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AB ST R A CT Dinitrophenol (1 X 1 0- 5
M) has been found to inhibit anaerobic

sodium transport by the isolated urinary bladder of the fresh water turtle.
Concurrently, anaerobic glycolysis was stimulated markedly. However, tissue
ATP levels diminished only modestly, remaining at approximately 75% of
values observed under anaerobic conditions without DNP. The utilization of
glucose (from endogenous glycogen) corresponded closely to that predicted
from the molar quantities of lactate formed. Thus the glycolytic pathway was
completed in the presence of DNP and if ATP were synthesized normally dur-
ing glycolysis, synthesis should have been increased. On the other hand, the
decrease in Na transport should have decreased ATP utilization. Oligomycin
did not block sodium transport either aerobically or anaerobically, but ATP
concentrations did decrease. When anaerobic glycolysis was blocked by iodo-
acetate, pyruvate did not sustain sodium transport thus suggesting that no
electron acceptors were available in the system. Two explanations are enter-
tained for the anaerobic effect of DNP: (a) Stimulation by DNP of plasma
membrane as well as mitochondrial ATPase activity; (b) inhibition of a high
energy intermediate derived from glycolytic ATP or from glycolysis per se. The
arguments relevant to each possibility are presented in the text. Although de-
finitive resolution is not possible, we believe that the data favor the hypothesis
that there was a high energy intermediate in the anaerobic system and that
this intermediate, rather than ATP, served as the immediate source of energy
for the sodium pump.

The fresh water turtle is uniquely equipped to tolerate prolonged oxygen
deprivation (I) and its urinary bladder, which shares this biological attribute,
is capable of sustained anaerobic sodium transport in vitro (2, 3). Several
observations suggest that this anaerobic transport is closely coupled to
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anaerobic glycolysis. First, inhibition of forward electron transport by KCN
(2) or antimycin (4) does not inhibit transbladder sodium transport mark-
edly; whereas glycolytic inhibitors do inhibit markedly (4). Second, anaerobic
glycolysis has been found to vary in a stoichiometric fashion with anaerobic
sodium transport (3). Third, tissue ATP concentrations are sustained at
approximately the same level during anaerobic as during aerobic sodium
transport (3).

In view of these data suggesting that anaerobic metabolism serves as the
energy-yielding process for anaerobic sodium transport, 2,4-dinitrophenol
(DNP) would not be expected to influence anaerobic transport in a major
way. DNP is a classic uncoupler of oxidative phosphorylation, and although
the precise molecular basis of its action is uncertain, there is increasing evi-
dence to indicate that it affects the hydrolysis of a nonphosphorylated high
energy intermediate interposed between the mitochondrial respiratory chain
and ATP (5-7). In an oxidative system, the hydrolysis of such an intermediate
would account for an energy leak which would effectively "uncouple" oxida-
tion from phosphorylation. However, high energy intermediates have not,
to our knowledge, been described or implicated in the energy transfer associ-
ated with glycolysis; and in the nonnucleated mammalian red blood cell, a
structure in which energy for electrolyte transport also is coupled to anaerobic
metabolism, DNP does not appear to inhibit transport (8).

Despite these a priori considerations, DNP has been found to evoke a pro-
found change in both metabolism and transport of the turtle bladder in an
anaerobic environment. The present paper describes this phenomenon. In
addition, the effects of oligomycin, an antibiotic that inhibits mitochondria-
linked energy transfer, are described. The latter studies were performed in an
effort to clarify the striking alterations in the biology of the bladder induced by
DNP.

METHODS

The tissues used for study were obtained from the fresh water turtle Pseudemys scripta
elegans. The urinary bladders were removed and studied in vitro under one of two
conditions: (a) Hemibladders were suspended as a diaphragm between the two halves
of a standard lucite chamber with an exposed area of 7 cm2 ; (b) segments of bladders
approximately I cm2 in area were incubated in Ringer's solutions in Erlenmeyer
flasks. The composition of the Ringer solution used in all experiments was as follows
(all values are expressed in mM): Na+ 114, K+ 2.4, Ca+ + 1.4, Mg+ + 2.0, C1- 120, and
PO4= 2.4. No glucose was added to the solutions and the pH was 7.5 - 1.

