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ABSTRACT. Prolonged neonatal seizures are often accom-
panied or exacerbated by hypoxemia. To determine the
effects of hypoxemia on neonatal status epilepticus, we
determined cerebral blood flow and cerebral metabolic
state in groups of neonatal dogs subjected to hypoxia, to
seizures during normoxia, or to seizures during hypoxia.
The compensatory increase in cerebral blood flow was
greatest in animals subjected to seizures during normoxia
and somewhat less pronounced in animals made hypoxic.
However, blood flow failed to increase in forebrain struc-
tures when animals were subjected to the combination of
seizures and hypoxia. Accordingly, levels of adenosine
triphosphate in forebrain (measured both by in vitro en-
zymatic analysis and by in vive phosphorus-31 nuclear
magnetic resonance spectroscopy) were depleted to the
greatest degree in animals who were seizing while hypoxic.
In addition, brain glucose was significantly reduced only in
the seizure-hypoxia group. Systemic factors such as hy-
poxemia may play a critical role in the disruption of
cerebral energy balance during neonatal status epilepticus.
(Pediatr Res 20: 581-586, 1986)

Abbreviations

3'P-NMR, phosphorus-31 nuclear magnetic resonance
CBE, cerebral blood flow
PCr, phosphocreatine

Hypoxia, ischemia, seizures, and intraventricular hemorrhage
are major sources of neurological morbidity in the human ne-
onate (1, 2). Although these neurological insults may occur
separately, they frequently occur in conjunction. Considerable
controversy exists regarding the role of systemic factors in the
production of epileptic brain damage. Initial experiments show
that oxygenation greatly reduces neuropathological injury (3).
However, more recent studies suggest that local factors secondary
to the epileptic activity may be more important in the genesis of
the lesions (4).

The paradox of epileptic brain damage with only small decline
in energy state during prolonged seizures in the paralyzed and
ventilated experimental animal is difficult to explain (5). The
purpose of these experiments was to define the degree of meta-
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bolic perturbation imposed by hypoxia, by seizures during nor-
moxia, and by seizures during hypoxia. These are topics of major
clinical relevance since seizures in the neonate are frequently
manifested by apnea and cyanosis (2).

In measuring cerebral metabolic state, we employed high
resolution *'P-NMR spectroscopy, a powerful technique for non-
invasive, sequential measurement of brain energy changes in vivo
(6-9). These in vivo measurements were corroborated by in vitro
determination of brain metabolite concentrations.

METHODS

Systemic changes. Experiments were carried out in neonatal
(1- to 10-day old) mongrel dogs as previously described (8).
Halothane (0.5-3.0%) in oxygen was administered to allow
tracheostomy. Halothane was then discontinued and the animals
were paralyzed with pancuronium (0.2 ml administered intra-
peritoneally) and mechanically ventilated with a gas mixture of
30% 0,/70% N,O. In addition to the use of nitrous oxide for
analgesia, all sites of incision were infiltrated with local anesthetic
(xylocaine, 1%). The femoral arteries were catheterized to con-
tinuously monitor blood pressure and to anaerobically withdraw
samples for determination of blood gases. The femoral vein was
catheterized to allow infusion of drugs. Wounds were periodically
infiltrated with xylocaine.

Carbon dioxide tensions were normalized (pco,, 30-40 mm
Hg) by adjusting minute ventilation. Thereafter, ventilator set-
tings were not changed. Animals who had abnormal acid-base
status (base deficit > 5 mmol HCQ;/liter) were not entered into
the study. Following a 30-min normalization period, animals
were randomly assigned to one of four study groups: control
group, hypoxia group, seizure-normoxia or seizure-hypoxia
group. The duration of hypoxia, seizure, or seizure and hypoxia
was 45 min. Animals in the hypoxia group or seizure-hypoxia
group were ventilated with a gas mixture containing 8% 0,/92%
N.. Animals in the control group or seizure-normoxia group
were ventilated with a gas mixture consisting of 30% 0,/70%
N,O. Seizures were induced in the seizure-normoxia and seizure-
hypoxia groups with an intravenous infusion of the  amino
butyric acid blocking agent, bicuculline (Sigma Co.), 2 mg/kg
intravenously. Animals in the control and hypoxia groups re-
ceived an equivalent volume of 0.9% saline intravenously.

