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Abstract

Objective: Birth asphyxia (BA) is often associated with seizures that may exacerbate
the ensuing hypoxic—ischemic encephalopathy. In rodent models of BA, exposure to
hypoxia is used to evoke seizures, that commence already during the insult. This is
in stark contrast to clinical BA, in which seizures are typically seen upon recovery.
Here, we introduce a term-equivalent rat model of BA, in which seizures are trig-
gered after exposure to asphyxia.

Methods: Postnatal day 11-12 male rat pups were exposed to steady asphyxia
(15 min; air containing 5% O, + 20% CO,) or to intermittent asphyxia (30 min; three
5 + 5-min cycles of 9% and 5% O, at 20% CO,). Cortical activity and electrographic
seizures were recorded in freely behaving animals. Simultaneous electrode measure-
ments of intracortical pH, Po,, and local field potentials (LFPs) were made under
urethane anesthesia.

Results: Both protocols decreased blood pH to <7.0 and brain pH from 7.3 to 6.7
and led to a fall in base excess by 20 mmol-L™". Electrographic seizures with convul-
sions spanning the entire Racine scale were triggered after intermittent but not steady
asphyxia. In the presence of 20% CO,, brain Po, was only transiently affected by 9%
ambient O, but fell below detection level during the steps to 5% O,, and LFP activity
was nearly abolished. Post-asphyxia seizures were strongly suppressed when brain
pH recovery was slowed down by 5% CO,.

Significance: The rate of brain pH recovery has a strong influence on post-asphyxia
seizure propensity. The recurring hypoxic episodes during intermittent asphyxia pro-
mote neuronal excitability, which leads to seizures only after the suppressing effect
of the hypercapnic acidosis is relieved. The present rodent model of BA is to our
best knowledge the first one in which, consistent with clinical BA, behavioral and

electrographic seizures are triggered after and not during the BA-mimicking insult.
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1 | INTRODUCTION

Birth asphyxia (BA) is one of the leading causes of neona-
tal mortality, resulting in approximately 1 million neonatal
deaths annually." In survivors, BA leads to hypoxic—ischemic
encephalopathy (HIE), making them prone to a wide variety
of developmental aberrations and lifelong malfunctions of
the brain, ranging from minor and major psychiatric and neu-
rological disorders to cerebral palsy.p‘ The period of recov-
ery after asphyxia is often marked by seizures, some of which
are considered to promote HIE-related trauma.’

By definition, asphyxia is a combination of systemic
hypoxia and hypercapnia, and these two components of
asphyxia have distinct—often functionally opposite—ac-
tions on the brain. Hypoxia is known to promote neuronal
excitability and seizures (Sampath et al..% Kawasaki et al.,’
Sun et al.,8 and references below), whereas an elevation of
systemic CO, produces a fall in brain pH and a consequent
decrease in neuronal excitability.”'* Moreover, hypercapnia
leads to vasodilation of cerebral arteries and arterioles'>'*
and, acting in synergy with neurohormonal factors such as
vasopressin,15 mediates a brain-sparing increase in cerebral
blood flow and oxygenation during the asphyxia-coupled re-
duction of O, availability."*

Despite the differences in the neurobiological and physio-
logical effects of hypoxia and asphyxia, practically all models
on BA employing neonatal rodents are based on exposure of
the animals to hypoxia or hypoxia—ischemia.8’16 In such mod-
els, seizures are triggered during the exposure to hypoxia.6’8
This is in contrast with observations of human neonates'’ and
also large animal models of BA'® in which seizures are trig-
gered after a period of moderate or severe asphyxia.

To analyze the fundamental differences between hypoxia-
and (post-)asphyxia-induced seizures, we investigated the de-
pendence of seizure generation on changes in brain pH/CO,
and oxygen levels. We used postnatal day (P) 11-12 rats (all
males), which, in terms of cortical development, are at a stage
that is equivalent to the human term neonate. ' Asphyxia
was induced by ambient gas mixtures containing 5% or 9%
O, and 20% CO, (balanced with N,). Two protocols were
used in the present study: steady asphyxia (15 min, 5% O,
plus 20% CO,), which mimics an acute complication such as
placental abruption or maintained cord compression; and in-
termittent asphyxia, where the hypoxia is applied in repetitive
5-min steps at 9% O, and 5% O, (at constant 20% CO,) over
30 min to roughly mimic the effects of recurring contractions
during prolonged parturition.

