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SUMMARY 

Previous studies support  the validity of a linear thermodynamic l'ormalism 
relating the rates of active Na + transport  and oxygen consumption J, to the electrical 
potential difference A¥ s and the affinity A (negative free energy) of  the metabolic 
driving reaction. The formulation was further tested in paired control and experimental 
hemiskins bythe use & t w o  inhibitors of Na + transport. Ouabain, a specific inhibitor 
of the Na + pump, might be expected to diminish the dependence of Jf on Atl  s without 
affectingA, whereas 2-deoxy-D-glucose, a competitive inhibitor of glucose metabolisna, 
should be expected to diminish A. Both inhibitors were used at concentrations 
adequate to depress Na + transport  (i.e. short-circuit current 1o) to some 50"<, of 
control level. Measurements were made of In and dJr /d (A tP) ,  and the apparent 
value of the affinity A~,pp was calculated according to the thermodynamic formu- 
lation. Ouabain depressed dJr/d(A~[ j )  without affecting A~,pp whereas 2-deoxv- 
D-glucose depressed A~pp without affecting dJ~/d(A~P). The demonstration o1" 
these effects indicates the utility of the formalism. 

I N T R O D U C T I O N  

The energetics of active Na + transport have been analysed in some detail 
by means of a formalism based on non-equilibrium thermodynamics [1, 2]. In 
recent years, experimental results have accumulated, supporting the validit3 of 
this formulation [3 7] and suggesting the possibility of determining the affinity 
(in essence the negative Gibbs free energy) of the metabolic reaction driving active 
Na + transport. In principle, the affinity is measurable from determinations of 
the chemical potentials of the various species taking part in the reaction. In prac- 
tice, however, such measurements in biological systems are fraught with exper- 
imental difficulties and ambiguities. 

The non-equilibrium thermodynamic treatment predicts that under appro- 
priate conditions the affinity should be calculable, in a formal way, from macro- 
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scopic physiological measurements. Previous publications have reported such 
calculations [5, 6], the resulting estimate of the affinity being tentatively designated 
the "apparent affinity" [6]. It has not proved feasible as yet to compare the cal- 
culated apparent affinity with any values obtained from biochemical determinations 
because of the problems alluded to above. It is possible, however, to look for cor- 
relations and consistencies between the effects of certain agents on the thermo- 
dynamic variables and the supposed biochemical effects of these agents. While it 
is difficult to establish a quantitative agreement between the apparent affinity and 
the true affinity, the question of whether or not the apparent affinity behaves like 
an energetic variable can be investigated. 

The present study reports the results of a comparison of the effects on the 
thermodynamic parameters of two inhibitors of active Na + transport which have 
very different biochemical mechanisms of action. Ouabain is a specific inhibitor of 
the sodium pump [8], while 2-deoxy-o-glucose is an inhibitor of carbohydrate metabo- 
lism and ATP production [9]. As will be shown, these two agents exhibit quite 
different effects on the thermodynamic variables. 

MATERIALS AND METHODS 

Frogs (Rana pipiens) were obtained from Carolina Biological Supply Co., 
Burlington, North Carolina ("X-jumbo" variety, 10-12 cm in length). The animals 
were kept at room temperature without feeding for a period not longer than 2 weeks. 
Tap water, in which the frogs could immerse themselves, was available in the 
holding tank. 

