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THE PARTICIPATION OF BONEIN TOTAL BODYSODIUM
METABOLISMIN THE RAT'

By WILLIAM H. BERGSTROM2

(From the Department of Pediatrics, New York State University College of Medicine,
Syracuse, N. Y.)

(Submitted for publication November 15, 1954; accepted March 9, 1955)

Sixty years ago Gabriel demonstrated the pres-
ence of substantial amounts of sodium in the
chloride-free residue of bone which had been ex-
tracted with alkaline glycol solutions (1). In
1936, Harrison, Darrow, and Yannet (2) de-
fined "extra" bone sodium as that present in ex-
cess of the amount predictable from chloride con-
tent and suggested that at least 25 per cent of the
total body sodium content might be bound chemi-
cally to bone salt. Subsequently, Kaltreider,
Meneely, Allen, and Bale (3), Forbes and Perley
(4), Stern, Cole, Bass, and Overman (5), and
Edelman, James, Baden, and Moore (6) have
shown that 30 to 40 per cent of bone sodium is ex-
changeable with circulating radiosodium within 24
hours. These workers have confirmed the earlier
impressions of Harrison, Darrow, and Yannet by
finding approximately one-third of total body
sodium to be in the skeleton.

Reduction of bone sodium during acute acidosis
has been demonstrated in dogs by Nichols and
Nichols (7) and in rats by Bergstrom and Wallace
(8). The former found an average decrease of
18.6 mEq. of sodium per kilogram of wet fat-free
bone in dogs after four hours of sodium depletion
by means of hemodialysis. Rats depleted of so-
dium and made acidotic by intraperitoneal dialysis
against ammonium chloride solutions lost 42 mEq.
of sodium per kilogram of wet bone within 48
hours. This represents 28 per cent of the total
extra bone sodium and corresponds closely in
magnitude to the fraction shown previously to be
exchangeable with circulating radioisotope.

Darrow, Schwartz, lannucci, and Coville (9),
Cotlove, Holliday, Schwartz, and Wallace (10),
and others have indicated that intracellular sodium
may undergo wide fluctuations around its normal

I This investigation was supported in part by a grant
(A-361) from the National Institute of Arthritis and
Metabolic Diseases of the National Institutes of Health,
Public Health Service.

2 Marlde Scholar in Medical Science.

value of 9 to 10 mEq. per liter of muscle cell water.
Concentrations of 1 mEq. per liter in acidosis and
of 22 mEq. per liter in alkalosis are reported.
Apparently sodium exists in the body in at least
three phases: extracellular fluid, intracellular fluid,
and bone salt. All participate in sodium metabo-
lism, though bone sodium may consist of accessible
and inaccessible fractions.

The work to be reported here concerns the fol-
lowing: 1) What proportion of total sodium loss
in acute acidosis and sodium depletion is borne
by bone sodium? 2) Is bone sodium content di-
minished by acidosis without large loss of so-
dium, i.e., can changes in body fluid pH affect the
pattern of bone electrolyte? 3) Can the fraction
of bone sodium removed be increased by repeated
depletion procedures? 4) During recovery from
acidosis, what proportion of the sodium retained
is deposited in the skeleton?

EXPERIMENTALPROCEDURE

Six groups of adult male albino rats were used.
Group 1 (20 animals) . Control rats were maintained on

a diet of dog chow and water ad lib. At the time of
sacrifice samples of bone and blood were taken for analy-
sis as described below. Fourteen carcasses were then
dried at 105°C., defatted, and analyzed for sodium, cal-
cium, and chloride.

Group 2 (7 animals). These were depleted of sodium
and made acidotic by transperitoneal dialysis against am-
monium chloride. Each rat received intraperitoneally 10
per cent of its body weight of a solution containing 90
millimoles of ammoniu chloride and 50 grams of glucose
per liter. After a four-hour- equilibration period the
peritoneal fluid was withdrawn and analyzed for sodium.
Approximately 25 per cent of the estimated total body
sodium content is removed by this procedure (8). The
animals were then allowed water but fasted for 48 hours
prior to sacrifice. The total urinary output of four ani-
mals was collected during the 48-hour post-dialysis pe-
riod and analyzed for sodium. The sampling procedure
was that used for Group 1.

