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Abstract
Hyperbaric oxygen (HBO2) is acutely toxic to the central nervous system, culminating in EEG spikes and tonic-clonic convul-
sions. GABA enhancers and sodium channel antagonists improve seizure latencies in HBO2 when administered individually,
while combining antiepileptic drugs from different functional classes can provide greater seizure latency. We examined the
combined effectiveness of GABA enhancers (tiagabine and gabapentin) with sodium channel antagonists (carbamazepine and
lamotrigine) in delaying HBO2-induced seizures. A series of experiments in C57BL/6 mice exposed to 100% oxygen at 5
atmospheres absolute (ATA) were performed. We predicted equally effective doses from individual drug-dose response curves,
and the combinations of tiagabine + carbamazepine or lamotrigine were tested to determine the maximally effective combined
doses to be used in subsequent experiments designed to identify the type of pharmacodynamic interaction for three fixed-ratio
combinations (1:3, 1:1, and 3:1) using isobolographic analysis. For both combinations, the maximally effective combined doses
increased seizure latency over controls > 5-fold and were determined to interact synergistically for fixed ratios 1:1 and 3:1,
additive for 1:3. These results led us to explore whether the benefits of these drug combinations could be extended to the lungs,
since a centrally mediated mechanism is believed to mediate hyperoxic-induced cardiogenic lung injury. Indeed, both combina-
tions attenuated bronchoalveolar lavage protein content by ~ 50%. Combining tiagabine with carbamazepine or lamotrigine not
only affords greater antiseizure protection in HBO2 but also allows for lower doses to be used, minimizing side effects, and
attenuating acute lung injury.

Keywords Antiepileptic drugs . CNS oxygen toxicity . Drug synergy . Isobolographic analysis . Neuroprotection

Abbreviations
HBO2 Hyperbaric oxygen
ATA Atmospheres absolute

AEDs Antiepileptic drugs
CBZ Carbamazepine
LTG Lamotrigine
TGB Tiagabine
GBP Gabapentin

Introduction

Breathing oxygen at partial pressures ≥ 2.0 atmospheres abso-
lute (ATA) is common in hyperbaric oxygen (HBO2) therapy
and possible during diving, but can become acutely toxic to
the central nervous system (CNS oxygen toxicity) culminating
in tonic-clonic seizures (Bert 1943; Demchenko et al. 2007).
The appearance of hypersynchronous high-amplitude (slow
waves) discharges from electroencephalogram (EEG) record-
ings in HBO2 suggests there are similarities between seizures
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induced by HBO2 and epilepsy (Cohn and Gersh 1945; Harel
et al. 1969; Rucci et al. 1967; Stein and Sonnenschein 1950;
Voronov 1964). Since partial seizures can spread and produce
generalized tonic-clonic seizures (Goldenberg 2010), and be-
cause subcortical and/or cortical EEG profiles have been in-
consistent within and between studies (Harel et al. 1969;
Rucci et al. 1967; Sonnenschein and Stein 1953), the origin
of seizures caused by HBO2 remains unknown. Nonetheless,
antiepileptic drugs (AEDs) used in the management of clinical
epilepsy should afford similar antiseizure protection in HBO2

allowing for the oxygen dose to be safely increased in patients
being treated with HBO2, in divers, and in the event that a
submarine becomes disabled and crewmembers are exposed
to increased atmospheric, and oxygen, pressure.

In an earlier study, our team explored the pretreatment of
mice with AEDs to extend seizure latencies in extreme HBO2

