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Abstract-Na-K ATPase activity of homogenates of rat atriatum is stimulated by dopamine (DA) and 
noradrenalin (NA) in similar and concentration-dependent ways. The enzyme is also stimulated h? 
apomorphine and 2-amino-6,7-dihydroxy-1,2,3,4-tetrahydronaphthalene (ADTN), agonists of DA 
receptors. Other DA agonists, such as bromocriptine and piribedil, show no effect at all, while another, 
lergotrile, stimulates only slightly. The stimulatory effect of DA and apomorphine is not counteracted 
by haloperidol. cis-Flupenthixol, another DA receptor antagonist, does strongly inhibit DA stimulation 
of striatal Na-K ATPase activity at concentrations which inhibit basal activity to a limited extent only. 
However, this effect is not related to the DA receptor blocking activity of the drug, as trans-flupenthixol, 
an isomer which is much less active in DA receptor blocking tests, inhibits the stimulation by DA even 
more. With drugs blocking Q and fi noradrenergic receptors (phentolamine and dihydroergotoxine, 
respectively propranolol), no specific inhibition of the NA stimulation of Na-K ATPase activity of 
striatum, cerebral cortex and cerebellum is found. In addition, no effect of the (Y receptor agonist 
clonidine is observed. From these experiments with catecholamine receptor agonists and antagonists, 
we conclude that stimulation of brain Na-K ATPase most probably is not related to catecholamine 
receptor mechanisms. Lesion experiments suggest that the DA susceptible striatal Na-K ATPase activity 
is not specifically localized in DA neurons or in DA innervated neurons. Neither degeneration of DA- 
containing terminals (caused by 6-hydroxydopamine) nor degeneration of neurons postsynaptically with 
regard to DA terminals (caused by kainic acid) affects DA susceptibility of the striatal enzyme. We 
therefore conclude that catecholamine susceptibility probably is a general characteristic of striatal Na- 
K ATPase (and probably also of that of other brain regions). Our conclusions are in line with suggestions 
in the literature that stimulation of brain Na-K ATPase by catecholamines is a nonspecific phenomenon 
and is indirectly effected by abolition of the inhibitory effect of divalent metal ions on the enzyme, 
Indeed, the striatal enzyme is stimulated by EDTA too. 

It is widely believed that Na-K ATPase (Na+-KC- 
activated, Mg’+-dependent ATP phosphohydrolase, 
EC 3.6.1.3) plays a crucial part in the functioning 
of neurons. The enzyme is thought to be responsible 
for the maintenance and re-establishment of the 
cation gradient across the neuronal membrane which 
is essential for impulse propagation [ 11. In addition ~ 
several data suggest a role of the enzyme in the 
regulation of release and uptake of neurotransmitters 
[24]. Since 1972 numerous investigators have 
reported that Na-K ATPase activity of a variety of 
brain tissue preparations can be stimulated in vitro 
by catecholamines [S-17]. The mechanism of this 
phenomenon is unclear. In some cases reduction of 
the stimulatory effect of catecholamines by catechol- 
amine (CA) receptor antagonists is described. sug- 
gesting a receptor-mediated process [9. 17.-201. 
Other investigators are of the opinion that catechol- 
amines do not stimulate Na-K ATPase directly, but 
rather disinhibit the enzyme by chelating inhibitory 
metal ions [X, 15.211. 

In view of studies on dopaminergic transmission 
[22], we were particularly interested in the effect of 
dopamine (DA) on Na-K ATPase activity of striatal 

preparations. On this point the literature presented 
very few data. At the start of our Investigations 
there only was a paper by Logan and O’Donovan 
[12], reporting absence of an effect of DA on Na- 
K ATPase activity of a striatal synaptic membrane 
preparation of rabbits. In the course of our studies, 
however, two groups reported stimulation by DA 
of the enzyme in striatal homogenates, viz. Sulakhe 
et al. (rat and rabbit [ 161) and Akagawa and Tsukada 
(rat [17]). Our results as described in this paper 
confirm this observation of the latter groups. To 
further characterize the effect of DA on striatal Na- 
K ATPase, we studied the effect of a number of 
drugs with well-known stimulating or blocking 
actions on DA and noradrenalin (NA) receptors. 
For comparison, we performed parallel assays on 
other brain area preparations. We also investigated 
the effect of lesions on the DA stimulation of the 
striatal enzyme in order to see whether the DA 
susceptible enzyme has a specific localization. Some 
of our findings, presented in this paper, have been 
reported at the Second Meetin! of the European 
Society for Neurochemistry. Gattmgen. August 1978 
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MATERIALS AND METHODS 

Chemicals. ATP. isolated from equine muscle. 
and synthetic ATP. both disodium salts, were 
obtained from Sigma. The sources of the drugs were: 
ouabain: Merck; dopamine HCI: Sigma; f-noradren- 
alin bitartrate: Serva; serotonin creatininsulfate: 
Merck; apomorphine HCI: Sandoz; cu-bromocriptine 
mesylate: Sandoz; lergotrile mesylate: Eli Lilly; 
piribedil mesylate: Servier; Z-amino-6,7-dihydroxy- 
1,2,3,4_tetrahydronaphthalene HBr: Dr. B. H. C. 
Westerink, Laboratory for Pharmaceutical and Ana- 
lytical Chemistry. Groningen, The Netherlands: 
clonidine HC1: Boehringer Ingelheim; haloperidol: 
Janssen; cis- and [runs-flupenthixol2HCI: Lundbeck; 
phentolamine HCI: Ciba-Geigy; propranolol HCI: 
ICI; dihydroergotoxine mesylate: Sandoz: 6- 
hydroxydopamine HCI: Aldrich; kainic acid: Sigma. 
All other chemicals were p.a. quality. 

Bruin homogenates. Male rats of the laboratory- 
bred SPF Wistar strain, weighing 200-230 g, were 
decapitated. Brain dissections were performed on 
an ice-cooled glass plate. Brain tissue was hom- 
ogenized in 50-125 vol. of ice-cold deionized water. 
using a glass Potter-Elvehjem homogenizer with 
teflon pestle. 

