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Abstract
Objective: Seizures are common in neonates recovering from birth asphyxia but 
there is general consensus that current pharmacotherapy is suboptimal and that novel 
antiseizure drugs are needed. We recently showed in a rat model of birth asphyxia that 
seizures are triggered by the post- asphyxia recovery of brain pH. Here our aim was 
to investigate whether carbonic anhydrase inhibitors (CAIs), which induce systemic 
acidosis, block the post- asphyxia seizures.
Methods: The CAIs acetazolamide (AZA), benzolamide (BZA), and ethoxzolamide 
(EZA) were administered intraperitoneally or intravenously to 11- day- old rats ex-
posed to intermittent asphyxia (30 min; three 7+3 min cycles of 9% and 5% O2 at 
20% CO2). Electrode measurements of intracortical pH, Po2, and local field potentials 
(LFPs) were made under urethane anesthesia. Convulsive seizures and blood acid- 
base parameters were examined in freely behaving animals.
Results: The three CAIs decreased brain pH by 0.14– 0.17 pH units and suppressed 
electrographic post- asphyxia seizures. AZA, BZA, and EZA differ greatly in their 
lipid solubility (EZA > AZA > BZA) and pharmacokinetics. However, there were 
only minor differences in the delay (range 0.8– 3.7 min) from intraperitoneal applica-
tion to their action on brain pH. The CAIs induced a modest post- asphyxia elevation 
of brain Po2 that had no effect on LFP activity. AZA was tested in freely behaving 
rats, in which it induced a respiratory acidosis and decreased the incidence of convul-
sive seizures from 9 of 20 to 2 of 17 animals.
Significance: AZA, BZA, and EZA effectively block post- asphyxia seizures. Despite 
the differences in their pharmacokinetics, they had similar effects on brain pH, which 
indicates that their antiseizure mode of action was based on respiratory (hypercapnic) 
acidosis resulting from inhibition of blood- borne and extracellular vascular carbonic 
anhydrases. AZA has been used for several indications in neonates, suggesting that 
it can be safely repurposed for the treatment of neonatal seizures as an add- on to the 
current treatment regimen.
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1 |  INTRODUCTION

Around half of the neonates in which birth asphyxia leads 
to hypoxic- ischemic encephalopathy (HIE) have seizures 
during the first days following birth.1– 3 In some newborns 
the seizures may simply reflect the underlying brain injury 
with little impact on the neurodevelopmental outcome.4,5 
However, increasing evidence suggests that high neonatal 
seizure burden is independently associated with developmen-
tal delay, psychiatric disorders, intellectual disability, and 
cerebral palsy5– 9 (see also10,11). Phenobarbital (PhB) is the 
first- line treatment for neonatal seizures,12 including seizures 
provoked by HIE, but it suppresses them in only 40%– 80% of 
neonates during the first 24 h of the treatment.13,14 Therefore, 
a large number of drugs such as lidocaine, phenytoin, mida-
zolam, and levetiracetam are used as adjuncts to PhB,15 and 
a lot of preclinical work aims at identifying novel ones.16– 19

Brain pH regulates the function of a wide range of ion 
channels that control neuronal excitability and synaptic sig-
naling.20 These channels respond to changes in pH in a func-
tionally synergistic manner, such that neuronal excitability 
and seizures are suppressed by acidosis and enhanced by al-
kalosis.20– 22 Notably, seizures can also be triggered by a rapid 
increase in brain pH in the absence of brain alkalosis.23 We 
recently showed in our rat model of term birth asphyxia that 
seizures emerge during the phase of rapid brain pH recovery 
(with no net alkalosis above normal pH) following experi-
mental asphyxia.24 The seizures were strongly suppressed 
when the rate of the post- asphyxia pH recovery was slowed 
down by application of 5% CO2.