Group 3 (12 animals). After a 12-day control period
on chow and water, eight animals in this group were

997



WILLIAM H. BERGSTROM

given acetazoleamide (Diamox*)8 in a concentration of
666 mg. per liter in their drinking water. The remain-
ing four animals were continued on tap water. All were
weighed daily throughout the experiment Serum pH
was measured in both control and experimental rats be-
fore and during treatment. After sixteen days of drug
administration the rats were killed and sampled as
above.

Group 4 (6 animals). These were given acetazoleamide
as in Group 3. After 13 days of treatment they were
subjected to dialysis as in Group 2. A 48-hour period of
fasting preceded sampling. Blood and bone samples only
were analyzed in this group.

Group 5 (7 animals). These were subjected to the
same depletion procedure as Group 2. At the conclusion
of the 48-hour fast they received 200 ml. per kilo of body
weight of a solution containing 150 mEq. of Na, 100 mEq.
of Cl, and 50 mEq. of HCO,- per liter. This was given
intraperitoneally in two doses ten hours apart. After
24 hours of "repair" (72 hours after dialysis) the rats
were killed and sampled.

Group 6 (9 animals). These were depleted as in
Group 2. After the 48-hour post-dialysis period they
were allowed chow and water ad lib. They were sacri-
ficed five days later when they had regained 86 per cent
of the weight lost after dialysis.

CHEMICAL METHODS

A. Serum: 1) Water was determined by the use of
micropycnometers (10). 2) Sodium was measured by
internal standard flame photometry (11). 3) Chloride
was measured by the iodometric method of Van Slyke
and Hiller (12). 4) Serum pH was determined at 38°C.
with the bicolor standards of Hastings and Sendroy (13).

B. Carcass: 1) The method of preparation was that
of Schwartz, Cohen, and Wallace (14), except that the
animals were not exsanguinated; only small samples (2
to 3 ml.) of blood were taken. 2) Total body water was
measured as weight lost after drying to constant weight
at 105°C. 3) Fat was determined by extracting the dry
material with several changes of a mixture of ethyl and
petroleum ether and re-weighing. 4) Chloride was meas-
ured by back titration of excess silver after the dry fat-
free material had been soaked for 24 hours in a measured
excess of silver nitrate and dissolved and digested in
nitric acid (14). 5? Calcium was precipitated as oxa-
late which was then titrated with permanganate. 6) So-
dium was measured by internal standard flame photometry
after removal of calcium by oxalate precipitation. Three
successive recrystallizations of calcium oxalate were car-
ried out in order to recover co-precipitated and ad-
sorbed sodium (8).

C. Bone: The method of analysis has been presented
in detail elsewhere (8). Samples included all of the long
bones in most cases. In some instances only femora and
tibiae were taken for analysis. No difference in re-
sults was seen. 1) Water was measured as weight loss

3This drug was kindly supplied by Drs. T. H. Maren
and J. M. Ruegsegger of Lederle Laboratories.

after drying at 1050C. The bones were then ground to
a fine powder and aliquots taken for subsequent analyses.
2) Chlorides were measured by an adaptation of Sun-
derman and Williams' method (15) to semi-micro quan-
tities. 3) Sodium was determined by internal standard
flame photometry on aliquots ashed and dissolved in ni-
tric acid. Calcium separation was carried out as de-
scribed above prior to flaming. 4) Calcium was titrated
as oxalate with permanganate.

CALCULATIONS

The concentrations of sodium and chloride in extra-
cellular water were calculated from measurements of
serum sodium, chloride, and water using Donnan's factors
(Cl.e0 = 1.02 X Cla..rm iao; Naeew = 0.95 X Na*rum,. H2o).
Bone chloride was multiplied by the ratio Na.ew/Cl.ew
to give the amount of bone sodium predictable from ex-
tracellular water content as defined by chloride. This
was subtracted from total bone sodium (Nat) to give
"extra" bone sodium (Na0) as originally defined by
Harrison, Darrow, and Yannet (2). The ratio of ex-
tra bone sodium to calcium was then calculated. Total
body calcium content was multiplied by the ratio Na./Ca
to give the extra bone sodium content of the whole body.
The assumption was made that the amount of non-
skeletal calcium measured in total calcium was negligible.