Brain lesions. All lesions were unilaterally made 
under ether anaesthesia. h-Hydroxydopamme (h- 
OHDA) lesions were made by implanting a pellet 
of about 2.5 pg 6-OHDA into the right nigro-striatal 
tract (coordinates according to Kiinig and Klippel 
[24] in mm: A = 4.0; L = 1.5: V= -2.6) by means 
of a cannula as described by Smelik (251. After about 
18 days the rats were killed. Homogenates of the 
striata were analysed for ATPase activities, for DA 
content (method of Westerink and Korf 1261) and 
for protein content (method of Lowry it ul. (27)). 
Lesions which caused more than 90 per cent reduc- 
tion of DA in comparison with the non-lesioned 
striatum were considered as successful and only 
results of these lesions are presented (8 out of 9). 

Kainic acid lesions were made by injecting 1.25 
or 2.25 kg kainic acid in 1 ~1 isotonic saline into the 
right striatum over a 5 min period (coordinates: 
A = 7.6: L = 3.0: V = 0.4). After injection the can- 
nula was left in place for another 5 min. Vehicle 
(1 ~1) was injected into the left striatum. The animals 
were killed 8 days after the injection. Homogenates 
of the striata were analysed for ATPase activities as 
well as for protein content. 

Na-K ATPase assay. Na-K ATPase activity was 
taken as the difference between ATPase activity 
measured in the presence of Mg”, Na+ and K’ (total 
ATPase activity) and ATPase activity measured in 
the presence of Mg’+. Na’ and ouabain (Mg ATPase 
activity). 

Total ATPase activity was assayed in a medium 
containing 4 mM ATP (disodium salt), 100 mM 
NaCl, 20mM KCI, 6mM MgClz, 10mM Tris- 
maleate and homogenate of 0.4O.5 mg brain tissue. 
For measurement of Mg ATPase activity, KCI was 
omitted and 1 mM ouabain was added. The final 
volume was 1.0 ml. the final pH 7.3 at 37”. The assay 
medium minus ATP was preincubated at 37” for 
10 min. The reaction was started by addition of ATP 
and after 20 min terminated with 0.5 ml of cold 7.5%~ 

(w/v) trichloroacetic acid. After cooling for some 
minutes, 1.5 ml of colour reagent (1.15% ammoniutn 
heptamolybdate in 1.32 N sulfuric acid, in which 
92 mgiml ferrous sulfate was dissolved immediately 
before use 1281) was added. followed by crntrifu- 
gation in the cold for 5 min at 3000 r.p.m. The 
extinction of the supernatant was read at 700 nm 
30 min after addition of the colour reagent. 

For measurement of tissue-blank values. hom- 
ogenate was added after trichloroacetic acid. All 
ATPase assays were performed in triplicate. ATPase 
activities are expressed as pmoles Pi released per g 
tissue or (for lesion experiments) per mg protein and 
per hr incubation at 37”. 

The drugs used in our study were added to the 
preincubation media. Fresh solutions were prepared 
immediately before use. The drugs were carefully 
checked for possible effects on the final pH of the 
assay media. To dissolve haloperidol. acetic acid was 
used. The pH of this solution was adjusted with Tric 
to a limited extent to avoid precipitation. IJsing 
10mJ M haloperidol. the final pH of the ATPase assay 
media was maximally 7.1. Bromocriptine. too. 
needed some acetic acid in order to dissoh~e. To 
correct the (small) vehicle effects in these experi- 
ments, a corresponding volume of a similarly pre- 
pared vehicle was added to all control assay media. 

Presentation of results and statistical evallratiofl. In 
order to compensate for variability in the levels of 
the ATPase activities owing to the use of different 
ATP preparations (see Results) and to day-to-day 
variations, we calculated our results (and prcsentttd 
them in tables and figures) as percentages of paired 
basal or control activities. The absolute values of the 
latter, however, are mentioned in the legends to the 
figures and in the tables. Since we were primarily 
interested in effects on Na-K ATPase activity, results 
of Mg ATPase assays are not always shown, but are 
sometimes only mentioned in the legends. 

Statistical evaluation was done by Student’s t-test 
for paired data. A P < 0.05 was chosen as the level 
of significance. 

RESULTS 

(1) Effect of DA and other biogenic amines on Na, 
K-ATPase activity of strintum and other brain regions 

Effect of DA. As is shown in the upper part of 
Fig. 1, Na-K ATPase activity of striatal homogenates 
is stimulated by DA in a concentration-dependent 
way, with a maximum at 1O-J M. The lower part of 
Fig. 1 presents, under the same circumstances, the 
activities of Mg ATPase, an enzyme distinct from 
Na-K ATPase but in crude enzyme preparations 
always accompanying it. Its activity is also stimulated 
by DA, but to a far less extent, e.g. lO~‘M DA 
more than doubles Na-K ATPase activity. but 
enhances Mg ATPase activity by only 20 per cent. 
The columns A, B and C of Fig. 1 indicate results 
obtained using different ATP preparations as sub- 
strate, viz. ATP isolated from equine muscle and 
containing an inhibitor of Na-K ATPase. recently 
identified as vanadate (see Discussion), equine mus- 
cle ATP essentially free of vanadate and synthetic 
ATP, respectively. Using these different ATP prep- 
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Fig. 1. Effect of various concentrations of DA on Na-K ATPase (upper part of the figure) and Mg 
ATPase activity (lower part) of striatal homogenates, using three different ATP preparations as 
substrate, viz. vanadate-containing equine muscle ATP (A), vanadate-free equine muscle ATP (B) and 
synthetic ATP (C). Results shown are means of 9 (A), 4 (B) and 8 (C) experiments ? S.E.M. ATPase 
activities are expressed as percentages of the paired basal activities. Activities significantly different 
from basal activities are indicated by *. Basal activities (in @moles Pig-’ hr-‘) : A: Na-K ATPase: 
532 % 51; Mg ATPase: 1215 + 14; B: Na-K ATPase: 895 2 34; Mg ATPase: 1193 2 21: C: Na-K 

