to 15% CO; in 21% O, for periods
up to 73 days. Two groups of animals were
studied after recovery on air for 1 and 11
days respectively following exposure to 15%
CO. for 7 days. In a second series of experi-
ments urine was collected daily in metabo-
lism cages prior, during, and after exposure
to CO., from 4 guinea pigs. The number of
animals used in each experimental group is
listed in Table I. Blood samples were taken
under anaerobic conditions through heart
punctures after the animal was stunned by a
blow at the base of the skull. pH was meas-
ured in a constant temperature waterbath at
37°C by a model G Beckman pH meter using
hypodermic glass electrodes. Whole blood
CO. content was determined with the Van
Slyke apparatus. Experimental chambers al-
lowed good control of temperature and hu-
midity (78°F =+ 2° and 65-75% humidity).
Hematocrit was measured using the micro-
capillary method. Blood plasma calcium and
urinary calcium were determined by the
method of Clarke and Collip, a modification

* This investigation was supported in part by
O.N.R.

t With the technical assistance of J. R. Cassidy.

of the procedure of Kramer and Tisdall(3).
Blood calcium data after one hour exposure
were obtained using the EDTA method of
Munson ef al.(4). The inorganic phosphorus
in blood and urine was measured by the
method of Fiske and Subbarrow as modified
by Roe and Whitmore(5). Plasma protein
was measured using the method of Wolfson,
Cohn, Calvary and Schiba(6). The albu-
min/globulin ratio was determined in a lim-
ited number of blood samples in animals ex-
posed to CO; for various time periods. Data
on ultrafiltrable calcium were obtained by
the method of Toribara et af.(7).

Results. Table I presents results on plas-
ma pH, calcium, inorganic phosphorus, ultra-
filtrable calcium and plasma protein. The
pH shows a marked drop after one hour and
one day of exposure to 15% COs, and in-
creases to a level somewhat below normal
but not significantly different after the sec-
ond to third day. This indicates that after
2-3 days a compensation of the respiratory
acidosis is reached. This is supported by
other data on urine pH, plasma and urine
electrolytes reported elsewhere(8). Plasma
calcium rises slightly and inorganic phos-
phorus shows a small decrease after one day
of exposure to 15% CO,. On the second to
third day and thereafter plasma calcium in-
creases and plasma phosphorus decreases sig-
nificantly. After 4-7 days and after 20 days
of exposure calcium level is still elevated and
phosphorus level remains lowered. Recovery
on air for one day after exposure to 15%
CO, for 7 days does not change this status.
After 11 days of recovery, inorganic phos-
phorus has returned to initial levels while
plasma calcium is somewhat lower than con-
trol values,

Ultrafiltrable calcium increases slightly
during the first phase of CO, exposure and
is significantly higher after 4-7 days of ex-
posure and after one day recovery following



356

CO. ErreEcts oN CALciuM PHOSPHORUS

TABLE I. Effect of Prolonged Exposure to 159 ('O, on Blood pH, Plasma Caleium, Inorganic
Phosphorus, Ultrafiltrable Caleinm and Total Protein.

Ultrafiltrable
Plasma caleium
Plasma  inorg. phos- Fraction
pH of caleinm,  phorus, Total pro- of total
blood mg % mg Y%  tein,g 9% mMol/l caleium
Control Meun 7.38 11.6 7.0 8.4 1.31 45
S.D. 05 . . 14 .22 .07
No. 25 15 20 8 8 8
15% CO, 1 Iir Meun 707t 11.6 6.7 — 1.41 54
S.D. 02 KH kY] — .10 .03
No. 12 6 13 — 6 6
15% CO. 1 day Mean 7.21¢ 12.0 6.8 8.7 1.40 48
S0 .08 Rl 9 5 .30 .09
No. 38 14 11 12 9 9
15% CO, 2-3 days Mean 7.20¢ 12,9 a8t 8.5 — —_
s.D. 03 .6 9 9 — —_
No. 25 13 17 8 —_ —
15% CO, 4-7 days Mean .35 12.1 5.6t 8.4 1.69t .60%
8., 06 Kii N 3 .20 .05
No. 34 14 8 13 10 10
15% €O, 20-73 days  Mean 7.34 13.2% 6,11 8.6 —_ —
S.D. 08 it 2 25 — —
No. 12 13 10 4 — —
7 day exp.
15% CO, 1 hr ree. Mean — 11.6 — — 1.58t .65*%
S.D. — D — — 14 .09
No. — 7 — — 4 4
15% CO. 1 day rec. Mean T34 1247 5.5t -— 1.641 .50
S.D. .08 4 R — .24 .06
No. 21 N 11 1 4
15% CO, 11 day Mean .37 100 6.9 8.0*% — —
rec. S.D. .06 ) 1.0 4 — —
No. 23 6 8 5 — —

* Statistically significant from control values at the 59 level.