Prior to experiments the animals were doubly pithed and then cleansed by 
gentle rubbing under tap water. The abdominal skin was cut along the midline and 
resected, providing two paired hemiskins. The hemiskins were washed twice with 
30 ml of sterile Ringer's solution before mounting in modified Ussing-Zerahn 
lucite chambers of 7.1 cmz cross-sectional area for short-circuit current and oxygen 
consumption measurements as described previously [4--6]. The Ringer's solution 
had the following composition; 110 mM NaC1, 2.4 mM KHCO3,  1.0 mM CaC12 
(212 mosM, pH 8.2). Stock concentrated glucose and 2-deoxy-o-glucose solutions 
were isosmotic with the sodium Ringer's solution. The concentration of glucose 
and 2-deoxy-o-glucose in the chambers was brought to the values designated in 
the text by the addition of the appropriate volume of these stock solutions. All 
solutions were sterilized by filtration through sterile, disposable membrane filter- 
ing units with a 0.2/~m pore size (Falcon Plastics, Oxnard, Calif.). All glassware 
and dissection equipment was scrubbed with absolute ethanol and kept in a dry 
oven at 1 l0 °C overnight to ensure cleanliness. The lucite chamber and pump system 
was cleansed by scrubbing with absolute ethanol and air dried. All solutions con- 
tained 80/~g/ml ofgentamycin sulfate (Schering) to control bacterial growth. 

Measurements of the dependence of rate of oxygen consumption on the potential 
difference dJf/d(A 7 j) 

The methods of measuring dJr/d(A T) have been described previously [5, 6]. 
Minor differences between those procedures and the ones used here will be men- 
tioned. First, the skins were subjected to preconditioning potential perturbations 
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of 80 mV and 4 80 mV for 6min at each potential. Only those skins in which 
short-circuit current returned to within 10<!{i of its initial value were studied further. 
Second, the sequence of potential perturbations used for determining dJ/d(A~F) 
was different, being 80, i 80, 40, ; 40, 80, : 80, 40. 40, 0 and 0 nlV. 
This range is smallm than the range explored by Vieira et al. [5] and larger than 
that used by Saito et al. [6]. 

E.vp'.'rimenlal protocols 
(1) Studies with ouabain. Measurements of short-circuit current 1 o, rate of 

O, consumption Jr, and dJ/d(A~P) were made in the control and experimental 
hemiskins during a control period prior to the addition of ouabain, and again 
commencing 2.5 h after the addition of ouabain to the inside solution of the experi- 
mental hemiskin. This period was necessary to ensure that 1 o in the experimental 
hemiskin had reached a steady value after ouabain addition. The final concentra- 
tion of ouabain was 10 7 M (see Results). The glucose concentration in the inside 
solution of both the control and experimental hemiskins was I mM. 

(2) Studies with 2-deoxy-D-glucose. The protocol of the 2-deoxy-D-glucose 
experiments was essentially analogous to that of the ouabain experiments, except 
that the time between the first and second set of measurements was 1.0 h and the 
final concentration of 2-deoxy-D-glucose in the inside solution was 16 m M. 

Anah'sis of  the data 
The thermodynamic equations appropriate for the experimental conditions 

used in the present study will be briefly reviewed. For identical solutions at each 
membrane surface the equations are [2]: 

JNa LN,( FA LP ) ~ LN~.r " A ( I ) 

Jr LN~.r( FAq') L r. A. (2) 

where JN,, and Jr are the rates of net sodium flow and metabolism (here 02 con- 
sumption), respectively. The L values are phenomenological coefficients, F is the 
Faraday constant, A7 j is the electrical potential difference across the membrane 
(Lp~,,~d< ' tg ..... iJ~)' and A is the affinity of the metabolic driving reaction. Previous 
demonstrations of a linear relationship between Jr and Aq' in the frog skin [5, 6] 
suggest that the values of L r and A are constant during brief perturbations of A q'. 
The value of A can then be estimated by: 

A:u,, Io/{dJr/d(Aq')}, (3) 

where/o F(JN,)a~,= o. The value of A calculated from Eqn 3 has been designated 
as the apparent affinity. 