ATPase: 715 k 41; Mg ATPase: 1258 ~fr 15. 
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Fig. 2. Effect of 10eJ M DA on striatal Na-K ATPase (upper part of the figure) and Mg ATPase activity 
(lower part) in the presence of various concentrations of EDTA. Results shown are means of 3 
experiments +- S.E.M. ATPase activities are expressed as percentages of the paired basal activities. 
Statistically significant effects of EDTA compared with the basal activities are indicated by *, those of 
10e4M DA compared with the corresponding control activities by **. Basal activities (in pmoles 

Pig-’ hr-‘): Na-K ATPase: 625 + 22; Mg ATPase: 1523 k 16. 
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Fig. 3. Effect of various concentrations of apomorphine on striatal Na-K ATPase (upper part of the 
figure) and Mg ATPase activity (lower part). compared with the effect of lO~‘M DA. Results shown 
are means of 6 experiments 2 S.E.M. ATPase activities are expressed as percentages of the paired 
basal activities. Activities significantly different from basal activities are indicated by *. Basal activities 

(in pmoles Pig-’ hrF’): Na-K ATPase: 815 t 120: Mg ATPase: 1195 t 48. 

arations, only minor differences in the stimulative 
effect of DA on Na-K ATPase are observed, the 
most notable being that 10-j M DA only stimulates 
the enzyme when assayed with vanadate-containing 
ATP. However, we do not attach much importance 
to this difference, as in other experiments (not shown 
here) we found that the effect of such high CA 
concentrations vary considerably. As can be seen in 
the legend to Fig. I, absolute Na-K ATPase activities 
are higher with the vanadate-free ATP preparations 
than with the vanadate-containing one, which fits in 
an inhibitory effect of vanadate. The Mg ATPase 
activities show no differences. A great many of our 
experiments had been completed before the vana- 
date-free equine muscle ATP preparation became 
obtainable. As the comparative experiments 
described above showed only a negligible effect of 
the vanadate impurity on the stimulation by the most 
extensively studied DA concentrations ( IWi and 
10-j M). we decided not to repeat all our previous 
experiments; those which were repeated showed sim- 
ilar results. Yet, we continued our studies with a 
vanadate-free preparation of equine muscle ATP as 
soon as it was obtainable. 

Comparative experiments with homogenates of 
striatum, cerebral cortex and cerebellum showed 
that the Na-K ATPase activities of these regions are 
stimulated by DA to a similar extent (results not 
shown). 

Effect of NA and serotonin (5HT). NA and SHT 
are also capable of increasing the activity of striatal 
Na-K ATPase in a concentration-dependent man- 
ner. NA has the same potency as DA, that of 5HT 
is far less: lo-‘M ot the catecholamines doubles 

enzyme activity, whereas lO- M 5HT stimulates the 
enzyme by about 30 per cent (results not shown). 

Effect of DA in the presence qf’ EDTA. EDTA 
causes a concentration-dependent stimulation of 
striatal Na-K ATPase (and Mg ATPase) activity 
(Fig. 2). Stimulation by lo-‘M DA appears to be 
only partly additive with this effect of EDTA: in all 
cases about the same maximal activity is reached. 

(2) Effect of CA receptor agonists and antagonists on 
basal and stimulated Na-K A TPase activity 

Effect of DA receptor agonists. As can be seen in 
Fig. 3, the DA receptor agonist apomorphine induces 
at lower concentrations (IO-” and IO-’ M) a con- 
centration-dependent increase of striatal Na-K 
ATPase activity, whereas lO_ M almost complctel! 
inhibits the enzyme. The latter concentration also 
inhibits Mg ATPase activity. though to a lesser 
extent. Apomorphine appears to be more potent 
than DA: the stimulation by lo-‘M apomorphine 
practically corresponds with that caused by lo-’ M 
DA. Apomorphine not only stimulates Na-K 
ATPase activity of striatal homogenates. but also 
that of other brain regions (results not shown). 

In addition to apomorphine we have studied the 
effect of some other drugs known as tnorc or less 
specific DA receptor agonists, viz. bromocriptine. 
lergotrile. piribedit and 2-amino-6.7-dihydrox\,- 
1,2,3,4_tetrahydronaphthalene (ADTN). Results of 
experiments with the three former drugs are reported 
in Table 1; the ADTN results are shown in Fig. -1. 
In contrast to apomorphine. bromocriptine and 
piribedil have no effect whatsoever on striatal Na- 
K ATPase activity. Lergotrile does stimulate the 
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Fig. 4. Effect of various concentrations of ADTN on striatal Na-K ATPase (upper part of the figure) 
and Mg ATPase activity (lower part), compared with the effect of 10e4 M DA. Results shown are 
means of 4 experiments (except 5 X lo-’ and 5 X 10m4 M: 3 experiments) 2 S.E.M. ATPase activities 
are expressed as percentages of the paired basal activities. Activities significantly different from basal 
activities are indicated by *. Basal activities (in pmoles Pig-’ hr-‘): Na-K ATPase: 1002 + 34; Mg 

ATPase: 1384 -t 21. 

enzyme, but far less than apomorphine: a 10S5 M 
concentration of the latter compound increases 
Na-K ATPase activity by about 100 per cent, 
whereas the effect of a ten times higher concentration 
of lergotrile amounts to less than 30 per cent. The 
drugs mentioned in Table 1 could not be studied at 
higher concentrations than the ones shown, because 
at 5 (bromocriptine and lergotrile) resp. 2 (piribedil) 
times higher concentration, precipitation occurred 
in the test tubes. From Fig. 4 it can be inferred that 
the rigid DA analogue ADTN stimulates striatal 

Na-K ATPase as effectively as DA itself: both com- 
pounds more than double enzyme activity at 10e4 M. 
However, a remarkable difference between ADTN 
and DA emerges at 10m3 M: at this concentration 
the effect of DA varies between stimulation and no 
effect (see Fig. l), whereas ADTN completely 
inhibits Na-K ATPase activity. In this respect ADTN 
resembles apomorphine, although inhibition by the 
latter drug already takes place at a lower 
concentration. 