Blood gases were measured with a Radiometer microblood gas
analyzer. Plasma glucose levels were measured using a Beckman
Glucose Analyzer II; plasma lactate levels were measured spec-
trophotometrically using standard enzymatic analyses (10).
Plasma catecholamine concentrations were determined by ra-
dioenzymatic analysis (11).

Cerebral physiology. The EEG was continuously recorded with
scalp electrodes and a Beckman polygraphic recorder. An auto-
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radiographic technique was employed to measure regional CBF
as previously described (8, 12). CBF was measured at the end of
the 45-min experimental period. Briefly, 50 uCi of (**C)-iodoan-
tipyrine were infused intravenously. During the infusion, samples
of arterial blood were serially collected and later analyzed for
radioactive content in a liquid scintillation counter. The blood
circulation of the animal was stopped by intravenously injecting
a solution of pentobarbital sodium and KCl. The brain was
quickly removed, frozen in Freon 12, and sectioned in a cryostat.
The sections were mounted on glass slides which were then
applied to a single-emulsion mammography film with a set of
(**C) reference standards (Amersham). Calibration curves were
obtained for each area of film by relating the optical density of
each area of brain to ('*C)-iodoantipyrine concentrations.

Cerebral metabolism. Cerebral metabolic changes were moni-
tored using *'P NMR, as previously described (8). Briefly, 3'P
NMR data were collected utilizing a transmitter-receiver coil
tuned for phosphorus (32.5 MHz), a 1.89 Tesla superconducting
magnet (Oxford Research Systems, 26-cm bore diameter), and a
Nicolet 1280 computer with a 293C timer.

The coil (14 AWG copper magnet wire) was an open Helm-
holtz rounded to fit the animal’s cranium. Each of the two loops
was 3.3 cm long and 2 cm wide. The coil’s sensitive volume thus
encompassed approximately 3.5 ¢cm in length, 4 cm in width,
and 1.5 cm in depth, including both white and gray matter.
Brain dimensions of 6- to 10-day old neonatal dogs are approx-
imately 4 cm long and wide and 2.5 cm deep. Since negligible
signal was obtained from scalp and cranial muscle, reflection or
other cranial surgery was unnecessary (the rapid and complete
demise of the PCr peak within minutes after death was the
empirical criterion for judging the scalp and muscle contribution
to be minimal).

The homogeneity of the magnet was optimized by observing
the proton signal of water. A pulse width (36 ps) to provide
optimal signal to noise (approximately 12.5:1 for ATP after 300
1-s scans) was utilized. Rapid pulsing was used to optimize
sensitivity per unit time (13), even though comparisons of relative
amounts of metabolites are thus invalid due to differential partial
saturation of the peaks of interest. Serial concentration changes
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of individual metabolites may be reliably obtained if it is assumed
that T, values are relatively independent of physiological state
(6, 8, 13-16). Since PCr T,’s of brain in vivo are in the range
2.2-4.45(15, 16), precise quantitation would require pulse delays
of at least 6.6-13.2 s.

Control spectra were obtained for 30 min. Thereafter, the
bicuculline infusion was begun in animals in the seizure-nor-
moxia or seizure-hypoxia groups. The gas mixture was also
switched from 30% 0,/70% N,O to 8% 0,/92% N, in the
hypoxia and seizure-hypoxia groups. Three groups of three spec-
tra were then computer averaged (0-15, 16-30, and 31-45 min
after bicuculline). Curve fitting was performed using the Nicolet
1280 computer program “NMRCAP,” to determine areas of
individual resonances in spectral regions where peak overlap
occurred. This deconvolution is necessary for accurate measure-
ment of peak areas at low fields in crowded spectral regions. The
NMRCAP program allows one to create theoretical spectra with
individual peaks of variable intensity, position and width; the
root mean square deviation between experimental and theoreti-
cal spectra is then minimized. We placed constraints of constancy
of chemical shift and linewidth (+ 10%) on all peaks except that
of inorganic phosphate which could vary because of its pH-
dependence.

Intracellular pH was determined by noting the frequency of
the inorganic phosphate peak with respect to that of phospho-
creatine, which is constant over the physiological range of pH.
Literature values of cerebral intracellular concentrations of ions
and metabolites (18-20) were used to prepare a standard titration
curve at 37° C for the inorganic phosphate position versus pH.
Solution composition and best-fit values have been previously
reported (8). More information of the details of measuring pH
by 3'P NMR can be found in several excellent reviews (21-23).