The bladders in the plastic chambers were used for the measurement of sodium
transport and lactate production. The membranes were maintained in a short-
circuited state except for the brief interval that was required to measure the trans-
membrane potential every 10 to 15 min. During the initial phase of all experiments,
the Ringer solutions were gassed either with room air or with 100 % oxygen until
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steady-state conditions were achieved. This took from 30 min to 2 hr. Thereafter,
control measurements were made in oxygenated Ringer's, in most instances, before
either an inhibitor was added or anaerobic conditions were initiated. In the anaerobic
studies, the gas phase was changed to 100 % nitrogen and a 20 min period was allowed
for deoxygenation to occur. Anaerobic measurements then were performed. Finally,
inhibitors were added and additional measurements were obtained. Individual
periods of observation were generally 30 min in duration and 3 or more periods were
obtained under aerobic conditions and 3 or more periods were obtained under
anaerobic conditions. All inhibitors were added to the serosal solution and an interval
of 15 to 20 min was allowed for distribution of the drug before measurements were
resumed. The concentrations of the specific inhibitors employed are described under
Results.

Sodium influx was measured using Nan and sodium efflux using Na24. The net
flux was assumed to represent the difference between influx and efflux and the
techniques employed have been described in detail previously (2). Both mucosal and
serosal Ringer's solutions were sampled at 30 to 60 min intervals for the measurement
of lactate formation.

For the studies involving the bladder segments, each bladder was cut into 8 to 10
pieces of approximately equal size and these were divided at random into 2 groups
of 4 to 5 segments, each having a wet weight of about 120 mg. Each group of segments
was immersed in 10 ml of Ringer's solution in an Erlenmeyer flask and the flasks were
agitated gently in a Dubnoff metabolic shaker at room temperature (ca. 220 C). The
Ringer solutions were gassed either with room air or 100 % nitrogen. The inhibitor
under investigation was added to one flask and the opposite flask in each set was used
as a control. Incubations were continued for 1 to 2 hr. In most experiments, the
lactate content of the Ringer solutions was determined, and at the end of the incuba-
tions the tissues were removed and the ATP and/or glycogen concentration measured.
Similar measurements were made on control (i.e. nonincubated) bladder tissue from
the same animals.

Lactate was determined using an enzymatic (LDH) method involving the con-
version of DPN to DPNH (9). ATP concentrations were measured on tissue extracts
using the luciferin-luciferase technique (3, 10). Glycogen was determined according
to a method described previously (3). The nitrogen gas used in these experiments
was passed through an oxygen trap (11) before it entered the Ringer solution. Plastic
rather than rubber tubing was used to avoid 02 contamination from the atmosphere.
Attempts to measure 02 in the deoxygenated Ringer solutions have been unsuccessful
(2) and the striking changes in the biologic properties of the membrane that take
place after changing the gas phase from 02 support the view that the system was
operationally anaerobic (2-4).

RESULTS

The effects of dinitrophenol on the short-circuit current (S.C.C.) and the
transbladder potential difference (PD) of the isolated turtle bladder are shown
in Fig. 1. Fig. 1A depicts the effects in an aerobic environment. Subsequent
to the addition of DNP to the serosal solution in a final concentration of
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1 X 10- 5 M, both the short-circuit current and the potential difference fell
precipitously towards 0. Of considerable interest is the fact that the same
response attended the addition of DNP to the anaerobic system (Fig. 1B).

The effects of DNP on sodium transport, lactate formation, and tissue ATP
concentrations in an oxygenated environment are summarized in Table I.
Net sodium transport was diminished; aerobic glycolysis was stimulated; and

TABLE I

EFFECTS OF DNP (1 X 10- 5 M) ON AEROBIC SODIUM
TRANSPORT, LACTATE PRODUCTION, AND ATP

CONCENTRATION IN THE ISOLATED TURTLE BLADDER

MeasurementsNo. of ex- Conditions

periments Na influx Na efflux Net transport

Pnolt/hr/7 cnm

3 02 7.58 2.01 5.57
(--1.88)

02 + DNP 4.56 2.56 2.00
(40.70)

Lactate

Aunole X 10-8/hr/7 m

9 02 139.3
(427.0)

02 + DNP 332.4
(4-43.7)

ATP

pmol/eg wet tissue

10 02 0.33
(40.16)

02 + DNP 0.25
(40.08)

The values for net sodium flux and lactate formation were obtained using
hemibladders in the transport chamber (see text). The ATP concentrations
were obtained using tissue segments as described in the text. Values in paren-
theses are standard errors of the mean.

ATP tissue concentrations were decreased modestly. The effects of DNP on
the same parameters, in the absence of molecular oxygen, are presented in
detail in Tables II and III.