The data from paired hemiskins taken from the same animal were normalized 
according to the following formula: 

R(x) [ (X) , ! (X) , :o le i { (x ) , / (X) ,=O]  ~, (4) 

where x stands for one of the measured variables (1o, Jro, dJ/d(A~P), Aapp)' ~' means 
the experimental hemiskin, c the control bemiskin, and t 0 indicates the time 
prior to treatment with either ouabain or 2-deoxy-D-glucose. Thus the control 
hemiskins serve as controls correcting for spontaneous variations with time. 
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The significance o f  observa t ions  was evaluated by s t andard  stat ist ical  means  
[10]. The results are expressed as the mean v a l u e ~ t h e  s t andard  e r ror  of  the mean.  
Values o f P  > 0 . 0 5  were considered not  significant (n.s.) and  are not  stated. 

RESULTS 

(1) Effects of ouabain 
Previous studies have shown tha t  high concent ra t ions  o f  ouaba in  (approx.  

10 -3  M )  comple te ly  abol ish  bo th  shor t -c i rcui t  current  and  the response of  oxygen 
consumpt ion  to pe r tu rba t ion  of  A ~  [5, 6]. Under  such circumstances,  the value 
of  the affinity ca lcula ted  accord ing  to  Eqn 3 is indeterminate .  In  o rder  to de termine  
the effect of  ouaba in  on  A~pp it is necessary to employ  concent ra t ions  o f  ouaba in  
which p roduce  submaximal  effects. We observed (Fig. 1) tha t  10 -7  M ouaba in  in 
the inside so lu t ion  o f  the f rog skin p roduced  after 2.5 h a quas i -s teady state in which 
the normal ized  shor t -c i rcui t  current  10 was approx.  5 0 ~  o f  the initial  value. We 
therefore  chose this concent ra t ion  for our  s tudy of  nine skins. 
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Fig. I. Effect of various concentrations of ouabain on the short-circuit current Io. At time t -- 0. 
ouabain was added in the indicated concentrations to the solution bathing the inner surface of the 
experimental hemiskin, lo(t) was normalized as described in Materials and Methods. Measurements 
were made at 2-min intervals. Average values from measurements on three skins were used in the 
curve for 10 -7 M ouabain. Average values from two skins were used for each of the other concentra- 
tions. 

Table  1 shows the effects of  10 -7  M ouaba in  on the t he rmodyna mic  var ia-  
bles. Each exper iment  was carr ied out  on pa i red  hemiskins  c and  e der ived f rom 
the same animal .  G r o u p  c were used as cont ro l  tissues, g roup  e as exper imenta l  
tissues. Fo l lowing  the comple t ion  o f  initial  measurements  the inside surfaces o f  
the g roup  e hemiskins  were exposed  to 10 - 7  M ouabain .  All  inside solut ions  
(bo th  g roup  c and g roup  e) conta ined  1 m M  glucose. Measurements  in pa i red  tissues 
were made  between 1.5 and  0 h p r io r  to, and  2.5 to  4 h after  the admin i s t ra t ion  o f  
ouaba in  and  are indica ted  by t = 0  and 2.5 h, respectively.  
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TABLE I 

EFFECT OF 10 ~ M OUABAIN ON THE THERMODYNAMIC VARIABLf-S 

Time (h) l,, J~,, dJ, d( 19,} I,pp 
(yA " cm -') (pmol • s - ' • cm el (pmol • s ~ • cm 2 . mV L) (kcal . tool ~ t 
0 2.5 0 2.5 0 2.5 I) 2.5 

c Mean 26.2 17.5 65.8 56.2 0.252 0.216 29.5 18.3 
S.E. 3.6 3.0 2.9 5.6 0.017 0.014 4.4 2.0 

c Mean 33.4 8.0 73.8 53.9 0.260 0.129 30.6 16.1 
S.E. 4.3 1.9 9.1 2.6 0.019 0.0ll 3.6 1.5 

(a) Short-circuit current I o. Columns  3 and 4 of Table I show the mean effect 
on 1o. Initial values of 1 o in paired hemiskins differed insignificantly. 1o decreased 
significantly between the first and second periods of measurement  in both sets of 
tissues (P (% % ) <  0.01, P(ev % ) <  0.001 ), but  to a greater extent in the treated than 
in the untreated control tissues (P(%, %) <0.01 ). The difference of behavior of the 
control  and experimental  tissues was highly significant according to the paired t-tesl 
(P(Ac, Ae) <0.001 ). 

