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Abstract-The effect of different adrenoceptor agonists on Na,K-ATPase activity and lipid peroxidation 
of rat brain homogenate was studied. Drugs which enhanced Na,K-ATPase activity-noradrenaline, 
adrenaline and oxymethazoline-were found to inhibit endogenous membrane lipid peroxidation. Other 
drugs-phenylephrine, xylazine and clonidine-which did not cause any change in the enzyme activity 
did not influence lipid peroxidation either. No increase of Na,K-ATPase activity by noradrenaline could 
be detected after preincubation of the homogenate for 5 min at 37”. During this time endogenous lipid 
peroxidation of considerable extent could be observed. It is concluded that there is no correlation 
between the adrenoceptor agonist feature of noradrenaline and its stimulatory effect on Na,K-ATPase 
activity of rat brain homogenate. However, it seems likely that in rat brain homogenate the increase 
of Na,K-ATPase activity and inhibition of endogenous lipid peroxidation by noradrenaline are related. 

It has been suggested that synaptic membrane 
Na,K-ATPase may play a role in the regulation of 
transmitter release. Experimental conditions, known 
to inhibit [l, 2,4] or stimulate [3,4] Na,K-ATPase 
activity in some tissues, were shown to elicit [l, 2,4] 
or inhibit [3,4] transmitter release from nerve ter- 
minals, respectively. Presynaptic ctcadrenoceptor 
mediated [5] negative feedback regulation of norad- 
renergic neurotransmission [6], as well as inhibition 
of acetylcholine release by noradrenaline [2], were 
suggested to be possible results of stimulation of 
Na,K-ATPase by noradrenaline [3,4]. Noradrena- 
line induced hyperpolarization of central neurones 
was also regarded as a consequence of noradren- 
aline-stimulation of neuronal Na,K-ATPase [7.8]. 

Since 1972, when Schaefer et al. [9] found that 
catecholamines increased Na,K-ATPase activity in 
the particulate fractions of rat brain by relieving its 
inhibition by a soluble factor, a series of papers 
dealing with the effect of biogenic amines has 
appeared. Increase of Na,K-ATPase activity in the 
presence of catecholamines has been reported for 
microsomal [10--L!], synaptosomal [6, 13, 141 and 
synaptic membrane fractions [15-191. However, 
recent results have clearly shown that increase of 
Na,K-ATPase activity in these preparations is due 
to the reversal by catecholamines of a metal ion 
[12,17], vanadate [16,20] or soluble factor induced 
inhibition [9, 10,21-241. When microsomes [12,21] 
or osmotically disrupted synaptosomes [17, 18,201 
have been studied, using ATP free of metal contam- 
ination, no activation by noradrenaline could be 
observed in these subfractions. The only preparation 
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where catecholamines can consistently enhance 
Na,K-ATPase activity, even with metal free ATP, 
is the homogenate of total brain [25-281 or of dif- 
ferent brain areas [29-341. However, the interpret- 
ations of the results obtained with homogenate are 
contradictory. Some authors have suspected an 
unspecific mechanism for the effect of catechol- 
amines [27,28,31,34]. Others have suggested that 
specific adrenoceptors are involved in the catechol- 
amine induced increase of brain Na,K-ATPase 
[26,30,32,33]. In view of the observation [ll] that 
ascorbic acid induced lipid peroxidation of mem- 
branes results in inhibition of Na,K-ATPase, we 
have examined the effect of different agonists and 
antagonists and of other conditions on the extent of 
lipid peroxidation and Na,K-ATPase activity of 
homogenate in order to determine if any relationship 
exists between the two which might explain obser- 
vations described above. 

MATERIALS AND METHODS 

Rats weighing 15&2OOg were decapitated. Cer- 
ebral cortex (2 gj was homogenized in 20 ml 0.3 M 
sucrose by using a Potter-Elvehjem homogenizer 
and centrifuged at 1000 g for 10 min. The supernatant 
was diluted with distilled water to get protein con- 
centration of 1 mgiml. The procedure was performed 
at 4”. 

