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Abstract: Microvessel segments were isolated from rat
brain and used for studies of hypoxanthine transport and
metabolism. Compared to an homogenate of cerebral
cortex, the isolated microvessels were 3.7-fold enriched
in xanthine oxidase. Incubation of the isolated microves-
sels with labeled hypoxanthine resuited in its rapid uptake
followed by the slower accumulation of hypoxanthine
metabolites including xanthine and uric acid. The intra-
cellular accumulation of these metabolites was inhibited
by the xanthine oxidase inhibitor allopurinol. Hypoxan-
thine transport into isolated capillaries was inhibited by
adenine but not by representative pyrimidines or nucleo-
sides. Similar results were obtained when blood to brain
transport of hypoxanthine in vivo was measured using the

intracarotid bolus injection technique. Thus, hypoxan-
thine is transported iato brain capillaries by a transport
system shared with adenine. Once inside the cell, hypo-
xanthine can be metabolized to xanthine and uric acid by
xanthine oxidase. Since this reaction leads to the release
of oxygen radicals, it is suggested that brain capillaries
may be susceptible to free radical mediated damage. This
would be most likely to occur in conditions where the
brain hypoxanthine concentration is increased as fol-
lowing ischemia. Key Words: Blood-brain barrier—
Brain microvessels— Adenine transport— Allopurinol —
Cerebral ischemia. Betz A. L. Identification of hypoxan-
thine transport and xanthine oxidase activity in brain cap-
illaries. J. Neurochem. 44, 574-579 (1985).

Under normal circumstances, most purines in
brain exist as nucleotides, principally the adenine
nucleotides. However, in pathologic conditions
such as ischemia (Kleihues et al., 1974; Berne et
al., 1974; Winn et al., 1979) or hypotension (Winn
et al., 19805), brain adenine nucleotides are de-
graded to the corresponding nucleosides (adenosine
and inosine) and purine bases (adenine and hypo-
xanthine). When the circulation is restored, aden-
osine and, to a lesser extent, hypoxanthine (HX)
and inosine are reincorporated into adenine nucleo-
tides (Kleihues et al., 1974; Winn et al., 1980a).
Alternatively, if the brain contains significant xan-
thine oxidase (EC 1.2.3.2) HX could be further de-
graded to xanthine and uric acid coupled with the
release of superoxide radicals. There has been little
study of this pathway in brain.

Xanthine oxidase is not uniformly distributed
among all tissues. It is found in highest activity in
liver and intestinal mucosa and is relatively low in
whole brain (Al-Khalidi and Chaglassian, 1965). A
recent immunocytochemical study demonstrated,
the presence of substantial xanthine oxidase in var-

ious vascular endothelial cells (Jarasch et al., 1981);
however, brain blood vessels were not examined.
In the intestine, xanthine oxidase appears to play
an important role in the pathogenesis of ischemic
injury (Parks and Granger, 1983). The evidence sug-
gests that the superoxide radical produced by xan-
thine oxidase damages the vascular wall and in-
creases protein permeability either directly or
through subsequent formation of hydroxyl radicals.
Free radicals have also been implicated in the
pathogenesis of ischemic injury to brain (Demo-
poulos et al., 1980) and intracerebral injection of
exogenous xanthine oxidase and HX causes brain
edema and blood-brain barrier breakdown (Chan et
al., 1984). Since the brain HX concentration in-
creases during ischemia (Kleihues et al., 1974);
Berne et al., 1974; Winn et al., 1979), the possibility
exists for reaction with an endogenous xanthine ox-
idase resulting in the production of oxygen radicals
and subsequent free radical-mediated injury to
brain.

The present report establishes the presence of
xanthine oxidase in isolated brain capillaries. In ad-
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dition, brain capillaries are capable of taking up HX
both in vivo and in vitro. Intracellular HX is sub-
sequently degraded to xanthine and uric acid or in-
corporated into other compounds by an energy de-
pendent process. The potential exists, therefore, for
xanthine oxidase mediated damage to brain capil-
laries in ischemia.

MATERIALS AND METHODS

Isolation of brain capillaries

Microvessels were isolated from rat brain cortex by
homogenization, dextran gradient centrifugation, and
glass bead filtration as described previously (Betz, 1983).
The purity of the preparation was monitored by phase
microscopy. The final capillary pellet was suspended in
Dulbecco’s phosphate-buffered saline with 1 mM CaCl,,
5 mM glucose, and 1% bovine serum albumin (PBS). The
capillary protein of albumin-free aliquots was measured
using the Biorad dye binding assay.