In sharp contrast to BA models based on exposure to
pure hypoxia, seizures were not observed during the pro-
found brain hypoxia that takes place during asphyxia with
5% 0O,. However, intense behavioral convulsions, tightly
paralleled by electrographic cortical seizures, were triggered
during brain pH recovery after the intermittent asphyxia. The
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Key Points

e Experimental asphyxia induced severe acidemia
and nearly abolished cortical activity

e Cortical activity during and after asphyxia was
closely linked to changes in brain pH but not Po,

e Electrographic seizures closely associated with
behavioral convulsions were triggered after but
not during intermittent asphyxia

e The post-asphyxia seizures were suppressed when
brain pH recovery was slowed down with 5% CO,

seizures were strongly suppressed when the rate of brain pH
recovery was slowed down by applying a low level (5%) of
CO, in air. No seizures were seen after steady asphyxia. The
striking difference in seizure propensity following the steady
and intermittent asphyxia protocols suggests that periodic
hypoxic episodes in the asphyxic brain enhance neuronal ex-
citability,21 22
and seizures once the suppressing effect of the asphyxia-re-
lated hypercapnic acidosis is relieved. Our data as a whole are
consistent with the finding that human neonates are typically
prone to seizures after but not during parturition.

which becomes established as hyperexcitability

2 | MATERIALS AND METHODS

Methods are described in Appendix S1.

3 | RESULTS

3.1 | Changes in blood pH, base excess,
lactate, and plasma copeptin evoked by
experimental asphyxia

To ascertain the translational relevance of the experimental
models used in this work, and to compare the hypoxic bur-
den brought about by the steady and intermittent asphyxia
protocols, we measured blood gas parameters that are used
in the diagnosis of BA. As expected (see Summanen et al.,?
Pospelov et al.?*), both types of asphyxia induced a large
decrease in blood pH and base excess (BE; Figure 1A,B).
Median pH was 6.81 (95% confidence interval [CI] =
6.80-6.87) and 6.93 (95% CI = 6.80-6.95), respectively, as
measured immediately at the end of steady and intermittent
asphyxia. In the control group at the same time point, me-
dian pH was 7.53 (95% CI = 7.51-7.54). The acidemia had a
prominent metabolic component, as indicated by a fall in BE
of 21.2 (95% CI = 18.9-22.3) mmol-L™" and 20.6 (95% CI =
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FIGURE 1 Changes in blood pH (A), base excess (BE; B) lactate
(C), and plasma copeptin (D) in postnatal day (P) 11-12 rats exposed
to experimental asphyxia. The line graphs on the top illustrate the
intermittent (blue) and steady (orange) asphyxia protocols, which

start and end in normoxic conditions as indicated by the pre- and
post-asphyxia baselines of O, and CO,. Both protocols decreased

pH to <7.0 and BE by 20 mmol-L™! (ABE), and evoked a marked
increase in lactate and copeptin. The vertical gray bar marks the end
of asphyxia, and, for clarity, the blue symbols have been shifted
slightly to the left and the orange symbols slightly to the right. Number
of samples per timepoint is 35 in the control group and 5-6 in the
asphyxia group. The values are median with 95% confidence interval.
All data are based on P11-P12 rats in this and subsequent figures

19.3-21.2) mmol-L™" during steady and intermittent proto-
col, respectively. Blood lactate increased from a baseline of
1.1 (95% CI = 1.0-1.2) mmol-L™" under control conditions

to 10.9 (95% CI = 8.5-14.9] mmol-L™" and 8.6 (95% CI =
7.0-9.8) mmol-L™! during steady and intermittent asphyxia,
respectively (Figure 1C). In addition, the levels of plasma co-
peptin, a relevant biomarker of BA,>% were highly elevated
by the end of both asphyxia protocols (4.41 [95% CI = 1.64—
11.15] nM and 6.32 [95% CI = 4.48-7.74] nM for steady and
intermittent, respectively vs. 0.22 [95% CI = 0.1-2.5] nM in
the control group; Figure 1D).

Although the duration of the intermittent asphyxia expo-
sure was twice as long as that of steady asphyxia, the blood
gas parameters showed quantitatively similar changes. As
described in detail before,** rat pups have a remarkable abil-
ity to physiologically compensate in response to the 9% O,
challenge. The nearly identical hypoxic burden caused by the
two asphyxia protocols is therefore readily explained by the
identical total time (15 min) of exposure to 5% O,. This sim-
ilarity is particularly interesting when comparing the efficacy
of steady and intermittent asphyxia to induce post-asphyxia
seizures, as done below.