7 days exposure. No changes in total pro-
tein were observed.

Fig. 1 shows measurements of daily urine
volume, excretion of urinary calcium, and
inorganic phosphorus obtained from a group
of 4 guinea pigs prior to and during exposure
to 15% CO,, and during a recovery period
on air following exposure. Urinary volume
increases slightly during the first day of CO,
exposure and decreases during the following
days of exposure. After 5-6 days of recovery,
control values are reached. A rise above
initial levels is noted during the period of
6-11 days recovery. During the first phase
of uncompensated respiratory acidosis, cal-
cium as well as phosphorus excretion is sig-
nificantly increased. Calcium excretion falls
during the second phase of CO; exposure be-

, 19

low control values, while phosphorus excre-
tion shows a transitory decrease during the
second and third day to initial levels followed

and greater.
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FIG. 1. Effect of prolonged exposure of guinea pigs
to 15% CO: on 24 hour urine volume and urinary
excretion of calcium and inorganic phosphorus.
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FIG. 2a. Interstitional calcium deposits in the renal

medulla of a guinea pig exposed to 15% CO. for 7

days. 2b. Intra tubular calcium deposit in the renal

cortex of a guinea pig exposed to 15% CO: for 73

days. 2c. Calcium deposits in tubular basement

membranes of the renal cortex of a guinea pig ex-
posed to 15% CO: for 47 days.

by a second significant rise during the fifth
day of the exposure period when a value of
20.5 =+ 7.2 was reached. Circled values in-
dicate daily phosphorus and calcium excre-
tion levels which differ from control values
at a 5% level of confidence and greater.
Histopathologic findings. In connection
with the evidence for changes in calcium and
phosphorus metabolism occurring under
chronic exposure to 15% CO, mention should
be made of the finding of renal calcinosis in
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these animals. Our series of 22 test animals
and 4 controls showed a fairly irregular oc-
currence of renal calcifications, starting as
early as 48 hours after beginning of expo-
sure. The lesions were never severe, except
in 2 animals which were exposed for more
than one month. The localization and type
of the lesions appeared not to follow rigid
pattern. Three main types of calcification
were noted: 1) interstitial deposits, usually
confined to the medulla and often in immedi-
ate vicinity of the tip of the papilla (Fig.
2a); 2) intratubular deposits, commonly in
the cortex or medulla close to the cortico-
medullary junction. These were associated
with changes in tubular epithelium (flatten-
ing, pyknosis of nuclei and basophilia of
cytoplasm regeneration) as shown in Fig. 2b;
3) occasionally calcification originated in the
tubular basement membranes, as shown in
Fig. 2c, where the epithelium is lifted off its
base and pushed into the lumen of the tubule.
This lesion was located near the cortico-
medullary junction.

Discussion. The fall in plasma inorganic
phosphorus associated with a rise in plasma
calcium found during chronic respiratory aci-
dosis in guinea pigs represents a major differ-
ence between the reported increase in inor-
ganic phosphorus in response to acute ex-
posure to COp for periods of 2-4 hours(1).
The changes in plasma calcium and phos-
phorus observed in our experiments are simi-
lar to those produced by parathyroid stimu-
lation or injection of parathyroid extract(9).
The increased urinary phosphorus excretion
during the first and fifth day of exposure to
15% CO. indicates 2 phases of increased
parathyroid activity. The second phase,
however, could not be detected in plasma
calcium and phosphorus values since these
data were not collected on every single day
of exposure. Reported findings agree with
results of a study by Stanmeyer, King, Sco-
field and Colby(10) on rats. They observed,
on the basis of daily measurements during a
7 day period of exposure to 15% COQ., two
phases at the end of the second and seventh
day in which plasma calcium increased and
plasma phosphorus decreased. Data obtained
in 2 species of animals suggest development
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of an increased parathyroid activity during
chronic exposure to CO. which apparently
does not occur in acute CO. exposure.