HX transport in vitro

Aliquots of isolated microvessels containing approxi-
mately 0.2 mg of protein were preincubated for 30 min at
37°C in PBS or in glucose-free PBS containing 1 mM 2,4-
dinitrophenol and 5 mM sodium iodoacetate (energy-de-
pleting buffer). HX uptake was initiated by the addition
of ['*C] or [’HJHX (final concentrations 4 or 18 pn.Ci/mi,
respectively) and terminated at various times by rapid
filtration and washing on cellulose triacetate filters using
ice-cold PBS (Betz et al., 1979; Betz, 1983).

Release of intracellular HX was studied in microvessels
that had been preincubated in PBS or energy-depleting
buffer for 30 min, then incubated an additional 20 min in
the same buffer now containing [*CIHX. Efflux was ini-
tiated by a 20-fold dilution of the capillary suspension
with isotope-free buffer. Aliquots were removed after
various periods of time, filtered, and washed.

Radiolabeled metabolites of [*CJHX were isolated in
one experiment. Energy-depleted microvessels were in-
cubated for 20 min with [*CJHX and then collected and
washed by filtration on glass fiber filters (GF/C). The cap-
illary containing filters were immediately placed in water
and boiled for 5 min. After removal of the filter and cen-
trifugation to remove precipitated proteins, the supernate
was lyophylized. The residue was dissolved in water con-
taining 1 mM each of carrier HX and xanthine and sub-
jected to electrophoresis on cellulose acetate strips as
described by Kizaki and Sakurada (1977). The strips were
cut into 10 pieces and placed in scintillation vials for de-
termination of the '*C content. The location of HX and
xanthine was determined by exposure of the intact strips
to ultraviolet light.

HX transport in vivo

Brain uptake of HX, xanthine, and allopurinol was
measured in 250-300 g Sprague-Dawley rats using the
intracarotid injection technique of Oldendorf (1971). °*H,0
was used as the reference compound for *C-labeled HX,
xanthine, and allopurinol whereas [“Clbutanol was the
reference for PHJHX injections. All results were ex-
pressed as the brain uptake index (BUI) relative to bu-
tanol using a conversion factor for the relative uptake of
3H,0 versus [**Clbutanol (0.734 = 0.071 SD, n = 4) de-
termined in separate experiments.

Enzyme assays

Alkaline phosphatase was measured according to the
method of Linhardt and Walter (1965). Homogenates of
microvessels were prepared by sonication of a fresh mi-
crovessel suspension followed by freezing, thawing, and
resonication. Homogenates of cortex were obtained
during the capillary preparation, diluted and then treated
the same as the microvessel sample. Xanthine oxidase
was determined by the conversion of [“C]HX to
[“Clxanthine and uric acid using a 30-min assay as de-
scribed elsewhere (Kizaki and Sakurada, 1977).

Statistical analysis

Student’s ¢ test for nonpaired data was used to test for
significant differences between means. The Bonferroni
correction was used when multiple simultaneous com-
parisons were made (Wallenstein et al., 1980).

Materials

[8-*CIHX (53 mCi/mmol) and [G-*H]HX (5.7 Ci/mmol)
were obtained from Amersham (Arlington Heights, IL).
Radiochemical purity was found to be >98.5% using
paper chromatography in ¢-butanol-ethyl methy! ketone-
water-ammonia (4:3:2:1). [2-*C)Xanthine (48 mCi/mmol)
and [2-“Clallopurinol (48 mCi/mmol) were purchased
from Research Products International (Mount Prospect,
IL) and their radiochemical purity was verified using
paper chromatography in 2 M HC! or isopropanol-am-
monia-water (80:5:15). [1-*C]Butano! {1 mCi/mmol) and
H,0 (1 Ci/g) were obtained from New England Nuclear
(Boston, MA). Dulbecco’s PBS was purchased from
Grand Island Biological (Grand Island, NY). The dye-
binding reagent and y-globulin standard used in protein
determinations were purchased from Biorad (Richmond,
CA). Metricel filters and Sepraphore III electrophoresis
strips were manufactured by Gelman Sciences (Ann
Arbor, MI).

