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ABSTRACT

Free iron chelation after hypoxia-ischemia can reduce free
radical-induced damage to brain cell membranes and preserve
electrical brain activity. We investigated whether chelation of
free iron with deferoxamine (DFO) preserved cortical cell mem-
brane activity of Na™,K*-ATPase and electrocortical brain ac-
tivity (ECBA) of newborn lambs during early reperfusion after
severe hypoxia-ischemia. Hypoxia was induced in 16 lambs by
decreasing the fraction of inspired oxygen to 0.07 for 30 min,
followed by a 5-min period of hypotension (mean arterial blood
pressure <35 mm Hg). ECBA (in microvolts) was measured
using a cerebral function monitor. Immediately after hypoxia and
additional ischemia, eight lambs received DFO (2.5 mg/kg, i.v.),
and seven lambs received a placebo (PLAC). Two lambs under-
went sham operation. One hundred eighty minutes after comple-
tion of hypoxia and ischemia, the brains were obtained and
frozen. Na™ K "-ATPase activity was measured in the P, fraction
of cortical tissue. Na™,K"-ATPase activity was 35.1 = 7.4,
42.0 = 7.6, and 40.7 = 1.4 umol inorganic phosphate/mg protein
per hour in PLAC-treated, DFO-treated, and sham-operated
lambs, respectively (p < 0.05: DFO versus PLAC). ECBA was

Hypoxia and ischemia during perinatal asphyxia give rise to
an inadequate substrate supply to brain tissue, resulting in
damage of neuronal cells. Although recovery of oxygenation
and perfusion of the brain is mandatory to prevent further
damage, reoxygenation of previously ischemic brain tissue has
increasingly been recognized as an important mechanism for
additional injury to the neuronal cells and the cerebral micro-
circulation (1, 2). Production of reactive oxygen species in the
carly reperfusion phase plays a substantial role in this type of
brain cell damage: Reactive oxygen species such as superoxide
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112 £ 6.1, 14.8 = 4.8, and 17.5%.0.5 wV in PLAC-treated,
DFO-treated, and sham-operated lambs, respectively (p = 0.06:
DFO versus PLAC). Na* ,K"-ATPase activity correlated with
ECBA at 180 min of reperfusion (» = 0.85, p < 0.001). We
conclude that Na*,K*-ATPase activity of cortical brain tissue
was higher in DFO-treated lambs compared with PLAC-treated
animals during the early reperfusion phase after severe hypoxia-
ischemia, suggesting a reduction of free radical formation by
DFO. Furthermore, a positive relationship was found between
Na™ K" -ATPase activity and ECBA. (Pediatr Res 48: 560-564,
2000)

Abbreviations
DFO, deferoxamine
ECBA, electrocortical brain activity
PLAC, placebo

Q_ars carotid blood flow

SHAM, sham-operated animals

MRS, magnetic resonance spectroscopy
P,, inorganic phosphate

and hydrogen peroxide can be converted into the highly reac-
tive hydroxyl radical by transition metals, in particular free
iron, ultimately leading to lipid peroxidation of the brain cell
membrane and cellular damage (3). In recent experimental and
clinical studies, we showed that chelation of free iron pre-
vented posthypoxic-ischemic hypoperfusion and metabolic de-
rangements of the brain and preserved ECBA (4, 5). We also
found that the free iron chelator DFO effectively lowered free
iron in cortical brain tissue (6).

Inasmuch as the transmembrane enzyme Na* K" -ATPase is
very susceptible to free radical-related lipid peroxidation (7, 8),
we investigated in the present study whether DFO prevented
free radical-induced alterations of the brain cell membrane
after global hypoxia and ischemia, simulating severe birth
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asphyxia, by measuring cortical cell membrane Na™ K-
ATPase activity in the early reoxygenation and reperfusion
phase in newborn lambs. As Na* ,K"-ATPase is important in
maintaining membrane potentials, a second objective of this
study was to investigate the relation between cortical cell
membrane Na™,K"-ATPase activity and ECBA in the early
reperfusion phase using cerebral function monitoring.