Carbonic anhydrases (CAs), which catalyze the reversible 
hydration of CO2, play an essential role in respiration and 
acid- base regulation at different levels of biological organi-
zation, from cells and tissues to the whole organism.20,25,26 
In mammals, inhalation of 5% CO2  leads to a respiratory 
acidosis (accumulation of CO2 and a consequent fall in pH) 
because it abolishes the concentration gradient that is needed 
for net efflux of metabolically produced CO2 out of the lungs. 
Systemic inhibition of CAs mimics this effect by slowing 
down the rate- limiting steps of CO2 (de)hydration at the level 
of blood and the lungs.27

In the present study we investigated the effects of the 
CA inhibitors (CAIs), acetazolamide (AZA), benzolamide 
(BZA), and ethoxzolamide (EZA) on seizure generation, brain 
pH, and brain Po2 in our rat model of term birth asphyxia.24 
These CAIs were selected because all of them have been used 
in humans for various indications,28– 33 they are able to block 

all major CA isozymes,34,35 and they show large differences 
in lipid solubility and, thus, tissue distribution, with the rank 
order EZA > AZA > BZA.36,37 Strikingly, when applied im-
mediately after asphyxia in our model, all three CAIs induced 
a rapid fall in brain pH by 0.14– 0.17 pH units and suppressed 
electrographic seizures with largely similar efficacy. In addi-
tion, AZA was studied in freely moving animals in which it 
decreased the incidence of clonic and/or tonic- clonic seizures 
from 9 of 20 to 2 of 17 animals. The decrease in brain pH 
associated with CA inhibition was paralleled by an increase 
in blood Pco2, with no change in blood HCO3

− concentration 
for a period of 2– 4 h. Thus the main antiseizure mode of ac-
tion of the CAIs in the present study is based on the respira-
tory acidosis resulting from the inhibition of blood- borne and 
vascular CA isoforms. The wide use of AZA in the neonatal 
and pediatric populations31– 33 suggests a high safety level of 
this drug for repurposing it for the treatment of neonatal sei-
zures as an add- on to PhB, and perhaps as an adjunct in future 
clinical trials with some other antiseizure drug.

2 |  MATERIALS AND METHODS

2.1 | Animals

Experiments were performed on 11- day- old male and female 
Wistar Han rat pups (n = 194), which in terms of their corti-
cal development correspond to term human neonates.38,39 The 
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Key points
• Seizures are common in neonates recovering from 

birth asphyxia, and there is an urgent need for 
novel pharmacotherapies.

• Post- asphyxia recovery of brain pH acts as a trig-
ger for the seizures.

• Carbonic anhydrase inhibitors (CAIs) slow down 
the recovery of brain pH and suppress electro-
graphic and behavioral post- asphyxia seizures.

• The mechanism of CAI action is respiratory aci-
dosis caused by inhibition of blood- borne and ex-
tracellular vascular carbonic anhydrases.

• Acetazolamide has been used in neonates for vari-
ous indications and could be safely repurposed for 
the treatment of neonatal seizures.
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breeding pairs were acquired from Envigo, and the pups were 
bred and maintained in an in- house animal facility under a 
12- h light- dark cycle (lights on at 6 am) with 21– 23°C tem-
perature and 45%– 55% relative humidity. Water and food 
(Altromin 1314 Forti, non- sterile) was available ad libitum. 
All experiments were approved by the National Animal Ethics 
Committee of Finland (license ESAVI/6135/04.10.07/2015) 
and carried out in accordance with the European Union 
Directive 2010/63/EU on the protection of animals used for 
scientific purposes and the ARRIVE guidelines (Animal 
Research: Reporting of In Vivo Experiments).

