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Summary

Objective—The DBA/1 mouse is a relevant animal model of sudden unexpected death in 

epilepsy (SUDEP), as it exhibits seizure-induced respiratory arrest (S-IRA) evoked by acoustic 

stimulation, followed by cardiac arrhythmia and death. Defects in serotonergic neurotransmission 

may contribute to S-IRA. The tryptophan hydroxylase-2 (TPH2) enzyme converts L-tryptophan to 

5-hydroxytryptophan (5-HTP), a precursor for central nervous system (CNS) serotonin (5-HT) 

synthesis; and DBA/1 mice have a polymorphism that decreases TPH2 activity. We, therefore, 

hypothesized that supplementation with 5-HTP may bypass TPH2 and suppress S-IRA in DBA/1 

mice.

Methods—TPH2 expression was examined by Western blot in the brainstem of DBA/1 and 

C57BL/6J mice both with and without acoustic stimulation. Changes in breathing and cardiac 

electrical activity in DBA/1 and C57BL/6J mice that incurred sudden death during generalized 

seizures evoked by pentylenetetrazole (PTZ) were studied by plethysmography and 

electrocardiography. The effect of 5-HTP administration on seizure-induced mortality evoked by 

acoustic stimulation or by PTZ was investigated in DBA/1 mice.

Results—Repetitive acoustic stimulation resulted in reduced TPH2 protein in the brainstem of 

DBA/1 mice as compared with C57BL/6J mice. S-IRA evoked by acoustic stimulation in DBA/1 

mice was significantly reduced by 5-HTP. Following S-IRA, cardiac electrical activity could be 

detected for minutes before terminal asystole and death in both DBA/1 and C57BL/6J mice after 
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PTZ treatment. The incidence of S-IRA by PTZ administration was greater in DBA/1 than in 

C57BL/6J mice, and administration of 5-HTP also significantly reduced S-IRA by PTZ in DBA/1 

mice.

Significance—Our data suggest that S-IRA is the primary event leading to death incurred in 

most DBA/1 and some C57BL/6J mice during PTZ-evoked seizures. Suppression of S-IRA by 5-

HTP suggests that 5-HT transmission contributes to the pathophysiology of S-IRA, and that 5-

HTP, an over-the-counter supplement available for human consumption, may be clinically useful 

in preventing SUDEP.
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Sudden unexpected death in epilepsy (SUDEP) is the major cause of death in patients with 

epilepsy, accounting for up to 17% of deaths in this population.1–4 SUDEP ranks second to 

stroke in public health burden when years of potential life lost from SUDEP are compared 

with those from other common neurologic diseases.5 Studies in humans and animal models 

suggest that respiratory dysfunction and cardiac arrhythmia may contribute to SUDEP,3,4,6–8 

although several other pathophysiologic mechanisms are also proposed.9–13 It has been 

observed that most witnessed SUDEP patients display difficulties in breathing after 

generalized tonic–clonic seizures,14–18 and analysis of video electroencephalography (EEG) 

and electrocardiography (ECG) data found that most patients with SUDEP or near-SUDEP 

initially exhibit respiratory dysfunction, leading to apnea, followed by terminal asystole.19 

This sequential pattern of terminal events is also observed in DBA/1 mice; these mice are 

subjected to seizure-induced respiratory arrest (S-IRA) after generalized audiogenic seizures 

(AGSz), with subsequent cardiac arrest and death, validating the DBA/1 mouse as a relevant 

model of SUDEP.3

Several selective serotonin (5-hydroxytryptamine or 5-HT) reuptake inhibitors (SSRIs), 

which elevate 5-HT levels in the synaptic cleft, prevent S-IRA in DBA/1 mice evoked by 

AGSz.20–22 An SSRI is also found effective in reducing S-IRA evoked by maximal 

electroshock in Lmx1b(f/f) mice on a primarily C57BL/6J background,23 a strain that is 

resistant to AGSz. These previous studies suggest that a deficiency of 5-HT 

neurotransmission may play an important role in the pathogenesis of S-IRA. However, in 

addition to 5-HT, SSRIs are known to affect other neurotransmission systems.3,24 These off-

target effects of SSRIs may contribute to or mask their actions on S-IRA, as it has been 

shown that not all SSRIs are effective in preventing S-IRA in DBA/1 mice.25 Abnormalities 

of 5-HT neurotransmission have been observed in both DBA/1 and DBA/2 mice, which may 

contribute to their tendency for S-IRA.3 L-Tryptophan from dietary sources is converted to 

5-hydroxytryptophan (5-HTP) by the enzyme tryptophan hydroxylase-2 (TPH2) in the brain, 

and 5-HTP is then converted to 5-HT by aromatic L-amino acid decarboxylase. TPH2 is the 

rate-limiting enzyme in 5-HT synthesis,26 and a polymorphism of TPH2 in DBA/1 mice 

results in reduced activity of this enzyme,26–28 which may contribute to S-IRA.

