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Abstract

Sudden unexpected death in epilepsy (SUDEP) is a fatal epileptic event. The DBA/1 mouse is a
relevant animal model for study of SUDEP, as these mice exhibit seizure-induced respiratory
arrest (S-1IRA) leading to death, which has been observed in witnessed SUDEP patients.
Fluoxetine, a selective serotonin (5-hydroxytryptamine or 5-HT) reuptake inhibitor (SSRI),
reduces S-IRA in DBA/1 mice. Given that DBA/1 mice with S-IRA can be resuscitated using a
ventilator, we hypothesized that breathing stimulants can prevent S-IRA and that fluoxetine
prevents S-IRA by enhancing ventilation in these mice. Spontaneous respiratory function in
anesthetized or awake DBA/1 mice was examined using non-invasive plethysmography before
and after administering fluoxetine or breathing stimulants, doxapram and 5,6,7,8-
tetrahydropyrido[4,3-d]pyrimidine (PK-THPP). The effects of these drugs on S-IRA in DBA/1
mice were tested. As reported previously, systemic administration of fluoxetine reduced S-IRA in
awake DBA/1 mice, but fluoxetine in anesthetized and awake DBA/1 mice did not increase basal
ventilation or the ventilatory response to 7% CO,. Both doxapram and PK-THPP increased
ventilation in room air and in air + 7% CO> in anesthetized DBA/1 mice. However, neither of the
breathing stimulants reduced the incidence of S-IRA. Our studies confirm that fluoxetine reduces
S-IRA in DBA/1 mice, but without enhancing basal ventilation in the absence of seizures.
Although breathing stimulants increased ventilation in the absence of seizures, they were
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ineffective in reducing S-IRA, indicating that drug-induced increases in ventilation are insufficient
to compensate for S-IRA in DBA/1 mice.
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1. Introduction

Sudden unexpected death in epilepsy (SUDEP) is a devastating event for patients and their
families [1], accounting for up to 17% of deaths in patients with epilepsy [2] and ranking
second to stroke in public health burden among common neurological diseases [3]. In most
cases of witnessed SUDEP, patients exhibit generalized convulsive seizures, especially
tonic—clonic seizures, prior to death [1, 4]. Respiratory dysfunction and cardiac arrhythmias
are widely accepted as two major pathophysiological mechanisms for SUDEP [4-6]. The
DBA/1 mouse is a relevant SUDEP animal model, as these mice often die from seizure-
induced respiratory arrest (S-IRA) after generalized audiogenic seizures (AGS), consistent
with the observation that the majority of witnessed SUDEP patients exhibit respiratory
dysfunction prior to death [7-9]. Studies also indicate that changes in cardiac function occur
subsequent to S-IRA in DBA/1 mice, which further suggests that S-IRA is the primary cause
of death in this animal model [7].

A previous study has reported that both acute and chronic systemic administration of
fluoxetine, a selective serotonin (5-hydroxytryptamine or 5-HT) reuptake inhibitor (SSRI),
prevents S-IRA in DBA/1 mice [8]. Another SSRI, citalopram, also reduces mortality of
Lmx1b"f mice after acute seizure induction by maximal electroshock [10]. In addition, a
human retrospective study observed that partial seizure-associated respiratory depression in
SSRI-treated patients is lower than that in patients not taking these agents [11]. These
studies suggest that 5-HT neurotransmission may play a critical role in prevention of S-IRA.
5-HT is an important modulator for normal respiration [12]. It also modulates the ventilatory
response to hypercapnia [13], and hypercapnia commonly occurs during seizures [14, 15]. In
addition, DBA/1 mice with S-IRA can be resuscitated using a rodent ventilator [7, 8]. Thus,
we hypothesized that fluoxetine reduces S-IRA in DBA/1 mice by enhancing basal
ventilation and/or the ventilatory response to CO».