3.2 | Behavioral seizures emerge following
intermittent asphyxia, and they are suppressed
by graded restoration of normocapnia

We started our experiments on seizure generation in the
two asphyxia paradigms using freely moving, non-instru-
mented rats. Seizure scoring was based on a modified
Racine scale (RS), which did not include non-convulsive
seizures (RS I-II, see Materials and Methods and below).
Under control conditions, the pups were for most of the
time in apparent sleep. During the exposure to steady or
to intermittent asphyxia, the pups initially displayed dis-
tress behavior with increased locomotion, but no seizures
were observed. Breathing rate decreased gradually and led
to apnea and death in three of 17 and two of 17 pups during
exposure to steady and intermittent asphyxia, respectively.
There was no further mortality.

Notably, convulsive seizures (RS III-V) were never ob-
served after steady asphyxia. The pups displayed some ab-
normal behavior, including shaking, twitches, and Straub
tail, during the first 10 min of recovery. Thereafter, their
behavior became indistinguishable from controls. In sharp
contrast to this, intense behavioral seizures were seen in
seven of 15 pups shortly after intermittent asphyxia, with a
median latency of 224 s (range = 178-310 s) from the end
of the exposure (Figure 2A and Videos S1, S2). Seizures
of increasing severity occurred in succession. They com-
menced with forelimb clonus (RS III), which was often
coupled with rhythmic head-nodding. This was followed
by clonus with loss of righting (RS IV), and the seizures
ended after an episode of tonus—clonus with loss of right-
ing (RS V) in all seven seizing animals. The median total
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FIGURE 2 Highest Racine stage of seizures observed after
experimental asphyxia. (A) Freely moving, non-instrumented rats were
exposed to steady or intermittent asphyxia followed by rapid (RRN) or
graded restoration of normocapnia (GRN). No seizures were seen after
steady asphyxia, whereas they were triggered in seven of 15 animals
after intermittent asphyxia with RRN. GRN significantly decreased

the proportion of animals with RS III-IV seizures and abolished RS V
seizures. Sample sizes are given on top of the columns. (B) Similar to
A, but the animals had been implanted with epidural cortical electrodes
24 h earlier (see Figure 3 for electrocorticography). GRN abolished

RS V seizures also in these experiments

duration of seizures was 110 s (range = 66—180 s), and all
observed seizures terminated within about 8 min after the
end of intermittent asphyxia. This was followed by a period
(typically 40—180 s) of total immobility apart from respi-
ratory movements, after which normal behavior gradually
resumed. To our knowledge, this is the first description of
arodent model of human full-term birth asphyxia, in which
robust seizures emerge after the termination of the insult,
as observed in the neonatal intensive care unit (e.g., Lynch
et al.'” and Discussion).

The severe acidosis of the brain that develops during asphyxia
shows a prompt recovery to the alkaline direction after the end
of the exposure (see Pospelov et al.,”* Bender et al.,”” Remzso
et al.?®). There is evidence indicating that both the amplitude and
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the rate of alkaline recovery of brain tissue pH boost neuronal ex-
citability and the triggering of seizures.”* Thus, we examined
the efficacy of graded restoration of normocapnia (GRN)*!
suppressing seizures by exposing the rat pups to 5% CO, in air
for 30 min immediately after intermittent asphyxia. Here, rapid
restoration of normocapnia (RRN) refers to the bulk of experi-
ments in which the animals were promptly re-exposed to room
air after asphyxia. We found that GRN significantly reduced the
occurrence of convulsive seizures compared to RRN (GRN 2/16
vs. RRN 7/15, Barnard test p = .0379; Figure 2A and Video S3).
Notably, none of the animals in the GRN group had RS V sei-
zures (p = .0016 compared to RRN). Thus, GRN reduced both
seizure incidence and severity.

3.3 | Electrocorticographic and behavioral
post-asphyxia seizures in freely moving rats

To examine the effects of intermittent asphyxia on neo-
cortical activity patterns and the relationships between
electrographic and behavioral seizures, electrocorticog-
raphy (ECoG) was recorded at a frontal and a parietal site
(Figure 3C). Under control conditions, the ECoG was con-
tinuous and, characteristic of this age point, discrete bursts
of activity were rarely observed (Figure 3A,B, excerpt a).*?
Immediately following the onset of intermittent asphyxia,
the ECoG activity was strongly suppressed. Most of this
suppression is caused by the hypercapnic acidosis, as will be
demonstrated below (Figures 4 and 5). Nevertheless, during
the initial phase of the asphyxia with 9% of O,, about 25%
of the ECoG power persisted, whereas the subsequent fall to
5% O, led to a further decrease with hardly any detectable
activity remaining. These effects were constant during the
three transitions from 9% to 5% O, (Figure 3A bottom panel
and Figure 3A,B excerpts b and ¢).

