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1. Introduction 

Maintenance of extracellular K’ concentrations 
within relatively narrow limits is important in the 

regulation of neuronal activity in the brain [ 1,2]. 
Alterations of extracellular K’ may have significant 
effects on the neuronal function [3]. A very active 
Na’,K’-ATPase (EC 3.6.1.3) is present in isolated 
nerve endings [4,5]. 

An impairment in the synaptosome Na+,K’ pump 
is closely associated with the generation of seizure 
in primary and mirror epileptogenic focus of freezing 
lesion [6,7]. For these reasons, it seemed very inter- 
esting to study the mechanism of activation of the 
synaptosomal Na’,K’-ATPase by K’ ions. 

Using a method of continuous recording of the 
progress of the reaction, we found that synaptosomal 
ATPases exhibit hysteretic changes in enzyme activity 
according to the model in [8]. 

2. Materials and methods 

Synaptosomal fractions were prepared as in [9] 
from adult rabbit brain. The purity of synaptosome 
fractions was verified by electron microscopy and by 
estimation of acetylcholinesterase activity. 

Synaptosomal pellets were used directly in 0.32 M 
sucrose medium or after NaI treatment to eliminate 
the Mg”-ATPase activity [lo]. The rate of hydrolysis 
of ATP in the presence of the synaptosomal fraction 
was measured by following the rate of liberation of 
H’ ions [ 111 (see details in fig.1 legend). 

Experimental points were averages of 3 or more 
experiments. Linear plots were obtained by a linear 
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regression method with a linear correlation coefficient 
higher than 0.95. 

3. Results and discussion 

Figure 1 shows typical experimental traces of H’ 
production by synaptosomal ATPases. As shown, 
both activities (Mg”dependent as well as Na+,K’- 
dependent ATPases) decreased with time and reached 
a steady state (or linear progress) only after an initial 
burst of 3-4 min. To rule out the possibility of an 
artifact in the measuring procedure, the following 
controls were carried out: 

1. The mixing dead time was determined by addition 
of small quantities (0.1 peq.) of standard acid and 
alkali; a value of 8-10 s was found. 

2. Continuous perfusion of an amount of proton 
similar to that produced by the enzyme reaction 
yielded a linear trace. 

3. The same type of progress curve for the enzymatic 
reaction was observed: 

(i) Upon modification of volume, viscosity, mixing 

rate of the reaction medium, as well as of the size 
or type of the electrode; 

(ii) When the liberation of inorganic phosphate [ 121 
or ADP [ 131 was monitored instead of the pro- 
duction of proton. This latter method was pre- 
ferred because of its higher sensibility and greater 
simplicity; 
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Fig.1. Typical traces of ATPase activities of synaptosomal 
fractions suspended in 0.32 M sucrose medium (A) or after 
NaI treatment (B, C). The arrows S indicate the moment of 
enzyme preparation injection (0.2 ml). The initial velocity is 
represented here by the tangent (V,) at t 10 s. This time is 
necessary for good mixing (see text). In the absence of NaI 
treatment, ouabaine (10e4 M) induces an inhibition of about 
50% (A) while this inhibition is clearly complete when a 
NaI-treatment sample is used (B). The steady state (or linear) 
velocity, Vf, is also represented by a tangent traced after 
3 mm. Panel C shows the effect of temperature on the rate 
of inactivation. Note the change of scale from 37-20°C. The 
sample (2 ml) was maintained at 37°C (A,B,C) or 20°C (C). 
The assay mixture contained 0.125 M NaCl, 5 mM KCl, 
1 mM MgCl,, 5 mM KCI, 1 mM MgCI,, 1 mM ATP-Na, and 
2 mM EGTA. All solutions were adjusted at pH 7.42 with 
NaOH or HCl. The final concentration of tissue was always 
less than 0.7 mg fresh wt/ml. The pH variations were measured 
by a combined electrode connected to a M 26C Radiometer 
pH meter and recorded with the help of a potentiometric 
tracer (1 mm = 2.10m3 pH unit). After 3-6 min the progress 
curve became linear and the system was calibrated by the 
addition of 0.1 req. H+. 
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as a function of time. The slope of the line is -k’. See fig.1 
legend for conditions. 
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(iii) When liberation of protons was assayed using a 
pH stat system (Radiometer Titrator type TTT); 
thus the small variations in the pH or the buffer 
capacity of the system did not modify the activity 
of the enzyme (optimum pH 7.2-7.8). 