We further hypothesized that two known breathing stimulants, doxapram and 5,6,7,8-
tetrahydropyrido[4,3-d]pyrimidine (PK-THPP), could reduce S-IRA in awake DBA/1 mice.
Doxapram, a TWIK(tandem of pore domains in a weak inward rectifying potassium
channel)-related acid-sensitive potassium (TASK) channel antagonist, has been used to treat
patients with respiratory dysfunction, especially when they develop symptomatic acidosis
[16, 17]. Recently, a novel TASK antagonist PK-THPP has been shown to be a potent
breathing stimulant in rats [18]. Therefore in the present study, we investigated the effect of
fluoxetine on basal breathing and ventilatory CO, sensitivity at a dosage known to reduce S-
IRA in awake DBA/1 mice. We also examined the effect of pre-seizural administration of
breathing stimulants on the incidence of S-IRA in this model of SUDEP at dosages that
enhance basal ventilation and ventilatory CO sensitivity in the absence of seizures.
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2. Materials and methods

2.1. Animals

2.2. Drugs

2.3. Seizure i

2.4. Anesthe

DBA/1 mice were obtained from Harlan Laboratories. Mice were housed and bred in the
animal facility at Massachusetts General Hospital with food pellets and water available ad
libitum. From postnatal day 26-28, AGS were induced daily for 3 days to develop S-IRA
susceptibility in DBA/1 mice, as described below. Only those mice that exhibited consistent
S-IRA were used in experiments. Mice were randomly divided into three groups, each with
drug and vehicle control subgroups: Group A, fluoxetine in 10% DMSO; Group B,
doxapram in saline; Group C, PK-THPP in 4% DMSO + 10% cremophor. Animal
procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of
Massachusetts General Hospital.

Fluoxetine, doxapram, PK-THPP and vehicles were administrated intraperitoneally (i.p.) at
30 mg/kg, 50 mg/kg, 10 mg/kg and 10 ml/kg, respectively. The volume injected was 0.1-0.3
ml for each mouse. Fluoxetine was obtained from Sigma-Aldrich (St. Louis, MO), and
Doxapram (Respiram) was obtained from Modern Veterinary Therapeutics, LLC (Coral
Gables, FL). PK-THPP was synthesized by Aberjona Laboratories (Beverly, MA) using
published methods [19, 20].

nduction and resuscitation

Each mouse was placed in a cylindrical plexiglass chamber (14” diameter) mounted with a
video camera. AGS were induced using an electric bell (96 dB SPL). The stimulus was
given for a maximum duration of 60 s or until the mouse exhibited a tonic seizure, which in
most cases ended in S-IRA. Mice exhibiting S-IRA were resuscitated within 5 s after the
final respiratory gasp using a polyethylene tube connected to the outflow of a rodent
respirator (Harvard Apparatus 680, Holliston, MA), operating at 180 strokes/min at a
volume of 1 ml in room air. The S-IRA susceptibility was always re-confirmed 24 hr prior to
drug or vehicle treatment. Fluoxetine or vehicle was administered 30 min prior to S-IRA
induction. Doxapram and PK-THPP reached their peak effect on ventilatory stimulation ~
15 min after administration (see experimental results below), and thus S-IRA was examined
15 min after treatment with each of these drugs or vehicles. AGS pattern/duration and S-IRA
were digitally recorded for offline analysis. When a mouse was reused in experiments, the
animal was recovered in the animal facility for at least one week allowing for clearance of
the administered drug. Twenty-four hrs prior to testing of the next drug/vehicle, the mouse’s
susceptibility to S-IRA was re-confirmed.

tized mouse breathing studies

DBA/1 mouse breathing was quantified using a nose-only plethysmography chamber.
Studies were conducted in mice under 1.5% inhaled isoflurane (Baxter Healthcare,
Deerfield, IL) anesthesia. The custom-built, acrylic nose chamber was crafted from a 1-inch
length of 1.5-inch diameter clear acrylic pipe. The nose of the mouse was inserted into the
chamber through a 0.25- inch hole in a 0.125-inch thick latex diaphragm (McMaster Carr,

Epilepsy Behav. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zeng et al.