METHODS

Animal preparation. Eighteen newborn lambs aged 7.5 =
1 d (mean = SD) and weighing 4.1 = 1.3 kg were used. The
lambs were from an inbred strain. Surgical and experimental
procedures were approved by the Animal Research Committee
of the Leiden University Hospital. The lambs were anesthe-
tized with a bolus of ketamine hydrochloride (3 mg/kg, i.v.)
and xylazine (1 mg/kg, i.v.) and paralyzed with pancuronium
bromide (0.2 mg/kg, i.v.). The lambs were ventilated with
oxygen and air, using a continuous-flow, pressure-controlled
ventilator (Bourns BP 200, Bear Medical Systems Inc., River-
side, CA, U.S.A.). Ventilation was adjusted to maintain arterial
Po, and Pco, in the normal range. The right femoral artery was
used for determining aortic blood pressure and for the sampling
of arterial blood gases and pH. Both femoral veins were used
for withdrawal of blood and infusion of drugs. An i.v. infusion
of 5% glucose in 0.9% NaCl was continued throughout the
study at 15 mL/kg per hour. Arterial blood gases and pH were
measured using a Corning 178 pH/blood gas analyzer (Corn-
ing, Halstead, U.K.). Appropriately sized ultrasonic flow trans-
ducers (Transonic Systems Inc., Ithaca, NY, U.S.A.) were
applied to fit around the carotid arteries for measurement of the
Q.. by the transit-time technique (9). Changes in brain blood
flow were assessed by changes in Q., (in milliliters per
minute). An earlier study showed a close linear relationship
and acceptable assessment between Q_,, and actual brain blood
flow as determined by radioactive microspheres (10). After
completion of the surgical procedure, the lambs had a 3-h
baseline period to achieve hemodynamic stability and to wash
out ketamine. Throughout the experiment, the lambs were kept
sedated with xylazine, and the incision wounds were sprayed
with 1% lidocaine at regular intervals.

Continuous measurement of ECBA. Changes in ECBA
were monitored using a filtered and selectively amplified one-
channel cerebral function monitor (Lectromed, Oxford Instru-
ments, Oxford, U.K.), described by Prior and Maynard (11).
The cerebral function monitor has a special filter, which
sharply attenuates frequencies <2 and >15 Hz, giving an
amplitude-integrated recording that contains the main EEG
frequencies, but with little disturbance from artifacts. The EEG
signal was obtained from a pair of silver-chloride disk elec-
trodes, placed with electrode cream at the P3 and P4 position
of the 10-20 International System, i.e. in the left and right
parietal region (11, 12). The ECBA was recorded on a semi-
logarithmic scale (0—100 wV). The paper speed was 2 mm/
min. Simultaneously with the amplitude curve, an impedance
curve records the reliability of the signal by a reference elec-
trode positioned anterior to the scalp and shows artifacts from
movement, experimental procedures, or loose electrodes. The
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mean voltage of the ECBA determined at 180 min of reperfu-
sion for a period of 2 min, aortic blood pressure, Q.,,, and the
cerebral function monitor signal were measured continuously,
digitized with a sample frequency of 200 Hz, and stored on a
personal computer.

Experimental procedure. Severe hypoxia was induced in 16
of 18 lambs by ventilation with 6 to 8% oxygen supplemented
with a mixture of 10% CO, in N, during 30 min, followed by
a 5-min period of hypotension (mean aortic blood pressure
<35 mm Hg), which was achieved by careful withdrawal of
blood (50 to 150 mL). We followed this procedure to emulate
the clinical situation during severe perinatal asphyxia. On
resuscitation, after completion of the hypoxia and additional
ischemia, eight lambs received an i.v. infusion with a placebo
(PLAC) of 30 mL of 0.9% NacCl, and eight lambs received 2.5
mg/kg DFO (deferoxamine-mesylate) i.v. in 30 mL 0.9%
NaCl. Resuscitation was performed in a way similar to the
resuscitation protocol in the neonatal unit. The blood with-
drawn to achieve hypotension was reinfused immediately after
the completion of the hypoxia and additional ischemia. Sodium
bicarbonate was supplemented to correct low arterial pH
caused by metabolic acidosis. Two lambs served as sham-
operated animals (SHAM), underwent the animal preparation
as described above, and underwent the same treatment as the
study groups except for the hypoxia and additional ischemia.