(bJ 02 co#Tsumption at short-circuit J,,. Columns 5 and 6 show the effect on 
the mean value of J,,,. The initial values in paired hemiskins differed insignificantly. 
J~,, declined with time both in the absence and presence of ouabain ,  but  the difference 
of behaviour  of control and experimental  tissues according to the paired t-test was 
significant (P(Ac, Ae) <0 .00 l ) .  The fractional decrease in J~,, was not  as great as 
the decrease in lo. Presumably this difference reflects a componen t  o f " b a s a l "  oxygen 
consumpt ion  insensitive to ouabain.  

(c) Depe#ute#tce of  0 2 consumption on the electrical potential d.l~ d(A q'j. 
Fig. 2 shows the result of measurement  of dJ,/d(Aq j) in a representative experiment.  

dJ~/d(A7 j) in the experimental  hemiskin decreased substantial ly after t reatment 
with 10 v M ouabain ,  while in the control  hemiskin it decreased only slightly. 
Columns  7 and 8 of Table I show the mean values. Initial values in paired tissues 
differed insignificantly. The final value of --dJ~/d(ALP)in experimental  tissues was 
less than before t reatment  (P(% e,)  <0.001) and less than the s imul taneous value 
in untreated control tissues (P(c n, %) <0.001 ). The difference of behavior of control 
and experimental  tissues was highly significant according to the paired t-test ( t '  

(Ac, Ae), <0.001 ). 
(d) Apparent a[linity of  the metabolic reaction Aap p. Mean values of .~l~,pp 

calculated from Eqn 3 are shown in columns 9 and 10 of Table I. Initial values in 
paired hemiskins differed insignificantly. A,~pp decreased significantly between the 
first and second measurements  in both the control  and experimental  tissues (P 
(% %) <0.01,  P(el, %) <0.01),  The difference of behavior of control  and experi- 
mental  tissues according to the paired t-test was not significant. Thus 10-v M 
ouaba in  appears to change I o and dJ~/d(A q') without significant effect on A~,pp. 

(2) E{l~'cts ~d" 2-deo,Kv-D-glucose 
Fig. 3 shows a representative example of the effect of 2-deoxy-D-glucose on 

1 o. The current  begins to fall within a few minutes and reaches a new stead~r-state 
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Fig. 2. Representative example of the effect ofouabain on the dependence of the rate of 02 consump- 
tion on the electrical potential difference A~. Following the completion of initial measurements 
(series I) the inside surface of the experimental hemiskin was exposed to 10 - 7  M ouabain and the 
measurements were repeated (series II). 

level within 40 min. The time course of inhibition of I o was not a sensitive function 
of the concentration of 2-deoxy-D-glucose. The degree of inhibition produced by 
a given concentration, defined as 1--R(Io) (see Materials and Methods, Eqn 4), 
was inversely related to the concentration of glucose in the Ringer's solution l11 ]. 
The concentrations of  glucose (1 raM) and 2-deoxy-D-glucose (16 raM) were chosen 
for convenience of measurement of the various quantities in the study of 10 skins 
reported below. 

Table II shows the mean effects of 16 mM 2-deoxy-D-glucose on the ther- 
modynamic variables. As above, each experiment was carried out on paired hemiskins 
from a single animal. Following the completion of initial measurements, the inside 
surfaces of  the group e hemiskins were exposed to 16 mM 2-deoxy-D-glucose. All 
inside solutions (both group c and group e) contained 1 mM glucose. Measurements 
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Fig. 3. Representative example of  the effect of  2-deoxy-D-glucose on the short-circuit current /o. 
Control ( - - - )  and experimental ( - )  hemiskins were obtained from the same animal. At the time 
indicated by the arrow the inside surface of  the experimental hemiskin was exposed to 16 mM 2- 
deoxy-D-glucose, without change in solution osmolality. The inside solutions (both control and 
experinaental) contained I mM glucose. No manipulations were performed on the control bemiskin. 

in paired tissues were made between 1.5 and 0 h prior to, and 1.0 and 2.5 h after, 
administration of 2-deoxy-D-glucose, and are indicated by t 0 and I h, respec- 
tively. 