The second type of measurement of cerebral metabolites was
made using a modification of the funnel freezing method (24).
Immediately after collection of NMR spectra, brains of animals
were frozen in situ with liquid nitrogen and stored at —80° C.
Samples of cerebral cortex and adjacent subcortical white matter
(approximately 250 mg) were extracted into perchloric acid and
spectrophotometrically assayed for concentrations of glucose,
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Fig. 1. Systemic changes after 45 min: animals in the seizure-hypoxia group develop the greatest degree of acidosis and the highest epinephrine

levels.
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Fig. 2. Representative electroencephalograms: the EEGs of control animals and hypoxic animals are similar. Both the seizure-normoxia and
seizure-hypoxia animals develop continuous high voltage spike or spike-and-wave discharges. Amplitude of the paroxysmal activity is more variable

in the seizure-hypoxia animals.

Table 1. CBF (ml/100 g/min) during hypoxia and during
seizures with and without hypoxia (values are mean = SE;
analysis of variance)

Seizure-  Seizure-
Control  Hypoxia normoxia  hypoxia
(n=28) (n=25) (n=T) (n=15)
Gray matter
Frontal cortex 36+5 53x6* 65 +5% 48 +6°
Parietal cortex 364 50x6° 67x5% 46 x6°
Caudate 34+5 59+74 69 + 64 48+ §°
Hippocampus 35+4 46 %5 65 + 48 46 £5€
Thalamus 50+6 66=%8° 97+ 7% 66 * &€
Hypothalamus 365 55+6%°  80x5* 64 +6°
Corpora quadri- 415 54 x6° 82+ 5% 64 +6M°
gemina
Cerebellum 39+5 62 + 6* 62+ 5% 46 %6°
Pons 50+6 7574 98§+64 85x7A
Medulla 48 +5 766" 91 5% 806"
Spinal cord 455 676 755 7360
White matter
Periventricular 10+2 1620 15+22 8+ 28C
white
Corpus Callosum 183 23 %3¢ 36£3* 17x£3C

2 p < 0.05 vs control.

® p < 0.05 vs hypoxia.

¢ p < 0.05 vs seizure-normoxia.
A p < 0.01 vs control.

B p < 0.01 vs hypoxia.

€ p < 0.01 vs seizure-normoxia.

lactate, ATP, and PCr according to standard enzymatic tech-
niques (10).

Statistical analyses. A total of 25 animals were utilized in the
blood flow studies (control, eight; hypoxia, five; seizure-nor-
moxia, seven; seizure-hypoxia, five). Values from some of the
seizure-normoxia animals have been previously reported data
(8). In additiion, 15 animals were utilized for the NMR studies
(hypoxia, six; seizure-normoxia, six; seizure-hypoxia, three). For
the NMR studies, animals served as their own controls. The
brains of some of the animals used in the NMR experiments as
well as of 16 additional animals were used for in vitro determi-
nation of cerebral metabolites (control, seven; hypoxia, two;
seizure-normoxia, three; seizure-hypoxia, four). The statistical
method employed was analysis of variance utilizing a Tektronix
4051 computer. Differences were deemed significant at the p <
0.05 level.

Table 2. 3'P-NMR study of cerebral metabolism during hypoxia
and during seizures with and without hypoxia (values for PCr,
ATP, and inorganic phosphate are percent of total mobile
phosphates) (all values are mean + SE; control values are

pooled data)
Seizure— Seizure—
Hypoxia normoxia hypoxia
Min (n=06) (n=106) (n=3)
Phospho-
creatine
Control i1+1 11+1 111
0-15" 11+ 1€ Tx1* 8§+ 1*
16-30" 8§+ 1° 6+ 14 8§ £1°
31-45" 10 £ 1°¢ 6+ 12 6+ 1M°
ATP
Control 22+ 1 2+1 224 1
0-15” 23211 18 + 14 18 +2°
16-30" 23+ J° 18 £ 2° 17 3 2%0
31-45" 2] =2 182 14 £ 240
Inorganic phos-
phate
Control 12=+1 121 12+1
0-15" 16£2 18 £ 24 18 + 22
16-30" 1720 2225 193"
31-45" 18 +22 2224 21 & 3~
Intracellular
pH
Control 7.27 £ 0.04 7.27 £0.04 7.27 £0.04
0-15" 7.20 + 0.06 7.10 +0.06*  7.06 = 0.06"
16-30" 7.21 £0.08¢ 6.89 +0.08* 6.81 = 0.08""
31-45" 6.84 + 0.09* 6.83 £0.09* 6.51 +0.09*B

2 p < 0.05 vs control.