Table II depicts the results of 5 bidirectional sodium flux studies. Control
measurements were made under anaerobic conditions; then dinitrophenol
was added to the serosal solution in a final concentration of 1 X 10- 5 M. So-
dium influx decreased markedly after the addition of DNP and in 4 of the 5
experiments sodium efflux increased modestly. In all instances, the two rates
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approached each other. As a consequence, the mean value for the net flux
diminished from 5.25 to 1.35 ,umoles/hr/7 cm2.

The values for lactate formation under anaerobic conditions before and
after the addition of DNP are shown in Table III. The mean value for 8 ex-
periments was 0.104 mole/hr/7 cm2; the mean value for the same mem-
branes following the addition of DNP was 0.245. Thus, the addition of DNP
resulted in an approximately twofold increase in anaerobic glycolysis.

ATP tissue concentrations in bladder segments incubated anaerobically
with and without DNP are also shown in Table III. In the absence of DNP,

TABLE II

THE EFFECTS OF DNP (1 X 10-
5 M)

ON ANAEROBIC SODIUM TRANSPORT

Experiment Conditions Influx Efflux Net

pmole/hr/7 cm'

1 N2 3.53 0.44 3.09
N + DNP 1.78 1.72 0.06

2 N2 3.99 0.70 3.29
N2 + DNP 1.76 1.43 0.33

3 N, 5.70 1.22 4.48
N2 + DNP 1.26 1.08 0.18

4 N2 6.52 0.12 6.40
N + DNP 2.92 1.38 1.54

5 N2 9.26 0.27 8.99
N2 + DNP 7.00 2.36 4.64

Mean N2 5.80 0.55 5.25
SE (4-1.00) (+0.19) (4-1.10)
Mean N + DNP 2.94 1.59 1.35
SE (41.05) (40.22) (40.87)

Studies were initiated after the membranes had equilibrated in oxygenated
Ringer's solutions for at least 60 min (2).

the mean value (expressed in micromoles per gram of wet weight) was 0.355.
The corresponding value for bladder segments from the same animals incu-
bated in the presence of DNP was 0.264. The decrease averaged 25.6%.

In Table IV the rate of lactate formation is compared with the rate of
glycogen utilization by the same tissue segments in the presence of DNP. The
control value for glycogen content was determined on tissue immediately
after removing the bladder from the turtle. The segments used for study were
taken from the same bladder in each experiment and were incubated in
Erlenmeyer flasks in 10 ml of Ringer's solution containing 1 X 10- 5 M DNP
and agitated in a Dubnoff metabolic shaker at room temperature (220 C)
for 2 hr; 100% nitrogen was used as the gas phase. Lactate formation was
measured in the supernatant Ringer solution. The values for glycogen are

488



N. S. BRICKER AND S. KLAHR Anaerobic Metabolism and Sodium Transport

expressed in terms of glucose residue. Theoretically each mole of glucose
metabolized should yield 2 moles of lactate. The experimental data shown in
Table IV reveal a relationship close to the theoretical one.

The possibility that oxidative metabolism might persist under the conditions
of these experiments must be considered. This could result either from trace

TABLE III

EFFECTS OF DNP (1 X 10- 5 M) ON ANAEROBIC
LACTATE FORMATION AND ATP CONCENTRATIONS OF

THE ISOLATED TURTLE BLADDER

Lactate formation
No. of experiments ConditionConditions

pmote X 10-/hr/7 cm

8 N2 104.5
(-26.8)

8 N2 + DNP 245.4
(4-42.2)

ATP concentration

Amdno X g wet weight

10 N. 0.355
(40.09)

10 N2 + DNP 0.264
(4-0.03)

Lactate studies were performed using hemibladders in transport chambers;
after equilibration in oxygenated Ringer's, 100% nitrogen was used as the gas
phase. The measurements designated as N2 were made during a period of
approximately 60 min. The DNP then was added to the serosal solution and a
10 to 15 min period was allowed for the drug to penetrate the cell water. The
measurements designated as N2 + DNP were obtained during the ensuing
hour.
ATP measurements were performed on tissue segments. All flasks were gassed
with N2 . After 30 to 60 min of exposure to the anaerobic conditions, DNP was
added to one of each pair of flasks and incubations were continued for an
additional hour.
The values in parentheses are standard errors of the means.

