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ABSTRACT Fresh-water softshell turtles (Trionyx spinifer) showed net uptake of 
sodium from solutions as dilute as 5 pM. Chloride uptake could be accounted for by 
passive processes. There was no net uptake of potassium. Net sodium uptake was in- 
hibited by low temperatures. Hibernation resulted in decreases in the sodium con- 
centration and osmotic pressure of the plasma. 

Influx and efflux of sodium in the fresh-water turtle Pseudemys scripta varied from 
0.04 to 10.1 pmoles/( 100 g hour). In hatchling turtles, the exchangeable sodium pool 
was 96% of the total sodium. The exchangeable pool was subdivided into at least 
two compartments, one rapidly and the other slowly exchanging. The latter com- 
partment was 19 times larger than the former. 

Pseudemys scripta, was found to have a system for active uptake of sodium. This 
involves the membranous lining of the pharynx, the cloacal bursae and the cloaca. 
Aside from the skin and the shell, these are the only tissues in contact with environ- 
mental water. The cloaca1 region accounted for 48 to 68% of the sodium influx rate. 

Fresh-water turtles have encountered 
the same problems of ionic regulation 
faced by fresh-water fish and amphibians. 
In the latter the major problems, excess 
water intake and ion loss, have been coun- 
teracted in part by the formation of a copi- 
ous dilute urine and the active uptake of 
sodium. Due to the impermeable appear- 
ance of reptilian skin, it was long believed 
that turtles would not need to take up so- 
dium actively. Any extrarenal and renal 
losses of sodium were thought to be small 
enough to be made up in the food. This 
has not proved to be the case. Fresh-water 
softshell turtles (Trimyx spinifer) can ac- 
tively obtain sodium from water containing 
as little as 5 VM of this cation (Dunson, 
'64; Dunson and Weymouth, '65). Trimyx 
spinifer (Trionyx), however, has special 
problems of sodium balance because ex- 
tensive respiratory surfaces in contact with 
the water facilitate sodium loss (Gage and 
Gage, 1886; Dunson, '60, '66; Girgis, '61). 
A more representative fresh-water turtle, 
Pseudernys scripta (Pseudemys) , utilizes 
anaerobic metabolism while diving (Belkirm, 
'63; Robin, Vester, Murdaugh and Millen, 
'64) and presumably avoids excess sodium 
loss across respiratory membranes. The 
purpose of this study was to investigate 
further the fluxes of sodium across the 
surfaces of fresh-water turtles. This in- 
cluded separate measurements of net flux, 
influx, efflux and the exchangeable sodium 
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pool of the whole animal as well as in- 
vestigations of isolated membranes sus- 
pected of being the sites of sodium uptake. 
Particular attention was devoted to exam- 
ination of the transport capacities of the 
paired cloacal bursae (accessory bladders), 
the cloaca and the pharynx. 

MATERIALS AND METHODS 
Turtles were bought from commercial 

suppliers or caught in the vicinity of Ann 
Arbor, Washtenaw Co., Michigan. They 
were kept in tap water and fed frozen 
shrimp. Net ion fluxes were measured by 
placing the turtles in two liters of distilled 
water in covered aquaria and taking serial 
samples of the water. Sodium and potas- 
sium concentrations were measured by 
flame photometry (Coleman, model 21), 
and chloride concentration was detennined 
with an Aminco Cotlove titrator (model 
4-4420A). A Mechrolab vapor pressure 
osmometer, model 301A, was used to meas- 
ure osmotic pressure. Conductivity of 0.15 
ml water samples in a small chamber 
(cell constant 0.27) was measured with 
a Philips conductivity bridge (model 
PR9500). Turtles were weighed to the 
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nearest 0.1 gm on an Ohaus triple beam 
balance. 

Sodium influx was measured in Pseu- 
demys  placed in 250 pM sodium contain- 
ing Naz4C11. The influx of NaS was moni- 
tored with a Nuclear Chicago model 186 
scaler and sodium iodide crystal. The tur- 
tles were placed directly over the crystal in 
beakers. This method was 30% as e%- 
cient as counting the whole animal dis- 
solved in nitric acid in a test tube inside 
the crystal. At least three measurements 
of influx were made over an 8- to 24-hour 
period. Influxes were linear during this 
time. Sodium efflux was measured in three 
Pseudemys hatchlings averaging 7.2 gm, 
after loading for 62 hours in NaZ2C1. Tur- 
tles were placed in tap water (175 pM Na) 
and allowed to equilibrate for 24 hours. 
For the next 53.1 days (two turtles) or 
91.3 days (one turtle) the total activity 
of the body was measured with the so- 
dium iodide crystal. The tap water bath 
(300 ml) was changed each time a reading 
was taken (10-12 times). 