Page 4

Robbinsville, NJ) covering one chamber wall. The chamber was continuously flushed (1 I/
min) with fresh room air via luer ports using mass flow controller valves (Model GE50A,
MKS Instruments Inc., Andover, MA), and chamber gas composition was monitored with a
Capnomac Ultima medical gas analyzer (GE Healthcare, Buckinghamshire, U.K.). Changes
in gas flow through the chamber induced by mouse breathing were detected using a heated
pneumotachometer (Model 8420; Hans Rudolph Inc., Shawnee, KS). Mouse breathing was
converted to an analog signal with a differential pressure transducer and a demodulator
(Models CD15 and MP45-14-871; Validyne Engineering, Northridge, CA). The system was
calibrated using a 1-ml syringe to inject air with the 0.25-inch hole in the latex diaphram
occluded. Plethysmography data acquisition, analysis, and gas flows were controlled using
LabView 2013 software (National Instruments, Austin, TX) run on an Apple computer
interfaced with two USB-6009 data acquisition boards (National Instruments). Data were
analyzed in 4-s time epochs to determine minute ventilation (Vg), tidal volume (V) and
respiratory frequency (fr) (Ve = V1 x fr). The mouse body temperature was continuously
measured by a rectal thermistor and maintained at 37°C by a microcontroller automated heat
lamp. Following placement in the chamber, the anesthetized DBA/1 mouse was allowed to
breathe room air for 30 min in the absence of drug treatment. The recordings of Vg, VT and
fr for the last 5 min were used as baseline measurements for normalization. After 30 min
baseline recording, drugs or vehicle were then administered through an i.p. 24-gauge
angiocatheter, which was placed prior to initiation of breathing measurements. Ventilatory
response to CO, was performed by switching to a CO, gas mixture (7% CO») for 10 min.
Drug- and 7% COs-induced changes in Vg, fg and V1 were recorded and normalized to the
corresponding baseline. The peak response of each parameter was compared between drug
group and its corresponding vehicle control.

2.5. Conscious mouse breathing studies

Conscious DBA/1 mouse breathing was studied in a custom-built, whole body
plethysmography chamber constructed from 1.25-inch diameter, clear PVC pipe (U.S.
Plastics Corporation, Lima, OH) (Fig. 1). The closed chamber was intermittently flushed
with 1 I/min air using mass flow controllers (Model GE50A, MKS Instruments Inc.) via
microcontroller operated solenoid valves (Cole Parmer, Vernon Hills, IL). Gas flushed from
the chamber was continuously monitored for CO, levels with a Capnomac Ultima medical
gas analyzer (GE Healthcare). Pressure in the chamber was monitored with a pressure
transducer and demodulator (Models CD15 and MP45-14-871; Validyne Engineering). The
analog pressure signal was high-pass filtered at 15 s, digitized at 128 Hz, and analyzed in 8-s
epochs. The chamber was calibrated by injecting 0.1 ml of air through a Luer port with a
mouse-sized object occupying the chamber, and tidal volumes during intermittent chamber
closure were estimated using methods described by Drorbaugh and Fenn [21]. LabView
2013 (National Instruments) run on an Apple computer interfaced with two USB-6009 data
acquisition boards (National Instruments) was used for data acquisition and analysis and gas
flow control. Chamber temperature and humidity used in tidal volume estimates were
recorded continuously (DHT22, Aosong Electronics, Guangzhou, China). Mouse
temperature was assumed to be 37°C in our analysis.
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2.6. Statistical analysis

3. Results

Data are reported as mean = SEM. Statistical analysis was performed using Prism 6 software
(GraphPad Software Inc., La Jolla, CA). The effects of each drug on Vg, fg and VT were
compared with its vehicle control using unpaired Student t test. The incidence of S-IRA
between drug and control groups was compared using Chi-square test. Statistical
significance was inferred if p<0.05.