quantities of oxygen in the proximity of the mitochondria, or from dismuta-
tion. In this event, the major energy-yielding reaction could be aerobic,
rather than anaerobic, and the DNP effect could be a conventional one. To
evaluate this, the following experiments were performed. Hemibladders were
suspended in plastic chambers in the manner described above and after ob-
taining control measurements in oxygenated Ringer's the Ringer solutions
were deoxygenated with 100% nitrogen. Iodoacetate (1 X 104 M) was
added to inhibit glycolysis and pyruvate was added in a concentration of
1 X 10- M to provide a substrate for oxidative metabolism in the event that
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electron acceptors were available in the system. Two experiments of this de-
sign are presented in Table V. In these experiments deoxygenation did not
inhibit net sodium transport and the values for anaerobic net transport prior
to the addition of the iodoacetate and pyruvate were slightly greater than
the aerobic values. However, after addition of the iodoacetate, and despite

TABLE IV

CORRELATION BETWEEN GLYCOGEN UTILIZATION
AND LACTATE FORMATION

Experiment Glycogen utilized Lactate formed

,mole glucose/g pmole/g

1 4.34 8.45
2 5.09 10.64
3 3.90 8.18
4 2.87 6.26

Mean 4.05 8.38

These studies were performed in the presence of 10-6 M 2,4-dinitrophenol
under anaerobic conditions.

TABLE V

INHIBITION OF ANAEROBIC SODIUM TRANSPORT
BY IODOACETATE: EFFECTS OF PYRUVATE

Conditions Influx Efflux Net S.C.

pa/7 cm2/hr

02 116.3 20.1 96.2 78.9
N2 115.5 13.7 101.8 45.9
N2 + IAA + pyruvate 88.7 26.3 62.4 11.1

58.2 34.3 23.9 5.9

02 94.9 27.3 67.6 74.9
N2 102.6 10.7 91.9 61.0
N2 + IAA + pyruvate 34.3 38.6 -4.3 37.3

35.9 19.0 16.9 28.0

S.C.C. = short-circuit current.
The details of these studies are described in the text. The iodoacetate was
added to the serosal solution. The pyruvate was added in equimolar amounts
to both mucosal and serosal solutions.

the presence of pyruvate, net transport fell strikingly in a manner similar to
that observed with iodoacetate alone (4). The discrepancy between net sodium
transport and the short-circuit current has been described previously (2).

Oligomycin shares in common with dinitrophenol the ability to interfere
with energy conservation associated with mitochondrial oxidation. However,
in contrast to dinitrophenol, oligomycin does not uncouple oxidation from
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TABLE VI

EFFECTS OF OLIGOMYCIN (4 ,G/ML AND 40 uG/ML
FINAL CONCENTRATION) ON NET SODIUM TRANSPORT

UNDER ANAEROBIC CONDITIONS

Oligomycin 4 /g/ml
Experiment Conditions Net S.C.C.

Influx Efflux

a/7c 2
/hr

1 02 186.3 63.0 123.3 136.0
171.0 57.4 113.6 111.5

N2 196.2 78.5 117.7 62.8
N2 + oligomycin 121.9 54.9 67.0 12.4

143.6 54.9 88.7 2.9

2 02 84.1 5.7 79.4 107.3
N, 65.7 6.8 64.9 59.3
N2 + oligomycin 74.8 8.0 66.8 16.3

3 02 144.9 26.4 118.5
Ns 139.4 29.5 109.9 52.4
N2 + oligomycin 89.8 42.6 47.2 10.5

4 02 148.1 42.6 105.5 125.9
N2 169.6 35.6 134.0 47.8
N2 + oligomycin 93.4 40.6 52.8 9.1

Oligomycin 40 #g/ml
Experiment Conditions Net S.C.C.

Influx Efflux

1a/7m2/hr
1 02 79.6 2.7 76.9 125.9

N2 103.7 9.1 94.6 99.8
92.7 27.1 65.6 37.9

N2 + oligomycin 77.2 3.2 74.0 16.6
56.8 2.7 54.1 9.0

2 02 65.7 2.9 62.8 78.8
N2 61.4 8.8 52.6 66.3

78.8 6.7 72.1 47.8
N2 + oligomycin 68.6 0.8 67.8 23.3

53.9 4.3 49.6 9.2

3 02 59.2 0 59.2 79.4
N2 100.8 44.8 56.0 47.7
N2 + oligomycin 49.3 7.8 41.5 16.4

50.1 3.2 46.9 4.1

4 02 61.1 16.9 44.2 87.9
N2 52.3 11.8 40.5 75.3
N2 + oligomycin 61.9 14.7 47.2 18.7

47.7 12.9 34.8 7.6
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phosphorylation. The relevance of using this compound in these experiments
will be shown in further detail in the Discussion.