The turtle and the loading solution were 
treated as a two compartment system. The 
following formula for computing the fluxes 
(Potts, personal communication) was em- 
ployed. 

Compartment 1 is always the compart- 
ment loaded at time 0. 

kl (Nal) = flux*-2 
kz (Na2) = fluxzl 
kt (Nal) = k2 (Nas) at equilibrium 

C~~=counts  in 1 at time o 
C~t=counts in 1 at time t 
t = elapsed time 
Nal= total Na in 1 
Naz = total Na in 2 
kl =rate constant for fluxtz 
kz =rate constant for fluxzn 

ki + kz = X 

This formula can be derived from that of 
Motais and Maetz ('65). 

To separate the contributions of the 
mouth and cloacal region to the sodium in- 
flux rate in hatchling Pseudemys, influx 
was measured while the cloaca was open 
and closed. Cloaca1 closure was effected 
by suturing h l y  with silk thread. In 
seven turtles the cloacal slit was closed be- 
fore the measurement of the control in- 
flux rate, but in eight others not until 
af tenvards. 

The size of the exchangeable sodium 
pool was determined in six hatchling Pseu- 
d e m y s  averaging 8.5 gm. The turtles were 
loaded for 47 to 56 hours in NaSC1 (250 
wM NaC1). After loading, they were main- 
tained in tap water (175 clM Na) for 20 
to 30 hours to allow equilibration of the 
NaZ4 with the NaZ pool. At the end of this 
period, the total activity of each animal 
was measured with the scintillation 
counter. A blood sample was taken, and 
the body was dissolved in 15 ml of con- 
centrated nitric acid. The blood was cen- 
trifuged and the plasma obtained was 
counted in the scintillation counter. After 
decay of the NaW, NaZ content of the body 
and the plasma was measured by flame 
photometry. The size of the pool was cal- 
culated on the basis of the assumption 
that the specific activities of the plasma 
and the exchangeable sodium pool were 
equal. 

Softshell turtles have been previously 
tested in the laboratory for long-term sup- 
pression by cold of active uptake of so- 
dium, which produces appreciable net 
losses of this cation (Dunson and Wey- 
mouth, '65). A more natural test of this 
effect of temperature was performed in 
representatives of Trionyx that were hiber- 
nating in an outdoor pond in Manila, 
Arkansas. The turtles were collected from 
the bottom of the ice covered pond on 
February 1, 1965, and covered with wet 
cloths to retard evaporative water loss. 
Blood samples were taken by heart punc- 
ture 24 hours later and plasma sodium con- 
centrations determined. 

In Pseudemys the pharynx, cloacal bur- 
sae and cloaca were tested for active so- 
dium transport. Turtles were killed by 
spinal section and membranes were re- 
moved and placed in an Ussing Cell 
(Ussing and Zerahn, '51) with a cross- 
sectional area of 3.14 cm2. Reptilian 
Ringer's solution (150 mM NaCl, 4 mM 
KCl, 2 mM CaCL, 2 mM Sprrensen buffer, 
pH 7.2) was placed on both sides of the 
membrane. After an initial period of equi- 
libration, the potential across the mem- 
brane was clamped at zero and sodium 
influx and efflux were determined by Na" 
movement. Flux calculations were made 
with the same formula used for whole ani- 
mal fluxes. 



SODIUM FLUXES IN FRESH-WATER TURTLES 173 

The relation of pharyngeal membrane 
potentials and currents to outside sodium 
concentration was also measured in an 
Ussing Cell (area 0.785 cm*). Resistance 
was calculated from the potential and cur- 
rent. The external concentration of so- 
dium was varied by placing distilled water 
on the mucosal side of the membrane and 
adding aliquots of sodium sulfate to the 
water. The serosal (internal) side of the 
membrane was bathed with sulfate turtle 
Ringer's solution (75.0 mM NaeSOr, 2 mM 
KzS04, 2 mM CaCL 2 mM Sgrensen buffer, 
pfi 7.2). 