® p < 0.05 vs hypoxia.

¢ p < 0.05 vs seizure-normoxia.
A p<0.01 vs control.

B p < 0.01 vs hypoxia.

€ p < 0.01 vs seizure-normoxia.

These experiments were carried out with adherence to “Guid-
ing Principles for the Care of Animals” of the American Phys-
iological Society and in accordance with federal regulations and
laws.

RESULTS

Systemic changes. Significant mortality occurred in the sei-
zure-hypoxia group (five of 17 animals died), while there was
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but one death in the hypoxia group (one of seven died) and no
deaths in the control or seizure-normoxia groups (x> = 10.8; DF
= 3; p = 0.01). Systemic metabolic and physiological measure-
ments from animals surviving the 45-min experimental period
were pooled and are presented in Figure 1. It is important to
note that animals surviving 45 min of seizure during hypoxia
had a trend to lower blood pressure, although this decrease was
not statistically significant (p = 0.07).

Arterial lactate was significantly raised and arterial pH lowered
in both hypoxia and seizure groups. Plasma epinephrine levels
were elevated only in the seizure-hypoxia group after 45 min
(Fig. 1).

Cerebral physiological changes. Scalp recorded EEG showed
low voltage fast activity in control animals. There appeared to
be little change in background activity in animals subjected to
hypoxia alone. Continuous high voltage spike or spike-and-slow
wave discharges developed in both the seizure-normoxia and the
seizure-hypoxia group, but the amplitude of the paroxysmal
activity was more irregular in the seizure-hypoxia group (Fig. 2).

Cerebral blood flow increased to the greatest degree in the
seizure-normoxia group. Cerebral blood flow was also elevated
in all regions examined in the animals rendered hypoxic. How-
ever, in some regions of forebrain (i.e. parietal cortex, hippocam-
pus, thalamus), diencephalon, and brainstem, the degree of ele-
vation was not nearly as great as occurred in animals in the
seizure-normoxia group (Table 1). CBF in cerebral cortex, basal
ganglia, diencephalon, cerebellum, and corpora quadrigemina
also failed to increase in the seizure-hypoxia group to the degree
which occurred in seizure-normoxia animals. Moreover, CBF in
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cerebral cortex, caudate, hippocamus, thalamus, and cerebellum
in the seizure-hypoxia group was not statistically significantly
different from that of normoxic control animals.

Cerebral metabolic changes. *’NMR measurements showed
significant reduction in PCr levels in animals subjected to sei-
zures during normoxia or during hypoxia. Animals rendered
hypoxic (alone) were less affected (Table 2, Fig. 3). Similarly,
ATP concentration was not reduced in animals subjected to
hypoxia alone. There was a slight decrease in ATP levels in the
seizure-normoxia group, but this decline appeared to plateau
after 45 min. In contrast, there was progressive, marked decline
in ATP concentration in the seizure-hypoxia group.

In vitro measurement of freeze-trapped brain tissue disclosed
changes similar to those found with *'P NMR. The seizure-
hypoxia group developed the most severe depletion of ATP and
PCr. Brain lactate was highest and brain glucose lowest in the
seizure-hypoxia group (Fig. 4).

DISCUSSION

Systemic changes. The cerebral physiological and metabolic
effects of hypoxia alone (9, 25, 26) or seizures alone (8, 27) have
been well described. To our knowledge, there has been little
investigation of how hypoxemia modifies the cerebral physiolog-
ical and metabolic effects of neonatal seizures.

The present results demonstrate that the singular insult of
either hypoxia alone or seizures alone (during normoxemia) does
not produce substantial mortality in the neonatal dog. Mortality
is excessive only if the seizures are complicated by hypoxemia.
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Fig. 3. Representative NMR spectra: levels of inorganic phosphate rise in all three experimental groups. The decline in PCr and ATP is most

pronounced in the seizure-hypoxia group.
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Fig. 4. In vitro brain metabolite levels: levels of PCr, ATP, and glucose are the lowest in the seizure-hypoxia animals. Lactate is elevated in all

three experimental groups, particularly in the seizure-hypoxia group.