After 3 h posthypoxia-ischemia, cortical brain tissue was
collected and stored until analysis (see below). Cortical brain
tissue was frozen in liquid nitrogen and stored immediately at
—70°C.

Measurement of cortical brain cell membrane Na*,K*-
ATPase activity. Na™ K"-ATPase activity was measured in
the P2 membrane fraction. Membranes were prepared as de-
scribed previously (7). Vesicle formation during this procedure
is very limited (13). The Na™,K*-ATPase activity was deter-
mined by the rate of ATP hydrolysis in a 1.0-mL reaction
mixture containing NaCl 100 mM, KC1 20 mM, MgCl, 3 mM,
Tris-ATP 3 mM, Tris HCI buffer (pH 7.4) 50 mM, and
membrane protein 100 ug. The reaction was carried out at
37°C in the presence and absence of 1.0 mM ouabain for 5 min,
during which period ATP hydrolysis was linear. The reaction
was stopped by addition of 0.5 mL of ice-cold 12.5% trichlo-
roacetic acid. The samples were kept on ice and centrifuged at
2000 X g for 15 min, and the supernatant was analyzed for
liberated P;. The ouabain-sensitive activity was referred to as
Na* ,K"-ATPase activity and expressed as micromoles of P;
per milligram protein per hour (14). The protein content of the
tissue was assessed by the method of Lowry et al. (15).

Statistical analysis. Unpaired ¢ tests or Mann-Whitney U
tests and ANOVA for repeated measurements, when appropri-
ate, were used to compare the two study groups. Simple linear
regression analysis was used to investigate the relation between
Na* ,K"-ATPase activity and ECBA at 3 h of reperfusion. A
p < 0.05 was considered significant.

RESULTS

Animal weight, sex, and postnatal age did not differ between
groups. Rectal temperature remained stable and within the



562

normal range in all animals. All animals developed severe
metabolic acidosis with increased lactate concentrations and
were supplemented with NaHCO; in the immediate posthy-
poxia-ischemia period. Seizure activity was noted in four and
three animals of the PLAC-treated and DFO-treated lambs,
respectively. One lamb of the PLAC-treated group died in the
immediate posthypoxia-ischemia period and was excluded
from the study.

Table 1 shows mean values (= SEM) of mean aortic blood
pressure, Q.. pH, and blood gases at baseline condition, at the
end of hypoxia and additional ischemia, and at 3 h after
hypoxia-ischemia. Mean aortic blood pressure, pH, and blood
gases normalized in all groups at 3 h after hypoxia-ischemia
and did not differ between groups during this point. [More
detailed information concerning above mentioned variables,
including free iron concentrations in blood and cortical brain
tissue, were reported previously (4, 6).]

Figure 14 shows the individual Na* ,K+-ATPase activity
values in cortical brain tissue at 3 h after hypoxia-ischemia in
both study groups and in the SHAM animals. Na™ K "-ATPase
activity was significantly higher in the DFO-treated lambs
compared with the PLAC-treated lambs (means * SD: 42.0 =
7.6 versus 35.1 £ 7.4 umol P;/mg protein per h; p < 0.05). The
two SHAM lambs had similar Na™,K "-ATPase activity values
(40.6 and 40.8 umol P;/mg protein per h) compared with the
DFO-treated lambs.