In line with the purely behavioral observations in
Figure 2, we never observed electrographic seizure activ-
ity during the asphyxia exposure. In contrast, the ECoG
recordings showed intense post-asphyxia seizure activity
in six of 10 freely behaving animals, which is in agree-
ment with the seizure incidence in the non-instrumented
animals. The electrographic seizures in the parietal cortex
had a median latency of 150 (95% CI = 108-188) s after
the end of asphyxia. In all animals, the electrographic sei-
zures appeared practically simultaneously at the recording
sites in the parietal and the frontal cortex. The duration
of the seizures in the frontal and the parietal cortex was
comparable (pooled median duration = 118 [95% CI = 87—
137] s), and most of the seizures consisted of spike trains
with a 1.2-2.3 Hz discharge frequency (see Figure 3D for
an example) with increasing amplitudes toward the end of
the seizure epoch. The ECoG bursts in the initial seizure
period (Figure 3D,E, excerpt d) were monopolar (without
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FIGURE 3 Electrographic and behavioral seizures emerge after but not during intermittent asphyxia. (A) The effect of asphyxia on cortical
activity. Top panel features an example of frontal electrocorticography (ECoG) recording and bottom panel displays median power with 95%
confidence interval of 18 frontal ECoG recordings. Excerpts a—c marked on the sample ECoG are shown magnified in B. These data demonstrate a
profound suppression of cortical activity during asphyxia. (C) Electrode placements (A/P, anterior/posterior; M/L, medial/lateral). (D) An example
of a post-asphyxia recording (asphyxia ends at time 0) showing the temporal relationship between behavioral and electrographic seizures. Panels
depict (from top to bottom) Racine stages, frontal ECoG, and parietal ECoG. Electrographic seizures are highlighted in orange. Excerpts d and

e from the frontal ECoG displaying early and late stage seizures, respectively, are shown magnified in E. We included two frequency bands in

E to show how the seizure activity appears without possible filtering artifacts. (F) Timeline representation of frontal and parietal ECoG seizures
and behavioral seizures in the rapid restoration of normocapnia group. Seizures were observed in six of 10 animals. The specimen marked by the
asterisk is the same as in D
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the 3-Hz high-pass filtering), and we did not observe slow
components (Figure 3D,E, excerpts d and e). The seizure
termination was abrupt (delay from high-amplitude spiking
to complete cessation was 0—7 seconds), and it was fol-
lowed by a strong suppression of the background ECoG.
Thereafter, baseline activity gradually recovered.

The ECoG recordings demonstrated a consistent tem-
poral overlap between the convulsive behavioral seizures
and the electrographic seizures (Figure 3D,F). The ECoG
seizures preceded the convulsive seizures by 19 to 71 s.
During this time, transient bouts of abnormal behavior,
such as shaking, twitches, and Straub tail, were observed.
These aberrant behaviors were reminiscent of non-con-
vulsive RS I-II seizures, which were excluded from the
present analyses (see Materials and Methods). The onset
of the convulsive seizures and transition from one seizure
stage to another was not marked by any obvious change in
the ECoG (Video S4). In four of six cases, RS V seizures,
which are considered to originate from the brain stem,33‘34
continued for an additional 3—13 s after the cortical sei-
zures had terminated (Figure 3F).

GRN decreased the post-asphyxia seizure incidence from
six of 10 to three of 10 animals as seen in both behavior and
ECoG. In agreement with the data on freely moving non-in-
strumented animals (Figure 2A), RS V seizures were absent
in the instrumented GRN group as well (Barnard test p =
0.0128; Figure 2B). Otherwise, the seizures were qualita-
tively similar to those observed after RRN. No behavioral or

e e 913
Epilepsia—~
electrographic seizures were observed in the control ECoG
group (n =7).

3.4 | Simultaneous recording of neocortical
local field potentials, brain pH, and brain
oxygen levels during intermittent asphyxia

Although the data presented in Figure 3 show that changes in
ambient CO, and O, exert robust effects on neuronal excita-
bility (from profound suppression to hyperexcitability during
and after intermittent asphyxia, respectively), they provide
no information on the contributions of the associated changes
in brain pH and brain Po,. Therefore, we made simultaneous
recordings of local field potential (LFP) activity and pH as
well as Po, from the parietal cortex in head-fixed urethane-
anesthetized rats.