2.2 | Recordings of brain and body pH and 
Po2, and cortical local field potential

The rat pups were anesthetized with 4.5% isoflurane in air, 
injected with 1.0 mg/g (1.5 mg/g when body electrodes were 
used) urethane intraperitoneally and placed on a 35℃ heating 
pad. The isoflurane concentration was reduced to 2.5%– 1.5% 
for the surgery. A catheter made up of a 30 gauge needle 
connected to a syringe with a 10 cm piece of PE10 polyeth-
ylene tube and prefilled with 0.9% NaCl was inserted into the 
lateral tail vein and secured in place with cyanoacrylate glue. 
A piece of the scalp was removed and cranial windows were 
drilled bilaterally over the parietal cortex for pH and O2 mi-
crosensors (A/P −4.5, M/L 2.0 mm from bregma, pH sensor 
on the right), over the left occipitoparietal cortex (A/P −4.5, 
M/L 2.5 mm) for a local field potential (LFP) electrode and 
over the cerebellum (~1 mm caudal and lateral from lambda) 
for a ground wire. In six animals, skin incisions (length: 
2– 3 mm) were cut on the lower back for the body pH and 
Po2 measurements. A plastic disc was attached to the skull 
with dental cement to aid head- fixing, and the administration 
of isoflurane was discontinued.

The animal was transferred to the recording setup im-
mediately after the surgery. It was placed on a heating pad, 
fixed from the head to a stereotaxic frame, and a small mask 
delivering room air was placed over its snout. The tempera-
ture of the heating pad was adjusted so that the rectal tem-
perature stabilized to 36– 37℃. A piezo sensor (Medifactory 
PMS20S) was taped over the ribcage for recording move-
ment. If the animal reacted to a light toe pinch at this stage, 
it was given an additional 0.25 mg/g of urethane. Body pH 
(Unisense pH- 500) and body Po2 (Unisense OX- N) probes 
were advanced from the skin incision at least 10 mm into the 
subcutaneous space. The dura under the cranial windows 
was carefully cut with the tip of a fine needle, and a pH mi-
crosensor (Unisense pH- 25), an O2 microsensor (Unisense 
OX- 10) and a glass- capillary LFP electrode (filling solu-
tion: 150 mM NaCl) were lowered ~1 mm into the cerebral 
cortex. An Ag/AgCl ground wire was placed epidurally over 
the cerebellum.

The equipment used to record the LFP, pH, and Po2 sig-
nals and their reference- electrode signals as well as the cali-
bration of the pH and O2 microsensors have been described 
before.24,40 The LFP signal, which was also used as a refer-
ence for the pH signal, was anti- alias filtered (3– 1300 Hz) 
and digitized at 2 kHz. The sampling rate was 10 Hz for the 
pH and O2 signals and 100 Hz for the piezo signal. The re-
cording was started once the rectal temperature and the pH 
and Po2  signals had stabilized, 30– 60 min after the end of 
the surgery. After a 30 min baseline recording the animal was 
exposed to intermittent asphyxia. Drugs were given intraper-
itoneally or via the tail vein catheter (intravenously) immedi-
ately after the end of the asphyxia.

2.3 | Experimental asphyxia and 
hypercapnia

Birth asphyxia was simulated using an intermittent asphyxia 
protocol,24,40,41 which consisted of three 7+3 min cycles of 
9% and 5% O2 at constant 20% CO2 with a total duration of 
30 min (see Figure 4). We previously used a protocol with 
5+5  min cycles.24 The less severe asphyxia protocol was 
chosen for the present study in order to reduce the hypoxic 
burden and consequent mortality while maintaining sei-
zure incidence (authors' unpublished pilot experiments, see 
also41). In some experiments the animals were exposed to 5% 
CO2 in 21% O2 (hypercapnia). After the asphyxia or the hy-
percapnia, the animals were promptly re- exposed to room air. 
The gas mixtures were purchased from Linde Gas or made 
from pure O2, N2, and CO2 with an Environics S4000 mass 
flow controller. All gasses were humidified and delivered at 
a flow rate of 2000 ml/min.

2.4 | Drugs

AZA and EZA were acquired from Tocris. BZA was a kind 
gift from Professor Erik Swenson (Department of Medicine, 
University of Washington). The drugs were dissolved in 
150 mM NaCl into which NaOH was added until the drugs 
became ionized and soluble. The final concentration of the 
drugs was adjusted so that the injection volume was 1 μL/g 
for intravenous injections and 5  μL/g for intraperitoneal 
injections.