Effect of NA receptor agonist. The LY NA receptor 

Table 1. Effect of bromocriptine, lergotrile and piribedil on striatal Na-K ATPase activity, compared 
with the effect of 10e4 M DA 

No drug 

1O-6 M 
lo-’ M 
5 x lo-’ M 
1O-4 M 

Bromocriptine 

100% 
(765 2 84 wmoles) 

107.7 + 9.5% 
102.2 -r- 6.1% 

Lergotrile 

100% 
(1040 t 62 pmoles) 
105.6 t 4.5% 
108.9 * 2.7%* 

128.5 2 4.6%* 

Piribedil 

100% 
(1105 + 41 pmoles) 

97.9 * 1.8% 
103.7 2 1.7% 
96.5 ‘-’ 3.9Yc 

1O-4 M DA 210.5 ? 11.4%” 222.9 f 13.2%* 207.9 ? 8.X%* 

Values given are means of 4 (bromocriptine), 6 (lergotrile) and 3 experiments (piribedil) 2 S.E.M. 
Na-K ATPase activities are expressed as percentages of the paired basal activities. The latter, expressed 
in Fmoles Pi g-r hr-‘, are given in brackets. Activities significantly different from basal activities are 
indicated by *. None of the drugs (except DA) significantly affected Mg ATPase activity (results not 
shown). 
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Fig. 5. Effect of various concentrations of cis-flupenthixol (A) and rrans-flupenthixol (B) on basal and 
DA stimulated striatal Na-K ATPase (upper part of the figure) and Mg ATPase activity (lower part). 
Results shown are means of 6 experiments -+ S.E.M. (except 3.75 X IO-’ M: 2 experiments i range). 
ATPase activities arc expressed as percentages of the paired basal activities. Activitirs significantly 
different from the corresponding control activities are indicated by *, Basal activities (in Fmoles 
Pi gg’hr-‘): A: Na-K ATPasc: 978 2 47; Mg ATPase: 1312 2 31; B: Na-K ATPase: 8Y9 t 36: Mg 

ATPase: 1377 t 32. 

agonist clonidine, in a concentration range of IO-” 
to 10m3 M, does not significantly change striatal 
Na-K ATPase activity. At 1O-3 M there is a tendency 
to inhibition (results not shown). 

Effect of DA receptor antagonists. A lo-” M con- 
centration of the DA receptor blocker haloperidol 
does not affect stimulation of striatal Na-K ATPase 
activity by lo-’ or lO_‘M DA (see Table 2), nor 
does haloperidol influence the stimulatory effect of 
NA and apomorphine (results not shown). Halo- 
peridol inhibits striatal Mg ATPase, but the basal 
and DA stimulated activities of the enzyme to the 
same extent. In contrast with haloperidol, flupen- 
thixol does inhibit DA stimulation of striatal Na-K 
ATPase activity. This is illustrated in Fig. 5: panel 

A shows the effect of the cis isomer, panel B that 
of the tram isomer of flupenthixol. Also basal 
Na-K ATPase activity is inhibited by both isomers. 
However, the effects on the stimulated Na-K 
ATPase activities are much stronger: 5 x 10m5 M cis- 
flupenthixol very markedly reduces the increase of 
enzyme activity by lop5 and 10m4 M DA, while 
5 x lo-’ M trans-flupenthixol even completely elim- 
inates the DA activation of striatal Na-K ATPase 
activity. Also striatal Mg ATPase is inhibited by the 
flupenthixol isomers, but, as in the case of halo- 
peridol, basal and stimulated activities to about the 
same extent. 

Effect of NA receptor antagonists. Table 3 shows 
the effects of the cy blockers phentolamine and 
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Table 2. Effect of haloperidol (HAL) on basal and DA stimulated striatal Na-K ATPase and Mg ATPase activity 

No DA lo-’ M DA lo-” M DA 

Na-K ATPase 
No HAL 

1O-4 M HAL 

100% 
(600 2 63 pmoles) 
97.4 * 5.7% 

100% 
(1103 * 195 pmoles) 
95.2 ? 4.2% 

100% 
(166X 2 213 pmoles) 

98.0 ? 2.2% 

Mg ATPase 
No HAL 

1O-4 M HAL 

100% 
(1269 2 44 pmoles) 

68.4 ? 3.0%” 

100% 
(1372 ? 42 pmoles) 

73.6 t 2.2%* 

100% 
(1479 * 55 moles) 

79.3 2 I .4%” 

Values given are means of between 8 and 10 experiments 2 S.E.M. ATPase activities are expressed as percentages 
of the corresponding paired control activities in the absence of haloperidol. The latter activities, expressed in pmoles 
Pig-’ hr-‘, are given in brackets. Activities significantly different from the corresponding control activities are 
indicated by *. The ATPase activities given in this table were measured at a final pH of the assay medium of 7.1 (see 
Materials and Methods) 

dihydroergotoxine and of the /3 blocker propranolol 

on the stimulation by lo-’ and lo-’ M NA of Na-K 
ATPase activity of homogenates of striatum, cere- 
bral cortex and cerebellum. 

Phentolamine, in a concentration of 10mJ M, 
stimulates basal Na-K ATPase activity of all three 
brain regions. If no correction is made for this 
increase of the basal activity, phentolamine does not 
show any effect on the stimulation of the Na-K 
ATPase activities by NA. But if this correction is 
made, a small and in most cases significant inhibition 
of the stimulatory effect of NA is observed (data not 

shown). However, it is uncertain whether the cor- 
rection is allowed, since phentolamine stimulation 
perhaps only occurs under control conditions. We 
have also studied the effect of 5 x lo-’ M phento- 
lamine, but at this concentration very inconsistent 
results were obtained. 