The sample recording in Figure 4 shows the quality of the
raw data. Exposure to intermittent asphyxia (with the initial
9% O,) caused a fast decline in brain pH and the ongoing LFP
activity, and the three shifts in ambient O, from 9% to 5% pro-
duced a further, reversible suppression (cf. Figures 3 and 5). A
major decrease in Po, was caused only by the three exposures
to 5% O,. A prompt increase in neuronal excitability took
place leading to seizure activity within 2.8 min post-asphyxia
in a manner comparable to what was seen in freely moving
animals (Figure 3). Moreover, the seizure pattern was similar,
consisting of epileptiform spikes with a crescendo pattern.
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3.5 | Suppression of LFP activity during

intermittent asphyxia is mainly attributable
to the fall in brain pH

Simultaneous recordings of LFP, pH, and Po, were made in
a total of 29 animals exposed to intermittent asphyxia and
followed by RRN (n = 17) or GRN (n = 12). During the
first 5 min of intermittent asphyxia (with 9% O,), the me-
dian value of brain pH (RRN and GRN groups combined)
decreased rapidly from 7.33 to 6.95, with a further decline

to 6.78 during the next 5 min in 5% O, (Figure 5B). pH re-
covered only slightly (0.12 units; <20% of the maximum aci-
dosis) in response to the two subsequent 9% O, bouts, and
dropped below 6.7 during the second and third 5% O, expo-
sures, reaching a minimum of 6.67. In two brain pH record-
ings with steady asphyxia, the lowest brain pH values were
6.64 and 6.58. They are well within the range of pH minima
(6.42-6.79) recorded during the intermittent asphyxia, which
further indicates that steady and intermittent asphyxia cause
similar hypoxic load.
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FIGURE 5
(RRN, n = 17) or graded restoration of normocapnia (GRN, n = 12). All values are median with 95% confidence interval except for insets. The

Changes in cortical activity (A) and in brain pH (B) and Po, (C) in rat pups exposed to intermittent asphyxia, followed by rapid

three vertical gray columns on data panels mark the 9% O, bouts during the intermittent protocol, whereas the two vertical lines indicate the end
of asphyxia and the end of GRN. Median data for the RRN and GRN protocols are plotted separately starting at 2 min after the end of asphyxia, as
the conditions before this time point are identical in the two protocols. (A) Power of local field potentials (LFPs) in the parietal cortex. The trace
with a separate y-axis is a sixfold magnification of the LFP power and shows the profound suppression of cortical activity during asphyxia (cf.
Figure 4). After asphyxia, the activity recovers promptly. Following RRN, but not GRN, a period of hyperexcitability and seizures was seen, and
it coincided with the rapid alkaline recovery of brain pH during a time window of 2—7 min after the end of asphyxia. Inset a shows individual LFP
power traces during this period. (B) Brain pH decreases by 0.6 pH-units during the asphyxia and displays only minor modulation (0.12 pH-units)
upon the changes between the 9% and 5% O, levels. The alkaline recovery of brain pH after RRN is biphasic, and it is slowed down by GRN. The
median brain pH during the first recovery phase (2—7 min) is shown magnified in inset b. (C) Brain Po, falls to apparent zero during the three
periods of exposure to 5% O,, but recovers to achieve a normoxic level when the ambient O, concentration is increased to 9%. After the asphyxia,
an overshoot of Po, is observed. GRN increases the duration but not the amplitude or the rate of the Po, overshoot
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Median brain Po, during the pre-asphyxia baseline was
30.0 mmHg. During the first 5-min period of intermittent as-
phyxia with 9% O,, brain Po, showed initially a small tran-
sient fall (nadir at 22 mmHg), but promptly recovered back to
the baseline level, indicating a fast re-establishment of brain
normoxia despite the large fall in ambient O, (Figure 5C).
Notably, however, under these conditions, median LFP power
was still suppressed to 10% (95% CI = 8.3%—11%) from its
baseline level, which is readily explained by the pronounced
acidosis. A similar recovery to brain normoxia, associated
with a strong suppression of LFP when compared to baseline
(to 16%, 95% CI = 13%—19%), was observed during the two
subsequent exposures to 9% O,. In contrast to the brain nor-
moxia achieved during the 9% O, exposures, all three epochs
with 5% O, led to a decrease in brain Po, to a level where vir-
tually no free oxygen could be detected. Under these condi-
tions, LFP activity was—consistent with the associated acid
shift—further suppressed, to 4.1% (95% CI = 3.3%-5.1%) of
the baseline power (see magnified power trace in Figure 5A).
Thus, all the above data indicate that the LFP power was sup-
pressed by up to 90% despite brain normoxia at 9% ambient
O, because of the simultaneous hypercapnic acidosis.

3.6 | Dependence of the post-asphyxia
increase in neuronal excitability and seizures
on brain pH changes

After RRN, brain pH recovered in a biphasic manner, ap-
parently reflecting the different elimination rates of CO, and
lactacidosis.”* During the initial, fast phase starting 2 min and
ending 7 min after the asphyxia, brain pH increased from 6.75
to 7.26 (Figure 5B and inset b therein). This was followed by
an almost linear and much slower secondary recovery phase
(cf. Pospelov et al.?%) lasting until 15 min post-asphyxia. We
did not observe an alkaline overshoot of the kind described
in P6 rats with steady asphyxia induced by 9% O, and 20%
COz,31 indicating that fast brain pH recovery in itself is suf-
ficient in triggering seizures following asphyxia (see also
PanaitescuSS).