RESULTS 

A. Net ion flux 
An initial net loss of sodium occurred 

when softshell turtles were placed in two 
liters of distilled water. This loss was fol- 
lowed by net uptake (fig. 1). The rate of 
the initial net loss of sodium per gram of 
body weight for eight turtles was inversely 
related to body weight (table 1). This 
initial loss of sodium was accompanied by 
an exponential loss of weight (fig. 1). The 
percentage weight loss per day appeared 
to be inversely related to body weight (fig. 
2). 

The variations in sodium and chloride 
concentration and osmotic pressure of two 

liters of medium containing a softshell 
turtle are shown in figure 3. After about 
240 hours this turtle reached an equilib- 
rium with respect to sodium (20 pM). 
Eighty hours later, net loss of sodium de- 
veloped again. When the external con- 
centration was increased by adding sodium 
chloride, the turtle quickly reduced the so- 
dium chloride concentration, but not to 
the previous equilibrium value. Net chlo- 
ride flux was less than net sodium flux. 
Osmotic pressure of the medium increased 
during the experiment. Another softshell 
turtle weighing 434 gm reacted in a simi- 
lar way, although equilibrium was achieved 
at an external sodium concentration of 40 
pM. Conductivity of the medium increased 
in a linear fashion. A third turtle weigh- 
ing 240 gm came to sodium equilibrium 
in water containing a 5 pM concentration 
of sodium (Dunson and Weymouth, '65, 
fig. 1). Conductivity of the medium in- 
creased throughout the experiment. 

Two specimens of Chrysemys picta 
(Chrysemys) and one of Chelydra ser- 
pentina (Chelydra) were also tested for 
net sodium fluxes in two liters of distilled 
water. These species differed from TTionyx 
in their responses. The two Chrysemys 
showed no net uptake of sodium, both hav- 
ing a considerably decreased efflux or in- 
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Fig. 1 Net sodium flux and weight change of TTionyx S. spinifer (184 gm) placed in two liters 
of distilled water (time 0)  at 21 C. 
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Fig. 2 Relation of the initial weight of Trionyx s. spinifer to the weight loss when placed 
in two liters of distilled water (time 0) at 21 C. Measurements of weight loss were made 
only during the first 200 hours, or less of the experiment. 
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creased influx. The smaller turtle (117 
gm) came into balance (no net flux) with 
the medium at an external sodium con- 
centration of about 63 uM. The larger 
turtle (262 gm) still showed a net loss of 
sodium after 260 hours. The Chelydra 
tested (378 gm) had a lower rate of weight 
specific loss of sodium in distilled water 
than did Chrysemys. The net loss was 
linear for 260 hours. A comparison of the 
rate of net loss of sodium in Chrysemys 
and Chelydra was made for the first 100 
hours after the turtles were placed in dis- 
tilled water (table 1). For Trionyx, effluxes 
were calculated from the time at which the 
sodium concentration in the medium be- 
gan to increase until the maximum was 
attained, which rarely was as long as 100 
hours. The data in table 1 indicate that 
Chrysemys lost less sodium than Trionyx 
of the same weight. Chelydra certainly lost 
less sodium per unit weight than Trionyx, 
and most likely less than Chrysemys as 
well. 

B .  Effect  of cold on net 
sodium balance 

Plasma sodium concentrations of the 
ten Trionyx collected in Ark,ansas under 
conditions closely simulating natural hiber- 
nation varied from 74.0 to 108.0 mM 
(mean, 94.6 mM). The direct relation be- 
tween plasma sodium concentration and 
osmotic pressure of these turtles and others 
kept in artificial hibernation (Dunson and 
Weymouth, '65, table 1)  is shown in fig- 

TABLE 1 
Initial ne t  sodium loss from turtles in two  titers 

of distilled water at 21°C 

Net 

loss 
Species Weight sodlum 

Trionyx spinifer 73 
101 
184 

5.1 
4.8 
1.3 

240 3.5 
315 1.3 
397 1.7 
434 0.8 
492 0.5 

Chrysemys picta 117 0.6 
262 0.5 

CheEydra serpentinn 378 0.1 

ure 4. Changes in sodium concentration 
without equivalent monovalent anions can 
account for 77% of the observed changes 
in osmotic pressure. 