The effects of oligomycin are shown in Tables VI through VIII. Sodium
transport (Table VI) was measured using two different concentrations of

EFFECTS OF

TABLE VII

OLIGOMYCIN ON LACTATE FORMATION

Aerobic conditions
Experiment A

Control Oligomycin

pmund X 10-1/7cmhr per cent

1 327 162 -50
2 38 105 +176
3 304 222 -27
4 133 130 -2
5 190 78 -59
6 76 76 4-0
7 180 245 +36
8 186 293 +58
9 479 61 -87

Mean 213 153 +5

Anaerobic conditions
Experiment A

Control Oligomycin

pmole X 10-/7 cm/hr per cent

1 245 176 -28
2 568 54 -90
3 495 680 +37
4 192 150 -22
5 332 300 -10
6 171 201 +18
7 263 63 -76
8 178 32 -82
9 251 389 +55

10 489 238 -51
11 515 193 -63
12 73 79 +8
13 178 234 +31
14 808 478 -41

Mean 340 233 -22

oligomycin. In the upper portion of Table VI the effects of 4 j/g oligomycin
per ml of Ringer's solution are shown and in the lower portion of the table,
the effects of 40 ug/ml are shown. Control measurements were performed
first in the presence of oxygen and then under anaerobic conditions prior to
the addition of the inhibitor. With 4 Aug/ml, some decrease in net transport
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occurred in 3 of the 4 experiments after oligomycin was added, but for the
group the change was not impressive. With 40 #g/ml the changes were even
less impressive and resembled those seen with consecutive measurements under
conditions of sustained anaerobiosis (2).

Table VII depicts the influence of oligomycin (4 g/ml) on aerobic and
anaerobic lactate formation. In the aerobic experiment no consistent pattern

TABLE VIII

EFFECTS OF OLIGOMYCIN ON AEROBIC
AND ANAEROBIC ATP CONCENTRATIONS IN

ISOLATED TURTLE BLADDER

ATP: micromoles per gram of wet weight

Aerobic
Experiment

o 02 + oligomycin

per cent

1 0.272 0.096 -65
2 0.192 0.112 -42
3 0.529 0.401 -24
4 0.256 0.096 -63
5 0.321 0.240 -25

Mean 0.321 0.192 -44

Anaerobic
Experiment

N2 N2 + oligomycin

per cent

1 0.192 0.112 -42
2 0.256 0.096 -63
3 0.529 0.401 -24
4 0.321 0.240 -25
5 0.256 0.176 -31
6 0.256 0.192 -25

Mean 0.304 0.208 -35

The concentration of oligomycin used in these studies
Ringer's solution.

was 4 ug per ml of

emerged. Under anaerobic conditions, the results also were inconsistent.
However, in 9 of 14 experiments a decrease was observed and in 7 experi-
ments the decrement was appreciable.

In Table VIII, the tissue concentrations of ATP are shown for bladder
segments incubated with and without oligomycin (4 M#g/ml). Eleven experi-
ments were performed, 5 under aerobic conditions and 6 under anaerobic
conditions. In the flasks containing the oligomycin ATP concentrations were
lower than in the control flasks in each instance and with both gas phases.
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The mean percentage decrease was 44% in the aerobic studies and 35% in
the anaerobic ones.

DISCUSSION

Dinitrophenol has been found to be a powerful inhibitor of anaerobic sodium
transport by the isolated urinary bladder of the fresh water turtle. Anaerobic
metabolism, however, was not inhibited. On the contrary lactate formation
was markedly stimulated by DNP. The fact that a 1:2 molar ratio was ob-
served between glycogen utilization (measured as glucose residue) and lactate
formation, indicates that the glycolytic pathway was completed in the presence
of DNP. Anaerobic metabolism, therefore, must have proceeded past both
energy conservation sites of glycolysis.' Three moles of ATP, thus, should
have been generated per mole of glucose (from glycogen) metabolized to
lactate. Hence, ATP synthesis should have been increased by DNP by ap-
proximately twofold. On the other hand, sodium transport diminished strik-
ingly and it has been shown previously that approximately half of the anaero-
bic glycolysis of the turtle bladder is coupled to active sodium transport (3).
Accordingly, total ATP utilization should have been decreased appreciably
(i.e. by as much as 50%). The net result should have been an increase in the
tissue concentration of ATP. But the ATP stores were not increased; rather
there was a modest decrease. Thus if ATP were formed during the DNP-
stimulated glycolysis, it must have been dissipated without transferring its
energy effectively to sodium transport. If ATP were not formed, DNP must
have uncoupled glycolysis from phosphorylation.