GRN reduced the rate of brain pH recovery after inter-
mittent asphyxia. The fast phase of pH recovery, which in
the RRN group took 5 min (see above), was slowed down by
a factor of 2.6, to 13 min, by GRN (Figure 5B inset ). The
rate of pH recovery during the subsequent slower phase with
GRN was closely similar to what was observed after RRN,
but it took place at a more acidotic level, with its start set by
the slower rate of the preceding fast phase. The full recovery
of brain pH following GRN had a third, final phase, which
was caused by the change from 5% ambient CO, to room air,
and was completed within 10 min.

Following RRN, there was a prompt increase in neuronal ac-
tivity. In 12 of 16 animals, this was followed by the emergence
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of recurring spike bursts (single burst duration < 10 s), which
in three cases transformed into prominent seizures (duration =
94-117 s). The power maximum of individual LFP recordings
was observed at around 3.5-4.5 min after the asphyxia and
showed large variation ranging from 1.3 to 71*baseline power
(median = 2.4*; Figure 5A and inset a therein). The low inci-
dence of clear-cut seizure activity in experiments of the kind
illustrated in Figures 4 and 5 is readily explained by the use of
urethane anesthesia.*® Regardless, a period of hyperexcitabil-
ity, coinciding with the fast phase of pH recovery (2.0-7.0 min
after the asphyxia), was consistently associated with RRN
(Figure 5A inset a). In contrast to this, in the GRN experiments,
the median LFP power returned to the baseline level promptly
after the asphyxia with no significant overshoot. Accordingly,
the median LFP power 2—7 min after the end of asphyxia was
significantly higher in the RRN than in the GRN group (RRN
1.5,95% CI = 1.1-3.3 vs. GRN 1.1, 95% CI1 = 0.75-1.5; p =
0.0130, Mann—Whitney U-test).

The present data indicate that, although seizures are gen-
erated only at pH levels relatively close to baseline (>7.0),
it is not only the absolute pH but also the rate of change of
pH within a defined pH window that is tightly linked to the
triggering of seizures. This conclusion is supported by the
astonishingly accurate temporal overlap of the major (RRN)
and the minor (GRN) increases in LFP power seen during the
2-7-min window after the asphyxia (Figure 5A inset a).

3.7 | Absence of effect of brain O, on seizure
generation after intermittent asphyxia

When the animals in the RRN group were re-exposed to
room air after asphyxia, median brain Po, recovered rap-
idly (maximum rate = 140 mmHg/min) with an overshoot to
85 mmHg (cf. 30.0 mmHg during baseline) at 2.0 min after
the end of the intermittent asphyxia (Figure 5C). Brain Po,
fell to the baseline level 6.6 min later and showed a tran-
sient decline to 16.4 mmHg 26 min after asphyxia. GRN
had no effect on the rate (maximum = 146 mmHg/min) or
magnitude (peak = 88 mmHg) of the brain Po, overshoot.
However, GRN increased the duration of the overshoot, and
median Po, remained elevated for the whole 30-min period.
Thereafter, the RRN and GRN Po, curves merged. It is note-
worthy that brain Po, in both the GRN and the RRN group is
well above baseline at the time when seizures emerge.

3.8 | Rapid and graded
restoration of normocapnia have similar effects
on rectal temperature and breathing rate

During intermittent asphyxia, mean rectal temperature de-
creased from 36.6 (95% CI = 36.3-36.8) to 36.0 (95% CI =
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35.7-36.3) °C and mean breathing rate from 123 (95% CI =
118-128) to 71 (95% CI = 59-83) min~! (Figure S1). The
rectal temperature recovered to the baseline mean in 18 min
after RRN and stabilized to 37.0°C after another 15 min. GRN
had no effect on rectal temperature (two-way repeated meas-
ures analysis of variance: Treatment p = 911, Treatment X
Time p = .168). The breathing rate recovered promptly with
an overshoot to 151 (95% CI = 144-158) min~! after RRN.
GRN appeared to slightly decrease the hyperpnea associated
with RRN. However, the effect of GRN on breathing rate was

not statistically significant (Treatment p = .196, Treatment X
Time p = .624).