C. Sodium influx and the 
sodium pool 

Rates of sodium influx among 24 Pseu- 
demys varied considerably (range : 0.04 
to 10.1 Mmoles/100 g hour). Moreover, ten- 
fold variations in influx occurred in the 
same turtle tested at different times. In 
the vast majority of cases, the rate of in- 
flux was constant for periods up to 60 
hours. The total sodium content of six 
turtles (Pseudemys) in July, 1965, was 71 
umoles/gm. In another group of six turtles 
(Pseudemys) measured in September, 1966, 
it was 79 umoles/gm. The size of the ex- 
changeable sodium pool was estimated 
for members of this latter group. Values 
ranging from 91 to 105% of the total 
body sodium were obtained. The average 
exchangeable sodium pool was 641 Bmoles 
for an 8.5 gm turtle. This is approximately 
96% of the total sodium present in the 
body. Thus it appears that NaZ4 can equi- 
librate with almost all of the NaZ3 in the 
body of a young turtle within three days. 
For the flux calculations, it has been as- 
sumed that the exchangeable pool is equal 
to the total amount of body sodium. 

D. Sodium efflux and the 
exchangeable pool 

Data on sodium efflux for three Pseu- 
demys were plotted as the log of the per 
cent of original activity (cpm) in the body 
against time. Figure 5 illustrates the re- 
sults for one turtle. A straight line was 
fitted by eye to the final portion of the 
function (B in fig. 5). This line, extrapo- 
lated back to zero time, was then sub- 
tracted from the initial nonlinear portion 
(A in fig. 5). The rate of efflux in these 
turtles is low enough so that the compo- 
nent B of the flux can be read directly 
from the final linear portion of the curve. 
In a more typical case (Solomon, '49), 
the slope of component B would decrease 
with time. Two subtractions would then 
be required to obtain the rate of exchange 
of the compartments. 

In the three turtles tested, efflux from 
the exchangeable pool could be subdivided 
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Fig. 4 The relation of plasnia sodium concentration to the osmotic pressure of the 
plasma in Trionyx s. spinifer. Each point represents one animal. 

into two pools or compartments. The 
smaller of the two compartments decreased 
in activity faster, although the rates of ex- 
change of the two compartments were al- 
most equal in one turtle. Thus compart- 
ment C (fig. 5 )  may be called the fast 
compartment. The size of the fast com- 
partment varied from 4.5 to 6.5% of the 
exchangeable sodium. This figure was ob- 
tained by comparing the activity (cpm) of 
the two compartments (fig. 5, lines B, C) 
at time zero. The efflux rate of the fast 
compartment varied from 0.26 t.o 0.88% / 
day of the total activity of the animal. In 
the three turtles studied, no radioactivity 
could be detected coming from the fast 
pool after 10 to 25 days. 

The eaux rate of the slow compartment 
was 0.11 to 0.26% /day of the total activ- 
ity. The pool size was 93.5 to 95.5% of 
the exchangeable pool. The biological half- 
life of the exchangeable pool, including 
fast and slow components, was 200, 250 
and 540 days in three turtles. Total efflux 
rates in these turtles were 3.3, 1.6 and 3.3 
vmoles Na/( 100 g hour) respectively. 
These values are within the range of the 
influx rates measured in other turtles. 

E, Cloaca1 and pharyngeal sites 
of sodium uptake 

Influx of normal animals was compared 
with the influx measured while the cloaca1 
slit was artificially closed. Influx always 
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Fig. 5 Analysis of sodium efflux in Pseudemys scripta. 

decreased after closure of the cloacal slit. increased. The cloacal contribution esti- 
The Contribution of the cloacal region to mated in this way in seven Pseudemys was 
total influx estimated in this fashion in 48 t 21% of the control influx rate. The 
eight Pseudemys was 68 -C 14%. If the reason for the difference between the two 
cloacal slit was sutured shut at the be- methods is not clear. Since uptake through 
ginning of the experiment and then the cloacal region accounted for no more 
subsequently opened, the influx always than two-thirds of the sodium influx rate, 
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a signiscant remainder must occur over 
other areas such as the mouth or the skin. 