After dihydroergotoxine, in a concentration of 
lo-’ M, no significant change in the Na-K ATPase 
activities of striatum and cerebellum was observed, 
either in the basal activities, orin the NA stimulation. 
The drug does cause a statistically significant inhi- 
bition of the stimulated Na-K ATPase activity of 

Table 3. Effect of phentolamine (PHEN), dihydroergotoxine (DHE) and propranolol (PROP) 
on basal and NA stimulated Na-K ATPase activity of homogenates of striatum, cerebral cortex 

and cerebellum 

No NA 1O-5 M NA 10-j M NA N 

Striatum 
No antagonist 
PHEN 1O-4 M 
DHE 1O-4 M 
PROP lo-” M 

lo-’ M 

100% 100% 100% 
117.6 ? 2.9%* 104.8 + 5.0% 98.9 t 3.9% 8 

99.5 2 6.1% 110.8 t 3.8% 112.9 2 3.7% 3 
90.1 2 6.0% 110.4 + 8.2% 105.1 + 1.6%* 3 
64.0 i- 5.0%* 78.9 -t- 2.5%O* 72.7 2 5.5O/c* 3 

Cerebral cortex 
No antagonist 
PHEN 1O-4 M 
DHE 10-j M 
PROP 1O-4 M 

lo-’ M 

100% 100% 100% 
125.2 2 5.5%* 105.7 t 3.5% 94.6 + 4.2% 8 

89.7 2 2.970* 95.4 2 0.8%* 88.1 t 1.4%* 4 
106.0 2 12.4% 95.8 t 3.8% 97.2 + 2.1% 3 

38.2 2 12.1%* 45.9 * 1.90/o* 39.3 2 0.9%* 3 

Cerebellum 
No antagonist 
PHEN 1O-4 M 
DHE 1O-4 M 
PROP 1O-4 M 

lo-’ M 

100% 100% 100% 
119.5 2 7.3%* 99.6 2 4.9% 97.8 ? 5.8% 10 

94.1 2 2.7% 99.1 ” 3.3% 97.7 2 2.6% 8 
91.0 r+_ 3.6% 89.0 + 1.oc/r* 86.5 ? 7.1% 3 
43.6 t 10.3%* 44.8 * 5.7%” 44.8 * 2.oc/o* 3 

Values given are means of N experiments t S.E.M. Na-K ATPase activities are expressed as 
percentages of the corresponding paired control activities in the absence of an antagonist. The 
values of the latter activities are not given, as the results of various experiments are combined 
in this table. Activities significantly different from the corresponding control activities are indicated 
by *, Phentolamine has no effect on Mg ATPase activities. lo-” M dihydroergotoxine causes 
significant inhibition of Mg ATPase activity, ranging from 7 per cent (cerebellum) to 18 per cent 
(striatum and cortex). 10e4 M propranolol does not affect Mg ATPase activities; lo-” M pro- 
pranolol, however, significantly inhibits the enzyme of all three brain regions by about 30 per cent 
(results not shown). 
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Table 4. Effect of implantation of 6-OHDA into the nigrostriatal tract on the basal and DA stimulated 
striatal ATPase activities (a) and on the striatal DA content (b) 

(a) ATPase activities 

Na-K ATPase 
Control side 

Lesion side 

Mg ATPase 
Control side 

Lesion side 

(b) DA content 

No DA l@ M DA lo- M DA 

100% IOW lOOC/r 
(5.57 t 0.38 pmoles) (7.78 ? 0.87 pmoles) (14.26 -+ 0.95 pmolcs) 

102.2 -+ h.O? 103.4 i 6.9? 97.2 t 3.9ti 

100 5;. 100% 100% 
(10.50 t 0.45 pmoles) (11.32 2 0.58 pmoles) (12.51 t 0.69 pmoles) 

102.7 k 2.2% 105.0 +- 3.3% 103.3 i 3.88 

yg DA/g tissue % of control side 

Control side 9.25 i 0.88 100 
Lesion side 0.15 f 0.12 1.3 k 0.9 

Values given are means of 8 experiments 2 S.E.M. ATPase activities are expressed as percentages 
of the corresponding paired control activities. The latter activities. expressed in pmoles Pi mg-’ 
protein hr-’ , are given in brackets. Protein content of the homogenates: control side: 112.8 -+ 1.4 mgig: 
lesion side: 109.4 k 2.0 mgig. The only significant lesion effect is that on striatal DA content. 

cerebral cortex; however. this effect is not specific 
for the stimulated activity. as the basal activity is 
inhibited to about the same extent. A higher con- 
centration of dihvdroergotoxine could not be studied 
because of precipitation of the drug in the test tubes. 
Mg ATPase activity of all brain regions is signifi- 
cantly inhibited by dihydroergotoxine. 

Propranolol. in a concentration of 10 -’ M. sig- 
nificantly inhibits the Na-K ATPase activities of all 
three brain regions. No specific inhibition of the 
stimulati\,e effect of NA is found, however. as the 
enzyme activities in the presence of NA are 
decreased by about the same (or a smaller) per- 
centage as the basal activities. Similar results have 
been found regarding the propranolol effect on the 
DA stimulated Na-K ATPase activity (results not 
shown). A lo-” M propranolol concentration also 
markedly inhibits the Mg ATPase activities. Lower 
propranolol concentrations did not cause a specific 
inhibition of the NA stimulated Na-K ATPase 
activities either. 

(3) Effect of lesions on striatd Na-K A TPase rrctivit.y 
and its stimdrrtiorz by DA 

.EffKt of in~phtutiotl of 6-ll/clro,~~yuioyLlmirle jb- 
OHDA) into the r~igrostriatal tract. From the nearly 
complete disappearance of DA from the striatum 18 
days after 6-OHDA implantation (see Table 4, part 
B), one can infer that at that time a very extensive 
degeneration of striatal dopaminergic terminals has 
taken place. In other experiments (to be published) 
we have found that such an extensive degeneration 
is accompanied with an almost complete disappear- 
ance of striatal tyrosine hydroxylase activity. How- 
ever, as part A of Table 4 shows. the lesion did not 
affect either the basal. or the DA stimulated striatal 

ATPase activities. Absence of an effect on the basal 
ATPase activities, in spite of the disappearance of 
nearly all DA nerve terminals. is not surprising. as 

the DA terminals comprise only a small fraction of 
the total population of striatal nerve terminals (2Y]. 
not to mention total striatal tissue mass. Moreover. 
degeneration of neurons is usually followed by pro- 
liferation of glial tissue, which also possesses Na-K 
and Mg ATPase activity [30]. 