4 | DISCUSSION

We demonstrate here, for the first time, behavioral convul-
sions and neocortical electrographic seizures in a rat model
that physiologically mimics BA in human full-term neonates.
Consistent with the BA seizures seen in babies, the seizures
are observed after, but not during, the asphyxia insult.'” Our
direct and simultaneous measurements of neuronal activity
and brain tissue Po, show beyond any doubt that the post-
asphyxia seizures are not triggered by brain hypoxia. Our
intermittent asphyxia model, in which robust seizure activity
was observed, satisfies the standard clinical criteria of BA,
including a pronounced fall in blood pH from 7.5 to 6.9, as-
sociated with a significant metabolic acidosis as indicated by
a decrease of 20.6 mM in BE, and an increase in lactate from
1.1 to 8.6 mM. Moreover, the plasma level of the telltale en-
docrine biomarker of BA, copeptin,23’25 26 increased from 0.2
to 6 nM. As a whole, our data demonstrate that the present
BA-seizure model is physiologically valid in that it preserves
the organism's innate responses to asphyxia and to the re-
covery thereof (see also Pospelov et al.24), which have been
extensively studied in large-animal models of BA'"7 and in
human neonates.'****® This point is of utmost importance
because, as discussed below, the changes in the excitability
of the brain, including the generation of seizures, are con-
trolled by mechanisms that act not only within the brain, but
also at the whole-organism level.

4.1 | Hypercapnia as an endogenous
seizure-suppressing factor during the asphyxia-
linked hypoxia

Asphyxia is, by definition, a combination of systemic hyper-
capnia and hypoxia. The associated hypercapnic acidosis of the
brain leads to suppression of neuronal activity as is presently
evident in the ECoG and LFP recordings in Figures 3-5,1012.3
whereas alkalosis has the opposite effect.'®11340 A wide vari-
ety of neuronal ion channels, which control intrinsic neuronal

excitability and synaptic signaling, show a high and function-
ally synergistic sensitivity to pH.9 Thus, the suppression of
excitability by acidosis during asphyxia is deeply rooted in
mammalian evolution (see Ruusuvuori and Kailag). In line with
this, the behavioral and neocortical seizures in our model are
not triggered during, but only after the BA-mimicking insult.

In stark contrast to the above, in both non-invasive and
invasive models of BA and/or HIE in which rat and mouse
pups are exposed to pure hypoxia (4%—8% O, in N,),>841:42
seizures are triggered already during the hypoxia insult.
Strikingly, the highly artificial condition of pure hypoxia
leads to a brain alkalosis,24’43 which is known to produce an
increase in the excitability as well as seizures especially in
the immature brain.''*"*" Here, it is worth re-emphasizing
that peri- and neonatal rodents and other mammals are, under
non-experimental conditions, exposed to asphyxia, but not to
a condition that could be defined as “birth hypoxia.”

4.2 | Post-asphyxia seizures are not strictly
related to the preceding hypoxic load

Our data on blood acid—base parameters (Figure 1) and brain
pH indicate that the hypoxic load is nearly identical in the in-
termittent and steady asphyxia protocols used presently. Thus,
the post-asphyxia seizure generation is not strictly related to
the magnitude of the hypoxic load. Whereas the intermittent
asphyxia protocol resulted in severe behavioral post-asphyxia
seizures (RS III-V) in about one half of the animals, we never
observed seizures following steady asphyxia. A possible sce-
nario that might account for the efficacy of intermittent as-
phyxia in triggering seizures is that mechanisms that have been
shown to promote anoxic/hypoxic LTP in vitro? % are likely
to be activated during the 5% O, bouts of intermittent asphyxia.
The enhanced network activity during the periods with 9% O,
(and transient brain normoxia) would then lead to further activ-
ity-dependent potentiation of excitatory connections. Finally,
during the recovery from asphyxia, the suppressing effect of
the hypercapnic acidosis is quickly removed, unmasking the
enhanced excitability, which results in seizure generation.
Here, it is worth pointing out that although much work on ro-
dent models has focused on neuronal molecules and signaling
mechanisms that are affected as a consequence of seizures, 0
little is known about the proximate causes in vivo that render
the neonate's brain prone to seizures after BA.