3.1. Doxapram, PK-THPP but not fluoxetine increased basal ventilation in anesthetized

DBA/1 mice

We first examined the effect of drugs on ventilation in anesthetized DBA/1 mice in room
air. After injection of doxapram (50 mg/kg, i.p.) or PK-THPP (10 mg/Kkg, i.p.), the Vg of
anesthetized DBA/1 mice gradually increased within 5 min and reached a peak value at
approximately 15 min (Fig. 2A). Administration of doxapram (n = 5) significantly increased
VE (p<0.01), VT (p<0.05) and fg (p<0.01) as compared with vehicle treatment (Fig. 2B).
PK-THPP (n = 3) produced a significant enhancement of Vg (p<0.01) and fg (p<0.05),
although it did not significantly increase V1 as compared with vehicle treatment (Fig. 2B).
Fluoxetine (30 mg/kg, i.p., n = 6) did not significantly alter Vg, fg or V1 as compared with
vehicle treatment (n = 3) in anesthetized DBA/1 mice (Fig. 3A, B).

3.2. Doxapram and PK-THPP but not fluoxetine increased ventilatory response to CO; in
anesthetized DBA/1 mice

The effect of doxapram, PK-THPP and fluoxetine on the ventilatory response to 7% CO»
was tested in anesthetized DBA/1 mice following the recording in room air in the presence
of drugs (Fig. 2A, 3A). After treatment with doxapram, 7% CO, caused significant increases
in Vg (p<0.01) and fg (p<0.05), but not in V1 as compared with vehicle treatment (Fig. 2B).
After treatment with PK-THPP, 7% CO, also induced a significant increase in Vg (p<0.05),
but not in f and V1 (Fig. 2B). In contrast, after treatment with fluoxetine in anesthetized
DBA/1 mice, 7% CO», did not cause significant changes in Vg and fg, and actually
decreased VT (p<0.05) as compared with vehicle control (Fig. 3B).

Isoflurane is a known ventilatory depressant and suppresses the hypercapnic breathing
response [22]. Since isoflurane might interfere with fluoxetine effects on breathing, we also
performed plethysmography in awake DBA/1 mice before and after administering
fluoxetine. Fluoxetine (30 mg/kg, i.p., n = 5) significantly decreased Vg (p<0.01) and fg
(p<0.01) but not V1 as compared with vehicle control (n = 4); and, after fluoxetine
treatment, the ventilatory response to 7% CO, was unchanged (Fig. 3C). Doxapram and PK-
THPP exert similar effects on breathing in anesthetized and conscious rats (J.F. Cotten,
unpublished observations). Thus, we did not test effects of these drugs on breathing in
conscious DBA/1 mice.
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3.3. Fluoxetine but not doxapram or PK-THPP decreased S-IRA susceptibility in awake

DBA/1 mice

Consistent with a prior report [8], we determined that fluoxetine (30 mg/kg, i.p.)
significantly reduced the incidence of S-IRA in DBA/1 mice (p<0.01, n = 10) (Fig. 4).
Fluoxetine blocked only S-IRA but not seizure behavior in 40% of DBA/1 mice tested. In
30% of mice, fluoxetine blocked both S-IRA and tonic seizures, but these mice still
exhibited wild running and/or clonic seizures. Interestingly, administration of doxapram (50
mg/kg, i.p., n = 8) or PK-THPP (10 mg/Kkg, i.p., n = 8) exerted no effect on the incidence of
S-IRA in DBA/1 mice (Fig. 4). These breathing stimulants did not alter the seizure pattern in
these animals.

4. Discussion

4.1. Breathing stimulants do not prevent S-IRA in DBA/1 mice

DBA/1 mice with S-IRA can be mechanically resuscitated using a rodent respirator [8], and
oxygenation prevents sudden death in AGS-susceptible mice [23]. Thus, we postulated that
breathing stimulants might be useful as a pharmacological approach to preventing S-IRA.
We investigated the effects of two known breathing stimulants, doxapram and PK-THPP on
breathing and on S-IRA in DBA/1 mice. Consistent with prior studies in rats [18], both
drugs increased ventilation and ventilatory response to CO5 in anesthetized DBA/1 mice.
However, neither breathing stimulant reduced the incidence of S-IRA in awake DBA/1
mice. These data indicate that drug-induced increases in ventilation are insufficient to
compensate for S-IRA in DBA/1 mice. Although respiratory dysfunction and elevated
arterial CO5 are observed in patients following seizures [14, 15], no attempts have been
made to treat respiratory failure using breathing stimulants. A previous study reported that
treatment with doxapram elevated the seizure threshold in amygdaloid kindled rats [24].
However, in our current study, doxapram and PK-THPP did not alter the threshold and/or
the severity of AGS at doses that exert substantial effect on breathing.