A decrease in pH. as found in respiratory
acidosis, is known to produce a decrease in
calcium binding of proteins(11) and a rise
in ionized and ultrafiltrable calcium(12,13).
The average value of ultrafiltrable calcium
(controls) obtained in our experiments, 1.31
mM/] serum, agrees with data reported in
the literature on mean ultrafiltrable calcium
in normal animals amounting to 1.31
mMel1(13). However, the mean percent-
age of total calcium observed. 45%. is
smaller than the 53.39% given by DPrasad
(13). Ultrafiltrable calcium increased only
slightly during the period of CO. exposure
in which decrease in pH was greatest. one
hour and one day exposure, and more signi-
ficantly after 7 days’ exposure and after one
hour and one day recovery on air following
7 days’ exposure. In the latter conditions
pH changes were rather small. The other
factors known to influence calcium protein
interactions, albumin,/globulin ratio and total
protein, were not significantly altered. The
inorganic phosphorus, however, was much
lower. These data seem to support the hypo-
thesis of Brown and Prasad(1) that an in-
crease in inorganic phosphate produces a de-
crease in ultrafiltrable calcium and vice ver-
sa, probably due to formation of some non-
filtrable calcium phosphate compound. which
is also in agreement with results of other in-
vestigations(14,15). However. definite proof
of this theory would require measurements
of ultrafiltrable inorganic phosphate and pro-
tein bound phosphate in the plasma in vivo
under these experimental conditions. Al-
though no fall in ultrafiltrable calcium was
observed prior to the apparent parathyroid
stimulation in the periods investigated. our
data are not quite adequate to draw a con-
clusion as to whether CO, could be consid-
ered a stimulus to which the parathyroid
gland responds directly.

Renal calcification in animals exposed in-
termittently and continuously for prolonged
periods to increased concentrations of CO.
have been reported by Meesen(16) and Zinck
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(17). Anoxemia was excluded as being a
factor in development of these lesions. Zinck
(17) noted that the correlation between con-
centration of CO., length of exposure, and
severity of the renal lesion was poor, and
that there was a great deal of individual vari-
ation. In extensive studies on experimental
nephrocalcinosis, Goebel and Koburg(18)
were able to produce renal calcium deposits
by subjecting animals to respiratory insuf-
ficiency. The most frequent of the 3 types
of renal calcification found in our experi-
ments were the interstitial calcium deposits
located in the inner medulla. A similar renal
calcification lecated primarily interstitially in
the medulla was reported in a case of para-
thyroid adenoma(19) while in another recent
study(20) dealing with nephrocalcinosis in
experimental hyperparathyroidism, intersti-
tial calcification was described as ‘“‘minimal”.

The physiological data obtained in animals
exposed to 15% CO. suggest that parathy-
roid stimulation plays a role in development
of the reported renal lesions in chronic res-
piratory acidosis.

Summary. (1) During chronic respiratory
acidosis, produced by prolonged exposure of
guinea pigs to 15% COs, plasma calcium was
found to increase and plasma phosphorus to
decrease significantly. (2) These changes
appear to be related to an increased parathy-
roid activity as evidenced by an increased
urinary phosphorus excretion. (3) Ultrafil-
trable calcium increased only slightly during
the period of uncompensated respiratory
acidosis with the greatest pH changes, and
rose much higher during the period of com-
pensated respiratory acidosis where pH
changes were smaller. During the latter pe-
riod plasma inorganic phosphorus values
were much lower, supporting the hypothesis
of Brown(1) concerning the inverse relation-
ship of ultrafiltrable calcium and inorganic
phosphorus. (4) Histological studies showed
a significant renal calcification in guinea pigs
exposed for prolonged periods to 15% COs.
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The distribution and physiologic signifi-
cance of the enzyme carbonic anhydrase has
been extensively investigated since the initial
report of Meldrum and Roughton(1,2). In
the mammalian species high activities have
been measured in erythrocytes, renal cortex,
gastric mucosa and pancreas(2,3); the en-
zyme appears to play an essential physiologic
role in these tissues(2-5). Significant activi-
ties of unknown significance have been re-
ported in brain, spinal cord, testis, salivary
glands and the lens and retina of the eye
(2,3).

Several reports have dealt with activity of

* Supported by grants from Oregon Heart Assn.,
U.S.P.H.S. and Ross Laboratories.

t Presented in part before Western Society for
Pediatric Research meeting, Santa Monica, Calif.,
Nowv. 2 and 3, 1959.

} Irwin Memorial Fellow of Oregon Heart Assn.

§ Present address: Dept of Pediatrics, University
of Arkansas School of Med., Little Rock.

carbonic anhydrase in human fetal tissues
obtained by induced abortion and in prema-
ture and newborn infants(6-11). Enzyme
activity in erythrocytes and/or kidney has
been compared in fetal and premature sub-
jects, full term infants, children and adults
in several of these reports(7,9-11). The pres-
ent investigation reports maturation of car-
bonic anhydrase activity in several tissues of
the rhesus monkey from 75 days of gestation
to one year of age.

Experimental. Thirteen fetuses of rhesus
monkeys were obtained by cesarean section
at known gestational ages of 75, 90, 120 or
150 days calculated from the known date of
conception (conceptional age). (Average du-
ration of gestation in the rhesus monkey is
165 days). Portions of pancreas, kidney cor-
tex, lung, gastric mucosa and erythrocytes
were weighed and immediately frozen. Lung
and kidney tissues were perfused with 0.9%
NaCl; sections of fetal gastric fundus were