Figure 6 shows diagrammatically the 
anatomy of the urogenital tract in an adult 
male Pseudemys. The cloacal bursae or 
accessory bladders are quite large. How- 
ever, the urinary bladder holds more fluid. 
Water entering the cloacal opening could 
conceivably come into immediate contact 
with the cloaca, cloacal bursae, rectum, or 
urinary bladder. In the present study, four 
out of nine adult Pseudemys examined had 
fluid in their cloacal bursae. When placed 
in phenol red solution, three adult Pseu- 
demys  which took up fluid had red dye 
only in the cloacal bursae and the cloaca. 
It was impossible to tell if the cloacal fluid 

was just leakage from the bursae. The 
bursae and the cloaca appear to be in free 
communication. 
F. Sod ium flux across isolated pharynx, 

cloaca and cloacal bursae 
The inside (serosal) surface of all three 

membranes was positive (range 5-86 mv), 
and all demonstrated a net inward move- 
ment of sodium, which can be attributed 
to active transport (table 2). The amount 
of current calculated from the net move- 
ment of sodium and the observed short 
circuit current were similar. A paired 
data t test on the calculated and observed 
current values revealed no significant dif- 
ference between the two currents in 

Fig. 6 Ventral diagrammatic view of the male urogenital system of Pseudemys scripta. Modified 
from Ashley ('62). 3, urinary bladder; 2, kidney; 3, bulb of corpora cavernosa; 4, cloacal bursa (ac- 
cessory bladder); 5, penis; 6, testis; 7, ureter; 8, rectum; 9, cloaca; 10, anus. Drawing by R. D. 
Chambers. 
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TABLE 2 
Relation of net inward sodium flux to current across pharynx, cloacal bursa and cloaca of 

fresh-water turtles. Mean values in parentheses 

Net inward Calculated Observed 
Membrane Na flux current current 

Turtle 
no. 

19 
20 
23 
68 

67 
70 
74 
76 

77 
79 
82 
84 

Pharynx 1 

Pharynx 
Pharynx 
Pharynx 

Cloacal bursa 
Cloacal bursa 
Cloacal bursa 
Cloacal bursa 

Cloaca 
Cloaca 
Cloaca 
Cloaca 

&moles/ 
(cmZ hour) 
0.722 
0.663 
0.595 
0.315 

0.234 
0.215 
0.882 
0.608 

0.305 
0.417 
0.576 
1.17 

pamps/cm* 

19.4 
17.8 
16.0 
8.5 

(15.4) 
6.3 
5.8 
23.6 
14.4 
(12.5) 

7.2 
11.2 
15.5 
31.4 
(16.3) 

gamps/cm2 

13.0 
16.9 
12.9 
17.2 
(15.0) 
2.8 
7.5 
21.7 
15.9 
(12.0) 
8.7 
14.7 
15.3 
29.4 
(17.0) 

1 Graptemys sp., all others Pseudemys scripta. 

pharynx ( P >  0.9), cloacal bursa ( P >  
0.9) and cloaca (P > 0.6). It is likely 
that sodium is the only ion moving across 
the pharynx, cloacal bursa and cloaca in a 
net fashion under these conditions. Net 
sodium movements in all three membranes 
were similar in extent. The total relative 
areas of these membranes in the body have 
not been measured, but the cloacal bursae 
and the cloaca together probably include 
a greater surface area than the pharynx. 
The in vivo measurements previously in- 
dicated that 48 to 68% of the sodium in- 
flux rate was attributable to the cloacal re- 
gion. 

G. The isolated pharynx and outside 
sodium concentration 

With Ringer’s solution on both sides of 
the Trionyx pharynx, the mucosa was 
negative with respect to the serosa. When 
distilled water was placed on the mucosal 
side, the potential reversed and the cur- 
rent almost disappeared. Addition of small 
amounts of sodium salts to the distilled 
water on the mucosal side resulted in a 
rise in potential and current until the 
mucosa again became negative. In several 
cases the mucosa was negative with respect 
to the serosa even at the lowest concen- 
tration of external sodium tried (fig. 7) .  
This was true for three out of eight Trionyx 

tested. Zero potential points for the other 
five Trionyx varied from 0.3 to 10.0 mM 
sodium, when sodium sulfate was being 
added to the mucosal side and sulfate 
Ringer’s solution was present on the sero- 
sal side. With further additions of sodium 
to the medium on the mucosal side, the 
potential and current rose until a satura- 
tion point at 10 to 80 mM sodium was 
reached. Current and potential were re- 
lated directly and resistance inversely to 
mucosal sodium concentration. 

