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Abstract-The (Na+ + K+)-ATPase is localized to the cerebral endothelium, i.e. the blood-brain 
barrier, and is important for the maintenance of the brain electrolyte environment. Data from the 
present study indicate that Pb *+ inhibits the binding of [3H]ouabain to the cerebral microvascular 
(Na+ + K+)-ATPase in a time- and dose-dependent manner. Pbz+-induced inhibition developed slowly 
with a maximum obtained after 40 min. Inhibition of [‘Hlouabain binding to the enzyme was 48% at 
10 PM Pb*+ and appeared maximal (89%) at 100 PM Pb’+ when compared to [‘Hlouabain binding in 
untreated microvessels at 40min. In contrast, 1OOpM A13+ caused a 55% increase in [3H]ouabain 
binding to the (Na+ + K+)-ATPase, relative to untreated microvessels at 40 min. Insulin or bovine 
serum albumin stimulated [3H]ouabain binding to the enzyme when added at similar concentrations. 
However, the addition of both insulin and bovine serum albumin did not result in an additive effect. 
These results show that insulin exerts a nonspecific effect on [‘Hlouabain binding to the (Na+ + K+)- 
ATPase similar to that evoked by bovine serum albumin. However, the metal ions Pb’+ and A13+ 
provoke selective alterations in the cerebromicrovascular (Na+ + K+)-ATPase with Pb2+ inhibiting and 
i13+ stimulating [3H]ouabain binding. 

Cerebromicrovascular (Na+ + K+)-ATPase [ATP; 
Mg2+-dependent, (Na+ + K+)-activated ATP 
phosphohydrolase; EC 3.6.1.31, located at the 
blood-brain barrier, is critical for maintenance of a 
stable ionic milieu in the CNS [l]. Ouabain, a specific 
inhibitor of the (Na+ + K+)-ATPase, binds in 1: 1 
stoichiometry with phosphorylation sites on the 
enzyme [2,31; therefore! measurement of 
[3H]ouabain bound can be utilized to quantitate the 
(Na+ + K+)-ATPase. The high-affinity ouabain 
binding isoform of the (Na+ + K+)-ATPase exists in 
a variety of tissues including cerebral microvessels 
[4-6]. This cerebromicrovascular enzyme has been 
shown to respond differently than the synaptosomal 
(Na+ + K+)-ATPase to arachidonic acid metabolites 
[7]. Recently, it was demonstrated that arachidonic 
but not palmitic acid stimulates [3H]ouabain binding 
to the high-affinity ouabain binding isoform of the 
cerebromicrovascular (Na+ + K+)-ATPase [8]. Insu- 
lin receptors exist on brain capillary cells [9] but a 
regulatory role for insulin on the cerebro- 
microvascular (Na+ + K+)-ATPase has not been 
addressed. Lytton [lo], using rat adipocytes, showed 
that insulin affects the Na+ affinity of the high-affinity 
ouabain binding isoform of the enzyme. 

Heavy metal ions, including Pb2+, have been 
shown to inhibit the (Na+ + K+)-ATPase activity in 
rat brain [ll, 121. In lead encephalopathy, severe 
brain edema may be the result of injury to brain 
capillaries [13] since more than 50% of the Pb2+ 
present in brain is concentrated in the capillary endo- 
thelium [14, 151. 
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Recently, attention has focused on the role of 
A13+ in the pathogenesis of hemodialysis-induced 
dementia as well as senile dementia of the 
Alzheimer’s type [16,17]. A13+ has been shown to 
induce changes in blood-brain barrier permeability 
[18] and in carrier-mediated processes in the cerebral 
endothelium [19]. It has been suggested that A13+ 
deposition in the CNS occurs via alteration of the 
blood-brain barrier [20]. 

The purpose of this study was to investigate the 
abilities of Pb2+, A13+, insulin and bovine serum 
albumin to alter [3H]ouabain binding to the high- 
affinity ouabain binding isoform of the cerebro- 
microvascular (NaC + K+)-ATPase. 