(5 ATA) (Demchenko et al. 2017). Studied were γ-
aminobutyric acid (GABA) enhancers (tiagabine, gabapentin,
vigabatrin, and valproic acid) and sodium channel blockers
(carbamazepine, lamotrigine, primidone, zonisamide, and
oxcarbazepine). GABA enhancers were tested because
HBO2 leads to a reduction in brain GABA and glutamic acid
decarboxylase (GAD) activity (Gasier et al. 2017; Wood and
Watson 1963; Wood et al. 1967), and decreased GABA levels
are positively associated with seizure latency (Wood et al.
1969). Moreover, vigabatrin protects against oxygen-
induced seizures in rats (Tzuk-Shina et al. 1991) and swine
(Hall et al. 2013). High-frequency and repetitive firing of ac-
tion potentials at seizure onset in HBO2 suggests that sodium
channel blockade may also protect against oxygen-induced
seizures. Support for this stems from reported seizure protec-
tion in rats pretreated with carbamazepine and exposed to
HBO2 at 5 ATA (Reshef et al. 1991), and from two case
reports describing efficacy of phenytoin treatment of focal
status epilepticus induced by HBO2 therapy in a patient
(Seckin et al. 2011), and for prevention of generalized seizures
in a 27-year-old male being treated with HBO2 for cerebral
gas embolism (Weaver 1983). Because multiple AED therapy
is used for optimal seizure control in epileptic patients
(Czuczwar and Borowicz 2002), combining AEDs may also
enhance seizure protection in HBO2.

The purpose of this research was to examine the antiseizure
effectiveness of combining GABA enhancers with sodium
channel antagonists in mice exposed to HBO2 at 5 ATA. By
employing effect-based and dose-effect-based analytical ap-
proaches, we determined whether the combination of AEDs
from different functional classes affords greater antiseizure
protection than individual AEDs, and if the pharmacodynamic
interactions between two AEDs were greater (synergy), equal
(additivity), or less (antagonism) effective than the effects of
each alone (Berenbaum 1977; Foucquier and Guedj 2015). A
secondary objective was to determine whether the most effec-
tive AED combinations can also attenuate acute lung injury,

since CNS oxygen toxicity and acute cardiopulmonary dam-
age are linked (Demchenko et al. 2011).

Materials and Methods

Animals

Experiments were performed on conscious C57BL6 mice
(19–25 g) at the Center for Hyperbaric Medicine and
Environmental Physiology, Duke University Medical Center
(Durham, NC, USA), and at the Institute of Evolutionary
Physiology and Biochemistry, Russian Academy Sciences
(St. Petersburg, Russia), ~ half at each facility. All animal
procedures were approved independently by the Institutional
Animal Care and Use Committee of Duke University and the
Ethical Review Board of the Institute of Evolutionary
Physiology and Biochemistry. AEDs, pretreatment time, hy-
perbaric exposures, experimental design, assessments of ani-
mal responses, and statistical methods were similar at both
institutions.

Experimental Design

In order to establish dose-response curves, an initial set of
experiments were conducted in mice (373 mice; n = 10–12/
group ×34) pretreated with either carbamazepine, lamotrigine,
tiagabine, or gabapentin 60 min prior to HBO2 exposures. For
each drug, 8–9 doses were considered for testing based upon
the drugs pharmacokinetics, our previous observations
(Demchenko et al. 2017), and whether drug doses produced
adverse effects prior to HBO2. In a second set of experiments
and in order to determine the combined effectiveness of
AEDs, 66 mice (n = 8/group ×8) were pretreated with differ-
ent dosing strategies of either tiagabine + carbamazepine or
tiagabine + lamotrigine and exposed to HBO2 for 90 min.
These AED combinations were selected based on the results
obtained from experiment 1, and because AEDs with different
mechanisms of action are believed to have the greatest poten-
tial for interacting synergistically (Deckers et al. 2000). In a
third set of experiments, 33 mice (n = 5–6/group ×6) were
used to determine the type of interaction in HBO2 using
isobolographic analyses (see below). In a final set of experi-
ments, 4 groups of mice (n = 8/group) were used to assess
whether pretreatment with the most effective combined doses
of tiagabine + carbamazepine or tiagabine + lamotrigine atten-
uated acute lung injury in mice exposed to HBO2 for 90 min.

In the dose-response experiments, carbamazepine and
lamotrigine were dissolved in DMSO and tiagabine and
gabapentin were dissolved in 0.9% NaCl. In experiments
two-four, tiagabine + carbamazepine or tiagabine +
lamotrigine were dissolved in 0.9% NaCl + 10% DMSO.
Control mice received the combined vehicle. All
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drugs and were administered intraperitoneally in a volume of
0.005 mL · g body weight-1.