DISCUSSION 
All fresh-water turtles that have been 

tested have shown some evidence of a 
system for sodium uptake. Chelydra 
showed large pharyngeal and cloacdi po- 
tentials and short circuit currents when 
electrolyte depleted (Dunson and Wey- 
mouth, ’65). In distilled water, Chelydra 
of a given weight loses sodium more slowly 
than TTionyx and Chrysemys of similar 
size (table 1). Chelydru and Chrysemys 
did not show net sodium uptake in this 
study. All Trionyx placed in distilled water 
showed some net uptake of sodium after 
an initial loss, although the extent of u p  
take varied considerably. From the data 
presented on net sodium flux (figs. 1, 3), 
it is clear that softshell turtles (Trionyx) 
can maintain sodium balance by active 
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Fig. 7 The effect of external sodium sulfate concentration on the potential, current, and resist- 
ance of an isolated pharynx from Trionyx s. spinifer. 

uptake alone. The failure of chloride to fol- 
low sodium in equivalent quantities indi- 
cated that other anions, possibly bicarbo- 
nate, were involved in the maintenance of 
the electrical equilibrium. It does not ap- 
pear that chloride is being taken up ac- 
tively, but that possibility cannot be ruled 
out. No uptake mechanism for potassium 
was evident. However this ion can be 
readily obtained from the food. 

Softshell turtles placed in distilled water 
usually underwent a slight gain and then 
a large decline in weight. However an 
initial gain was not always observed (fig. 
1).  When it did occur, it probably was 
the result of water influx from the en- 
vironment. The subsequent weight de- 
crease may be explained by urinary water 
loss which would tend to conteract the ef- 
fects of solute loss and water influx on the 
concentration of the body fluids. The 

sodium concentration of bladder urine of 
11 softshell turtles varied from 70 to 840 
DM. More data are needed to clarify the 
relation between body weight and the 
amount of solute and water loss. 

The minimum equilibrium concentra- 
tion for crayfish (Astucus) varies from 20 
to 90 HM sodium (Shaw, '59), whereas in 
frogs it is about 10 uM chloride (Krogh, 
'39). Sodium is taken up by the gills of 
eels when the external concentration ex- 
ceeds 100 HM (Chester Jones, Philips and 
Bellamy, '62) .  In Trimgx this equilibrium 
concentration varied from 5 to about 40 
HM. Only at the lower end of the range 
was it maintained without significant net 
change during the whole experiment. This 
is seen in a comparison of the course of 
net sodium flux in figure 3 of this report 
with that in figure 1 of Dunson and Wey- 
mouth ('65). The turtle in figure 3 was 
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probably in more favorable sodium bal- 
ance. Thus it did not maintain the appar- 
ent equilibrium (20 UM sodium) that it 
attained. Salt depletion of this individual 
might well have decreased the apparent 
lowest equilibrium concentration. The tur- 
tle shown in figure 1 of Dunson and Wey- 
mouth ('65) rigidly maintained the same 
medium concentration ( 5  uM) despite salt 
loading. Salt loading of the turtle in figure 
3 resulted in a net loss of sodium. Thus 
the minimum equilibrium concentration 
seems to be rather constant among individ- 
ual turtles (Trionyx). Some of the varia- 
tion that occurs is probably due to insuffi- 
cient salt depletion of the animal before 
testing. 

Dunson and Weymouth ('65) showed 
that net sodium uptake in Trionyx was sup- 
ressed by cold. Moreover they also ob- 
served that turtles kept in cold tap water 
( 7.4"-15.0°C) had considerably lower 
plasma sodium concentrations than con- 
trol animals at 25°C. None of the Trionyx 
kept in cold running tap water survived 
the winter. Since these turtles obviously 
do survive the winter in nature, some other 
factors must be operative. The hiberna- 
culum may provide a means of restricting 
ion loss, or the permeabilities of the cap- 
tive animals may have been enhanced in 
some way. To take blood from a naturally 
hibernating population was impossible, but 
turtles hibernating in a large pond at a 
turtle farm in Arkansas provided a satis- 
factory substitute. By the beginning of 
February these turtles showed definite de- 
pression of plasma sodium concentrations 
(mean 94.6 mM), but they were still far 
above the lethal limit (about 52 mM). Of 
course the Arkansas turtles were exposed 
to cold for shorter periods than those 
kept in artificial hibernation in tap water 
in Michigan, so this result might have been 
expected. The lowering of plasma sodium 
concentration results from the inhibition of 
sodium uptake from the environment and 
presumably from the renal filtrate by low 
temperatures. Tolerance of low concen- 
trations of electrolytes in the plasma ap- 
pears to be an adaptation to life in areas 
with cold winters. That the major osmotic 
stress in plasma comes from electrolyte 
loss is indicated by figure 4. As mentioned 
previously, about 77% of the total plasma 