2.5 | Blood acid- base parameters

The animals were decapitated and the blood was collected 
straight from the trunk with a pipette. Blood pH, Pco2, and 
HCO3

− concentration were measured with an Abbott i- STAT 
1 blood gas analyzer.
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2.6 | Behavioral (convulsive) 
seizure monitoring

Awake rat pups were placed in a tubular 50 mL gas chamber 
flushed with room air. The floor of the chamber was made of 
Parafilm to enable intraperitoneal injections without open-
ing the chamber. The chamber was set on top of a heating 
pad, which was adjusted so that the rats’ rectal temperature 
stabilized to 36– 37℃. During the experiments, the animals’ 
behavior was recorded with a video camera placed above the 
chamber. In addition to a top- down view a sideview was cap-
tured through a mirror placed alongside the chamber. After 
a 15 min period of monitoring in control conditions, the rats 
were exposed to intermittent asphyxia. They were injected 
with AZA or saline 10 min before the end of the 30 min as-
phyxia protocol. The experiment ended after 15 min of post- 
asphyxia recording.

The seizures were graded off- line as before.24 Briefly, two 
reviewers blind to the treatment annotated the videos inde-
pendently for clonic and tonic- clonic seizures, which corre-
spond to the Racine scale 3– 5  seizures described before.24 
Disagreements in the grading were resolved by discussion.

2.7 | Data analysis and statistics

Obvious movement artifacts were rare, and manually re-
moved from the pH, Po2, and LFP traces by visual inspec-
tion before analysis. Individual pH traces were shifted to the 
grand average of the baseline pH (cf.40). LFP traces were 
40 Hz low- pass filtered in Matlab (MathWorks) for power 
calculation, seizure analysis, and illustrations. LFP power 
was calculated in 30 s windows, adjacent windows separated 
by 3 s, and normalized to average baseline power.

Electrographic seizures were manually annotated on 
the LFP recordings in Spike2  software v9.08 (Cambridge 
Electronic Design). Seizures were defined as abnormal, re-
petitive spikes or spike- and- wave discharges with an ampli-
tude exceeding 6*(baseline standard deviation), which lasted 
at least 5 s. Seizures occurring less than 10 s apart were con-
sidered to belong to the same epoch.

Dose- response curves were fitted to the median pH and 
Po2  values with 4- parameter logistic regression in Prism 
9.0.0 (Graphpad).

Statistical analyses were made with Prism or R  v3.6.1. 
Normally distributed variables were compared using one- way 
analysis of variance (ANOVA) followed by Tukey's multiple 
comparisons test or two- way ANOVA followed by Šidák's 
multiple comparisons test. When normal distribution could 
not be ascertained Mann- Whitney U test or Kruskal- Wallis 
test followed by Dunn's multiple comparisons test was used. 
Binary variables were compared using Barnard's test. The 

difference between conditions was considered significant 
when the two- tailed P- value was ≤.05. The data are reported 
as mean values with 95% confidence interval of mean (CI), or 
as median values with interquartile range (IQR).

3 |  RESULTS

3.1 | Effect of acetazolamide on brain pH 
and Po2

Urethane- anesthetized postnatal day 11 rats were implanted 
with intracortical (below “brain”) pH and Po2  microsen-
sors. During baseline recording brain pH was 7.31, and it 
remained unchanged after an intraperitoneal injection of 1 
or 2 mg/kg of AZA (Figure 1A). With 5, 10, or 20 mg/kg of 
AZA, brain pH begun to decrease and stabilized within 15– 
30 min to a level that was maintained throughout the 60 min 
post- injection recording. 5 and 10 mg/kg of AZA decreased 
brain pH by 0.079 (IQR: 0.056– 0.098) and 0.13 (IQR: 0.10– 
0.13) pH units, respectively, as quantified 45– 60 min after 
the injection (Figure 1B). Increasing the dose from 10 to 
20 mg/kg did not further decrease brain pH (decrease was 
0.14 [IQR: 0.13– 0.16] pH units), and neither did giving an 
additional 100  mg/kg of AZA an hour after the injection 
of 10 or 20  mg/kg (n  =  3, not shown). Thus the dose of 
20 mg/kg is a saturating one, and was used in subsequent 
experiments.

