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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% O2�+�20% CO2) or to intermittent asphyxia (30�min; three 
5�+�5-min cycles of 9% and 5% O2 at 20% CO2). Cortical activity and electrographic 
seizures were recorded in freely behaving animals. Simultaneous electrode measure-
ments of intracortical pH, Po2, 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�1. Electrographic seizures with convul-
sions spanning the entire Racine scale were triggered after intermittent but not steady 
asphyxia. In the presence of 20% CO2, brain Po2 was only transiently affected by 9% 
ambient O2 but fell below detection level during the steps to 5% O2, and LFP activity 
was nearly abolished. Post-asphyxia seizures were strongly suppressed when brain 
pH recovery was slowed down by 5% CO2.
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.1 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.2�4 The period of recov-
ery after asphyxia is often marked by seizures, some of which 
are considered to promote HIE-related trauma.5

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.,6 Kawasaki et al.,7 
Sun et al.,8 and references below), whereas an elevation of 
systemic CO2 produces a fall in brain pH and a consequent 
decrease in neuronal excitability.9�12 Moreover, hypercapnia 
leads to vasodilation of cerebral arteries and arterioles13,14 
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 O2 availability.14

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 neonates17 and 
also large animal models of BA18 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/CO2 
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.19,20 Asphyxia 
was induced by ambient gas mixtures containing 5% or 9% 
O2 and 20% CO2 (balanced with N2). Two protocols were 
used in the present study: steady asphyxia (15�min, 5% O2 
plus 20% CO2), 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% O2 and 5% O2 (at constant 20% CO2) 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% O2. However, intense behavioral convulsions, tightly 
paralleled by electrographic cortical seizures, were triggered 
during brain pH recovery after the intermittent asphyxia. The 

seizures were strongly suppressed when the rate of brain pH 
recovery was slowed down by applying a low level (5%) of 
CO2 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 which becomes established as hyperexcitability 
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.

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.,23 
Pospelov et al.24), 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�1 and 20.6 (95% CI = 

Key Points

� Experimental asphyxia induced severe acidemia 
and nearly abolished cortical activity

� Cortical activity during and after asphyxia was 
closely linked to changes in brain pH but not Po2

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

� The post-asphyxia seizures were suppressed when 
brain pH recovery was slowed down with 5% CO2
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19.3�21.2) mmol•L�1 during steady and intermittent proto-
col, respectively. Blood lactate increased from a baseline of 
1.1 (95% CI = 1.0�1.2) mmol•L�1 under control conditions 

to 10.9 (95% CI = 8.5�14.9] mmol•L�1 and 8.6 (95% CI = 
7.0�9.8) mmol•L�1 during steady and intermittent asphyxia, 
respectively (Figure�1C). In addition, the levels of plasma co-
peptin, a relevant biomarker of BA,25,26 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,24 rat pups have a remarkable abil-
ity to physiologically compensate in response to the 9% O2 
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% O2. 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 

F I G U R E  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 O2 and CO2. Both protocols decreased 
pH to�<7.0 and BE by 20�mmol•L�1 (�BE), 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 3�5 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
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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 
a rodent 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.17 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.,24 Bender et al.,27 Remzso 
et al.28). There is evidence indicating that both the amplitude and 

the rate of alkaline recovery of brain tissue pH boost neuronal ex-
citability and the triggering of seizures.29,30 Thus, we examined 
the efficacy of graded restoration of normocapnia (GRN)31 in 
suppressing seizures by exposing the rat pups to 5% CO2 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).32 
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 O2, about 25% 
of the ECoG power persisted, whereas the subsequent fall to 
5% O2 led to a further decrease with hardly any detectable 
activity remaining. These effects were constant during the 
three transitions from 9% to 5% O2 (Figure�3A bottom panel 
and Figure�3A,B excerpts b and c).

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 

F I G U R E  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


