HBO2 Exposures

Four to six freely-moving mice per group were placed in sep-
arate cages in a hyperbaric chamber and compressed to 5 ATA
O2 at 0.7 ATA min−1. The HBO2 exposures lasted up to
60 min for the animals treated with AEDs separately and up
to 90 min for those treated with AED combinations. Chamber
temperature and relative humidity were maintained at 23 ±

0.5 °C and 60 ± 2%. All mice were continuously monitored
for signs of CNS HBO2 toxicity, and in some instances, video
recordings were made for later review. HBO2 exposures were
concluded when mice exhibited tonic-clonic seizures.

Adverse Side Effects to AED Doses

The rotarod test was used to determine whether individual and
combined AEDs altered motor coordination and balance in
mice breathing room air at 1 ATA (Dunham and Miya
1957). Sixty minutes following administration of AEDs, mice

Table 1 Effects of AEDs in
various doses on seizure latency
compared with vehicle in HBO2

AED trade name

(vehicle)

AED dose

(mg kg−1)

Mice

(n)

Mean seizure latency

(min ± SEM)

Motor impairment
(%)

0.9% NaCl +10% DMSO 12 13.5 ± 1.6 0

Carbamazepine (CBZ) 1 10 15.3 ± 2.3 0

Tegetrol® 5 12 22.4 ± 2.7* 0

7 10 33.6 ± 3.4* 0

FDA approved in 1968 10 12 34.8 ± 3.2* 0

12 10 40.1 ± 4.1* 0

Sodium channel blocker 15 12 43.8 ± 4.4* 0

20 10 44.9 ± 4.3* 10

25 12 45.5 ± 4.6* 20

50 10 Not tested 80

Lamotrigine (LTG) 1 10 16.1 ± 2.8 0

Lamictal® 2 12 28.2 ± 3.3* 0

5 12 35.7 ± 4.2* 0

FDA approved in 1994 10 12 41.0 ± 3.4* 0

15 10 42.8 ± 4.1* 0

Sodium channel blocker 20 12 44.0 ± 4.1* 0

25 10 44.8 ± 4.9* 10

40 10 Not tested 70

Tiagabine (TGB) 0.5 10 15.6 ± 2.2 0

Gabatril® 1 12 22.1 ± 3.9* 0

2 12 31.8 ± 4.6* 0

FDA approved in 1997 4 10 37.7 ± 3.9* 0

6 12 43.6 ± 3.8* 0

GABAergic 9 12 46.9 ± 3.3* 0

12 10 49.1 ± 4.7* 20

20 10 Not tested 60

Gabapentin (GBP) 10 12 16.8 ± 2.5 0

Neurotonin® 20 12 20.3 ± 2.7* 0

30 12 25.3 ± 4.7* 0

FDA approved in 1993 50 12 28.3 ± 3.7* 0

100 10 32.0 ± 3.2* 0

GABAergic 300 10 37.3 ± 4.2* 0

500 10 39.7 ± 4.9* 20

1000 10 Not tested 70

Vehicle or AEDs were administered (IP) 60 min before exposing conscious mice to HBO2 at 5 ATA for 60 min.
Adverse side effects to AEDs were determined at 1 ATA (air breathing) using the rotarod test. If > 20% of mice
exhibited altered motor coordination or balance, the dose was not tested in HBO2. *p < 0.05 vs. vehicle
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were placed on a rod (3-cm diameter) that rotated at a constant
speed of 6 rpm. The AED dose was considered to cause ad-
verse side effects if the mice were unable to remain on the rod
for at least 2 min (Borowicz and Czuczwar 2005). If more than
20% of mice failed the rotarod test, that specific dose was not
tested in HBO2.

Acute Lung Injury

Immediately following HBO2 exposures and euthanasia,
bronchoalveolar lavage fluid was collected to determine total
protein content, an index of acute lung injury, as previously
described (Demchenko et al. 2007). In brief, a tracheostomy
was performed and 1 mL of phosphate-buffered saline was
slowly injected into both lungs, slowly removed, repeated,
and then frozen at − 80 °C until analysis of protein levels using
the bicinchoninic acid assay.

