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ABSTRACT. Prolonged seizures in the human neonate
may be complicated by systemic hypotension. To examine
the effect of systemic hypotension on brain metabolic state
during seizure, neonatal dogs were made hypotensive (by
exsanguination) during bicuculline-induced seizure. Meas-
urement of regional cerebral blood flow showed that mod-
erate hypotension did not impair cerebral perfusion during
seizure. Measurement of brain energy state with in vivo
3P nuclear magnetic resonance spectroscopy disclosed a
similar pattern of alteration of high energy phosphates in
animals subjected to seizure or to the combination of
seizure and hypotension. The additional metabolic stress
imposed by moderate hypotension during seizure in the
neonatal dog appears to be slight. (Pediatr Res 21:357-
361, 1987)

Abbreviations

CBF, cerebral blood flow

NMR, nuclear magnetic resonance
PCr, phosphocreatine

ATP, adenosine triphosphate

P;, inorganic phosphate

pH;, intracellular pH

Clinical and experimental evidence show that systemic hypo-
tension may occur during the course of prolonged seizure (1-3).
Nonetheless, the physiologic and metabolic consequences of
hypotension on the outcome of neonatal seizure is unclear (4).
Because metabolic demands on the brain increase greatly during
seizure, it is hypothesized that even a modest reduction in CBF
produces relative ischemia and further tissue damage.

Autoregulation of CBF ordinarily maintains cerebral perfusion
during systemic hypotension (5, 6), but may be impaired during
seizure (4, 7). However, use of the term, autoregulation, may be
inappropriate since the response of the cerebral circulation to
seizure is not a simple maintenance of blood flow, but rather a
sustained increase of 150-200% (8, 9). The goal of this study was
to determine whether the expected compensatory increase in
CBF which occurs during seizure is affected by moderate hypo-
tension and whether there is subsequent compromise of brain
energy state.
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METHODS

The method has been previously described in detail (8, 9).
Briefly, mongrel dogs (1-10 days old) were anesthetized for 5
min with halothane while undergoing tracheostomy. Pancuron-
ium bromide was administered (0.3 ml intraperitoneal) and
halothane discontinued. Animals were mechanically ventilated
with 30% O, and minute ventilation was adjusted to afford
normoxia (p,O2, 80-120 mm Hg) and normocarbia (pCO,, 30-
40 mm Hg). Seventy percent nitrous oxide was used for analgesia
and all sites of incision were infiltrated with local anesthetic
(xylocaine, 1%). The femoral artery and vein were cannulated to
permit monitoring of blood pressure, withdrawal of blood sam-
ples, and infusion of drugs (8, 9).

Animals were randomized to one of four study groups: control,
hypotension, seizure, and seizure-hypotension. Animals in the
seizure group received bicuculline (Sigma, 2 mg/kg intravenous),
an alkaloid which blocks the inhibitory neurotransmitter, -y-
amino-butyric acid. Animals in the control group were given an
equivalent volume of 0.9% saline. Animals in the hypotension
groups were exsanguinated until MABP had been reduced by
one-half (from approximately 78 to 40 mm Hg). A target of 40
mm Hg was selected because prior studies have shown that
perfusion in certain brain regions may begin to fail below this
level (6). Animals in the seizure-hypotension group were ren-
dered hypotensive but were also administered bicuculline.

EEG was continuously monitored with scalp electrodes and a
Grass polygraphic recorder. Autoradiographic measurement of
CBF with ['“C] iodoantipyrine (6, 8, 10) was performed in a
parallel group of animals at the end of a 45-min period of
experimental observation.