The volume of distribution of extracellular sodium,
(HFON.), was derived by subtracting intracellular and
bone sodium from total sodium content and dividing the
remainder by the sodium concentration of extracellular
water. Intracellular sodium was approximated by using
the data of Cotlove, Holliday, Schwartz, and Wallace for
muscle sodium in normal and acidotic rats (10), assum-
ing a muscle mass equal to 40 per cent of body weight.
Neglecting intracellular Na in tissues other than muscle
introduces a source of error which makes the value for
extracellular Na an estimate rather than a precise quan-
tity.

The concentrations of chloride in red cell water and in
collagen water differ from that in extracellular water,
and the necessity of correcting the apparent chloride
space for these two factors has been stated by Harrison,
Darrow, and Yannet (2) and by Nichols, Nichols, Weil,
and Wallace (16). According to Bernstein (17), the
chloride concentration of rat erythrocyte water is 82
mEq. per L. If blood volume is assumed to be 10 per
cent of body weight, hematocrit 50 per cent, and red cell
water 720 ml. per Kg. of cells, erythrocyte chloride
equals 0.100 X .50 X .72 x 82=3 mEq. per Kg. body weight.
Nichols, Nichols, Weil, and Wallace (16), using the
total body collagen data of Lightfoot and Coolidge (18),
and analyses of tendon for water and collagen, calculated
that 77 ml. of water per Kg. of body weight is associated
with collagen and elastin. In this phase they found an

average chloride concentration of 129 mEq. per L., which
is 12 mEq. per L. greater than that calculated for extra-
cellular water not so associated. The correction intro-
duced amounts to 0.077 X 12=0.9 mEq. per Kg. body
weight. The sum of both corrections (3 plus 0.9 = 3.9)

998



PARTICIPATION OF BONEIN SODIUM METABOLISM

TABLE I

Average changes follouwing intraperitoneal dialysis (seven rats)

Body Weight Sodium

Before After % Lose Original Removed

(Ga.) (Ga.) Eqg. Eqg. S

246 197 20 52.8 11.4 21.6

was subtracted from total chloride content before cal-
culating the volume of distribution.

RESULTS

1. Acute sodium depletion and acidosis
Table I shows the average weight loss follow-

ing dialysis in Group 2 and the amount of sodium
removed as determined by analysis of the dialysate.
Sodium withdrawn is expressed as per cent of
total body content, calculated from original body
weight and average normal sodium content (Table
II). The total urinary sodium output during 48
hours was less than 1 mEq. per kilo of body weight
per day. There was no change in serum sodium
concentration or in sodium content in mEq. per
kilo of final body weight (Table II). The ratio of
sodium to calcium in bone was 0.016 as compared
to 0.021 in control animals (Table III).

From body composition after dialysis and per
cent of weight lost it is possible to calculate the
amount of sodium lost per kilogram of original
body weight. Table IV shows the total loss so

calculated and the contribution of each phase.

The results are shown as mEq. per Kg. before
and after dialysis and as mEq. per 800 gm. The
latter notation indicates the loss sustained by each
original Kg. after a 20 per cent weight loss. The
average total extra bone sodium content of 14 nor-

mal rats was 11.2 mEq. per Kg. fat-free wet
weight (Total calcium = 546 mEq. per Kg.;
Na,/Ca ratio = .0206). In seven dialyzed rats
total calcium was 633 mEq. per Kg. and Nat/Ca
was .0163. Total extra bone sodium was there-
fore 10.3 mEq. per Kg. Since body weight after
dialysis was 0.8 x original weight (Table I) the
decrease in extra bone sodium was 11.2 - (10.3 x
.8) = 3.0 mEq. per original Kg. This represents
28 per cent of the total sodium loss of 10.8 mEq.
per Kg.