Measurement of Na,K-ATPase activity 

For total ATPase assay the medium was of the 
following composition: Tris-HCl buffer pH 7.4 
50mM; MgClz 5 mM; NaCl 100 mM; KC1 20mM; 
ATP 5 mM. For Mg-ATPase assay the medium con- 
tained: Tris buffer pH 7.4 50 mM; MgClz 5 mM; 
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ATP 5 mM. The final volume was 2 ml. After prein- 
cubation for 1 mitt, the reaction was started by 
addition of the enzyme (0.15-0.2 mg protein). The 
incubation was carried out at 37” for 10 min and was 
stopped by addition of 1 ml trichloroacetic acid 
(TCA, 207~). The phosphate content was deter- 
mined by the method of Fiske and SubbaRow (351. 

In the experiments shown in Table 3. the ATPase 
assay was performed in the same medium and volume 
but the reaction was started after 5 min preincubation 
of homogenate by ATP (see Results). 

The Na,K-ATPase activity was calculated by sub- 
tracting Mg-ATPase activity from the total ATPase 
activity and expressed in rlmole PJmg proteinihri 
@mole Piimgihr). 

Protein content of the homogenate was measured 
as described by Lowry et ul. [36]. 

Lipid peroxide measurement 

Lipid peroxidation was measured by thiobarbituric 
acid reaction as described by Wilbur ef ul. 1371. The 
amount of malondialdehyde (MDA) formed was 
calculated by the molar extinction coefficient &5ill = 
1.56 x 105 cm’immole, reported by Sinnhuber et al. 
[38] and was used to express the extent of 
peroxidation. 

Drugs 

These include noradrenaline HCI (BDH Chemi- 
calsLtd.. Poole, U.K.), adrenaline HCI (Koch Light 
Lab. Ltd., Colnbrook, U.K.), oxymethazoline 
(Merck, Darmstadt, West Germany). phenyl- 
ephrine HCI (ROTA), clonidine HCI (Boehringer 
Co. Ltd., London, U.K.), xylazine (Bayern), phen- 
oxybenzamine (CIBA), yohimbine HCI (Sigma 
Chemical Co., St. Louis, MO), phentolamine 
methanesulphonate (CIBA), prazocine HCI (Pfizer. 
Sandwich, U.K.), propranolol (ICI). ATP disodium 
salt, vanadatefree (Sigma, Lot. No96C-7170). Other 
chemicals were purchased from Reanal (Budapest). 

RESULTS 

Effect of different adrenoceptor agonists and antag- 
onists on Na,K-ATPase of rut brain homogenate 

Figure 1 shows the effect of six different adreno- 
ceptor agonists. Noradrenaline. adrenaline known 
as IY~ and ~2 receptor agonists increased the enzyme 
activity. Oxymethazoline, an a? receptor agonist. 

Concentration /M/ 

Fig. I. Effect of different adrenoceptor agonists on 
Na,K-ATPase of rat brain homogenate. Na.K-ATPase 
activity of the homogenates: 6.6 t I .2 /Imole Piimelhr was 
taken. as 100%. &-XI. noreadrenaline: A----A. 
phenylephrine: U. adrenaline; 0-D. clonidine; 
n-n. oxymcthazoline; m---W, xylazine. Each point 
represents an average of three experiments in 

duplicate -t S.E.M. 

was also capable of activating the enzyme to the 
same extent as noradrenaline and adrenaline. All of 
the three drugs were most effective at lo-” M con- 
centration. However, other oZ receptor agonists. 
clonidine and xylazine were completely ineffective 
over the concentration range 10-~h to lo-’ M. Phenyl- 
ephrine, effective only on (pi receptor, did not change 
Na,K-ATPase activity either (Fig. 1). Isoprenaline, 
a 13 receptor agonist, increased the enzyme activity 
similarly to noradrenaline. adrenaline and oxymeth- 
azoline (data not shown). 