RESULTS

Compared to a brain homogenate, brain micro-
vessels are known to be enriched in a number of
enzymes including alkaline phosphatase and vy-glu-
tamyl transpeptidase (Goldstein et al., 1975). The
microvessels used in the present study typically
showed a 10-fold enrichment in aikaline phospha-
tase activity (Table 1). Xanthine oxidase was also
measurable in capillaries at an activity that was
three- to fourfold higher than its activity in an ho-
mogenate of cortex. This result suggests that brain
capillaries are enriched in xanthine oxidase but they
do not contain all of the xanthine oxidase present
in brain. It should be noted that the normal form of
this enzyme in vivo is probably as xanthine dehy-
drogenase and it is converted to the oxidase form
when the tissue is homogenized (Battelli et al.,
1972).

When isolated brain microvessels were incubated
with [*C]HX (Fig. 1), there was rapid (within 1 min)
uptake into a space approximating the intracellular
water space (2.2 pl/mg) as determined by sugar
equilibration (Betz et al., 1979). With longer incu-
bation, untreated microvessels exhibited accumu-
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TABLE 1. Comparison of enzyme activities in brain
microvessels and brain homogenate

Enzyme Microvessels Homogenate Ratio
Alkaline

phosphatase 4556 + 98 441 = 6 10.3

Xanthine oxidase 8.49 + 2.30 2.26 = 0.97 3.7

Activities are expressed as nmol of product produced/mg/h at
37°C. Results are the means = SD of four determinations.

lation of intracellular *C to a level that, at 20 min,
was sevenfold greater than the initial distribution
space. This suggests either uptake of {*CJHX
against a concentration gradient or the formation of
metabolites of ['*C]HX. The accumulation of intra-
cellular radioactivity was partially energy-depen-
dent since prior energy depletion of the capillaries
reduced, but did not eliminate, the amount of '*C
accumulated within the cells. Addition of the spe-
cific xanthine oxidase inhibitor, allopurinol, to the
energy-depleted microvessels caused an additional
reduction of “C accumulation to a level that was
the same as the initial distribution space. This in-
dicates that a portion of the radioactivity within en-
ergy-depleted microvessels is in the form of xan-
thine or uric acid.

Further evidence for intracellular metabolism of
[CJHX was found in a study of the release of ra-
dioactivity from preloaded microvessels. Since HX
appears to be rapidly taken up by the cells, free HX
might also be rapidly released from the cells when
extracellular radioactivity is removed. Metabolites
of HX may not be released as rapidly. As shown in
Fig. 2, energy-depleted microvessels incubated
with allopurinol released nearly all of their intra-
cellular radioactivity within 2 min. This suggests
that cells in this group contain mostly free HX. In
contrast, untreated or energy-depleted microves-
sels released only a portion of their radioactivity.
Nevertheless, the total amount lost in 5 min was the
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FIG. 1. Time course for uptake of 0.08 mM [*C]HX at 37°C.
Microvessels were preincubated for 30 min in control buffer
(@), energy-depleting buffer (O), or energy-depleting buiter
containing 0.1 mM allopurinol (A). Results shown are aver-
ages of three determinations + SD.
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FIG. 2. Efflux of ['"*C]HX from preloaded capillaries. Isolated
microvessels were incubated for 30 min at 37°C in control
buffer (@), energy-depleting buffer (O), or energy depleting
buffer containing 0.1 mM allopurinol (A). All solutions were
then made 0.08 mM in ["*CJHX and incubated an additional
20 min. Efflux was initiated by dilution of extracellular radio-
activity. Results shown are averages of three determina-
tions = SD.

same as that lost from the energy-depleted micro-
vessels treated with allopurinol. It seems likely,
therefore, that the cells contain a similar amount of
free HX under all conditions and additional radio-
activity is present as HX metabolites that do not
readily cross the cell membrane.

Confirmation of intracellular production of xan-
thine or uric acid in energy-depleted microvessels
was obtained by electrophoretic separation of intra-
cellular contents after incubation with {*CJHX
(Fig. 3). Radioactivity was found distributed be-
tween two peaks which corresponded to the migra-
tion of HX and xanthine + uric acid. The electro-
phoresis system used did not permit separation of
the latter two products of xanthine oxidase. The
amount of radioactivity in the xanthine + uric acid
peak was greatly reduced by incubation of the cap-
illaries with allopurinol. Thus, isolated brain micro-
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FIG. 3. Separation of intracellular HX and metabolites. En-
ergy-depleted microvessels were incubated for 20 min with
80 mM ['*C]HX either without (®) or with (O) mM alfopurinol.
intraceliular radioactivity was extracted and subjected to
paper electrophoresis. The migration of carrier hypoxanthine
(HX) and xanthine (X) was observed using ultraviolet light.