Figure 1B shows the individual ECBA values at 3 h after
hypoxia-ischemia (means = SEM) of both study groups and
the SHAM animals. Although a substantial difference was
found (means = SD: 11.2 = 6.1 versus 14.8 £ 4.8 uV) the
difference was not significant (p = 0.06). However, when the
single high value of 25 wV was omitted from one of the
PLAC-treated lambs, the difference was highly significant
[DFO-treated lambs versus PLAC-treated lambs (means =
SD): 14.8 = 4.8 versus 9.0 £ 1.0 uV, p < 0.01]. ECBA in the

Table 1. Mean aortic blood pressure Q.,,, and arterial blood gases
in the PLAC and DFO-treated lambs before, at the end of, and 3 h
after hypoxia-ischemia™

Before HI End HI 3 h post-HI
MABP (mm Hg)
PLAC 5+3 33 + 2% 68 £ 4
DFO 71 €7 31 *= 3% 879
Qcar (mL/min)
PLAC 518 14 = 87 33*15
DFO 42 =13 16 = 7% 58 =25
pH
PLAC 7.42 = 0.04 6.90 + 0.041 7.33 = 0.04
DFO 7.41 = 0.03 6.94 = 0.06F 7.31 = 0.06
Paco, (kPa)
PLAC 5.1 0.6 11.5 £ 0.4} 53+0.7
DFO 53+0.7 11.7 = 0.6} 6.4 *+0.8
Pao, (kPa)
PLAC 11.8 = 1.6 3.8 £ 0.5 135+ 13
DFO 104 =09 2.8 £ 0.4F 10.1 = 1.1

* In SHAM animals, blood gases, pH, and MABP were in the normal range
(Q..: Was not measured).

T p < 0.05 vs before HI and 3 h post-HI.

MABP, mean arterial blood pressure; Paco,, arterial Pco, Pao,, arterial Po,,
HI, hypoxia-ischemia.
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Na*,K'-ATPase activity in different groups
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Figure 1. Box-and-whisker plot and individual values of Na*,K*-ATPase
activity of cortical brain tissue (4) and ECBA (B) at 3 h after hypoxia-ischemia
in PLAC-treated (open squares) and DFO-treated (black triangles) lambs. As
can be seen in 4, Na*,K"-ATPase-activity in PLAC-treated but not in
DFO-treated lambs tended to be reduced compared with SHAM lambs. (!
indicates the single high values of Na*™,K*-ATPase activity and ECBA of a
PLAC-treated lamb.)

two SHAM lambs were 16.0 and 18.0 wV, respectively. ECBA
values at baseline condition did not differ between groups and
were in the normal range (means * SD: 16.7 £ 9.3 for
PLAC-treated lambs and 13.7 = 4.3 uV for DFO-treated
lambs). At the end of hypoxia and additional ischemia, both
PLAC-treated and DFO-treated lambs showed significantly
lower ECBA values compared with baseline (means * SD:
PLAC-treated lambs, 3.5 = 2.4 uV; DFO-treated lambs, 5.8 =
4.2 uV; p < 0.0001 versus baseline condition). At 3 h after
hypoxia-ischemia, PLAC-treated lambs showed significantly
lower ECBA values compared with baseline (p < 0.01). This
was not the case in the DFO-treated lambs.

The individual values of Na* ,K"-ATPase activity and si-
multaneously measured ECBA in the animals suffering from
convulsions were not different from those values measured in
nonconvulsive lambs. This was true in PLAC-treated as well as
in DFO-treated lambs.

Figure 2 shows the relation between Na* ,K+-ATPase ac-
tivity and simultaneously measured ECBA of the DFO-treated,
the PLAC-treated, and the SHAM lambs. There was a statis-
tically significant correlation between Na*,K "-ATPase activ-
ity and ECBA (all, » = 0.86, p < 0.0001; PLAC-treated lambs,
r = 0.81, p < 0.02; DFO-treated lambs, » = 0.92, p < 0.001).
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ECBA and Na',K*-ATPase Activity
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Figure 2. Individual values of Na*,K*-ATPase activity of cortical brain
tissue as a function of ECBA at 3 h after hypoxia-ischemia in PLAC-treated
(open squares), DFO-treated (black triangles), and SHAM (open circles)
lambs. The line represents the regression line of the of Na* ,K*-ATPase
activity—ECBA relationship between DFO-treated, PLAC-treated, and SHAM
lambs (all, » = 0.86, p < 0.0001; PLAC-treated lambs, » = 0.81, p < 0.02;
DFO-treated lambs, 7 = 0.92, p < 0.001). (* indicates the high value of a single
PLAC-treated lamb.)