osmotic pressure change can be accounted 
for simply on the basis of sodium. Soft- 
shell turtles are less permeable to chloride 
than sodium (fig. 3), and chloride loss 
could account for the remainder of the 
osmotic pressure decrease. It is likely that 
some compensatory mechanism has come 
into play to retard the fall in osmotic 
pressure, since sodium loss should be fol- 
lowed by a commensurate loss of anions. 
This would result in a larger plasma 
osmotic pressure drop than that observed. 
Hutton and Goodnight ('57) found that 
the plasma sodium concentration fell 
markedly during hibernation in Terrupene 
and Pseudemys. The Pseudemys were in 
water only part of the winter, and the Tm- 
rupene were kept dry. The cause of so- 
dium loss under these conditions is un- 
known, but it appears Werent from that 
in softshell turtles. 

The influx of sodium in Pseudemys ap- 
peared to be a linear function of time (up 
to 60 hours) on an arithmetic plot. Ac- 
cording to the data on efflux, at least two 
compartments are present. A fast and a 
slow linear phase are detectable on a semi- 
logarithmic plot. The exchangeable so- 
dium pool in hatchling Pseudemys was 
96% of the total sodium present. In hu- 
mans, the proportion of total sodium which 
is exchangeable falls from almost 100% 
in infancy to 66% in adulthood (Forbes, 
'62). The fast pool in turtles represented 
4.5 to 6.5% of the exchangeable sodium, 
and the slow pool 93.5 to 95.5%. Until 
more work is done, it is impossible to as- 
sign these pools to any given tissue or fluid. 

In fresh-water fish the influx and efflux 
of sodium are on the order of 1% of the 
exchangeable sodium per hour. In fioun- 
ders weighing 60 to 390 gm this amounts 
to 44 timoles sodium/( 100 g hour) (Motais 
and Maetz, '64). In larval and adult sala- 
manders (Ambystoma tigrinum) weigh- 
ing about 13 gm and adapted to pond 
water, influx and efflux of sodium were 
about 13 timoles/ ( 100 gm hour) (Alvarado 
and Kirschner, '63). Sodium influx in 
Pseudemys varied from 0.04 to 10.1 
pmoles/(100 gm hour). The maximum 
rate of net chloride uptake in the crayfish 
(Astucus) was 15 pmoles/( 100 gm hour) 
(Krogh, '38). In the frog it was 81 timoles 
chloride/(100 gm hour), and in the sal- 
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mon 30 moles chloride/(100 gm hour) 
(Krogh, '37, '38). The minimum equilib- 
rium concentration for salt uptake is usu- 
ally less than 1 mM sodium chloride for 
fresh-water animals (Potts and Parry, '64). 
This value in softshell turtles is 5 to 40 
LIM sodium. The frog with a minimum 
chloride equilibrium concentration of 10 
LIM is the only animal with a similarly low 
value. Thus in comparison with the up- 
take systems of other fresh-water animals, 
turtles have a low minimum equilibrium 
concentration and a low rate of uptake of 
sodium. 

Musacchia and Chladek ('61) have con- 
firmed previous reports that water is taken 
into the cloacal bladders (bursae) of fresh- 
water turtles. Musacchia and Chladek 
('61), Smith and James ( '58) ,  and Smith 
and Nickon ('61) postulated that the cloa- 
cal bursae participate in aquatic respira- 
tion, just as the pharynx of the softshell 
turtle does (Dunson, '60). In Pseudernys 
this cannot be true, since respiration is 
almost completely anaerobic during a dive 
(Belkin, '63; Robin, Vester, Murdaugh and 
Millen, '64). The present study indicates 
that these bursae in fact function in so- 
dium uptake in this turtle. 

This study has demonstrated that fresh- 
water turtles are not divorced from the en- 
vironment by ionic impermeability. The 
total ion fluxes across their body surfaces 
are relatively small, but specialized mem- 
branes are present which help to regulate 
the body fluid composition. 
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