HYPOXANTHINE TRANSPORT INTO BRAIN CAPILLARIES 577

vessels are enriched in xanthine oxidase and are
capable of taking up extracellular HX and con-
verting it to xanthine.

To characterize HX transport further, it is impor-
tant to be able to study the uptake process inde-
pendent of subsequent metabolism. As noted pre-
viously, HX uptake by capillaries is very rapid and
the intracellular and extracellular radioactivity ap-
proached equilibration by 1 min. However, conver-
sion to xanthine was insignificant at incubation
times of <1 min (Fig. 1). Thus, shorter incubation
times permit an estimate of the rate of uptake. In
addition, reduction of the incubation temperature
will slow transport slightly and facilitate the mea-
surement of a transport rate (Betz et al., 1979). Fi-
nally, a low substrate concentration is required in
order to appreciate the competitive effects of po-
tential transport inhibitors. Therefore PH]HX was
used in this part of the study since it can be obtained
in higher specific activity than [*CJHX. The time
course for uptake of [PH]JHX at 22°C is shown in
Fig. 4. A 30 s time point was chosen for subsequent
study of transport inhibitors. Although use of this
time point clearly does not represent a true initial
rate of uptake it does allow testing the effect of
potential transport modifiers (Betz et al., 1979). The
results of studies on HX uptake in the presence of
a variety of compounds are shown in Table 2. Only
adenine or HX itself significantly reduced [*HJHX
uptake. The pyrimidines thymine and cytosine had
a mild stimulatory effect on uptake. This phenom-
enon has also been observed in studies of HX up-
take by cultured Novikoff hepatoma cells (Marz et
al., 1979) and the mechanism is not known. Several
purine nucleosides, xanthine, uric acid, and the po-
tent adenosine transport inhibitor dipyridamole
(Wu and Phillis, 1982) had no effect.

Uptake of HX by isolated capillaries may occur
across the antiluminal and/or the Juminal mem-
branes of the endothelial cell. To examine HX trans-
port across the luminal membrane directly, the in-
tracarotid bolus injection technique of Oldendorf
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FIG. 4. Time course for uptake of 0.02 mM [PH]HX at 22°C
(O} and 4°C (A). Isolated microvessels were preiicubated for
30 min in energy-depleted buffer. Results shown are the av-
erages of three determinations = SD.

TABLE 2. Effects of various agents on hypoxanthine
uptake by microvessels

Agent Control uptake (%)

Purines

Hypoxanthine 55+ 74

Adenine 61 = 5¢
Pyrimidines

Cytosine 128 =+ 20¢

Thymine 118 £ 11°

Uracil 104 + 11
Nucleosides

Inosine 112 + 22

Adenosine 13 = 18

Uridine 107 = 37
Other agents

Xanthine 100 = 9

Uric acid 117 = 16

Dipyridamole 119 = 20

Allopurinol 87 + 12

Uptake of 10 wM [PHJHX was measured during a 30-s incu-
bation at 22°C. Results were obtained from two separate capil-
lary preparations and combined. The control uptake was 4.9 =
0.5 pmol/mg protein/30 s (n = 12). Inhibitors were added to a
final concentration of 0.5 mM except for dipyridamole which was
present at 0.05 mM. The results are shown as the percent of
control uptake for the mean = SD of six determinations.

4 p < 0.001 compared to control; ?p < 0.03 compared to con-
trol.

(1971) was used. As shown in Table 3, brain uptake
of HX was small but significantly greater than xan-
thine, whose uptake was similar to that seen for
substances that do not cross the blood-brain barrier
(Oldendorf, 1971). Increasing the HX concentration
to 1 mM resulted in a 20% reduction in HX uptake,
suggesting the presence of a saturable transport

TABLE 3. Brain uptake of HX, xanthine, and
allopurinol in vivo

Concentration Additions

Compound (mM) (mM) n BUI

HX 0.005 3621 =1.29
HX 0.090 — 10 542 + 1.14
HX 1.000 7 4.96 = 0.36“
HX 0.090 Adenine (0.10) S 405 = 1.30
HX 0.0%0 Adenine (0.50) 10 3.84 = 0.83"
HX 0.090 Adenosine (0.50) 8 5.85 =042
HX 0.090 Thymine (0.50) 3 541 =050
Xanthine 0.025 —_ 4 1.80 = 0.37
Xanthine 0.50 — 4 229 = 0.82
Allopurinol 0.096 — 5 104 £ 1.23
Allopurinol 1.000 — 5 772 = 1.02°
Allopurinol 0.096 Adenine (0.50) 5779 £ 1.69°

Brain uptake of each compound was determined 5 s after the
intracarotid bolus injection of 0.2 cc of PBS containing various
concentrations of either *H- or '*C-labeled substrates. Unlabeled
compounds were also added in some cases. The BUI is ex-
pressed as the percent of butanol uptake and the results are
means = SD.