To illustrate that the regression analysis was not heavily
weighted by the high Na* ,K"-ATPase activity and ECBA
values of the single PLAC-treated lamb with high Na*,K™-
ATPase activity and ECBA values (see also Fig. 1), we re-
peated the linear regression analysis without this animal. We
found a similar regression coefficient (» = 0.85, p < 0.0001),
strongly suggesting that a solid relationship exists between
Na* ,K"-ATPase activity of cortical neuronal cell membranes
and ECBA.

DISCUSSION

In the present study, significantly higher Na*,K"-ATPase
activity in cerebral cortical tissue was found in iron chelator
DFO-treated than in PLAC-treated newborn lambs during the
early reperfusion stage after a severe hypoxic-ischemic insult.
This suggests that immediate free iron chelation has a benefi-
cial effect on the ATP-dependent Na™ K "-pump of the cortical
brain cell membrane in the early posthypoxia-ischemia period.
Although Na™ ,K"-ATPase activity of cortical brain cells of
normoxic newborn lambs have not been established previ-
ously, and values in normoxic newborn piglets are slightly
higher [50.9 = 2.8 P;/mg protein per hour, (8)] the values in the
DFO-treated animals were comparable to the values of this
enzyme measured in the two SHAM normoxic lambs.

An increasingly recognized important pathway for free rad-
ical formation is hydroxyl production via the free or nonpro-
tein-bound iron-catalyzed Fenton or Haber-Weiss reaction
(16). DFO, a free iron chelator, indeed showed the ability to
ameliorate neuronal damage induced by hypoxia-ischemia in
the newborn dog, if administered in the immediate posthy-
poxia-ischemia period (17). Most but not all animals of the
present study participated also in a study in which we inves-
tigated the early posthypoxic-ischemic patterns of brain perfu-
sion, oxygen metabolism, and electrical brain activity. It ap-
peared that these variables recovered to prehypoxia-ischemia
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values in the animals treated with DFO, which was not the case
in those animals treated with a placebo (4). Furthermore, it was
previously reported that free iron concentrations in cortical
brain tissue of the DFO-treated animals were significantly
lower compared with the PLAC-treated animals, demonstrat-
ing that DFO rapidly passes the blood—brain barrier to chelate
iron (6): Also in the present study, consisting of partly different
animals, cortical neuronal free iron concentrations were lower
in DFO-treated lambs compared with PLAC-treated lambs
[mean = SD: 2.81 = 0.88 (n = 5) versus 3.92 = 0.58 nmol/g
tissue (n = 6), p < 0.05]. The finding in the present study that
the Na*,K"-ATPase activity was higher in the DFO-treated
animals compared with the PLAC-treated lambs further sup-
ports the hypothesis that free iron chelation reduces hypoxia-
related damage of the immature brain. Although we did not
measure membrane lipid peroxidation in the present study,
there is ample evidence that Na* ,K"-ATPase activity is af-
fected by hypoxia-induced lipid peroxidation of brain cell
membranes, especially of synaptosomes (13, 18—20). There-
fore, we suggest that lipid peroxidation is responsible for the
changes in Na* ,K"-ATPase activity observed after hypoxia-
ischemia and reperfusion. In addition to lipid peroxidation,
hypoxia-induced activation of protein kinase C may reduce
Na* ,K"-ATPase activity through phosphorylation of the cat-
alytic subunit (21).