43 | Post-asphyxia seizure generation shows
a steep dependence on the rate of recovery of
brain pH but not oxygen

The convulsive behavioral seizures after intermittent as-
phyxia were closely paralleled by neocortical seizures as
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demonstrated by ECoG recordings. Careful reviewing of
the video-ECoG recordings and the movement-transducer
signal showed only minor contamination of the ECoG by
movement artifacts even during intense convulsions (see,
e.g., Video S4, section 2:20-2:26). The seizures were de-
tected in the frontal and the parietal cortex practically si-
multaneously, indicating that the post-asphyxia seizures
spread rapidly over large cortical areas (Figure 3). This
observation also implies that our two-site recording is reli-
able for neocortical seizure detection in the present model.
The electrographic seizures initially had a low amplitude
(Figures 3 and 4), which increased toward the end of the
discharge. The crescendo and the discharge frequency
resembled those observed in rat pups during hyperther-
mia-induced brain alkalosis.!' In line with this, both the
incidence and the severity of the behavioral as well as the
electrographic seizures seen after RRN were strongly re-
duced by GRN (Figures 3 and 5), which in the present work
was achieved by application of 5% CO, in room air imme-
diately after the asphyxia.

The steep dependence of post-asphyxia hyperexcitability
and seizures on recovery of brain pH (but not O,) was directly
demonstrated in simultaneous recordings of cortical pH,
Po,, and LFP activity done under light urethane anesthesia.
In these experiments, a prominent period of post-asphyxia
hyperexcitability took place, during which some animals
(3/16) developed frank seizures (Figure 5). The time win-
dow of hyperexcitability and seizures coincided with the fast
post-asphyxia recovery of brain pH and, again, GRN led to
a nearly complete abolishment of post-asphyxia hyperexcit-
ability. Notably, the rate of recovery and overshoot of brain
Po, were similar following GRN and RRN, demonstrating a
lack of contribution of the Po, changes to seizure suppression
by GRN. It is obvious from the data in Figures 3 and 5 that a
much briefer duration (around 10 min, given the seizure time
window of 2-7 min post-asphyxia) than the preset time of
30 min for the present experiments would have been suffi-
cient for the anticonvulsant action of GRN.

In the fetal sheep model of preterm BA, which has pro-
vided large amounts of translationally relevant information,
epileptiform discharges emerge within 10-20 min from the
end of asphyxia.49 The magnitude of seizure latency is of
similar order as in the present rat model, which is in line with
a pH-dependent mechanism of seizure generation in fetal
sheep as well. Importantly, the frequency of the epileptiform
discharges in fetal sheep correlates with neuronal loss in the
hippocampus and the striatum.'®* Epileptiform discharges
with a brief latency after birth have been reported in human
neonates as well, and they are associated with an increased
risk of robust electrographic seizures.”® All these observa-
tions suggest that pharmacological interventions done as
early as possible to suppress seizures might be highly benefi-
cial for therapeutic outcome.
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5 | CONCLUSIONS
The present work shows that post-asphyxia changes in brain
pH have a pronounced effect on seizure susceptibility. We
do not, of course, argue that brain pH changes would be the
most important factor in all kinds of post-asphyxia seizures
in human neonates. A number of mechanisms triggered by,
for example, energy-metabolic compromise, free oxygen
radicals, and neuroinflammation®' are likely to contribute,
and might be exacerbated by the post-asphyxia recovery
of pH. Notably, the dependence of neuronal excitability on
brain pH is particularly steep in the immature brain.’* Thus,
it is reasonable to assume that the large pH changes, which
are bound to take place during and following birth asphyxia
in human neonates (see Uria-Avellanal and Robertson53),
are likely to have a major influence on the generation and
properties of post-asphyxia seizures. Using an inhaled gas
mixture with elevated (5%) CO, might be difficult in neo-
natal intensive care units, especially when fast decisions
regarding therapeutic interventions have to be made (see
Soul et al.**). Therefore, additional strategies targeting post-
asphyxia changes in brain pH should be examined in future
work. One such possibility might be to use acetazolamide,
which produces a slight hypercapnic acidosis in the brain via
inhibition of carbonic anhydrase.55 Notably, acetazolamide
is a safe and highly efficient antiseizure drug, especially in
short-term use.”®

In summary, our work calls into question the translational
validity of rodent BA models, which are based on exposure of
neonatal animals to pure hypoxia. By far most of the transla-
tional impact of preclinical work has come from large-animal
models of BA/HIE, where the experimental protocols typi-
cally induce a state of asphyxia, not hyp0xi21.14’37’57 Moreover,
large-animal models have numerous advantages with regard
to instrumentation in studies on adaptive and pathophysio-
logical mechanisms associated with BA. On the other hand,
standard laboratory rodents offer the important potential for
implementing the vast array of well-established molecular,
cellular, and systems-level techniques that are available for
both basic and translational work on the pathophysiology,
neurobiology, and behavioral outcome of BA, the associated
seizures, and HIE. They also enable efficient screening of
potential neuroprotective therapies and antiseizure drugs as
done recently by Johne et al. in work on the present model.*®
We are confident that physiologically valid rodent models of
the kind described presently will make a significant contribu-
tion to research in this highly important field.
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