3P NMR data were collected utilizing a 1.89 Tesla, 26-cm
bore diameter superconducting magnet (Oxford Instruments), a
Nicolet 1280 computer, and a transmitter-receiver coil tuned for
phosphorus (32.5 MHz partially flattened Helmholtz coil encom-
passing approximately 3.5 X 4 X 1.5 cm of both gray and white
matter). Reflection of cranial muscle was not attempted because
postmortem examination revealed little muscle tissue over the
skull. Moreover, previous experiments (8, 9) disclosed negligible
signal obtained from this source. The underlying broad spectral
component due to cranial bone and phospholipids was partially
removed by frequency selective saturation in the region between
the a- and B-phosphate ATP peaks (11, 12) using a “DANTE
(13)” pulse sequence (1024 eight us pulses separated by 250-us
intervals and attenuated by 12 dB). A pulse width of 36 us
provided optimal signal to noise (approximately 12.5:1 for ATP
after 300 one-s scans). Rapid pulsing was performed to increase
sensitivity per unit time (14). Optimization of the homogeneity
of the magnet was performed by observing the proton signal of
water.

Baseline control spectra were collected for 15 min. Following
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Fig. 1. Systemic changes. Animals in the hypotension and seizure-hypotension groups are significantly hypotensive. Hyperglycemia occurs in all
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three experimental groups by 30 min. Acidosis is most prominent in the seizure and seizure-hypotension groups.
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Fig. 2. EEG in bicuculline injected neonatal dog before and during
hypotension. Spike and slow wave discharge is present both before and
during hypotension in bicuculline injected neonatal dog. However, dis-
charges during hypotension are less regular.

this, animals in the seizure group or seizure-hypotension group
were administered bicuculline and animals in the hypotension
or seizure-hypotension group were made hypotensive. Three sets
of spectra were then acquired (0-15, 16-30, and 31-45 min).
The Nicolet 1280 computer program (“NMRCAP”) was utilized
to determine areas of individual resonances in spectral regions
where peak overlap occurred. Brain pH; was determined by
noting the chemical shift of the P; peak with respect to that of
PCr, which is constant over the physiological range of pH.
Literature values (15) of cerebral intracellular concentrations of
ions and metabolites were used to prepare a standard pH/p;
titration curve (8).

Immediately after collection of NMR spectra, brains of ani-
mals were frozen in situ with liquid nitrogen (16) and stored at
—80° C. They were later dissected under liquid nitrogen irriga-
tion, extracted (HClIO,), and spectrophotometrically assayed for
concentrations of glucose, lactate, ATP, and PCr according to
standard enzymatic techniques (17).

Analysis of variance and the Newman-Keuls post hoc test were
used to determine statistically significant (p < 0.05) intergroup
and intragroup differences, respectively. Twenty-five animals
were used in the CBF studies (Table 1); 37 animals were used in
the metabolism studies (control nine; hypotension six; seizure
10, seizure-hypotension 12). Values from six of the 10 seizure
animals have been previously reported (9).

RESULTS

Arterial blood pressure was transiently increased in animals in
the seizure group (Fig. 1). In contrast, blood pressure was signif-
“icantly lowered in both the hypotension and the seizure-hypoten-
sion groups. Serum glucose and lactate levels increased in all
three experimental groups. Arterial pH decreased in both seizure
and seizure-hypotension animals but was unchanged in the con-
trol and hypotension animals.
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An EEG pattern of low voltage fast activity was present in
both control animals and animals subjected to hypotension
alone. Continuous high voltage spike or spike and slow wave
discharges were observed in both the seizure and seizure-hypo-
tension groups, although the discharges were less frequent and
more irregular in the latter group (Fig. 2).

CBF was not significantly reduced in animals subjected to
hypotension alone as compared to controls. However, increases
in CBF occurred in both the seizure and the seizure-hypotension
groups. There were no significant differences in CBF between
seizure and seizure-hypotension groups (Table 1).

3P NMR measurements showed no significant changes in
brain metabolic state in animals subjected only to hypotension
(Fig. 3). In contrast, there were parallel reductions of PCr, PCr/
P;, and pH; and a concomitant increase in P; in both the seizure
and the seizure-hypotension groups. The ATP level and the ATP/
P; ratio were significantly decreased in the seizure-hypotension
group compared to the control group. At no time were there
significant differences in the ATP or PCr levels or PCr/P; or
ATP/P; ratios between the seizure-hypotension and the seizure
animals.