An important reason for making the early observation, at 3 h
after completion of the hypoxia-ischemia insult, was the
knowledge that formation of excess reactive oxygen species
such as superoxide and hydrogen peroxide occurs early [0 to
4 h after reperfusion and reoxygenation, (22, 23)] and contrib-
utes substantially to posthypoxic-ischemic reperfusion injury
of the immature brain (24, 25). Moreover, a recent study in
severely asphyxiated newborn babies showed a relationship
between adverse outcome and the concentration of free iron in
plasma of these babies determined within the first 8 h of life
(26), strongly suggesting that liberation of this transition metal
in the early reperfusion phase after severe hypoxia and isch-
emia adds significantly to free radical-induced brain damage.
On the other hand, a study in neonatal piglets by Lorek et al.
(27), using *'P-MRS, in which the posthypoxia-ischemia pe-
riod was investigated for 48 h showed a delayed (secondary)
cerebral energy failure, which was reported to start 6 to 12 h
after the hypoxic-ischemic insult. This MRS-investigated pat-
tern of cerebral energy metabolism was consistently related to
gross histologic brain tissue damage in these animals. So, we
cannot be entirely sure that Na*,K"-ATPase activity in the
DFO-treated lambs did not deteriorate later in the course of the
posthypoxia-ischemia period.

Na*,K"-ATPase is a key enzyme in generating membrane
potentials and ECBA. Recoveries of ATP synthesis (28),
Na™,K*-ATPase activity, and ECBA at 2 h of reoxygenation
have been described to occur simultaneously in animal models
of perinatal brain hypoxia-ischemia. Recovery of Na* K-
ATPase activity coincided with restoration of cerebral edema
after brain hypoxia-ischemia (29, 30). The severity of de-
creases in Na™,K"-ATPase activity are dependent on de-
creases in phosphocreatine as has been measured using *'P-
MRS (8). Also, in the present study, the strong correlation
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between Na™, K" -ATPase activity and ECBA suggests that
electrical stability of the cortical brain cell membrane is di-
rectly related to electrical brain activity. The significantly
higher Na™,K"-ATPase activity together with the fact that
electrical brain activity in the DFO-treated lambs was not
different at 3 h after hypoxia-ischemia compared with baseline
electrical brain activity (unlike electrical brain activity in
PLAC-treated lambs) suggests that free iron chelation prevents
early failure of the ATP-dependent Na™,K "-pump of the neu-
ronal cell membrane. Further studies are necessary to demon-
strate whether these effects are sustained during the so-called
secondary energy failure. Because posthypoxia-ischemia
reperfusion injury has also been characterized by cerebral
hypoperfusion and reduced oxygen consumption and electrical
brain activity in the early reperfusion phase, as indicated by
several experimental (17, 31, 32) and clinical studies (5, 33),
the preservation of brain perfusion, cerebral oxygen metabo-
lism, and electrical brain activity in the early reperfusion and
reoxygenation period in DFO-treated lambs compared with
PLAC-treated animals (4) further suggest that secondary cere-
bral energy failure will be prevented. A final remark should be
made with regard to the possibility of whether DFO itself, even
in this low dose, can affect the Na* ,K™-ATPase activity during
baseline conditions by chelating free iron or by interacting with
the cell membrane or the enzyme. However, we did not find
differences between DFO-treated (posthypoxia-ischemia)
lambs and the two SHAM (nonhypoxia-ischemia) lambs, sug-
gesting that such a direct effect of DFO is less probable.

In summary, the present study showed that DFO treatment
on completion of hypoxia and additional ischemia in the
newborn lamb preserved Na™ , K "-ATPase activity in cerebral
cortical tissue, suggesting reduction of neuronal cell damage
by reactive oxygen species liberated in the early reperfusion
phase. Furthermore, a positive relationship was detected be-
tween Na™ , K -ATPase activity of the cortical brain cell and
ECBA. Further studies are necessary to elucidate whether this
intervention also prevents the delayed cerebral energy failure
after severe hypoxia and ischemia in the newborn lamb.
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