Phentolamine, an antagonist which can act on both 
crI and a2 receptors, slightly stimulated basal 
Na,K-ATPase activity. Similar effects could be pro- 
duced by prazocine (Table 1). Yohimbine (lo-‘M), 
a specific aZ antagonist, had a most pronounced 
effect on the enzyme: it increased basal activity from 
7.6 ? 0.9 to 11.5 + 1.2 pmole Piimgihr (Fig. 2b). 

Taking into account the absolute values, there was 
no decrease in the effect of noradrenaline (lo- M j 
in the presence of these antagonists (Fig. 2 and Table 
1). The antagonist. propranolol. did not change the 
stimulatory effect of noradrenaline either (Table 1). 
Phenoxybenzamine (lo- and lo-‘M) in our prep- 
aration caused no significant change in the basal 
activity of the enzyme (Fig. 2a). However, it was the 
only drug among the antagonists which was able to 
decrease the enzyme stimulation by noradrenaline 
(Fig. 2a). The question arises now. whether or not 
this effect of phenoxybenzamine is a receptor 

Table 1. Effect of phentolamine, prazocine and propranolol on Va.K-ATPase activity 
and its stimulation by noradrenaline 

Na.K-ATPase activity /<mole Pi/mg/hr 

Phentolamine 10 ’ M 
1W’M 

Prazocine 10 ‘M 
10 “M 

Propranolol 10 ‘M 
lo-” M 

-NA +NA (10 ’ M) 

4.YY t_ 0.7 11.7.1 t- 1.3 
5.6X r 0. I 14.x -‘I).3 
6.65 2 0.25 16.2 + O.% 
5.7 -+ 0.06 13.3 * 0.1 
6.2 t-o.4 15.x + 0.33 
s.4 t 1.4 15.8 2 7.4 
5.7 t 0.0 17.1 f 2.6 

Each point represents an average of three duplicate experiments + S.E.M. 
NA: noradrenaline. 
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Fig. 2. Effect of phenoxybenzamine (a) and yohimbine (b) 
on the stimulation of Na,K-ATPase by noradrenaline. (a) 
o---O, noradrenaline alone; n---a, noradrenaline 
with 10e5 M phenoxybenzamine; A-A, noradrenaline 
with lo-‘M phenoxybenzamine. (b) 0, noradren- 
aline alone; n---n, noradrenaline with 10.‘M yohim- 
bine; A-A. noradrenaline with lo-” M yohimbine. 
Each point represents an average of three duplicate 

experiments t S.E.M. 

mediated process. Therefore, its effect on the 

enzyme activation enhanced by either EGTA 

[27,28,31] or Co’+ [29] was also studied. These 

conditions are known to be unspecific. independent 
of receptor mediation. The effect of phenoxyben- 
zamine under these circumstances are shown in Fig. 
3. The stimulatory effect of EGTA and of Co” 
(lo-” M) could also be decreased by phenoxyben- 
zamine to a similar extent than that of noradrenaline. 

Effect of different adrenoceptor agonists and antag- 
onist on the endogenous Lipid peroxidation of 
homogenate 

Table 2 shows how endogenous lipid peroxidation 

Table 2. Effect of different adrenoceptor agonists and 
antagonists on endogenous lipid peroxidation of 

homogenate 

MDA formation (9;) 

Control 
Noradrenaline 
Adrenaline 
Oxymethazoline 
Phenylephrine 
Xylazine 
Clonidine 
Yohimbine 
Phentolamine 

100 
0.8 f 0.8 
1.2 r 0.7 
0.6 + 0.6 

102.0 + 3.1 
99.6 2 1.56 
99.9 k 1.0 
55.5 2 1.6 
86.2 2 1.3 

MDA formed in control experiments (100%): 3.1 5 
0.07 nmole/mg/lO min. 