Analysis of Combined AEDs

Experimentally derived dose-response data are traditionally
used to determine the ED50, in this instance, the dose that
protects 50% of the animals from developing oxygen-
induced seizures. Because this approach relies on an all-or-
nothing response, we previously determined a more uniform
standard for comparing AEDs in HBO2 could be obtained by
predicting equally effective doses (EQDx) from dose-response
curves using linear regression analysis (Demchenko et al.
2017). The EQDx reflects the dose that would increase seizure
latency by a fixed multiple of the mean seizure latency of
controls. In the present study, AED doses that increased sei-
zure latencies over vehicle controls by multiples of 2
(EQD2×), 2.5 (EQD2.5×), 3 (EQD3×), and 3.5 (EQD3.5×) were
calculated using log probit analysis (Litchfield Jr. and
Wilcoxon 1949). The 95% confidence limits were trans-
formed into the standard error of the mean (SEM) (Luszczki
et al. 2003; Porreca et al. 1990). With these EQDx, we first
used an effect-based strategy to compare combined
EQD2×,2.5×,3×, and 3.5× for tiagabine + carbamazepine and
tiagabine + lamotrigine to each of its individual component
EQD2×,2.5×,3×, and 3.5× (Foucquier and Guedj 2015). The
highest single agent allowed for comparisons to be made be-
tween the effect of combinedAEDs (EAB; A = tiagabine and B
= carbamazepine or lamotrigine) and the individual AED that
demonstrated the highest effect, max (EA, EB) (Lehar et al.
2007). Next, we determined the type of interaction between
tiagabine + carbamazepine and tiagabine + lamotrigine using
isobolographic analyses with modification. Based on the re-
sults obtained from effect-based testing, EQD3× was used to
calculate the additive doses of combined AEDs that should
theoretically increase seizure latency over controls by a factor
of 3 (EQD3×-add) for three fixed-dose ratio combinations (1:3,

Fig. 2 Effects of combined AEDs on seizure latency in mice exposed to
HBO2 at 5 ATA for 90 min. Equally effective doses of tiagabine (TGB) +
carbamazepine (CBZ) (a) and tiagabine + lamotrigine (LTG) (b) were
calculated from regression analysis and administered prior to HBO2

exposures. The doses, EQDx (mg kg−1), tested for TGB + CBZ

included EQD2× (1.3 + 4.6), EQD2.5× (2.6 + 8.6), EQD3× (4.8 + 16.4),
and EQD3.5× (9.4 + 30.2), and for TGB + LTG included EQD2× (1.3 +
3.1), EQD2.5× (2.6 + 6.4), EQD3× (4.8 + 13.2), and EQD3.5× (9.4 +
27.6).*Combined AED effects > highest single agent, p < 0.05

Fig. 1 Dose-dependent effects of the four AEDs tested (a), and regression
lines for the calculation of equally effective doses (b) on seizure latencies
in mice exposed to HBO2 at 5 ATA for 60 min
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1:1, and 3:1) (Borowicz et al. 2002; Porreca et al. 1990). For
each fixed-dose ratio, the combined drug doses corresponding
to AED3× were increased by 1.5 × and decreased by 1.5, 2,
and 2.5 × in order to maintain the desired mass ratio (1:3, 1:1,
and 3:1), and subsequently tested in HBO2. Dose-response
curves were generated from these data, and the experimental
or actual EQD3×-mix values were calculated with their SEMs.
If EQD3×-mix is less than, equal to, or greater than EQD3×-add,
the combined AED interaction is considered synergistic, ad-
ditive, or antagonistic, respectively (Matsumura and Nakaki
2014).

Statistical Analysis

A two-wayANOVAwas used to comparemean seizure latencies
between each AED-dose combination with vehicle controls. For
effect-based strategy analysis, a t test was used to compare the
combined EQDx with its most effective single component
(highest single agent) (Foucquier and Guedj 2015). For
isobolographic analysis, a t test was used to compare experimen-
tally derived EQD3×-mix values with their respective theoretical
additive EQD3×-add values (Tallarida 2001; Tallarida 2012). A

one-way ANOVA was used to compare whether combined
AEDs using EQD3× attenuated acute lung injury. Values of
p < 0.05 were considered statistically significant.