MATERIALS AND METHODS 

Vanadium-free Mg2+-ATP, ouabain, insulin, 
Fraction V and fatty acid-free bovine serum albumin 
were obtained from the Sigma Chemical Co. (St. 
Louis, 
(Boston, 

MO, U.S.A.). New England Nuclear 
MA, U.S.A.) was the source of 

[3H]ouabain (16.8 Ci/mmol). 
A microvessel preparation consisting primarily of 

capillary segments was isolated from the cerebral 
cortices of male Sprague-Dawley rats as previously 
described [21]. Briefly, the brains (devoid of cereb- 
ella) were placed in cold Ca2+- and Mg2+-free Hanks’ 
balanced salt solution (HBSS). The pial membrane 
and white matter were removed, and the cerebral 
cortices were minced and homogenized using twenty 
up-and-down strokes in a glass homogenizer fitted 
with a serrated Teflon pestle (0.13 to 0.18 mm clear- 
ance) driven at 350 rpm. The homogenate was centri- 
fuged at 2000g for 15 min, and the pellet was 
resuspended in 15% dextran containing 5% fetal 
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calf serum (Gibco, Grand Island, NY, U.S.A.) and 
centrifuged at 3000 g for 20 min. The supernatant 
fraction was discarded, and the pellet was resus- 
pended in HBSS and filtered through a lSO+m nylon 
mesh sieve and glass bead columns. The capillaries 
were washed off the glass beads and centrifuged. 
The purity and capillary nature of the preparation 
have been characterized previously by scanning elec- 
tron microscopy, immunofluorescent staining for 
myosin and y-glutamyltranspeptidase activity 
[21,22]. The final microvessel pellet was resus- 
pended in Dulbecco’s modified essential medium 
containing 10% fetal calf serum supplemented with 
20% dimethyl sulfoxide and stored in liquid nitrogen 
until used. Prior to assay, microvessels were quick- 
thawed, resuspended in HBSS, and washed three 
times. Aliquots were taken for protein determination 
according to the method of Lowry et al. [23] using 
bovine serum albumin as a standard. Microvessels 
were then centrifuged and resuspended in the assay 
buffer (pH 7.4) containing 100 mM Tris-HCl, 
200 mM NaCl, and 10 mM MgClr unless otherwise 
noted. 

Microvessels (70-100 pg protein in 100 PL assay 
buffer) were incubated with 5 mM ATP, 40nM 
t3H]ouabain and Pb(NO&, A1(N03)3, bovine 
serum albumin, insulin or other proteins in a total 
volume of 250 ,uL for 15 min at 37” [8,24]. In studies 
using A1(N03)3 or Pb(N03)r, preincubation of 
microvessels with the metal for O-60 min preceded 
addition of ATP and [3H]ouabain. After incubation, 
the assay was terminated by the addition of ice-cold 
wash buffer consisting of 50 mM Tris-HCl (pH 7.4), 
15 mM KC1 and 5 mM MgC12, and the contents were 
filtered over Whatman GF/C glass fiber filters under 
vacuum. The tubes were washed once and the filters 
twice more with 4 mL of ice-cold wash buffer. The 
filters were air dried, and the radioactivity was 
measured in a Searle liquid scintillation counter. 
Nonspecific binding was determined in the absence 
of ATP or in the presence of 50 PM ouabain and, in 
either case, represented less than 2% of total 
binding. Unless otherwise indicated, all values are 
expressed as the mean f SE of three separate experi- 
ments performed in triplicate. Statistical significance 
was determined using Student’s t-test. 

RESULTS 

Experiments where microvessels were prein- 
cubated with Pb2+ indicated that the inhibition of 
[3H]ouabain binding to the (Na+ + K+)-ATPase by 
Pb2+ developed slowly (Fig. 1) and reached a maxi- 
mum after 40 min. Because there was a nonspecific 
decrease in the amount of [3H]ouabain bound during 
the preincubation (56% after 10 min), the specific 
inhibition of Pb2+ was calculated relative to the basal 
values at each time point (Fig. 1, inset). Thus, Pb2+ 
inhibited 34% of the remaining activity at 40 min. 
Preliminary experiments using sonicated micro- 
vessels indicated that sonication did not alter the 
time course of Pb2+ inhibition (data not shown). 
To test the possibility that the slowly developing 
inhibition represented an irreversible reaction, 
dithiothreitol, a potent chelator of Pb2+, was added 
to the reaction mixture in lOOO-fold molar excess. 
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Fig. 1. Preincubation of Pb*+ with cerebromicrovascular 
(Na+ + K+)-ATPase. Microvessels were incubated at 37 
for O-60 min in the presence (0-O) or absence (O---O) 
of 10 PM Pb(NO&. ATP and [3H]ouabain were added to 
the mixture followed by a 15-min incubation at 37’. Data 
are the means of 3 experiments performed in triplicate. 
Inset: Percent specific inhibition of [‘Hlouabain bound by 
Pb*+ when compared to untreated microvessels at each 