Each of these two possibilities warrants detailed scrutiny; so also does the
question as to why the residual ATP in the cells was not capable of sustaining
sodium transport.

Increased ATP Degradation Rate DNP is known to stimulate mitochon-
drial ATPase activity (12-14). The possibility must be considered, therefore,
that ATP synthesis did occur at an increased rate in the presence of DNP

but that the newly formed ATP was dissipated by virtue of enhanced ATPase

activity. This presumably would involve plasma membrane ATPase activity

as well as mitochondrial ATPase activity in view of the fact that transcellular

ion transport is a plasma membrane phenomenon. The ATPase reaction, in

turn, could lead to increased glycolysis. Although this explanation must be

seriously considered, it would not readily account for the almost total abolition
of sodium transport that was observed in the presence of DNP when the

residual ATP concentrations were approximately 75% of the control levels.2

' ATP synthesis occurs at two points in the glycolytic pathway. The first is with the conversion of
1, 3-diphosphoglycerate to 3-phosphoglycerate; the second is with the conversion of phosphoenol
pyruvate to pyruvate.
2 We recently have found that the ATP concentration of the epithelial cell layer of the turtle bladder
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An additional explanation also would be required for the failure of the energy
released by the ATPase-induced hydrolysis of ATP to energize the sodium
pump. Thus if accelerated ATP dissipation occurred as a direct result of DNP
stimulation (or induction) of ATPase activity, additional mechanisms of
action would be required to explain (a) the failure of the persisting ATP
stores to serve as energy sources for sodium transport, and (b) the fate of the
energy released during the hydrolysis of the newly formed ATP.

In an effort to clarify this question, a series of experiments was performed
on bladder segments using iodoacetic acid (IAA) to block glycolysis. DNP
then was added in association with the IAA. The results of these experiments
are summarized in Table IX. ATP concentrations were markedly decreased
with IAA alone and only modestly decreased with DNP alone. However,
when both IAA and DNP were added, the decrement was greater than with
IAA alone. Lactate formation shown in the same table was inhibited with
IAA, stimulated with DNP, and when both drugs were used, the values were
less than the control but were greater than with IAA alone. These data thus
suggest that when anaerobic glycolysis is blocked, DNP does initiate a net
ATPase effect. However, for reasons that will be considered below, this ex-
periment is not conclusive and the results could be explained on the basis of
an "operational" ATPase effect of DNP.

The Energy Leak Hypothesis If the accelerated rate of glycolysis induced
by DNP is associated with a corresponding acceleration in the rate of produc-
tion of ATP, then as indicated, there could be an "energy leak." This would
be beyond the primary steps in glycolysis and would presumably involve the
immediate source of energy for the sodium pump. Such an energy leak would
allow for the net dephosphorylation of existing ATP stores and thus for an
operational ATPase effect. The latter, in turn, could serve to stimulate glycoly-
sis.

Among the possible mechanisms for an energy leak in the present experi-
ments would be a conventional uncoupling of oxidation from phosphoryla-
tion by DNP. This would require that oxidative metabolism continue under
conditions presumed to be anaerobic. As indicated previously this could occur
by virtue of the presence of trace quantitities of molecular oxygen in the vi-
cinity of the mitochondria and/or by dismutation. If there were electron
acceptors available in the system, dinitrophenol could act in a conventional
manner on a high energy intermediate of oxidative phosphorylation. Several
considerations make this explanation unlikely. (a) The almost complete in-
hibition of sodium transport produced by DNP would require that all of the
energy in the anaerobic studies be derived from oxidative pathways, yet
glycolysis (and glycolytic ATP production) are markedly increased when the

is approximately the same as that of the whole bladder and incubation of the isolated epithelial
sheets in the presence of DNP also results in a modest decrease in ATP levels (15).
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gas phase is changed from 02 to N2. Furthermore, as noted earlier, there is a
stoichiometric relationship between anaerobic glycolysis and anaerobic so-
dium transport. (b) The presence of electron acceptors should allow for con-
tinued energy transformation despite the inhibition of glycolysis if the ap-
propriate substrate is provided. Yet when glycolysis was inhibited by
iodoacetate in the anaerobic system, the addition of pyruvate did not sustain