Systemic respiratory acidosis is known to dilate cere-
bral blood vessels and to increase cerebral flood flow and 
oxygenation.42 During the baseline recording, brain Po2 
was 33 (IQR: 30– 39) mmHg (Figure 1C). 1 or 2 mg/kg of 
AZA injected intraperitoneally had no effect on brain oxy-
genation, whereas 10 and 20 mg/kg increased brain Po2 by 
16 (IQR: 14– 19) and 21 (IQR: 14– 27) mmHg 45– 60 min 
after the injection, respectively (Figure 1D). Despite hav-
ing a clear effect on brain pH, 5  mg/kg of AZA did not 
increase brain Po2.

Next, we compared brain pH after an intraperitoneal 
and an intravenous administration of 20  mg/kg of AZA 
(Figure 1E). This information was important for designing 
the asphyxia experiments in the sections to follow. After the 
intravenous injection of AZA, brain pH decreased with a sig-
nificantly shorter delay (0.75 [IQR: 0.53– 1.1] vs 3.7 [IQR: 
3.5– 4.5] min until 10% of maximal pH change had occurred; 
Mann Whitney test, U  =  0, p  =  .003; Figure 1F) and at a 
significantly higher rate (0.038 [IQR: 0.031– 0.042] vs 0.023 
[IQR: 0.021– 0.026] pH units/min; Mann Whitney test, U = 0, 
p = .003; Figure 1G) than after the intraperitoneal injection. 
The administration route had no effect on the brain pH 45– 
60 min after the injection, that is, at the end of the experi-
mental time window (intravenous 0.13 [IQR: 0.12– 0.14] vs 
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intraperitoneal 0.14 [IQR: 0.13– 0.16] pH unit decrease from 
baseline; Mann Whitney test, U = 9, p =  .20; Figure 1H). 
The rate of the acidosis induced by an intravenous injection 

of AZA was comparable to that evoked by inhalation of 5% 
CO2, which decreased brain pH by 0.07 pH units (Figure 1E 
inset).

F I G U R E  1  Effect of acetazolamide (AZA) on brain pH and Po2 in postnatal day 11 rats. (A) Time course of change in brain pH and (C) Po2 
after an intraperitoneal (i.p.) injection of saline or 1– 20 mg/kg of AZA shown as mean values of continuous recordings (n = 4– 5 except for 20 mg/
kg of AZA where n = 12). AZA (injected at time zero) induced a decrease in brain pH and an increase in brain Po2. (B and D): Dose- dependence 
of the effects of AZA as observed 45– 60 min after the injection shows a saturating effect on brain pH by a 20 mg/kg dose. (E) Time course of mean 
change in brain pH following i.p. and intravenous (i.v.) injection of 20 mg/kg of AZA (n = 9 and 4, respectively). The inset with a normalized 
y- axis shows the same data in comparison with the effect of inhaling 5% CO2 (n = 5). The brain acidosis developed at a comparable rate after an 
i.v. injection of AZA and CO2 inhalation. The delay, maximum rate, and magnitude of the brain pH response to i.v. and i.p. injection of AZA are 
compared in panels F- H. The fall in brain pH following i.p. administration had a longer delay of onset as defined by time from injection to 10% of 
maximal change (F) and occurred at a lower rate (G) compared to i.v. administration. (H) There was no difference in the brain pH level 45– 60 min 
post- injection between the two administration routes. The bars in (F- H) depict median and interquartile range
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3.2 | Brain acidosis after an 
injection of acetazolamide, benzolamide, and 
ethoxzolamide