Results

Individual AED Dose-Responses to HBO2

All control mice pretreated with saline/DMSO exhibited
neuromotor responses in HBO2 that progressed from intensive
grooming and twitching (stage I) to rhythmic paroxysms in
the face and body (stage II), and then to tonic-clonic convul-
sions (stage III). The mean time of HBO2-induced generalized
convulsions was 13.5 ± 1.8 min. Pretreatment with the four
tested AEDs 60 min prior to HBO2 significantly delayed the
onset of generalized seizures when the following doses were
used: carbamazepine (5–25 mg kg−1), lamotrigine (2–
25 mg kg−1), tiagabine (1–12 mg kg−1), and gabapentin (20–
500 mg kg−1) (Table 1). Dose limits for each AED were doc-
umented during rotarod testing; thus, the following AED
doses were not examined in HBO2: carbamazepine

Table 3 Interactive antiseizure
effectiveness of combined AEDs
in mice exposed to HBO2

AEDs F EQD3×-add (mg kg−1) EQD3×-mix (mg kg−1) Interaction

TGB + CBZ 3:1 7.7 ± 0.09 5.3 ± 0.05* Synergy

1:1 10.6 ± 1.10 6.9 ± 0.08* Synergy

1:3 13.5 ± 1.70 9.7 ± 0.90 Additivity

TGB + LTG 3:1 6.9 ± 0.08 4.8 ± 0.06* Synergy

1:1 9.1 ± 1.10 6.1 ± 0.08* Synergy

1:3 11.1 ± 1.20 12.1 ± 1.30 Additivity

Values are means EQD3×-add and EQD3×-mix ± SEM. TGB, tiagabine; CBZ, carbamazepine; LTG, lamotrigine; F,
fixed-dose ratio. *p < 0.05

Table 2 Theoretical fixed-dose
ratios (F) tested in HBO2 to de-
termine the type of interaction

AEDs and F EQD3×-

add

+ 1.5 × − 1.5 × − 2 × − 2.5 ×

TGB + CBZ

3:1 3.6 + 4.1 5.4 + 6.15 2.4 + 2.7 1.8 + 2.05 1.44 + 1.64

1:1 2.4 + 8.2 3.6 + 12.3 1.6 + 5.6 1.2 + 4.1 0.96 + 3.28

1:3 1.2 + 12.3 1.8 + 18.4 0.8 + 12.3 0.6 + 6.2 –

TGB + LTG

3:1 3.6 + 3.3 5.4 + 4.9 2.4 + 2.2 1.8 + 1.65 1.44 + 1.32

1:1 2.4 + 6.6 3.6 + 9.9 1.6 + 4.5 1.2 + 3.3 0.96 + 2.64

1:3 1.2 + 9.9 1.8 + 14.8 0.8 + 12.3 0.6 + 6.2 –

Values are drug doses (mg kg−1 ) TGB + CBZ or TGB + LTG in. TGB, tiagabine; CBZ, carbamazepine; LTG,
lamotrigine; EQD3×-add, the theoretical additive doses of TGB + CBZ or TGB + LTG that increases seizure
latency over vehicle control by a factor of 3. EQD3×-add for each fixed-dose ratio was increased by 1.5 × and
decreased by 1.5, 2, and 2.5 ×. For fixed-dose ratio 1:3, − 2.5 × was not tested. Pretreated mice were exposed to
HBO2 at 5 ATA for 90 min, and seizure latencies were recorded. Dose-response curves were then generated to
determine EQD3×-mix, the experimentally determined doses of TGB + CBZ or TGB + LTG that increase seizure
latency over vehicle control by a factor of 3
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(50 mg kg−1), lamotrigine (40 mg kg−1), tiagabine
(20 mg kg−1), and gabapentin (1000 mg kg−1).