Values for the intracellular phase were calcu-
lated from the muscle data of Cotlove, Holliday,
Schwartz, and Wallace for rats subjected to an
identical depletion procedure (10). These work-
ers found that the intracellular sodium content of
muscle after dialysis was 0.6 mEq. per Kg. of
muscle as compared to 6.0 mEq. per Kg. in con-

TABLE II

Body composition in control, dialyzed, and repaired rats

lI) l______ l- Ca Cl 1 20. jB2C-I H20

.Eqjg fat- .DqA *3qlg. rt^- dqAg fat-. BoA slAg fat-free
free Yet wt. Cw free Yet Vt. free wet Vt. gm wet vt.

1. (Cin.ol)) CU) 53 155 546 36 1U 251 282 732

2. (Dlalysed) (7) 53 153 633 39 107 274 329 721

3. (Di4m) (6) 51 153 559 37 11 -_ 291 721

5.(Repafr) (7) 59 150 621 42 97 - 393 731
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TABLE MI
Bone composition

ht _ _ X_ _ _

1. Cotr (2)) 196 162 7900 .0206

(8.) (.00o7)

2. D13ysd (7) 162 12 7600 .0163
(8.3.) (.0012)

3. Acotasole (7) 152 1OD0 50

4. Aotaols (6) 176 7900 .0174

Ni"
5. NwsstlI (7) 13 96 720 .036

(8J.) (.0)

6. Xm1 bepdr (9) ;1641 7700 .0175

(8.3.) (.0005)

trol rats. If muscle mass is assumed to equal 40
per cent of body weight originally, intracellular
sodium loss per Kg. will equal .4 x (6.0 - 0.6) =

2.2 mEq. The error introduced by decrease in
muscle mass during weight loss will be small since
the intracellular sodium of post-dialysis muscle
is minimal. The loss sustained by extracellular
fluid may be estimated as total Na loss-(bone
loss + intracellular loss).

The total loss by analysis, 10.7 mEq. per origi-

nal kilogram, is 20.5 per cent of the original con-

tent, a figure which agrees well with the meas-

ured removal of 22 per cent indicated in Table I.
Fifty-two per cent of the total loss was sustained
by extracellular sodium, 28 per cent by bone so-

dium, and 20 per cent by intracellular sodium.

2. Acetazoleamide treatment

Figure 1 shows the changes in body weight,
growth rate, and serum pH observed during the

TABLE IV

Distrhbution of sodium in control and depleted rats

Dep1.t.6 ~~~OAg. 5 of
141n Tsui

.uqfg rat-free uKq/IOW p.

Tol 52.1 52.5 20 10.6 100

MaI __2.4 0.3 0.2 2.2 20

lkb I12 10.3 6.2 3.0 2

_aeo 39.1 41.9 33.5 5.6 52

COldated frm ta at Catim et a.l
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EFFECTOF DIAMOXONGROWTH& SERUMpH

DAYS

FIGURE 1

administration of acetazoleamide (Diamox@).,
After an initial weight loss, growth rate equalled
that of the controls, although serum pH was de-
pressed throughout the experimental period.
Total body composition (Table II) did not differ
significantly from that of control animals. Bone
sodium to calcium ratio (Table III) was .0150,
or 71 pier cent of the normal value of .0206 (p =

.01).

3. Acetazoleamide plus dialysis

Dialysis of rats pre-treated with acetazoleamide
for 13 days (Group 4) resulted in the removal of
29 per cent of calculated total body sodium con-

tent. Bone analysis after 48 hours showed a so-

dium to calcium ratio of .0174 as compared to
.0163 for rats dialyzed without pre-treatment and
.0150 for rats treated with acetazoleamide without
dialysis. There was apparently no further loss
of bone sodium following dialysis in rats whose
bone sodium to calcium ratio had previously been
reduced by acetazoleamide.

4. Parenteral repair

Table II shows the body composition of rats
treated with parenteral sodium-containing fluid
after dialysis. Total sodium was significantly in-

creased (59 mEq. per Kg.) over that found fol-
lowing dialysis and in normal controls. None of
the sodium increment could be assigned to the
skeletal phase, since bone sodium to calcium ratio
was .0136. This is lower than the ratio found in
depleted animals (.0163) but the difference is not
statistically significant (p = .05).