The effects of AZA, BZA, and EZA on brain pH were 
compared by administering BZA and EZA to urethane- 
anesthetized rats at doses equimolar (90 µmol/kg) to 20 mg/
kg of AZA (Figure 2A). After an intraperitoneal injection of 
BZA, brain pH followed nearly identical trajectory as after 
AZA: The 10% criterion change (see above) took place in 
3.5 (IQR: 3.1– 5.5) min after the injection, and the maximal 
rate was 0.030 (IQR: 0.025– 0.033) pH units/min (Figure 
2). In contrast, EZA brought about a much faster decrease 
in brain pH (delay: 0.8 [IQR: 0.7– 1.0] min), which pro-
ceeded at a higher maximal rate (0.040 [IQR: 0.040– 0.048] 
pH units/min). In agreement with distinct pharmacokinetics 
(but not pharmacodynamics) of AZA and BZA vs EZA (see 
Introduction), there was no significant difference in the mag-
nitude of the acidosis evoked by the three drugs (Kruskal- 
Wallis test, H(2)=4.863, p = .09; Figure 2B). The acidosis 
induced by AZA and EZA was maintained for the 60- min 
post- injection recording. In the BZA group, brain pH in-
creased slightly toward the end of the recording, in agree-
ment with the 15 min half- life of BZA in the rat.43 Overall, 
these results show that all three CAIs induce a fast brain aci-
dosis of a comparable magnitude.

3.3 | Carbonic anhydrase inhibitors 
suppress electrographic seizures after asphyxia 
by slowing down the recovery of brain pH

The post- asphyxia effects of AZA, BZA, and EZA on in-
tracortical LFP activity as well as brain pH and Po2 were 
studied in urethane- anesthetized rats. The animals were ex-
posed to 30 min of intermittent asphyxia (see Figure 4 top: 
three 7+3 min cycles of 9% and 5% O2 at constant 20% CO2). 

Immediately after the end of asphyxia they received 20 mg/
kg (90 µmol/kg) of AZA i.v. or an equimolar dose of BZA or 
EZA (n = 8– 9, except for control, where n = 26).

LFP activity during the baseline recording consisted 
mostly of frequent, 1– 3 s bursts (Figure 3A,B). The activity 
was heavily suppressed throughout the asphyxia but returned 
within 1– 2 min upon restoration of room air (Figure 3C). In 
control conditions, epileptiform spikes appeared in 13 of 26 
animals 141 (CI: 113– 168) s after the end of asphyxia (Figure 
3D, see Figure 3A,B, for example, LFP traces). The seizure 
activity was confined to a single epoch in all except one an-
imal, which had two epochs separated by 13  s of seizure- 
free cortical activity. The average total seizure duration was 
80 (CI: 55– 105) s. The seizures terminated within the first 
5  min of recovery and did not recur during the rest of the 
90 min post- asphyxia recording. In contrast, electrographic 
seizures were observed in only (1+0+1)/(9+9+8) animals 
injected with AZA, BZA, and EZA, respectively (Barnard's 
test, p < .001 vs saline; Figure 3D). The seizures in the sin-
gle AZA-  and EZA- injected rats emerged with a latency 
similar to that of the control animals (151 and 154 s, respec-
tively), but their total duration appeared shorter (12 and 30 s, 
respectively).