time point. 
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Fig. 2. Preincubations of A13+ with cerebromicrovascular 
(Na” + K+)-ATPase. Microvessels were incubated at 37” 
for O-60 min in the presence (0-O) or absence (0-O) 
of 10 PM Al(NO&. ATP and [3H]ouabain were added to 
the mixture followed by a 15min incubation at 37”. Data 
are the means of 3 experiments performed in triplicate. 
Inset: Percent increase in [3H]ouabain bound by A13+ when 
compared to untreated microvessels at each time interval. 

When added at the same time as Pb2+, this compound 
prevented Pb2+ inhibition of [3H]ouabain binding to 
the (Na+ + K+)-ATPase, whereas if dithiothreitol 
was added after the 40-min preincubation, it was 
able to reverse the Pb2+ effect. Addition of A13+ 
caused a slight, but not significant, stimulation (20%) 
in [3H]ouabain binding to the (Na+ + K+)-ATPase 
with no preincubation (Fig. 2). Despite a nonspecific 
decrease in 3H ouabain bound with time in the 

5 ] absence of Al + (i.e. 48% after 10 min), the presence 
of A13+ caused an increase in binding relative to 
basal values at each time point. This increase also 
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Fig. 3. Effect of increasing metal ion concentration (O- 
100 PM) on [‘Hlouabain bound to cerebromicrovascular 
(Na’ + K’)-ATPase. Microvessels were incubated with 
either Pb(NO& (A) or Al(NO& (B) for 4Omin at 37” 
prior to addition of ATP and (3H]ouabain. Data are the 
means of 3 experiments performed in triplicate. Key: 
(*) significant change from control (P <0.05), and 

(**) significant change from control (P < 0.001). 

appeared to be time dependent and reached a plateau 
after 20 min (Fig. 2, inset). 

The effects of 0-1OOpM Pb2+ or A13+ on 
[3H]ouabain binding to the (Na+ + K+)-ATPase are 
shown in Fig. 3A and B. Preincubation of micro- 
vessels with Pb2+ for 40 min 

P 
rior to assay resulted 

in a significant inhibition of [ Hlouabain binding of 
48% at 10 FM (P < 0.05) and 89% at 100 ,uM Pb2+ 
(P < 0.001) (Fig. 3A). With no preincubation, Pb*’ 
did not inhibit the enzyme until present at 1 mM 
(data not shown). While a slight, but not significant, 
increase in [3H]ouabain binding was noted with l- 
10 PM A13+, a 55% increase (P < 0.05) was observed 
at 1OOpM A13’ (Fig. 3B). 

In the presence of bovine serum albumin (Fraction 
V), (3H]ouabain binding to cerebromicrovascular 
(Na’ + K+)-ATPase increased in a dose-dependent 
manner from 38% at 1 PM to 574% at 1 mM (Fig. 
4). Similar results were obtained using fatty acid-free 
bovine serum albumin. Addition of 10pM insulin 
caused a 370% increase in [ 3H]ouabain binding over 
basal levels. However, this stimulation was com- 
parable to that evoked by the same concentration 
of bovine serum albumin. Addition of both these 
proteins did not result in an additive effect (Table 
1). Experiments to optimize the conditions for insulin 
action on the cerebral endothelium, including pre- 
incubation of microvessels with 10 nM insulin for O- 
60 min at 25” or 37”, and use of Krebs-Ringer buffer 
or freshly isolated microvessels, did not potentiate 
the response to insulin. 

DISCUSSION 

The results of this study indicate that Pb2+ and 
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Fig. 4. Effect of bovine serum albumin on [)H]ouabain 
bound to cerebromicrovascular (Na- + K+)-ATPase. 
Microvessels (7WOpg total protein) were incubated with 
36 nM [‘Hlouabain in the presence of O-l mM bovine serum 
albumin at 37” for 15 min. Data are expressed as percent 
increase in binding over the control level (2.85 pmol/mg). 
Each point represents the mean of triplicate experiments. 