4.2. Fluoxetine reduces S-IRA in DBA/1 mice without enhancing ventilation

Since 5-HT modulates normal breathing, we hypothesized that fluoxetine prevents S-IRA in
DBA/1 mice by enhancing ventilation and/or the ventilatory response to CO,. Several, but
not all tested SSRIs, are effective in blocking S-IRA in DBA/1 mice, and a 5-HT antagonist
increases S-IRA susceptibility [25, 26]. It is not known why some SSRIs such as fluoxetine
are more effective than others such as paroxetine in reducing S-IRA in DBA mice [26]. In
addition to 5-HT, SSRIs also inhibit the reuptake of other neurotransmitters such as
norepinephrine [27]. The differential effect of SSRIs on S-IRA may be related to their
actions on non-serotonergic neurotransmission, as well. In the present study, we observed
that acute systemic treatment with fluoxetine suppressed ventilation in room air without
affecting that in air + 7% CO, in conscious DBA/1 mice, whereas fluoxetine did not alter
ventilation in either condition in anesthetized DBA/1 mice. These data suggest that although
fluoxetine reduces S-IRA in DBA/1 mice, this protective effect is not due to enhanced basal
ventilation and sensitivity to CO5 in the absence of seizures. The mechanisms underlying
fluoxetine prevention of S-IRA in DBA/1 mice remain elusive but may be related to
increase in 5-HT release during seizures [28]. The pre-Bétzinger complex in the rostral
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ventrolateral medulla is a key structure for respiratory rhythm generation [12]. The midline
raphe nuclei contain spontaneously active 5-HT neurons, some of which have synaptic
connections with the pre-Bétzinger complex, and play a potential role in promoting rhythm
generation [29]. If S-IRA involves disruption of respiratory rhythm, it is possible that
fluoxetine may prevent S-IRA by promoting this rhythm. Additionally, 5-HT neurons
located in the rostral midbrain are believed to be central chemoreceptors inducing arousal in
response to increased arterial pCO, during sleep. A defect in the CO,-evoked arousal
response was observed in Lmx1b77P mice [13], in which 5-HT neurons were genetically
deleted. There is also a reduced hypercapnic ventilatory response in these mice [30], and in
Brown Norway rats [31], whose levels of 5-HT and its metabolite 5-hydroxyindolacetic acid
(5-HIAA) were low in the brain [32]. Administration of fluoxetine can reverse the arousal
deficit in Brown Norway rats [33]. If this defect in arousal contributes to S-IRA in DBA/1
mice, fluoxetine may prevent S-IRA by enhancing arousal mechanisms.

Previous studies on the effect of fluoxetine on breathing have yielded conflicting results
[33-35]. For example, centrally administered fluoxetine increased basal breathing and the
ventilatory response to CO5 in one study [35]. Another study observed that acute treatment
with fluoxetine decreased Vg and fg in a dose-dependent manner, although subchronic
administration of fluoxetine exerted an opposite effect [34]. Consistent with this latter study,
our results show that acute administration of fluoxetine suppresses ventilation and leaves the
ventilatory response to CO, unaffected in conscious DBA/1 mice. Some SSRIs evoke a
depressant effect on serotonergic neuron firing through enhanced 5HTq A receptor activation
[36]. It is possible that fluoxetine reduces ventilation by suppressing 5-HT neuronal activity.
DBA/1 mice express reduced 5-HT,g/oc and 5-HT3p receptors in the brainstem [37].
Among these receptors, the 5-HT,g receptor exerts a stronger excitatory effect than other
receptors on respiration [38]. Furthermore, a polymorphism (C1473G) of tryptophan
hydroxylase-2 (TPH2), the key enzyme for synthesis of 5-HT in the brain, is found in DBA
mice [39]. This polymorphism compromises the function of TPH2, leading to reduced
synthesis of 5-HT [40]. It is not known if these deficits in 5-HT neurotransmission
contribute to the observed respiratory suppression by fluoxetine. It is technically difficult to
study respiratory function during convulsive seizures with the methods used here. Future
studies are needed to explore if fluoxetine produces different effects on breathing in DBA/1
mice during seizures from those that are awake or under anesthesia, and if there are
differences between acute and chronic treatments.