This mortality is probably cardiogenic in origin. The acidosis
engendered in animals by the combined insults of both hypoxia
and seizures may directly decrease cardiac output and impair
ventricular function (28).

CBF. Data from the present study are consistent with the view
that hypoxemia produces significant increases in CBF in the
neonatal dog (29) particularly in brainstem structures (25). It is
hypothesized that CBF increases during hypoxemia to maintain
oxygen availability and preserve brain energy state (25).

It is also acknowledged that seizures in the paralyzed and
ventilated animal are associated with significant increases in
CBF, even when the seizures are prolonged (8). It is noteworthy
that when seizures occur during hypoxemia, forebrain blood flow
fails to increase significantly above control values. Why CBF
fails to increase under the combined stress of hypoxia and
seizures is uncertain. Hydrogen ion content (believed by some
to be a mediator of cerebral vasodilation) was greatly elevated in
the seizure-hypoxia group.

Can the failure of CBF to increase be attributed to the mild
(nonsignificant) decrease in blood pressure in the seizure-hypoxia
group (i.e. loss of autoregulation)? Utilizing the adult rat, Blen-
now et al. (30) discovered that autoregulation is abolished during
seizures and that CBF becomes pressure passive. However, stud-
ies in normoxic neonatal dogs (not undergoing seizures) show
that systemic hypotension of a moderate degree (as low as 30
mm Hg) is not associated with a reduction of CBF (31, 32).
Preliminary experiments in this laboratory (unpublished results
Young RSK, Cowan BE) in bicuculline-injected neonatal dogs
indicate that reduction of mean arterial blood pressure by 30
mm Hg does not adversely affect CBF

Cerebral metabolism. Although elevated in all three experi-
mental conditions, brain lactate levels were the highest (and
brain intracellular pH the lowest) in the seizure-hypoxia group.

The pH determined by NMR for control animals in this study

(7.27, Table 2) is somewhat higher than the values obtained by
non-NMR methods (33), but is consistent with intracellular brain
pH noted by other investigators using NMR, viz., 7.2 (34-36)-
7.33 (14). Absolute pH measurement by *'P NMR, being de-
pendent on titration curves based on intracellular environment
and compartmentation is uncertain but measurement of pH
changes is quite reliable (22, 23).

The cerebral metabolic consequences of hypoxemia on brain
high energy phosphate metabolism have been well documented.
In vitro analytic methods in adult rats (37) and in the neonatal
dog (26, 38) disclose that cerebral ATP levels are maintained
during nonfatal hypoxia. More recent in vivo *'P NMR studies
by Gonzalez-Mendez et al. (34) and Prichard et al. (7) show that
rabbits maintain normal levels of ATP during hypoxia and
metabolic acidosis. Severe (fatal) hypoxia will produce changes
in ATP levels. In a study of graded hypoxia in lambs, Younkin
et al. (9) observed that ATP concentration did not decrease until
PCr was nondetectable. Hilberman et al. (35) noted that during
hypoxia brain ATP declined when PCr fell to approximately
one-half of that of control values.

ATP levels are also minimally reduced during seizures if the
animal is normoxic. In vifro studies by Chapman et al. (39)
disclose that although PCr declined by approximately two-thirds
during prolonged seizures in ventilated (normoxic) rats, ATP
levels were close to normal. *'P NMR studies by Petroff ef al. (6)
in adult rabbits and from this laboratory in neonatal dogs (8)
show little change in ATP levels during bicuculline induced
seizures when animals are oxygenated.

Blennow et al. (30) recently reported that cerebral metabolic
changes are more pronounced in adult rats who seized during
hypoxia compared to those undergoing during normoxia. Simi-
larly, the animals in the seizure-hypoxia group in the present
study showed significant perturbation of both PCr and ATP
levels.
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The neuropathological consequences of seizures complicated

by hypoxia are uncertain. Hypoxemia frequently accompanies
prolonged seizures (40) and may be an important mechanism
underlying neuronal damage (3). However, Blennow et al. (41)
observed that ischemic cell change was more pronounced in male
Wistar rats subjected to bicuculline-induced seizures during nor-
moxia than when the seizures occurred during hypoxia. Lactate
levels were also highest in their seizure-hypoxia group, yet none
of the animals showed definite evidence of ischemic cell change.
Future neuropathological experiments will be necessary to deter-
mine whether seizures complicated by hypoxia cause neuropath-
ological alterations as well as metabolic perturbation.
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