(a) Short-circuit current I o. Columns 3 and 4 of Table I I show the mean 
effect on 1o. Initial values of I 0 in paired hemiskins differed insignificantly. I o in 
the control hemiskins decreased slightly between the first and second measurements, 
but not significantly. The value in experimental tissues following treatment was less 
than before treatment (P(g, e,)  <0.001), and less than the simultaneous value in 
untreated control tissues (P(cn, e.)  < 0.005). The difference of behavior of the 
control and experimental tissues was highly significant according to the paired t-test 
(P(Ac, Ae) <0.001 ). 

(b) 02 consumption at short-circuit J,o" Columns 5 and 6 of Table I I show 
the effect of 2-deoxy-n-glucose on Jr°. The initial values in paired hemiskins differed 
insignificantly. J~o appeared to decrease between the first and second measurements 
in experimental tissues (P(g, e,) <0.02): however, the difference of behavior of 
control and experimental tissues according to the paired t-test was insignificant. 

TABLE II 

E F F E C T  OF 16mM 2-DEOXY-D-GLUCOSE ON THE T H E R M O D Y N A M I C  VARIABLES 

Time (h) l,, J,,, d Jr/d(t9~) Aapp 

It,A :~m= ~i 
0 1.0 

c Mean 14.2 I 1.2 56.1 51.9 
S.E. 1.6 I.I 2.9 2.8 

e Mean 18.2 8.0 58.1 48.4 
S.E. 2.1 I.I 3.8 2.1 

(kcal . mol-~ ) ( p m o l , s - ' . c m  -2) ( P m o l l s - ' . c m  l . m V  ') 

o 1.o 0 i .o o I.o 

0.188 0.164 18.2 17.0 
0.019 0.014 1.2 1.9 

0.196 0.169 24.9 11.8 
0.019 0.007 2.2 1.8 
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Presumably the failure to demonstrate a significant difference reflects the impreci- 
sion of measurement at low rates of metabolism. In one hemiskin which had the 
highest values of I 0 and Jro, Jro declined from 85.3 to 42.4 pmol • s - 1 .  cm-2 in 
the presence of 2-deoxy-D-glucose while the corresponding drop in Io was from 47.7 
to 5.4 /~A • cm-2. 

(c) Dependence of 02 consumption on the electrical potential &'fference 
dJ~/d('A~). As previously with control tissues and tissues treated with ouabain, 
linear relationships between the rate of oxygen consumption and the electrical potential 
difference were observed consistently in hemiskins treated with 16 mM 2-deoxy-o- 
glucose. Fig. 4 shows a representative experiment, The slope of the regression line, 
dJf/d(A~), was not significantly affected by the addition of 2-deoxy-o-glucose to 
the experimental hemiskin. Note also that the intercept on the ordinate (J~o) drops 
only slightly after treatment. 
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Fig. 4. Representat ive example  o f  the effect o f  2-deoxy-o-glucose on the dependence o f  the rate o f  
02  consumpt ion  Jr on the electrical potential  difference zig,. Fol lowing the complet ion o f  initial 
measurements  (series I) the  inside surface o f  the  exper imental  hemiskin  was exposed to 16 m M  
2-deoxy-D-glucose and  the  measu remen t s  were repeated (series II). 
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Columns 7 and 8 show the mean results for the 10 skins studied. - d J d d  
(A q~) dropped slightly in both the treated and control hemiskins. However, neither 
this decline nor the difference between the treated and untreated hemiskins was 
significant. These results should be contrasted with those observed after treatmenl 
with ouabain (Table 1). 