Dose-response curves for tested AEDs were trans-
formed to linear regression lines (R2 ≥ 0.95 for all AEDs)
in order to predict EQDx (Fig. 1). Since the EQD3.5× for
gabapentin exceeded a dose that could be tested in HBO2

due to side effects, only tiagabine was considered for com-
bination testing with the sodium channel antagonists at
EQD2×–EQD3.5×.

Antiseizure Effectiveness of Combined AEDs in HBO2

The combined effects of tiagabine + carbamazepine or
lamotrigine at EQD2×, EQD2.5×, and EQD3×, but not EQD3.5×,
were significantly greater than the effects documented with the
highest single agent (Fig. 2a, b). AED combinations at EQD2.5×

and EQD3× delayed seizure latency over controls by ~ 5-fold.
Motor side effects occurred in a significant proportion (40–70%)
of the mice at EQD3.5×.

The EQD3×-add for tiagabine + carbamazepine and
tiagabine + lamotrigine was calculated for fixed ratios 1:3,
1:1, and 3:1 (Table 2), and compared with the EQD3×-mix

values for the same fixed-dose ratios (Table 3). For both
AED combinations, EQD3×-mix was significantly < EQD3×-

add for fixed-dose ratios 1:1 and 3:1 (all dose combinations),
and similar for 1:3 (all dose combinations), indicative of syn-
ergy in the former and additivity in the latter, depicted in an
isobologram (Fig. 3).

Combined AEDs Attenuate Acute Lung Injury in HBO2

Inmice pretreatedwith vehicle and exposed toHBO2 for 90min,
bronchoalveolar lavage fluid protein was 11-fold greater than
control mice breathing room air at 1 ATA (Fig. 4). Pretreatment
with tiagabine + carbamazepine or tiagabine + lamotrigine atten-
uated this increase by 57 and 45%, respectively.

Discussion

To our knowledge, this is the first investigation to systematically
explore the potential use of AED combinations from different
functional classes to protect against HBO2-induced seizures. We

Fig. 3 Isobolograms illustrate the interactions between carbamazepine
and tiagabine (a) and lamotrigine and tiagabine (b) for three fixed-dose
ratios—1:3, 1:1, and 3:1 (dotted lines). The additive doses of drug com-
binations (EQD3×-add) that should theoretically increase seizure latency
over controls by 3-fold (filled circles) were compared with the experi-
mentally obtained (EQD3×-mix) values determined from the dose-response

curves of the drug combinations administered in the same fixed-dose
ratios for 4–5 dose combinations (Table 2) (open circles). Plotted data
points represent mean EQD3×-add and EQD3×-mix. Antagonist (Ant),
EQD3×-mix > EQD3×-add; additive (A) for fixed dose ratio 1:3, EQD3×-

mix = EQD3×-add; *synergy (S) for fixed dose ratios 1:1 and 3:1, EQD3×-

mix < EQD3×-add

Fig. 4 Total bronchoalveolar lavage fluid (BALF) protein (an index of
lung injury) from mice pretreated with vehicle, tiagabine + carbamaze-
pine (EQD3× = 4.8 + 16.4 mg kg−1) or tiagabine + lamotrigine (EQD3× =
4.8 + 13.2 mg kg−1) and exposed to HBO2 at 5 ATA for 90 min.
Significantly different frommice breathing room air* or vehicle controls†,
p < 0.05
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report three novel findings. First, the combination of the GABA
enhancer tiagabine with either of the sodium channel antagonists
tested, carbamazepine or lamotrigine, led to substantial increases
in seizure latencies compared with individual agents, and since
lower single-doses were used, motor function was not impaired.
Second, the pharmacodynamic interaction of tiagabine + carba-
mazepine or lamotrigine for fixed ratios 1:1 and 3:1 was syner-
gistic, and additive for 1:3. Third, the maximally effective doses
of tiagabine + carbamazepine or lamotrigine reduced the magni-
tude of acute lung injury by ~ one-half.