Effect of injection of koinic acid into the stricrtlm. 
Eight days after intrastriatal injection of 2.25 pg 
kainic acid, basal Na-K ATPase activity is signifi- 
cantly reduced by about 25 per cent. Since. however. 
the DA stimulated activities are reduced by about 
the same percentage, the DA susceptibility of the 
enzyme left is similar to that of the enzyme of the 
sham-lesioned striatum (Table 5). So kainic acid 
causes disappearance of Na-K ATPase activity. but 
the enzyme that disappeared was not preferentially 
stimulated by DA (nor was the contrary the case). 
In contrast to Na-K ATPase, striatal My ATPaae 
activity is not reduced after kainic acid Injection: 
there even is a small (but significant) increase. The 
latter can only partly be explained by the somewhat 
lower protein content of the homogenates of the 
lesioned striatum (for lesion experiments. activities 
are calculated per mg protein). At the moment we 
have no explanation for the differential effect .of 
kainic acid on the ATPase activities. As Table 5 
shows, 1.25 wg kainic acid did not yet change the 
ATPase activities significantly. 

DHCUSSION 

We found that Na-K ATPase activity of striatal 
homogenates is appreciably stimulated by 10~’ M 
DA and is more than doubled by lo- M DA. Stimu- 
lation of the striatal enzyme, however, is not a spe- 
cific property of DA. as also NA and SHT bring 
about activation, NA with about the same potency 
as DA, but 5HT to a much smaller extent. So it is 
clear that the susceptibility of striatal Na-K ATPase 
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Table 5. Effect of intrastriatal injection of 1.25 (a) or 2.25 (b) pg kainic acid on basal and DA stimulated 
striatal ATPase activities 

No DA lo-’ M DA lO?M DA 

(a) 1.25 pg kainic acid 
Na-K ATPase 
Control side 
Lesion side 

Mg ATPase 
Control side 

Lesion side 

100% 100% 100 “r’ 
(6.54 ? 0.28 pmoles) (10.06 i 0.22 pmoles) (15.03 t 0.43 pmoles 

87.6 * 10.9%’ 91.1 +- 6.7% 87. I 2 8.9% 

100% 100% 100% 
(12.23 t 0.14 pmoles) (13.24 + 0.18 pmoles) (14.39 t 0.17 pmoles) 

108.1 ? 3.5% 107.4 + 2.5%* 105.3 r 1.4% * 

(b) 2.25 pg kainic acid 
Na-K ATPase 
Control side 

Lesion side 
Mg ATPase 
Control side 

Lesion side 

100% 100% 100% 
(5.04 * 0.36 pmoles) (8.20 +- 0.66 wmoles) (12.26 f 0.73 pmoles) 

77.7 ? 6.3qc* 69.2 2 7.6%* 7s. 1 2 8.3%* 

100% 100% 100~ 
(11.01 * 0.77pmoles) (11.67? 0.91 @moles) (12.67 t 0.28 pmoles) 

112.2 * 3.6%* 113.4 2 3.95%* 109.9 t 3.7? * *, 

Values given are means of 7-8 experiments 2 S.E.M. ATPase activities are expressed as percentages 
of the corresponding paired activities of the control side.These control side activities. expressed in 
pmoles Pi mg-’ protein hr-‘, are given in brackets. Protein content of the homogenates (in mgig): (a) 
control side: 105.2 t 1.4; lesion side: 103.6 5 2.2; (b) control side: 106.4 + 4.1; lesion side: 99.8 ? 4.5. 
Lesion side activities significantly different from corresponding control side activities are indicated by *. 

for stimulation by the catecholamines bears no rela- 
tion to their individual striatal concentrations. The 
similar DA effect on Na-K ATPase activities of 
different brain regions with widely divergent CA 
contents point to the absence of a relation between 
CA susceptibility and total CA contents too. In 
contrast with our findings, Akagawa and Tsukada 
[17] found that NA enhanced striatal Na-K ATPase 
activity with only half the potency of DA. Their DA 
effect is comparable with ours. In addition to the 
effect on Na-K ATPase, catecholamines also stimu- 
late Mg ATPase activity, although to a much smaller 
extent. This has also been reported by various other 
authors [5-8, 11. 1X]. 

During our investigations a number of reports 
were published claiming the presence of an inhibitor 
of Na-K ATPase in the Sigma ATP preparation 
isolated from equine muscle, which we used for our 
assays [31,32]. Recently this inhibitor was identified 
as vanadate [33.34]. Various authors demonstrated 
that the effect of this inhibitor was abolished by 
catecholamines [31-3.51. Therefore we had to exclude 
the possibility that the stimulatory effect of catechol- 
amines on brain Na-K ATPase activity as observed 
in our experiments was due to the vanadate present 
in our ATP preparation. For this purpose some 
comparative experiments with vanadate-free ATP 
preparations were pertormed. It was found that pres- 
ence of contaminant vanadate had no substantial 
influence on the stimulation of striatal Na-K ATPase 
activity by DA, except perhaps in the case of very 
high DA concentrations. 

In order to gain further insight into the mechanism 
of the stimulatory effect of DA on striatal Na-K 
ATPase activity and its relation to receptor mech- 
anisms, we investigated the effect of some drugs with 

known actions on DA receptors. The DA receptor 
agonist apomorphine [3h]. the first drug we studied, 
strongly stimulates striatal Na-K ATPase activity 
and in this respect it is even more potent than DA: 
the enzyme activity is more than doubled by 1O-5 M 
apomorphine. Further increase of the apomorphine 
concentration by a factor of IO changes the effect 
into almost complete inhibition. Using a similar con- 
centration range as we did. Schaefer et ul. [37] 
observed only inhibition of Na-K ATPase activity 
(of whole brain) by apomorphine. The difference in 
origin of the brain preparations cannot explain the 
discrepancy, as we found stimulation by apomor- 
phine also with homogenates of other brain regions. 
A more likely cause are differences in treatment of 
the brain preparations studied: Schaefer et ml. used 
purified brain preparations, we used crude 
homogenates. 