In vitro assay of brain metabolites disclosed a significant
increase in lactate concentrations in both the seizure and the
seizure-hypotension groups compared to that of control animals.
PCr, ATP, and glucose levels were significantly reduced in the
seizure-hypotension group as compared to either the control or
hypotension group (Fig. 4).

DISCUSSION

The metabolic requirements of the brain increase considerably
during seizure. It has therefore been hypothesized that if hypo-
tension occurs during seizure, cerebral ischemia may ensue and
produce brain injury (18). The mechanisms controlling CBF
during seizure in the neonatal dog are uncertain. Nonetheless,
previous experiments have shown that CBF remains at high
levels long after the initial systemic hypertension has passed (8).
The present data extend those findings by showing that both
CBF and paroxysmal EEG activity continue unabated during
the combination of hypotension and seizure.

Adult animals and developmentally more precocious neonates
may not be as tolerant of hypotension during seizure. While mild
hypotension during seizure in the adult experimental animal
does not increase tissue injury (19), moderate hypotension during
seizure in the adult rat leads to cerebral ischemia and an isoelec-
tric EEG (20). A preliminary report suggests that the neonatal
pig is also incapable of augmenting CBF during the combination
of seizure and hypotension (21). The neonatal dog may be more
tolerant of hypotension during seizure because of lower baseline
blood pressure (5, 6).

Changes in brain metabolic parameters were approximately
parallel in the seizure-hypotension and seizure groups. Brain
lactate measured in vitro and levels of PCr and P; and the PCr/

Table 1. CBF (mean + SE, ml/100 g/min)*

Brain region Control Hypotension Seizure-hypotension Seizure
Frontal cortex 40+ 3 35+3 62 + 131+¢ 65 + 411
Parietal cortex 392 33+2 62 + 121% 67 = 51%
Caudate 38 +4 24 £3 55 + 12} 69 + 81t
Hippocampus 35+3 30+ 4 57 £ 5% 65 £ 5%
Thalamus 52 +4 49 + 4 97 £ 271 97 + 81t
Inf. colliculus 507 50+9 92 + 5t 826
Medulla 53+5 57T+6 96 + 411% 91 + 61 1%
Spinal cord 51%6 62 + 13 87 + 6t 75+5
White matter 22 +2 17+1 46 + 17% 36 +4

* Number of animals: control 12; hypotension 3; seizure-hypotension 3; seizure 7. No significant differences exist between seizure-hypotension

and seizure animals.
1 p < 0.05 versus control.
1 p < 0.05 versus hypotension.
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Fig. 3. Brain high energy phosphate metabolism. After 45 min there are parallel changes in phosphocreatine, P;, PCr/P; ratio, and intracellular
pH in the seizure and seizure-hypotension groups. 8-ATP and ATP/P; ratio are significantly reduced only in the seizure-hypotension group. CTRL,
control; /1Y PO, hypotension; SZ/HY PO, seizure-hypotension; SZ, seizure.
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Fig. 4. In vitro brain metabolites. Brain lactate is elevated in both seizure and seizure-hypotension groups. PCr, ATP, and glucose are reduced
significantly compared to controls only in the seizure-hypotension group. There are no statistically significant differences between values in the

seizure and the seizure-hypotension groups.

P; ratio measured in vivo were reduced to a similar degree in
both of these groups compared to the control group. ATP and
the ATP/P; ratio were slightly decreased only in the seizure-
hypotension group. While it could be postulated that the seizure-
hypotension group fared worse than the seizure group, it should
be noted that at no point were the differences between seizure
and seizure-hypotension animals statistically significant.

In summary, cerebral perfusion during seizures in the neonatal
dog remained at increased levels during a period of moderate
hypotension. Consequently, the additional metabolic derange-
ment induced by systemic hypotension during seizure in this
neonatal animal was slight. Metabolic stress induced by the
increased cerebral activity during seizure may be a primary effect
not substantially exacerbated by concurrent moderate hypoten-
sion.
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