5. Oral repair
After five days of recovery on a normal diet,

the rats in Group 6 had regained 86 per cent of
their post-dialysis weight loss and were growing
at the same rate as controls. Their bone compo-

sition (Table III) was not significantly different
from that of Group 2 animals sacrificed immedi-
ately after depletion. There was apparently no

sequestration of sodium in bone during the re-

covery period.

DISCUSSION

Intraperitoneal dialysis against ammonium
chloride with subsequent removal of peritoneal
fluid causes both sodium depletion and acidosis.
Significant decreases in serum pH and CO2 con-

tent have been previously reported (8). Three
phases contributed to the total sodium loss (Table
IV):

pH
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A. Muscle cell water, which originally con-

tained approximately 5 per cent of total body so-

dium, lost 20 per cent of the sodium removed by
dialysis.

B. Extra bone sodium, comprising 21 per cent
of normal total sodium content, contributed 28
per cent of the loss.

C. Extracellular sodium makes up 74 per cent
of total body sodium in rats of the age used.
Fifty-two per cent of the sodium loss was con-

tributed by this phase.

The volume of distribution of extracellular so-

dium, (H2ONa), calculated as explained above,
was 251 ml. per Kg. of fat-free body weight in
control rats and 274 ml. in dialyzed rats. Al-
lowing for 20 per cent weight loss, the decrement
in H2ON, was therefore 251 - (.8 x 274) = 32
ml. per original Kg.

If the entire sodium loss of 10.8 mEq. per Kg.
had been sustained by extracellular sodium, a de-
crease of approximately 60 ml. or 24 per cent
would have been necessary to preserve normal
sodium concentration in extracellular fluid follow-
ing dialysis.

The volume of distribution of chloride (H2Ocl,
corrected for red cell and collagen water as ex-

plained above) is compared with H2ONa in Table
II. H2Ocl exceeds H2ON. in both normal and
dialyzed animals. Since the methods for esti-
mating both phases are indirect and involve sev-

eral steps (see "Calculations" above), no signifi-
cance can be assigned to the difference. The dis-
crepancy is greater in the dialyzed animals, which
may be due to the fact that dialysis against am-

monium chloride caused a greater loss of sodium
than of chloride.

Weight loss (20 per cent) and sodium loss (21
per cent) were nearly identical after dialysis.
This implies a proportionate reduction of body
mass during the 48-hour post-dialysis fast. Since
the composition of weight loss during fasting
varies with the length of the fast, the close agree-

ment between loss of sodium and loss of weight
seen in these experiments must be coincidental.

Since both acidosis and sodium depletion fol-
lowed dialysis, the relative importance of each in
bone sodium mobilization is not indicated. The
chemical relationship of sodium to the apatite
crystal structure of bone has not been precisely

defined. However, the data of Neuman and his
associates afford a clue (19). Their studies indi-
cate that bone carbonate may be linked to calcium
by a single bond, the other carbonate valence be-
ing occupied by a monovalent cation such as so-
dium or potassium. In experiments performed by
the present author (20), losses of bone sodium
and potassium during acute acidosis in rats were
compared to simultaneous changes in bone car-
bonate. The ratios calculated agreed with the hy-
pothesis that sodium and potassium are present in
bone as double salts of carbonate having the for-
mula Ca-O-COO-Na (K). Parallel increases
in sodium and carbonate observed with ageing
(8) are also consistent with the association sug-
gested. It appears likely that such carbonate salts
would be vulnerable to changes in pH of the
surrounding extracellular fluid, and that sodium
might be liberated during acidosis (as NaHCO3)
whether there were net loss of sodium from the
body or not.

The work with Na24 mentioned above (3-6)
has shown that a fraction of bone sodium (approx-
imately 30 per cent) is in equilibrium with cir-
culating radiosodium. Rapid dialysis might cause
a shift of this fraction by reducing the sodium
concentration of extracellular fluid. However,
exchafigeable sodium is apparently entirely re-
moved by peritoneal dialysis against ammonium
chloride, while the sodium concentration of extra-
cellular fluid is reduced slightly if at all (8, 10).
This suggests that the concomitant acidosis may be
of crucial importance in the mobilization of bone
sodium.