5. Conclusion

Our study demonstrates that, although breathing stimulants like TASK channel antagonists
increase ventilation in spontaneously breathing DBA/1 mice, they are ineffective in reducing
the incidence of S-IRA. Thus, drug-induced increases in ventilatory drive are insufficient to
prevent S-IRA in DBA/1 mice. Fluoxetine, which did protect DBA/1 mice from S-IRA, had
a slightly depressant effect on breathing. Therefore, suppression of S-IRA by fluoxetine in
DBA/1 mice is unlikely to be achieved by enhancing basal ventilation and may involve
other neuronal mechanisms/processes such as promotion of respiratory rhythmogenesis
and/or arousal response.
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Fig. 1. Whole body plethysmography chamber used in this study
Major components are labeled. The temperature and humidity sensor is inside the chamber.
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Fig. 2. Doxapram and PK-THPP stimulate basal breathing and increase ventilatory response to

CO» in anesthetized DBA/1 mice

A, representative traces of minute ventilation (Vg), respiratory frequency (fg) and tidal
volume (V) from anesthetized DBA/1 mice treated with doxapram (50 mg/kg), PK-THPP
(10 mg/kg) or their corresponding vehicles, in room air or exposure to air + 7% CO,. Data
were normalized to the average VE, fgr or VT baseline value. Baseline Vg, fr and V1 were
13.15 + 0.66 ml/20g/min, 95.37 £ 2.22 breaths/min and 0.14 + 0.01 ml/20g/min,
respectively (n = 25). Traces between the two dotted lines indicate the exposure time to 7%
CO5, gas mixture. B, effects of doxapram and PK-THPP on the normalized Vg, fg and V1 in
room air and in air + 7% CO in anesthetized DBA/1 mice. The error bars represent SEMs.
* p<0.05; ** p<0.01: significantly different from corresponding controls.
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volume (V) from anesthetized DBA/1 mice treated with fluoxetine (30 mg/kg) or vehicle,
in room air or exposure to air + 7% CO,. Data were normalized to the average VE, fg or V1
baseline value. Traces between the two dotted lines indicate the exposure time to 7% CO»,
gas mixture. B, effects of fluoxetine on the normalized Vg, fg and V1 in room air and in air
+ 7% CO, in anesthetized DBA/1 mice. C, effects of fluoxetine on the normalized Vg, fr
and V1 in room air and in air + 7% CO, in conscious DBA/1 mice. The error bars represent

SEMs. * p<0.05; ** p<0.01: significantly different from corresponding vehicle control.
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Fluoxetine Doxapram PK-THPP

Fig. 4. Fluoxetine but not doxapram or PK-THPP reduced the incidence of S-IRA in awake

DBA/1 mice

Effect of systemic administration (i.p.) of fluoxetine (30 mg/kg), doxapram (50 mg/kg) and
PK-THPP (10 mg/kg) on S-IRA in DBA/1 mice. Fluoxetine significantly decreased the
incidence of S-IRA 30 min after injection (p<0.01, n = 10) as compared with vehicle control
(n =9). Doxapram (n = 8) and PK-THPP (n = 8) did not show any effect on the incidence of
S-IRA 15 min after injection as compared with corresponding vehicle controls (n = 6-7).
The blank bars indicate the incidence of S-IRA with vehicle injections, and the filled bars
indicate that with drug injections. ** p<0.01: significantly different from vehicle control.
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