The fact that striatal Na-K ATPase activity in our 
hands can be stimulated by DA as well as by apo- 
morphine points to similarity in stimulation charac- 
teristics between striatal Na-K ATPase and DA 
receptors. An obvious way to verify this idea is to 
investigate the effect of a receptor blocking drug. 
For this purpose we used haloperidol[3X]. However. 
at lo-’ M haloperidol did not diminish stimulation 
of striatal Na-K ATPase activity by DA or apo- 
morphine. Comparable studies with haloperidol 
have not been reported. Desaiah and Ho [18] dem- 
onstrated that chlorpromazine. another DA receptor 
blocking drug, inhibited the DA stimulation of the 
Na-K ATPase activity of whole mouse brain syn- 
aptosomes. However. the fact that chlorpromazme 
and other tricyclic antipsychotics are potent inhibi- 
tors of (basal) Na-K ATPase activity (3Y] hampers 
interpretation of this effect. Therefore we did some 
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experiments with flupenthixol, a tricyclic thioxanth- 
ene derivative exhibiting cis-trans geometrical iso- 
merism. cis-Flupenthixol is a clinically effective. 
potent DA antagonist, whereas the tram isomer is 
much less active in DA receptor blocking tests [4(& 
421. We found that both flupenthixol isomers strongly 
inhibit DA activation of striatal Na-K ATPase 
activity at concentrations (3.75 to 5 x 1V’ M) which 
inhibit basal enzyme activity to a limited extent only. 
Obviously there is no relation between the DA 
receptor blocking activity of the drugs and their 
inhibitory effect on DA stimulation of Na-K 
ATPase; the tram isomer is even more potent in 
diminishing DA stimulation of the enzyme. So in 
our view the inhibitory effect of chlorpromazine as 
described by Desaiah and Ho 1181 should not be 
interpreted as an indication for a relation between 
Na-K ATPase and DA receptor mechanisms. The 
same applies to the inhibitory effect of fluphenazine 
on the DA stimulation of striatal Na-K ATPase 
activity, described in the afore-mentioned publica- 
tion of Akagawa and Tsukada [ 171. 

Since the DA receptor blockers do not specifically 
affect the Na-K ATPase stimulation, the apomor- 
phine effect probably is not related with its DA 
agonistic action. In order to get more information 
on this question we studied whether other drugs 
known as DA agonists could stimulate striatal 
Na-K ATPase activity too. Two of these drugs, 
bromocriptine, an ergot derivative [43], and piri- 
bedil, a non-catechol analogue of DA [44]. did not 
show any effect on the enzyme activity. A third 
compound, lergotrile. another ergot derivative [45], 
caused a slight but statistically significant Na-K 
ATPase activation. Only ADTN, a rigid DA ana- 
logue [46], was found to be a potent stimulator of 
the striatal enzyme, about equally effective as DA. 
So, three out of four of these agonistic drugs show 
no or very little effect, which is in line with the 
suggestion of absence of a relation between DA 
agonistic action and Na-K ATPase stimulation. 
However, interpretation of these results is compli- 
cated by the fact that the DA agonistic action of 
these 3 drugs is clearly demonstrated only in in r$ijo 
experiments, while in vitro data are much less con- 
vincing and are difficult to interpret [43,44,47]. On 
the other hand, the fact that ADTN stimulates stria- 
tal Na-K ATPase activity does not upset our sugges- 
tion, as the ADTN effect, just like that of apomor- 
phine, can be explained by the structural 
resemblance between these drugs and DA, as will 
be discussed below. 

In the literature some authors report inhibition of 
the stimulatory effect of NA on brain Na-K ATPase 
activity by adrenergic receptor blockers. We inves- 
tigated whether these blockers also reduced stimu- 
lation of the striatal enzyme by NA. For comparison 
the effect on cerebral cortex and cerebellum was 
studied too. 

has no influence on the NA susceptible Na-K 
ATPase activities. The absence of an effect of the 
a blocker on the stimulated Na-K ATPase activity 
of rat striatal homogenates conlirms the results 
obtained by Akagawa and Tsukada [17]. These 
authors, however, did not mention whether the 
blocker influenced basal activity. neither did they 
study other brain regions. By contrast. three groups 
of investigators reported inhibition of NA stimula- 
tion of brain Na-K ATPase activity by phentolaminc 
in similar concentrations to those we used. Meier- 
Ruge and Iwangoff [ 191 did so, using cat and beef 
cortex homogenates. An effect of phentolamine on 
basal activity was not mentioned. Gilbert ct N/. (Y] 

reported complete blocking of the NA effect on 
Na-K ATPase activity of rat cerebral cortex syn- 
aptosomes by phentolamine, without any effect on 
the basal activity. However, their experimental proof 
is very meagre: the mean of only two observations 
is presented. Stimulation of the basal enzyme activity 
as we have seen was also described by Wu and Phillis 
[20]. But even without correction for this effect, 
these authors found considerable inhibition by phen- 
tolamine of the NA stimulated Na-K ATPase activity 
of rat cerebral cortex synaptosomes. 

We have tried to gather more information on the 
possible relation between CA susceptible Na-K 
ATPase and cy adrenergic receptor mechanisms by 
studying the effect of another antagonist, viz. 
dihydroergotoxine 1491, and an agonist, viz. cloni- 
dine [50]. As to dihydroergotoxine, we did not tind 
any inhibitory effect on the NA stimulation of the 
Na-K ATPase activity in any brain region. This 
result differs from the findings of Meier-Ruge and 
Iwangoff [19], who observed a strong inhibitory 
effect of this drug on the stimulated Na-K ATPase 
activity of cat and beef brain cortex, although in 
another paper of these authors [51] only a very small 
effect of dihydroergotoxine was reported. As to the 
(Y agonist clonidine, no stimulation of the striatal 
Na-K ATPase activity was found. Our conclusion 
is that a relation between CA susceptible Na-K 
ATPase and N adrenergic receptor mechanisms is 
unlikely. 