Brain pH recovered after the asphyxia in two phases as 
described before.24 During the initial, fast phase, which lasted 
from 0 to 7 min, brain pH increased from 6.74 (CI: 6.72– 6.76) 
to 7.27 (CI: 7.25– 7.28) (Figure 4A). It was followed by a 
slow, almost linear phase of about 15 min during which brain 
pH returned to baseline. The recovery of pH during the fast 
phase reflects the net efflux of CO2

40 and, accordingly, it was 
reduced on average by 0.14– 0.18 pH units in animals treated 
with CAIs (Figure 4B; one- way ANOVA F(3,43) = 43.29, 
p < .001 vs saline). There were no differences between the 
effects of the three CAIs. After the fast phase, the acidotic 
pH shift was maintained largely in the AZA-  and the EZA- 
injected rats for the 90 min post- asphyxia recording. In the 
rats injected with BZA the brain pH begun to slowly increase 

F I G U R E  2  Effects of carbonic anhydrase inhibitors acetazolamide (AZA), benzolamide (BZA) and ethoxzolamide (EZA) on brain pH. (A) 
The time course of the mean change in brain pH after an intraperitoneal (i.p.) injection of 20 mg/kg of AZA or an equimolar dose (90 µmol/kg) 
of BZA or EZA. Brain pH decreased more rapidly after injection of EZA than after AZA or BZA. The magnitude of brain pH change recorded 
45– 60 min post- injection (B) did not differ between the drugs. The bars in (B) depict median and interquartile range
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20 min after the end of asphyxia but was still slightly acidotic 
(7.26 [CI: 7.23– 7.29]) at 90 min.

In summary, the post- asphyxia seizures in the present 
model are triggered during a period of rapid brain pH re-
covery as concluded before.24 In agreement with this, the 
seizures were blocked by CAIs, which slow down the post- 
asphyxia recovery of brain pH.

3.4 | The antiseizure effect of carbonic 
anhydrase inhibitors is not dependent on 
changes in brain Po2

As shown before,24 after asphyxia, brain Po2 returns 
promptly to the baseline level. In the present study, this was 

achieved 0.6 (CI: 0.5– 0.7) min post- asphyxia, well before 
any seizure activity was observed. It was followed by an 
overshoot of Po2 with a maximum at 89 (CI: 86– 92) mmHg 
and a return to baseline in 12 (CI: 10– 14) min (Figure 4A). 
In the rats receiving BZA or EZA immediately after the end 
of asphyxia (90 µmol/kg, i.v.), the rising phase of the brain 
Po2 recovery and the overshoot were practically identical to 
control. Following AZA injection (90 µmol/kg or 20 mg/kg, 
i.v.), brain Po2 recovered to the baseline at an equally rapid 
rate but, unexpectedly, begun to level off already during the 
overshoot. Thus at 65 (CI: 60– 69) mmHg, the peak level 
with AZA was significantly lower than in any other group 
(one- way ANOVA F(3,46) = 23.04, p < .001; Tukey's mul-
tiple comparisons test p < .001 vs all other groups; Figure 
4C). CAIs decreased the rate of brain Po2 recovery during 

F I G U R E  3  All three carbonic anhydrase inhibitors (CAIs) suppress post- asphyxia hyperexcitability and electrographic seizures. (A) Examples 
of parietal cortical local field potential (LFP) recordings from urethane- anesthetized postnatal day 11 rats injected intravenously (i.v.) with saline or 
90 µmol/kg of acetazolamide (AZA), benzolamide (BZA), or ethoxzolamide (EZA). Traces on the left show 5 min of baseline recording and traces 
on the right the first 7 min of post- asphyxia recovery. Drugs were administered at the beginning of the recovery. Seizures starting at 1.5 min of the 
recovery are seen in the specimen controlLFP recording. The dashed blue lines mark the average LFP power during the baseline recording. The red 
lines show the LFP power calculated in 30 s windows (with a 10% overlap between adjacent windows). Highlighted sections a- d in (A) are shown 
on extended time scale in (B). (C) Mean baseline- normalized LFP power. The start and end of asphyxia are marked with gray lines. Note large 
increase in LFP power during the first few minutes of recovery in the saline group, which reflects post- asphyxia hyperexcitability and seizures. A 
very small or no increase in LFP power takes place in animals treated with CAIs. The incidence of the electrographic seizures (D) was significantly 
lower in animals injected with CAIs than in the control animals (p ≤ .001)
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A potential topic of concern is the development of met-
abolic acidosis caused by inhibition of HCO3