All drugs were tested in lo-.” M concentration. Protein 
concentration in the medium was 23f&250pg/ml. Each 
point represents an average of three experiments k S.E.M. 

of homogenate was changed in the presence of dif- 
ferent agonists and antagonists measuring under the 
same conditions as the assay of Na,K-ATPase was 
carried out. Noradrenaline, adrenaline and oxy- 
methazoline (lo-‘M) completely prevented MDA 
formation in the medium. Phenylephrine, xylazine 
and clonidine failed to influence lipid peroxide for- 
mation under these conditions. Yohimbine (lo- M) 
had a distinct effect on lipid peroxidation. Phentol- 
amine decreased lipid peroxidation of homogenate, 
however, to a lesser extent than yohimbine. Phen- 
oxybenzamine ( 10m4 M) did not cause any change in 
the extent of lipid peroxidation either in the absence 
or in the presence of noradrenaline (not shown). 

Table 3. Correlation between the activity of Na,K-ATPase and lipid peroxidation in 
homogenate under different incubation conditions with noradrenaline 

Activity of 
Na,K-ATPase 

umolelPilmg/hr 

Lipid 
peroxide formation 

nmole/MDA!mg 

* Incubation without ATP 
(5 min) 
t Preincubation (5 min) 

Incubation (10 min) 
$ Preincubation with lo-‘M 
noradrenaline (5 min) 

Incubation (10 min) 
0 Preincubation (5 min) 

Incubation with lo-” M 
noradrenaline (10 min) 

- 0.93 + 0.03 

4.34 r 0.8 3.31 + 0.09 

11.31 2 1.2 0.04 k 0.04 

5.4 5 0.87 0.86 t 0.02 

In these experiments ATPase reaction was started hy ATP after preincubation of 
homogenate for 5 min. 

* After 5 min incubation without ATP homogenate was precipitated by TCA and 
lipid peroxidation was measured. 

t After 5 min preincubation of homogenate reaction was started by ATP and incu- 
bated for further 10 min. 

$ The same as i but noradrenaline (10-j M) was present during the preincubation 
period. 

P The same as t but noradrenaline was added together with ATP after 5 min 
preincubation of homogenate. 

Each point represents an average of three duplicate experiments + S.E.M. 



2234 V. ADAM-VIZ1 and A. SERtGl 

Lack of the stimulatory effect of noradrenaline on 
Na,K-ATPase in homogenatepreincubatedfor 5 min; 
relation to lipid peroxidation 

In these experiments homogenate was preincu- 
bated for 5 min at 37” in the reaction medium with 
or without noradrenaline. The reaction was started 
by ATP after this preincubation period and the 
incubation was followed for further 10min period. 
Table 3 shows that, if homogenate had been prein- 
cubated with noradrenaline for 5 min, the enzyme 
activity was increased from 4.34 t 0.8 to 11.31 t 
1.2 pmole Piimglhr. In contrast, if homogenate had 
been preincubated for 5 min and noradrenaline was 
added together with ATP at 5 min, only a slight 
increase could be obtained (from 4.34 + 0.8 to 
5.4 ? 0.87 pmole Pilmgihr). Under these conditions 
when measuring the lipid peroxidation of hom- 
ogenate, we found that noradrenaline when it was 
present in the preincubation period, i.e. when 
Na,K-ATPase activity was increased, completely 
abolished lipid peroxide formation (from 3.41 2 0.09 
to 0.04 ? 0.04 nmole MDAlmg). When nor- 
adrenaline was added after 5 min preincubation, the 
amount of lipid peroxides (0.86 + 0.02 nmole 
MDAimg) measured after a further 10 min period 
was almost identical to that measured after 5 min 
incubation without noradrenaline (0.93 * 
0.03 nmole MDAimg). This finding indicates that 
addition of noradrenaline stopped further lipid per- 
oxide formation. 

DISCUSSION 

It has been well known for several years that 
catecholamines can increase Na,K-ATPase activity 
in a brain homogenate [25-341. However, little 
information is available on the mechanism of this 
action. It has been proposed that specific receptors 
are involved in the effect of catecholamines on 
Na,K-ATPase of homogenate [26,30,32,33]. This 
suggestion was based on experiments where some 
adrenoceptor agonists were found to be effective on 
Na,K-ATPase of the homogenate and some antag- 
onist decreased the effect of these agonists. 