Table 1. Enhancement of (3H]ouabain bound to 
(Na’ + K+)-ATPase with insulin and bovine serum albu- 

min (BSA) 

Protein 
(1OpM) 

[ ‘H]Ouabain bound 
( pmoJ/mg) 

1.28 c 0.05 
BSA 5.79 + 0.39’ 
Insulin 6.03 2 0.49’ 
Insulin + BSA 6.84 k 0.07’ 

Microvessels (70-90 pg protein) were incubated for 
15 min at 37”. Data are the means + SE of triplicate experi- 
ments. 

l Significant change from control (P < 0.001). 

A13+ cause an inhibition and increase, respectively, 
of [3H]ouabain binding to the (Na’ + K+)-ATPase 
of the cerebromicrovasculature when compared to 
untreated microvessels under the same conditions. 
The reversible Pb*+-induced inhibition developed 
slowly. One possible explanation for this phenom- 
enon is that Pb2+ must be transported across the 
cell membrane since Pb*+ is thought to bind to the 
enzyme near the Na+ site which is oriented towards 
the cytoplasmic side of the membrane [25]. However, 
data from experiments with sonicated microvessels, 
where the transport of Pb*’ is not rate limiting, tend 
to argue against this notion because Pb2’-induced 
inhibition of (3H]ouabain binding was still time 
dependent. The time dependency may also reflect 
the binding of Pb *+ initially to nonspecific sites on 
the membrane, which presumably are more 
numerous than the (Na+ + K+)-ATPase molecules, 
or the interaction of Pb2+ with another protein that 
then indirectly affects the (Na+ + K*)-ATPase [ 12). 

It would be of interest to know if the cerebro- 
microvascular (Na+ + K+)-ATPase is inhibited in 
lead intoxication. Toews et al. [ 151 subjected rats to 
Pb2+ and determined that cerebral capillaries contain 
1 mmol Pb”/mg protein. In our experiments, 
significant inhibition of [3H]ouabain binding to the 
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(Na+ + K+)-ATPase occurred at 10 PM Pbf’. This 
represents approximately 25 mmol Pb’+/mg protein 
(100 pg protein in a 25OqL reaction volume) and is 
well within range for uptake of Pb2+ into rat brain 
capillaries. Thus, Pb 2+-induced inhibition of the 
cerebromicrovascular (Na+ + K+)-ATPase may con- 
tribute, at least in part, to ion imbalances in the 
edema of lead encephalopathy. 

In the present study, 1OOpM Al’+ increased 
[3H]ouabain binding to the cerebromicrovascular 
(Nat + K+)-ATPase, although a specific interaction 
with the enzyme remains to be elucidated. Evidence 
from the literature suggests that A13+ does selectively 
alter the blood-brain barrier, i.e. by increasing its 
permeability to neuropeptides [26]. Alternatively, 
the increase of (3H]ouabain binding by A13’ may 
occur via a nonspecific mechanism because A13+ is 
known to displace cations from membrane surfaces 
(271 which could affect the function of the 
(Na+ + K+)-ATPase. 

The results of the present study indicate that simi- 
lar concentrations of fatty acid-free bovine serum 
albumin or insulin evoke comparable stimulation 
of [3H]ouabain binding and that addition of both 
proteins does not produce any additive or synergistic 
effects. The action of insulin on the (Na+ + K+)- 
ATPase, as measured by [3H]ouabain binding, 
appears to be a nonspecific effect of protein rather 
than a hormone-mediated interaction. Interestingly, 
Resh et al. [28] show that, in the presence of bovine 
serum albumin, insulin exerts a selective effect on 
the ion transport properties of the (Na+ + K+)- 
ATPase but not on the phosphorylated form of the 
enzyme as detected by (3H]ouabain binding. 

In summary, the results of these experiments 
demonstrate that [3H]ouabain binding to the 
(Na+ + K+)-ATPase is affected by metal ions and 
proteins. While insulin enhanced [3H]ouabain 
binding, this stimulation appeared to be nonspecific 
because bovine serum albumin produced comparable 
results. Considering the wide use of bovine serum 
albumin in a variety of experimental protocols, care 
must be taken to avoid misinterpretation of results by 
use of appropriate controls. Our data with metal ions, 
showing inhibition of [3H]ouabain binding by Pb2+ 
and an Al’+-induced increase of [3H]ouabain binding, 
indicate that these metal ions can selectively regulate 
the cerebromicrovascular (Na+ + K+)-ATPase. 
These latter results suggest that alteration of the 
(Na+ + K+)-AT’Pase function may play a role in the 
molecular mechanism of metal toxicity in the CNS. 
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