TABLE IX

EFFECTS OF IAA AND DNP ON LACTATE FORMATION AND
ATP CONCENTRATION OF ISOLATED TURTLE BLADDER

ATP
Experiment

N2 Ns + IAA N2 + DNP N2 +IAA + DNP

pmole/g wet weight

1 0.386 0.011 0.197 0.004
2 0.325 0.020 0.227 0.004
3 0.255 0.025 0.237 0.016
4 0.242 0.019 0.186 0.006
5 0.264 0.020 0.086 0.016
6 0.264 0.012 0.163 0.189

Mean 0.290 0.019 0.182 0.009

Lactate production
Experiment

N2 N2 + IAA N2 + DNP N2 + IAA + DNP

#mole X 10-/mg wet weight/hr

1 0.55 0 0.76 0.26
2 0.56 0 0.95 0.30
3 0.72 0 1.66 0.18
4 0.54 0 0.73 0.20
5 0.56 0.23 0.76 0.46
6 0.27 0 0.38 0

Mean 0.53 0.04 0.87 0.23

In each experiment tissue from one bladder was divided into segments and
distributed equally among four incubation flasks.

sodium transport. (c) In previous studies, neither KCN nor antimycin A (2, 4)
both of which block forward electron transport, abolished sodium transport.

A second explanation for the DNP effect also would involve the conven-
tional hydrolysis of a high energy intermediate of oxidative phosphorylation.
However, no electron acceptor would be required. This is shown schematically
in Fig. 2A. ATP is synthesized via glycolysis and the newly formed ATP enters
a mitochondrion. (The entire sequence might also occur in the cytoplasm.)
Thereafter the normal oxidative pathway of ATP formation is reversed and the
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high energy intermediates appear in reverse order.3 DNP then could effect
the hydrolysis of a nonphosphorylated high energy intermediate (shown in
the diagram as 1) thereby creating an energy leak and diverting the energy
from the sodium pump. In this view the DNP-sensitive intermediate, rather
than ATP, would be the immediate source of energy for sodium transports
The oligomycin studies were performed in an effort to examine this hypothesis.
Oligomycin is thought to act between the site of action of DNP and ATP
(18, 19). It is generally believed that the oligomycin acts at a phosphorylated
intermediate step (19) which in the diagram in Fig. 2 is represented as 2.
With a reversal of the normal pathway for mitochondria-linked ATP syn-
thesis, oligomycin might block the formation of -1, the DNP-sensitive

A B

rlvrnnnl

DNP

a) .1
A* ATP p ' 2 l --- I

Lac~a2e
5 ," VA 

i 

.- Na

FIGURE 2. The details of these models are presented and fully discussed in the text.
Fig. 2A depicts the formation of ATP from glycolysis and the subsequent reversal of the
normal pathway of high energy intermediate synthesis. This reversal would involve the
use of oxidative machinery. Fig. 2B depicts the formation of high energy intermediates
directly from glycolysis.

intermediate and the presumed source of energy for the sodium pump. If
oligomycin, therefore, were to act in this manner in the turtle bladder, it
should inhibit anaerobic sodium transport, if the schema in Fig. 2A were
valid. However, sodium transport was not affected appreciably by the oligo-
mycin in concentrations as high as 40 /ug/ml.

The final type of energy leak that must be considered involves the inactiva-
tion by DNP of a high energy intermediate derived from glycolysis per se
(Fig. 2B). An essential correlary of this hypothesis is that the intermediate
rather than ATP would serve as the energy source for the sodium pump. DNP
then would serve to uncouple glycolysis from phosphorylation and would

8 This concept has been presented in greater depth by Van Rossum (16).
4 Slater (17) first suggested in 1953 that an intermediate rather than ATP could be the energy source
for energy-requiring processes such as ion transport.
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therefore have an anaerobic effect which simulates the classic aerobic effect.
This explanation is not entirely without conceptual precedent, for Lipmann
(20) in a discussion of a paper by Racker (21) in 1959 noted that the growth
of anaerobic cells (e.g. yeast) can be inhibited by DNP and suggested that
there might be a common pathway for both aerobic and anaerobic energy
supply.

If an intermediate, or intermediates, of glycolysis exist in the fresh water
turtle bladder, DNP might affect their hydrolysis in a manner analogous to
that postulated to occur in oxidative metabolism (5-7). This would constitute
an energy leak; it also could initiate an operational ATPase effect associated
with a net dephosphorylation of ATP and a dissipation of some portion of
the cellular stores of ATP. The decrease in ATP (or the attendant increase in
ADP) might serve as the stimulus to glycolysis accounting for the increment
observed in these experiments. Oligomycin would act distal to the DNP-
sensitive intermediate (i.e. between the intermediate and ATP or at -2 in
Fig. 2B) and it therefore would not block sodium transport. On the other hand
oligomycin might block synthesis of new ATP and some dissipation might
occur by virtue of mitochondrial and possibly plasma membrane ATPase
activity. Finally this mechanism of action of DNP could provide an explana-
tion for the complete, or virtually complete, inhibition of sodium transport
that occurred in the presence of relatively high tissue ATP concentrations.
Thus, if a DNP-sensitive intermediate, rather than ATP, were the immediate
source of energy for the pump, the ATP stores within the cells would not sus-
tain sodium transport.