In contrast, Van der Krogt and Belfroid [34], who 
examined in detail the effect of several agonist and 
antagonist on the activity of the enzyme, have come 
to the conclusion that in the homogenate the effect 
of catecholamines is most probably not related to 
specific adrenoceptors. In the present work, we have 
also examined the effect of different adrenoceptor 
agonists and found that some of them (adrenaline, 
noradrenaline, isoproterenol, oxymethazoline) can 
increase Na,K-ATPase activity, while others (phen- 
ylephrine, xylazine, clonidine) were ineffective (Fig. 
1). In addition, none of the receptor antagonists 
studied (phentolamine, yohimbine, prazocine, phen- 
oxybenzamine) could decrease the effect of norad- 
renaline except phenoxybenzamine (Fig. 2.) Table 
1). However, phenoxybenzamine is known to have 
a non-specific inhibitory effect on Na.K-ATPase 
activity [39] provided that it is not already inhibited 
by soluble fraction [22] or by metal ions [17]. By our 
finding that phenoxybenzamine could antagonize the 
enhancement of Na,K-ATPase activity caused by 

ccmm EGTA EGTA 
+pB 

0‘. Co” NA NA 
*pB *PB 

Fig. 3. Effect of phenoxybenzamine (Pg. 10 ’ M) on the 
stimulation of Na,K-ATPase by EGTA (lUmJ M). CoCI: 
(lo-“M) and noradrenaline (NA) (lo-‘M). Each point 
represents an average of two duplicate experiments + 

S.E.M. 

EGTA or Co’+ (Fig. 3) the nonspecific nature of its 
effect is supported. 

On the basis of these results, no correlation can 
be seen between the effect of the drugs on Na,K- 
ATPase and their adrenoceptor agonist or antagonist 
feature. However, due to the heterogeneity of the 
preparation, no firm conclusion can be drawn: the 
homogenate contains Na,K-ATPase originating 
from different sites of the cell, each of which may 
respond differently to an agonist and/or antagonist. 
Na,K-ATPase activity measured in homogenates in 
our and other’s experiments must be a net effect. 
Therefore, in order to explain why Na,K-ATPase 
activity is increased in the presence of noradrenaline 
and some other receptor agonists, it seems advisable 
not to give more attention to the receptors but to 
find common characteristics or effects of these drugs 
which may be related to their effect on the enzyme. 

Schaefer et al. [9] have shown that catecholamines 
increase Na,K-ATPase activity in various particulate 
fractions of rat brain by antagonizing the effect of 
an endogenous inhibitor present in the cytosol. One 
soluble inhibitor has been identified as ascorbic acid 
[lo] and its lipid-peroxidation inducing effect has 
been shown to be responsible for the inhibition of 
the enzyme [ll]. Recently similar observation has 
been published by Matsuda et al. [40] and Svoboda 
and Mosinger [21]. Inhibition of Na,K-ATPase by 
hyperbaric oxygen as a result of lipid peroxidation 
is demonstrated by Kovachich [41]. 

The concentration of ascorbic acid in the brain 
tissue is about 2 x lo-’ M [lo, 42,431. On the basis 
of this data, we calculated that in our incubation 
medium the concentration of ascorbic acid originated 
from homogenate was about 2 x lo-“M. This con- 
centration has been shown to be able to inhibit 
Na,K-ATPase of microsomes [lo, 211 by promoting 
lipid peroxidation [ll. 21.431. It could be expected 
that this endogenous ascorbic acid concentration 
could cause lipid peroxidation in the homogenate 
also. As shown in Table 2 and Table 3 we could 
detect time-dependent lipid peroxidation in the hom- 
ogenate. All those agonists (and antagonists) which 
were able to enhance enzyme activity, proved to be 
inhibitors of endogenous lipid peroxidation. Table 
2 shows that, in addition to noradrenaline and 
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adrenaline which have been already shown to inhibit 
lipid peroxidation of microsomes caused by exogen- 
ous ascorbic acid [ll] or by cytosol [22], oxymeth- 
azoline could completely depress endogenous lipid 
peroxidation. Drugs ineffective in increasing 
Na,K-ATPase activity did not influence lipid per- 
oxidation either. These findings strongly suggest that 
the inhibition of lipid peroxidation is important in 
the effect of noradrenaline and of other drugs rather 
than the extent and nature of adrenoceptor 
activation. 