Our experiments also indicate absence of a relation 
with p adrenergic receptor mechanisms. as we did 
not find an inhibitory effect of the p blocker pro- 
pranolo1[48] on the NA stimulation of Na-K ATPase 
activity of any brain region. Propranolol does inhibit 
Na-K ATPase, but basal and NA stimulated activ- 
ities to about the same extent. Concerning the stria- 
turn, our results (again) agree with those of Akagawa 
and Tsukada [17]. But as to the cortex, our results 
are (again) at variance with those of Meier-Ruge 
and Iwangoff [19] and of Wu and Phillis ]20]. as 
these groups both found strong inhibition of the NA 
stimulation by propranolol. Inhibiton of the basal 
Na-K ATPase activity is reported by various inves- 
tigators [13. 16, 521. 

The a adrenoceptor antagonist phentolamine [48] Summarizing the results of our experiments with 
did not affect the NA stimulation of the Na-K DA and NA receptor agonists and antagonists. we 
ATPase activity of the three brain regions studied, have to conclude that they do not yield sufficient 
unless the NA stimulated enzyme activities were evidence for assuming a relation between CA sus- 
corrected for the stimulatory effect of phentolamine ceptible Na-K ATPase activity and catecholami- 
on the basal activities. As this, however, is a ques- nergic receptor mechanisms. Our findings naturally 
tionable procedure. we conclude that phentolamine do not preclude that stimulation of brain Na-K 
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ATPase activity by catecholamines has physiological 
meaning in viva. It is, however, very difficult to get 
direct experimental evidence for such an in vivo role. 
We have chosen the following indirect approach to 
this problem: it if could be established that the CA 
susceptible Na-K ATPase activity is only a fraction 
of the total Na-K ATPase activity with a specific 
localization, this would be an indication for a specific 
role of this enzyme fraction in a certain site. For this 
purpose we studied the effect of lesions on the DA 
susceptible Na-K ATPase activity of striatal hom- 
ogenates. After implantation of 6-OHDA into the 
nigrostriatal tract, causing a very extensive degener- 
ation of striatal DA nerve terminals, no difference 
was seen in the DA stimulation of the striatal enzyme 
between the lesioned and the non-lesioned side of 
the animals. So we have to conclude that striatal DA 
susceptible Na-K ATPase is not exclusively or pre- 
dominantly localized in DA nerve terminals. How- 
ever, a localization of the DA susceptible enzyme 
postsynaptically, in structures innervated by DA ter- 
minals, could not be excluded yet. To examine this 
possibility we used kainic acid. Intrastriatal injection 
of this rigid glutamate analogue causes degeneration 
of neurons with cell bodies near the injection site 
(viz. gaba-ergic and cholinergic neurons), while 
rather specifically sparing axons passing through or 
terminating in the striatum (e.g. dopaminergic ones) 
[53]. From the large decrease of striatal DA stimu- 
lated adenylate cyclase activity and DA receptor 
binding after injection of kainic acid [54,55], one 
can infer that this drug induces disappearance of a 
considerable fraction of the neurons innervated by 
the dopaminergic nigrostriatal neurons. So, if DA 
susceptible Na-K ATPase is specifically localized 
postsynaptically with regard to the DA terminals, 
one should observe a reduction of the DA suscep- 
tibility of the enzyme activity after kainic acid. We 
did find a decrease of the striatal DA stimulated 
Na-K ATPase activity, but as the lesion affected the 
basal enzyme activity to the same extent, we have 
to conclude that the enzyme which disappeared is 
not distinguishable by a greater susceptibility for DA 
from the remaining enzyme. 

Summarizing. we can say that the results of our 
lesion experiments suggest that DA susceptible stria- 
tal Na-K ATPase activity is neither specifically 
localized in DA neurons, nor in DA innervated 
neurons. As it is hard to imagine that a specific DA 
susceptible enzyme should be localized outside 
dopaminergic systems. we conclude that DA sus- 
ceptibility is a general, non-specific characteristic of 
brain Na-K ATPase activity. 

Some authors have suggested that catecholamines 
stimulate brain Na-K ATPase activity indirectly by 
abolishing the inhibitory effect of divalent metal ions 
on the enzyme [8, 15.211. Catecholamines are 
indeed known to be strong chelators of a number of 
metal ions [56]. This explanation agrees with (and 
is partly based on) the fact that chelators such as 
EDTA and EGTA can mimic the effects of cat- 
echolamines [8, 151. We have shown that striatal 
Na-K ATPase activity also is stimulated by EDTA, 
and moreover that the effect of a submaximal con- 
centration of EDTA is only partly additive with that 
of 10e4M DA, never exceeding a certain maximal 

stimulation. Studies concerning the nature of the 
metal ion responsible for the CA effect resulted in 
the suggestion that ferrous ions are involved [ 15,211. 
Other authors [8, 141 suggested involvement of cal- 
cium ions, but their arguments are less convincing. 
Our results support the idea that such an unspecific 
mechanism might be responsible for the stimulatory 
effect of catecholamines on Na-K ATPase: we found 
no relation between the extent of the effect and the 
endogenous amine content of brain tissue, no con- 
vincing evidence of involvement of CA receptors in 
the effect and no specific localization of the CA 
susceptible enzyme. 

Studying the effect of dopaminergic drugs, we 
found a strong stimulatory action by two DA recep- 
tor agonists, viz. apomorphine and ADTN. We have 
not attached much value to this observation, as the 
stimulatory effect of these drugs probably has to be 
explained also by chelation of inhibiting metal ions. 
Both drugs are conformationally restricted analogues 
of DA, having a catechol group and an amine group. 
Experiments with different phenylalkyl derivatives 
have shown that the presence of these groups is a 
prerequisite for a stimulatory effect on Na-K 
ATPase activity [5, 151. 

The tentative conclusion that the stimulatory effect 
of catecholamines on Na-K ATPase activity is prob- 
ably brought about via a non-specific chelation mech- 
anism as outlined above does not necessarily exclude 
that this phenomenon plays a physiological part in 
vivo. Metal ions are present in brain tissue at con- 
centrations sufficient to inhibit Na-K ATPase 
activity [56-581. The rather high CA concentrations 
required for their in vitro effect are no argument 
against an in vivo role, because very little is known 
about the local in vivo CA concentrations and about 
the minimal change of Na-K ATPase activity which 
has consequences for the functioning of neurons. 
Besides, it cannot be excluded that the enzyme has 
become less sensitive in vitro by the homogenization 
procedure (see ref 16). 
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