The present data do not exclude a direct inactivation of a sodium carrier
by DNP. However, if there were such an effect, it would not explain the im-
balance between glycolysis and transport (i.e. between the increase in energy
production and the decrease in energy utilization for transport). Obviously
DNP could have two or more separate effects and thus it could inhibit the
carrier directly and at the same time activate ATPase with the latter serving
to stimulate glycolysis.

This work was presented in part at the 56th Annual Meeting of the American Society for Clinical
Investigation at Atlantic City in May, 1964, and published in abstract form (J. Clin. Inv., 1964, 43,
1277).
This study was supported by the National Institutes of Health Grant AM-02667 and by the Office
of Saline Water, Department of the Interior Grant 14-01-0001-364.
Dr. Bricker was the recipient of a United States Public Health Service Research Career Award.
Received for publication 21 July 1965.

REFERENCES

1. ROBIN, E. D., VESTER, J. W., MURDAUGH, H. V., JR., and MILLER, J. E., J.
Cell. and Comp. Physiol., 1964, 63, 287.

2. KLAHR, S., and BRICKER, N. S., Am. J. Physiol., 1964, 206, 1333.

498



N. S. BRICKER AND S. KLAHR Anaerobic Metabolism and Sodium Transport

3. KLAHR, S., and BRICKER, N. S., J. Gen. Physiol., 1965, 48, 571.
4. KLAHR, S., and BRICKER, N. S., data to be published.
5. CHANCE, B., WILLIAMS, G. R., and HOLLUNGER, G., J. Biol. Chem., 1963, 238,

439.
6. CHANCE, B., and HOLLUNGER, G., J. Biol. Chem., 1963, 238, 445.
7. SLATER, E. C., in Metabolic Inhibitors, (R. M. Hochster and J. H. Quastel,

editors), New York, Academic Press, Inc., 1963, 2, 503.
8. TOSTESON, D. C., in Electrolytes in Biological Systems, (A. M. Shanes, editor),

Washington, American Physiological Society, 1955, 123.
9. GATFIELD, P. D., PASSONEAU, J. V., and LowRY, O. H., unpublished observa-

tions.
10. STREHLER, B. L., in Methods of Enzymatic Analysis, (H. U. Bergmeyer, editor),

New York, Academic Press, Inc., 1963, 59.
11. UMBREIT, W. W., BURRIS, R. H., and STAUFFER, J. F., Manometric Techniques,

Minneapolis, Burgess Publishing Co., 1959.
12. LARDY, H. A., and WELLMAN, H., J. Biol. Chem., 1953, 201, 357.
13. MYERS, D. K., and SLATER, E. C., Biochem. J., 1957, 67, 558.
14. PULLMAN, M. E., PENEFSKY, H. S., DATTA, A., and RACKER, E., J. Biol. Chem.,

1960, 235, 3322.
15. BRICKER, N. S., unpublished observations.
16. VAN ROSSUM, G. D. V., Biochim. et Biophysica Acta, 1964, 82, 556.
17. SLATER, E. C., Nature, 1953, 172, 975.
18. LARDY, H., in Biological Structure and Function: Proceedings of the First

International Union of Biochemistry/International Union of Biological Sci-
ences, International Symposium, (T. W. Goodwin and 0. Lindberg, editors),
New York, Academic Press, Inc., 1961, 265.

19. PRESSMAN, B. C., in Energy-Linked Functions of Mitochondria, (B. Chance,
editor), New York, Academic Press, Inc., 1963, 181.

20. LIPMANN, F., Discussion in Ciba Foundation Symposium on Regulation of Cell
Metabolism, (G. E. W. Wolstenholme and C. M. O'Conner, editors), London,
J. & A. Churchill Ltd., 1959, 219.

21. RACKER, E., in Ciba Foundation Symposium on Regulation of Cell Metabolism,
(G. E. W. Wolstenholme and C. M. O'Conner, editors), London, J. & A.
Churchill Ltd., 1959, 205.

499