(d) Apparent qg'[hlily of the metabolic reaction A~,vp. Columns 9 and 10 of 
Table I! show the mean values of Map p. Initial values in paired tissues in this instance 
differed significantly (P(q, e~) <0.005). The value in experimental tissues following 
treatment was less than before treatment (P(e~, ell) <0.001 ) and less than the simul- 
taneous value in untreated control tissues (P(cn, en) <0.025). The difference of 
behavior of control and experimental tissues was highly significant according to the 
paired t-test (P(Ac, Ae) <0.001). 

(3j Cvmparison of the e{fects of ouabain and 2-deo.vy-D-ghtcose 
The results of the experiments with ouabain and 2-deoxy-o-glucose were 

compared by recasting the data in the form of a ratio according to Eqn 4. Table I!1 
shows the results. The concentrations chosen for use in these studies were sufficient 
to reduce I 0 by about  50 i~i. Neither agent reduced J~,, to the same degree as /~. 
However, the relative decrease in J~,, produced by ouabain treatment was demon- 
strably significant, while that produced by 2-deoxy-I~-glucose was not. The contrast 
in the effects of ouabain and 2-deoxy-D-glucose on the thermodynamic variables 
can be seen in the last two columns of the table. Ouabain lowers -dJ~/d(A tF), while 
2-deoxy-D-glucose has no significant effect on this parameter. Ouabain, on the other 
hand, has no significant effect on A~,pv, while 2-deoxy-D-glucose markedly decreases 
A~,w,. The difference in effects can be interpreted in terms of the presumed difference 
in biochemical modes of action of the two agents. 

"FABLE I l l  

C O M P A R I S O N  O F  E F F E C T S  O F  O U A B A I N  A N D  2-DEOXY-I : , -GLUCOS[-_  

P r ep resen t s  the p r o b a b i l i t y  tha t  the g iven q u a n t i t y  differs f rom uni ty .  

R(I,,) R(Jro) R(dJr/d( Iq')) R(A,,~,p) 

O u a b a i n  (10 -v  M) Mean  0.455 0.837 0.542 0.855 
[n 9] S.E. 0.032 0.033 0.040 0.094 

P . 0.001 - 0 . 0 0 5  - 0.001 n.~. 

2 -Deoxy-D-g lucose  Mean  0.580 0.921 1.095 0.531 
( 16 rn M ) S.E. 0.049 0.041 0.090 0.066 
In I0] P -~0.001 n.s. n.s. - 0.001 

D I S C U S S I O N  

The linear non-equilibrium thermodynamic analysis of active transport 
is potentially capable of providing useful information not readily available by other 
means. Various aspects of  the linear model have been demonstrated experimentally. 
Evidence has been presented for tinearity of the rate of active Na + transport  with 
electrical potential in toad bladder [3] and of oxygen consumption with electrical 
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potential in frog skin [5]. Recently Danisi and Vieira [7] demonstrated linearity of 
the rates of both active Na + transport and oxygen consumption with the chemical 
potential difference across toad skins. A linear relationship has also been demon- 
strated between short-circuit current and the associated rate of oxygen consumption 
in frog skin when both these parameters vary either spontaneously or as a result of 
pharmacological treatment. Beauwens and A1-Awqati [12] have noted similar 
relationships between short-circuit current and the rate of CO2 production in toad 
bladder. 