The imposition of direct acid loads in the rat
has had varying results. Irving and Chute (21)
found a reduction in bone carbonate following
acute oral HC1 loads. Burns (22) reported that
prolonged feeding of 0.1 normal HC1 (12 to 100
ml. per rat per day) had no effect on bone car-
bonate. Neither of these studies included meas-
urements of serum pH. Ingalls, Donaldson, and
Albright (23) observed demineralization of bone
in nephrectomized rats given HC1, but their re-
port includes no chemical analyses.

Acetazoleamide, (Diamox®), a substituted sul-
fonamide, is known to inhibit carbonic anhydrase
activity. It increases urinary excretion of so-
dium and potassium, presumably by interfering
with tubular exchange of hydrogen for other

1002



PARTICIPATION OF BONE IN SODIUM METABOLISM

cations. Continuous administration results in re-
turn of the normal urinary electrolyte pattern
with persistent depression of carbonic anhydrase
activity and serum pH (24-26). The initial diu-
resis causes an average net sodium loss of 5 mEq.
per Kg. in the rat; sodium balance becomes posi-
tive within 24 to 48 hours (26). The decrease in
bone sodium and sodium to calcium ratio found
in Group 3 after acetazoleamide treatment was
equal to that seen after dialysis (Table III), al-
though the net sodium loss was much less (5 as
compared to 10.8 mEq. per kilo). These results
suggest that acidosis per se may be essential to the
removal of bone sodium.

When acetazoleamide was followed by dialysis,
no further decrease in bone sodium or sodium/
calcium ratio occurred. The remainder (71 per
cent of the control value) was apparently not
available to the total body sodium economy. The
lability of 29 per cent of total extra bone sodium
indicated here is in close agreement with previous
findings discussed above.

The exchangeability of bone sodium with cir-
culating radiosodium and its availability in aci-
dosis and sodium depletion suggest the possibility
of sequestration of this cation in bone during re-
covery from acidosis. Such storage would in-
fluence interpretation of sodium balance during
treatment of diarrhea, diabetic acidosis, and other
disorders involving electrolyte loss. Darrow (27)
has shown that more sodium may be retained
during therapy for diarrhea than can be accounted
for by measured extracellular increments. Gamble
and his associates have found similar results fol-
lowing sodium loads in normal infants (28). In
the present study neither parenteral nor oral re-
pair of depleted animals caused significant eleva-
tion of bone sodium (Table III). In the former
instance an increment of total body sodium was
measured; in the latter it was inferred from re-
covery of the weight lost during depletion (Table
II). Apparently little or none of the sodium re-
tention observed during recovery from acidosis
can be assigned to the skeletal phase. It has been
mentioned above that bone sodium is probably
mobilized according to the equation Ca-- C-
00-Na + H-Anion -> Ca-Anion + NaHCO3.
The anion involved has not been identified. The
composition of bone salt and body fluid both sug-
gest phosphate as a possibility. If so, the calcium

valences formerly occupied by -0-O--OO-Na
would no longer be available to sodium, and resti-
tution of normal bone sodium content would be
delayed until the surface of the apatite crystals
of bone had undergone either growth or re-ar-
rangement. This hypothesis may explain the one-
way movement of bone sodium in relatively acute
situations.

SUMMARYAND CONCLUSIONS

1. Sodium loss following intraperitoneal dialy-
sis against ammonium chloride is shared by ex-
tracellular sodium (52 per cent), intracellular so-
dium (20 per cent) and bone sodium (28 per
cent).

2. The production of acidosis without large or
sustained sodium loss results in a decrement of
bone sodium as great as that seen after sodium de-
pletion.

3. Only 29 per cent of bone sodium content can
be mobilized by any procedure studied thus far.

4. No sodium is deposited in the skeleton of
the rat following either oral or parenteral repair
of acidosis and sodium depletion within the pe-
riod studied (five days).
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