The finding that, in our experiments, yohimbine 
increased basal activity can also be explained by its 
pronounced inhibitory effect on lipid peroxidation. 
Similar explanation might be given for the slight 
increase in Na,K-ATPase activity by phentolamine 
in our and other experiments [33,34]. The same 
phenomenon might explain the stimulatory effect of 
dopamine [31. 341, serotonin [30], apomorphine [34] 
EDTA [29,34]. EGTA [27, 28,311, Co’+ [29] and 
Mn2+ (291 on Na,K-ATPase of homogenate: these 
substances are potent inhibitors of ascorbic acid 
induced lipid peroxidation [ 111. 

Further evidence for the role of lipid peroxidation 
is furnished by the results shown in Table 3. Nor- 
adrenaline, when it was preincubated with hom- 
ogenate, completely prevented lipid peroxidation 
(from 3.41 ? 0.09 to 0.04 t 0.04 nmole MDA/mg) 
and resulted in an increase in Na,K-ATPase activity 
(from 4.34 i 0.8 to 11.31 ? 1.2pmole Piimgihr). 
However, when homogenate was preincubated for 
5 min and noradrenaline was added together with 
ATP lipid peroxide formation (0.86 ? 0.02 nmole 
MDAimg) was consistent to that observed after 
5 min incubation of homogenate without noradren- 
aline and ATP (0.093 * 0.03 nmole MDAimg). This 
fact indicates that adding noradrenaline at 5 min 
stopped further lipid peroxidation. However, it could 
not reverse the inhibition of the enzyme caused by 
lipid peroxidation proceeded in the first 5 min. The 
activities of Na,K-ATPase in this case (5.4 + 
0.87 pmole Piimgihr) and in that (4.34 2 0.8 @mole 
Piimglhr) where lipid peroxidation was not inhibited 
are very similar, indicating that lipid peroxides 
formed during 5 min preincubation are enough to 
cause irreversible inhibiton of Na,K-ATPase. These 
results may explain the finding of Wu and Phillis that 
the presence of noradrenaline during the preincu- 
bation period was necessary to obtain an increase 
in Na,K-ATPase of homogenate [33]. 

We think that the effect of noradrenaline on 
Na,K-ATPase activity of homogenate is only an 
apparent stimulation: in reality the increase in the 
enzyme activity is a consequence of prevention by 
noradrenaline of lipid peroxidation, which is caused 
by ascorbic acid present in the homogenate. This 
inhibitory effect of noradrenaline is most probably 
due to its ability to chelate metal tracers 
[lo, 12,21.24,34] which are necessary for ascorbic 
acid induced lipid peroxidation. 

Taking into account our present results and recent 

evidences obtained by others we do not know any 
preparation or circumstance where direct stimulation 
of Na,K-ATPase by noradrenaline would be proved. 
The SO called activating action of noradrenaline can 
be much rather regarded as a protective effect on 

Na,K-ATPase supressed by metal ion [12,17]. van- 
adate [18,44], lipid peroxidation [ll, 22-401 or by 
the simultaneous effect of these inhibitory factors. 
Thus, the biochemical data available at present con- 
cerning the effect of noradrenaline on Na,K-ATPase 
activity can not support the suggestion that the 
inhibition of transmitter release might be due to the 
stimulation of Na,K-ATPase by noradrenaline 
[45,46]. However, the possibility cannot be ruled 
out that a receptor mediated effect of noradrenaline 
on the enzyme related to transmitter release or mem- 
brane polarization is masked by its aspecific action 
on the heterogenous enzyme preparation. The elu- 
cidation of this point, however, requires further 
study. 
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