“p < 0.05 compared to 0.005 mM HX; ?p < 0.01 compared
to 0.09 mM HX alone; ‘p < 0.01 compared to 0.096 mM allo-
purinol.
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system. This idea is supported by the significant
reduction in HX uptake caused by adenine. Allo-
purinol also appears to enter brain from blood by a
saturable process that can be inhibited by adenine.
Taken together, these results indicate that HX and
allopurinol are transported across the luminal mem-
brane of the brain capillary by virtue of a relatively
low affinity for the blood-brain barrier adenine
transport system (Cornford and Oldendorf, 1975).

DISCUSSION

This study demonstrates that brain capillaries,
like capillary endothelial cells of other tissues (Jar-
asch et al., 1981), contain the enzyme Xxanthine ox-
idase. Extracellular HX can be transported into
brain capillaries and metabolized by xanthine oxi-
dase to xanthine. Brain uptake of HX in vivo
indicates that blood-borne HX can enter the capil-
lary across the luminal membrane. However, be-
cause of the rapidity with which HX is taken up by
isolated microvessels, it seems likely that HX en-
ters the capillary across the antiluminal membrane
as well.

Experiments performed in the presence of var-
ious structurally related compounds suggest that,
both in vivo and in vitro, HX uptake occurs by a
transport system shared with adenine. This is in
contrast with certain cultured cells where HX up-
take is more strongly inhibited by nucleosides and
only slightly inhibited by adenine (Marz et al., 1979;
Slaughter and Barnes, 1979). The HX transporter
in brain microvessels may be more closely related
to the one found in human erythrocytes that has an
apparent K, for HX of 0.4 mM and that is inhibited
by adenine (Lassen, 1967).

Cornford and Oldendorf also examined brain up-
take of hypoxanthine following intracarotid injec-
tion (Cornford and Oldendorf, 1975). They obtained
a BUI for HX similar to that of compounds that do
not enter brain. However, unlabeled HX was ca-
pable of inhibiting adenine uptake with a K of 0.097
mM. HX had no effect on a separate nucleoside
transport system. My results indicate a somewhat
greater uptake of HX itself and confirm its inter-
action with the adenine carrier.

When the isolated capillaries were not energy-
depleted, there was substantial incorporation of HX
into other metabolites. Although not characterized
in the present study, these metabolites are likely to
be adenine nucleotides formed by conversion of HX
to IMP by hypoxanthine phosphoribosyltransferase
(EC 2.4.2.8). This enzyme plays a role in the ‘‘sal-
vage pathway’’ that helps conserve the adenine nu-
cleotide pool and that is known to be very active in
brain capillaries (Wu and Phillis, 1982). Therefore,
once inside the endothelial cell, HX may be either
irreversibly degraded to xanthine and uric acid or
reincorporated into the adenine nucleotide pool.

J. Neurochem., Vol. 44, No. 2, 1985

The demonstration of xanthine oxidase in brain
microvessels indicates the presence of an important
oxygen radical producing enzyme in this tissue. Al-
though, the activity of free-radical detoxifying en-
zymes such as superoxide dismutase, catalase and
glutathione peroxidase has not yet been deter-
mined, the association of oxygen radical-producing
enzymes with brain capillaries may predispose
these microvessels to damage by endogenously pro-
duced free radicals. Indeed, other investigators
have demonstrated that the permeability of sys-
temic vascular beds is increased by free radicals
generated from exogenous xanthine oxidase
(Ohmori et al., 1978; Del Maestro et al., 1981). Fur-
thermore, the injection of exogenous xanthine oxi-
dase plus HX into brain causes injury to brain cap-
illaries and breakdown of the blood-brain barrier
(Chan et al., 1984). There is also good evidence that
free radicals produced by endogenous xanthine ox-
idase cause damage to intestinal capillaries in isch-
emia (Parks and Granger, 1983). Therefore, the
presence of xanthine oxidase in brain capillaries
coupled with the increase in brain HX during isch-
emia suggest a potential role of oxygen-derived free
radicals as a cause of pathologic alterations in brain
capillary function during ischemia.
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