Combination drug therapies offer the potential of improved
effectiveness with fewer side effects. The most commonly used
methods for establishing whether combined drug effects are su-
perior to the single components are effect-based and dose-effect-
based approaches, the latter allowing for the interaction to be
determined when drugs have nonlinear dose-response curves
and intercepts that deviate from zero (Foucquier and Guedj
2015). The reasoning for the highest single agent approach was
to first establish combined drug doses that were efficacious since
we did not use the traditional ED50 of each drug. The doses that
increased seizure latency over controls 3-fold (EQD3×) were de-
termined to be the most effective when combined, and used to
determine the type of interaction. Interestingly, we previously
determined there to be good qualitative agreement between
EQD3× and ED50 (Demchenko et al. 2017).

The types of pharmacodynamic interactions are influenced by
each drug mechanism(s) of action. Tiagabine is a potent and
selective inhibitor of GABA transporter 1 (GAT1), thus the re-
uptake of GABA and a promoter of GABAergic neurotransmis-
sion and prolongation of inhibitory post-synaptic potentials
(Suzdak and Jansen 1995). Carbamazepine inhibits voltage-
gated sodium channels, reducing the inward sodium current
and membrane potential and subsequent glutamate release (Jo
and Bean 2014). Lamotrigine binds to inactivated sodium chan-
nels, limiting repetitive and sustained neuronal firing without
affecting normal synaptic conduction, and also decreases
voltage-gated calcium currents; both effects are thought to con-
tribute to decreased presynaptic neuronal glutamate release
(Cheung et al. 1992; Coulter 1997; Stefani et al. 1997). When
mice were pretreated with tiagabine + carbamazepine or
lamotrigine with fixed-ratio combinations of 1:1 or 3:1, but not
1:3, and exposed to HBO2, the AEDs acted synergistically, in-
dicating that provision of an equal or greater amount of a GABA
enhancer with a sodium channel antagonist, at least at the ratios
tested, enhances antiseizure activity more than the individual
AEDs. These data highlight the potential of maintaining
GABA levels while simultaneously inhibiting glutamatergic
neurotransmission to protect against oxygen-induced seizures.

In extreme HBO2, acute lung injury is mediated by excitation
of the CNS and excessive sympathetic outflow that contributes
to capillary damage in the lung (Demchenko et al. 2011). We
propose that AEDs can prevent neuroexcitation and subsequent
sympathoexcitation that results in right and left ventricular

dysfunction, pulmonary hypertension, and alveolar-capillary
membrane damage. In the final set of experiments designed to
assess pulmonary damage, 7 of the 8 mice seized and had very
high levels of bronchoalveolar lavage protein. In contrast, the
incidence of tonic-clonic seizures was reduced to 25 and 38%
when mice were pretreated with tiagabine + carbamazepine or
lamotrigine, respectively, and protein levels were substantially
reduced. Even so, some of the animals in the treatment groups
still had elevated bronchoalveolar protein levels despite not seiz-
ing. This profile is consistent with previous reports by others
(Wood et al. 1965) and our team (Demchenko et al. 2007).
Two different mechanisms may be responsible for this phenom-
enon: one, neuronal nitric oxide production may continue to
increase and this overrides AEDs inhibitory effects on sympa-
thetic outflow (Demchenko et al. 2012), and/or two, some degree
of baroreflex impairment is occurring secondary to increased
systemic vascular resistance and mean arterial blood pressure
(Demchenko et al. 2014). In the latter scenario, combining an
adrenoceptor antagonist, e.g., propranolol, with the paired AEDs
used herein should offer further protection against acute lung
injury by preservation of cardiovascular function in extreme
HBO2 (Demchenko et al. 2011; Gasier et al. 2018).

Combining the FDA-approved AEDs tiagabine with carba-
mazepine or lamotrigine affords greater seizure protection in
mice exposed toHBO2 at 5ATA than individual AEDs by acting
additively or synergistically. An important and additional benefit
is a reduction in acute lung injury. Combining AEDs allowed for
single-doses to be tested at lower doses, and although we did not
assess cognition, memory, or learning, motor function was not
impaired. Combined AEDs from different functional classes of-
fers promise for increasing the tolerance to higher HBO2 doses.
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