The results cited are consistent with the validity of a linear non-equilibrium 
thermodynamic approach, but the experimental techniques presently available do 
not permit a systematic study of the effects of variation of the affinity. Nevertheless, 
certain observations do suggest that the affinity evaluated according to Eqn 3 does 
indeed reflect the substrate-product ratio in the metabolic pool sustaining transport. 
Thus Vieira et al. [5] observed in frog skins that, following a long period of enhanced 
transport at depolarizing potentials, on return to the short-circuited state both I o 
and Jro were transiently lower than in the control state. Depression of transport by 
hyperpolarization produces a converse effect. Danisi and Vieira [7] have recently 
presented evidence that in toad skin such a "memory effect" is attributable to changes 
in the affinity rather than the phenomenological coefficients. Apparently suffi- 
ciently extensive perturbations of A 7/ alter the rate of metabolism associated with 
transport so as to change appreciably the substrate and/or product concentrations 
in the metabolic pool. 

Saito et al. [6] carried out studies in frog skin with amiloride, a diuretic 
which depresses active Na + transport by interfering with the passive entry process. 
Following 1 h exposure to amiloride there was no effect on A~pp. After 4 h exposure, 
however, it was possible to demonstrate the well-recognized "overshoot" of short- 
circuit current on removal of the drug, and to show that this was associated with an 
increase in A~pp over control levels [6]. Again these phenomena are interpretable in 
terms of changes in the concentrations of substrates and/or products in some critical 
metabolic pool. 

The present study provides further evidence bearing on the nature of the 
thermodynamic affinity and the phenomenological coefficients. Since ouabain 
inhibits the (Na ÷ + K+)- ATPase generally identified with the sodium pump, it 
would be expected to decrease the phenomenological coefficients LNa, r and Ldel at- 
ing transport and metabolism, respectively, to the thermodynamic affinity, but it 
should have no immediate effect on Aapp itself. This was in fact observed. In a pre- 
vious study employing high concentrations of ouabain, the dependence of oxygen 
consumption on A ~u was completely abolished, i.e. LN~,r= 0[5,6]. In the present study 
employing lower concentrations of ouabain, although LNa, r remained finite it was 
substantially less than in the absence of ouabain. Similarly, Lr was reduced below 
the control level. In contrast, Aapp was unaffected by ouabain with the dosages and 
periods of  exposure studied here. The effects of substantial depression of transport 
for extended periods would depend on the interaction between the pump at the 
inner surface and permeability factors at the outer surface. These have not yet been 
investigated. 

In contrast to ouabain, the metabolic inhibitor 2-deoxy-D-glucose might be 
expected to exert its primary effect on the thermodynamic affinity and might or 
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might  no t  be expected to affect the phenomenolog ica l  coefficients. 2-deoxy- 
D-glucose interferes with cellular  energy metabol i sm in three pr incipal  ways: 
compe t i t i on  with glucose for  cell up take :  compe t i t i on  with glucose for phosphory la -  
t ion by hexokinase :  and b lockage  by 2-deoxy-D-glucose 6-phospha te  of  the isomeriza-  
tion o f  glucose 6-phosphate  to fructose 6 -phospha te  [9]. Since 2-deoxy-D-glucose 
6-phospha te  is not  metabol ized,  each of  these effects should  p romote  deplet ion of  
ATP.  Survey exper iments  have shown tha t  2-deoxy-D-glucose is capable  of  decreas-  
ing 1 o in the absence of  glucose in the ba th ing  media,  indicat ing tha t  interference 
with glucose uptake  is not  the sole factor  bringing abou t  inhibi t ion [1 I]. We have 
no in format ion  concerning  the relative con t r ibu t ion  o f  the o ther  two factors 
ment ioned  above.  Whatever  the precise mechanisms of  ac t ion  of  2-deoxy-D-glucose,  
the present  s tudy has shown tha t  it did indeed depress / lap p but was without  effect 
on LN~ ' r. Its effects on L•,, and L, remain  to be de termined.  

The finding that  ouaba in  affects only a phenomenologica l  coefficient while 
2-deoxy-D-glucose affects the t h e r m o d y n a m i c  dr iving force of  active Na  + t ranspor t  
fur ther  suppor t s  the appl icabi l i ty  o f  the l inear non-equi l ibr ium the rmodynamic  
formula t ion .  
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