− reabsorption 
in kidneys by CAIs.52 In the present study, the respiratory 
acidosis had a fast onset, and metabolic acidosis had no 
contribution on brain or systemic pH during the time win-
dow (60– 90  min) of our brain pH measurements. Notably, 
in asphyxiated neonates who usually have a venous cathe-
ter anyway, a decrease in HCO3

− can be easily compensated. 
It is also worth pointing out that post- asphyxia seizures are 
typically observed during the first 2– 48  h after birth.1,2,53 
Thus, the application of CAIs would be limited to a short 
time period.

In addition to hypoxia54 and seizures,5– 8 neuroinflamma-
tion is an important factor in promoting HIE after birth as-
phyxia.55– 57 In this context, it is highly interesting that AZA 
and other CAIs have been shown to exert broad- ranging anti- 
inflammatory effects,58 including suppression of pulmonary 
inflammation,59 a well- known neonatal complication.60 The 
anti- inflammatory effects of AZA, which are mediated by 
systemic (including metabolic) acidosis and by CA inhibition 
within inflammatory cells,58,59 might also mitigate the as-
phyxic injury to other organ systems. The systemic fall in pH 
and increase in Po2 brought about by CAIs (body pH and Po2, 
as well as blood acid- base data in the present study; Figure 

F I G U R E  6  Acetazolamide (AZA) induces a rapid, transient respiratory acidosis and delayed metabolic acidosis. (A) Time course of changes 
in subcutaneous (“body”) and brain pH (a) and Po2 (b) after an intraperitoneal (i.p.) injection of 20 mg/kg of AZA shown as mean values of 
continuous recordings (n = 5 for body and 12 for brain recordings). Body pH is slightly lower and Po2 is much higher than in the brain during the 
baseline. After the AZA injection body and brain pH decrease by a similar amount. There is a parallel increase in Po2 that is more prominent in the 
brain than in the body. Blood pH (B), Pco2 (C), and HCO3

− concentration (D) 1– 4 h after an intraperitoneal injection of 20 mg/kg of AZA (second 
dose at 2 h). Pco2 is elevated 1 and 2 h after the AZA injection. In contrast, HCO3

− concentration increased significantly only at 4 h (n = 7– 12)



1982 |   POSPELOV Et aL.

6) might also offer protection against multiorgan damage61 
involving e.g. the kidneys, liver and heart, a topic that should 
be examined in future studies. Moreover, the respiratory aci-
dosis caused by CAIs counteracts post- asphyxia hypocapnia 
in the brain, which is associated with a poor outcome.62

The blunted Po2 overshoot following asphyxia in AZA- 
injected rats is difficult to explain in terms of CA inhibition. 
AZA and its analogue N- methyl- acetazolamide, which lacks 
CA inhibitory activity, reduces hypoxic pulmonary vaso-
constriction,63 whereas BZA and EZA do not.64 Thus the 
differential effect of AZA on brain Po2 might be mediated 
by mechanisms unrelated to CA inhibition. The blunted Po2 
overshoot in AZA- injected rats does not contribute to the 
anti- seizure effect of AZA, as the brain Po2 rises above the 
baseline level within the same timeframe as in the saline- , 
BZA- , and EZA- injected rats and is well above baseline level 
at the time when seizures emerge.

To sum up, our work shows that CAIs suppress seizures in 
a rat model of birth asphyxia in a manner akin to exogenous 
CO2.

24 Using an easily administered drug such as a CAI is 
obviously much simpler in the clinic than using inhalation of 
5% CO2. It is too early to judge which particular CAI drug 
would be optimal (cf.30) in the treatment of neonatal post- 
asphyxia seizures. However, the available clinical data indi-
cating a high safety and tolerance of AZA in the neonatal and 
pediatric populations speaks in favor of this antiseizure drug 
for use in the NICU.
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