Figure 2 shows that the observed time dependence 
of the reaction rate appears to obey the law [8] for a 
substrate-induced slow conformation change (hyster- 
et-ic enzyme): 

vt - yf _ 
In __ T, - k’t (1) 

yo - Yf 

where: Vo, the velocity at I 0 (at which time the 
enzyme and substrate are mixed); V,, the velocity at 
time t; Vf, the velocity after the steady-state has been 
reached; k’, a complex rate constant depending upon 
the substrate concentration. Ouabaine sensitivity of 
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Table 1 
Influence of K+ concentration on initial velocity (V,,) and 

steady state velocity (Vf) of Nd,K’-ATPase activity of 
rabbit brain slices and synaptosomal fractions after 

NaI treatment 

K Slices Synaptosomes 

(mM) VO Vf VII Vf 

0 0.06 0.01 _ 

5 1.66 0.77 21.00 1.91 
20 2.02 1.12 29.80 2.40 
20+ oua- 

baine 10m4 M 
0.00 0.00 0.00 0.00 

Values of V,, are calculated using eq. (1) (see text) and are 
expressed in neq. H+ X mg prot-’ X s-l. Medium: ATPtia 
1 mM; MgCl, 1 mM; EGTA 2 mM; initial pN 7.42; T 37°C’ 

both velocities (table 1) indicated that Ve and Vf both 
represented Na’,K’-ATPase activity. Moreover, the 

synaptosomal fraction was considerably enriched in 
enzyme activity. The value of k’ was strongly depen- 
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Fig.3. Substrate dependence of rate of enzyme inactivation 
(k’) in 5 mM and 20 mM K+ medium. Other conditions are 
as in fii.l,2. Binding constant, calculated from the plot l/k’ 
versus l/ATP-Mg2-, is 0.045 mM ATP-MgZ- in presence of 
5 mM K* and 0.035 mM ATP-l&g“ in 20 mM K+ medium. 

dent upon the ATP-Mg*- complex concentration 
(fig.3) but appeared to be independent of the con- 
centration of K’ (O-20 mM). No modification of the 
inter-conversion phenomenon was observed upon 
addition of 10e3 M N-ethylmaleimide (NEM) or 
utilization of a Na+-free medium. 

These latter results indicate that the substrate- 
induced conformation change postulated in this 
paper must be distinct from the isomerization to 
ErP involved: in the ‘Albers Scheme’ [ 141. 

E (ATP) E p Mg 

1 Mg,Na ’ NEM blocked 

K 
E2P - Fz - El (see [161) 

From fig.1 C and 2, the interconversion also appears 

to occur only at a temperature higher than 20°C. 
This exponential enzyme inactivation, which is 

temperature sensitive, also occurs after preincubation 
of the enzyme, at 37’C or 42’C, for 5-10 min. 
Therefore elevated temperatures does not appear to 
be responsible for the observed inactivation. 

The reversibility of the phenomenon has been 
investigated as follows: enzyme was incubated at 
37’C for 5 min with 0.64 mM ATP-Mg*- at 37°C; 
inactivation was observed as usual. The suspension 
(2 ml) was then dialysed against 500 ml isolation 
buffer for 24 h at 42°C with two changes of buffer. 
A control sample was similarly treated, but in the 
absence of ATP-Mg2-. When incubated in the pres- 
ence of ATP-Mg*- (0.64 mM), both samples 
produced superimposable kinetics, exhibiting the 
same ‘burst’ and inactivation as fresh samples. 

This experiment indicated that the elimination 
of ATP-Mg*- restored the initial behaviour of the 
preparation. A similar ATP-Mg*--induced intercon- 
version was observed [ 151 using a purified dog kidney 
Na’,K’-ATPase. However, more recently, the same 
authors have obtained results indicating that the 
progressive inactivation that they had observed, 
could be due to the presence of sodium orthovanadate 
in commercial ATP preparation obtained from horse 
muscle (‘Sigma grade’ ATP) [ 16,171. This inactiva- 
tion by vanadate ions could be suppressed by 2.5 mM 
norepinephrine. This restriction does not seem to 
apply to our system since : 
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1. 

2. 

3. 

The ATP preparation that we have utilized is che- 
mically synthetized (Boehringer Mannheim, [ 181); 

It is devoid of inhibitory factor of the Na+,K’- 
ATPase [ 191; 

No effect of 2.5 mM norepinephrine was observed, 
in our experimental conditions, on the inactivation 
phenomenon. 

Consequently, we believe that the results discussed in 
this paper represent the first demonstration of hyster- 
etic behaviour of a Na’,K’-ATPase preparation. The 
rate of inactivation was, in our case, independent of 
K’ concentrations. This could be in relation with the 
particular physiological functions of the synaptosomal 
structure and more particularly with the increase in 
extracellular K’ concentration after the neuronal 

firing [l]. 
This hysteretic nature of the synaptosomal Na’,K’- 

ATPase and of the same enzyme from other brain 
structures, such as glia cells or perikaria (T.G. et al., 
in preparation) may account for some of the discre- 
pancies found in the literature concerning K+-inactiva- 
tion mechanisms of Na’,K’-ATPase in brain (reviewed 
[20,21]. Indeed the more active enzyme, in this con- 
text, must be responsible for the initial velocity (Ve) 
while the activity measured after 2 min or more 
reflects the activity of two distinct enzyme forms, 
which possess, according to our data, very different 

catalytic properties. 
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