In the current study, we further address the role of 5-HT neurotransmission in the 

pathogenesis of S-IRA in DBA/1 mice. We first quantified TPH2 enzyme protein in the 
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brainstem of both DBA/1 and S-IRA-resistant C57BL/6J mice, and studied the effect of 

priming on its expression. We then attempted to enhance central 5-HT synthesis in DBA/1 

mice through acute and repeated peripheral supplementation with its chemical precursor, 5-

HTP; and, finally, we studied the effect of 5-HTP administration on S-IRA in DBA/1 mice 

evoked by either acoustic stimulation or pentylenetetrazole (PTZ), a proconvulsant widely 

used to mimic human generalized tonic–clonic seizures.29

Materials and Methods

Animals

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) of Massachusetts General Hospital. DBA/1 mice were purchased from 

Harlan Laboratories (Indianapolis, IN, U.S.A.), and C57BL/6J mice were purchased from 

Jackson Laboratory (Bar Harbor, ME). Both strains were housed and bred in the 

Massachusetts General Hospital Center for Comparative Medicine animal facility and 

provided with rodent food and water ad libitum. Unless otherwise mentioned, DBA/1 mice 

were “primed” starting from postnatal day 26–28 by subjecting to acoustic stimulation daily 

for 3–4 days to establish consistent susceptibility to S-IRA. Primed DBA/1 mice at 

approximately 1 month of age (10–15 g) were used in experiments with acoustic 

stimulation, and separate groups of DBA/1 (13–22 g) and C57BL/6J mice (17–25 g) at 2–3 

months of age were used in PTZ experiments.

Induction of seizures and seizure-induced sudden death

Seizures and seizure-induced sudden death were evoked either by acoustic stimulation or by 

the proconvulsant PTZ, as described previously.22,30 To induce AGSz in DBA/1 mice, each 

mouse was placed in a cylindrical acrylic glass chamber in a sound-isolated room. AGSz 

were induced by acoustic stimulation using an electric bell (96 dB SPL) (UC4-150, Zhejiang 

People’s Electronics, China). The acoustic stimulus was given for a maximum duration of 60 

s or until the mouse exhibited tonic seizures, which culminated in tonic hindlimb extension 

and S-IRA. Mice with S-IRA were resuscitated within 5 s after the final respiratory gasp 

using a rodent respirator (Harvard Apparatus 680, Holliston, MA, U.S.A.).22 The 

susceptibility to S-IRA in primed DBA/1 mice was always reconfirmed 24 h before drug or 

vehicle administration. In the acute treatment protocol, 5-HTP (100–150 mg/kg) or vehicle 

was administered intraperitoneally 1 h before induction of S-IRA. In the repeated treatment 

protocol, 5-HTP (50–100 mg/kg, i.p.) or vehicle was administered once a day for 2 days, and 

induction of S-IRA was performed 1 h after the second administration. The volume injected 

was 0.1–0.3 ml for each mouse. S-IRA and AGSz behaviors were videotaped for offline 

analysis. Recovery of S-IRA susceptibility in DBA/1 mice was tested 24 h after drug 

administration or at 24-h intervals thereafter until the S-IRA susceptibility returned.

Generalized clonic and/or tonic–clonic seizures were also induced in separate groups of 

DBA/1 and C57BL/6J mice by systemic administration of PTZ (75 mg/kg, i.p.). 5-HTP 

(100–200 mg/kg) or vehicle was administered once a day for 2 days, and i.p. PTZ was 

administered 1 h after the second treatment.
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5-HTP (Cat # 107751) and PTZ (Cat # P6500) were purchased from Sigma-Aldrich (St. 

Louis, MO, U.S.A.) and dissolved in saline for systemic administration.

Expression of TPH2 in the brainstem

The expression of TPH2 was studied by Western blot in nonprimed DBA/1 mice, primed 

DBA/1 mice, C57BL/6J mice exposed to the acoustic stimulation, and C57BL/6J mice 

without exposure to the acoustic stimulation, as described previously.31,32 In primed DBA/1 

mice, only those mice that exhibited S-IRA were used for Western blot analysis. The 

C57BL/6J mice exposed to the acoustic stimulation were subjected to the mean duration of 

acoustic stimulus that the primed DBA/1 mice received. Mice were decapitated under 

isoflurane anesthesia, and the brains were removed and stored at −80°C. The whole 

brainstems were isolated for TPH2 protein analysis by one rostral cut that corresponds to 

bregma −3 mm and one caudal cut that corresponds to bregma −9 mm.33 To ensure 

consistency in isolating the brainstem, we used experimental DBA/1 mice and control 

C57BL/6J mice at similar ages and isolated the brainstems of mice in the experimental and 

control groups at the same time. Each brainstem tissue was homogenized, and total protein 

was quantified using the bicinchoninic acid (BCA) protein assay kit (Pierce Technology, 

Iselin, NJ, U.S.A.). Sixty micrograms of total protein from each animal was resolved by 

10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Following 

SDS-PAGE, the protein was transferred to nitrocellulose, which was then blocked with 

blocking buffer (Thermo Fisher Scientific, Waltham, MA, U.S.A.) and probed with 

antibodies. The primary antibody for TPH2 (T0678, Sigma-Aldrich) was used at a dilution 

of 1:1,000 to detect TPH2 (55 kDa), and the primary antibody for β-actin (1:10,000, Sigma-

Aldrich) was used to detect β-actin (42 kDa). The secondary antibody (A21424, Life 

Technologies, Grand Island, NY, U.S.A.) was diluted at 1:5,000. Bands were visualized by 

enhanced chemiluminescence (GE Healthcare Bio-Science, Pittsburgh, PA, U.S.A.), and 

optical density was quantified using ImageJ Software. The optical density of TPH2 band 

was normalized to that of β-actin protein in the same tissue sample. The resulting relative 

optical density in C57BL/6J mice exposed to the acoustic stimulation, primed DBA/1 mice, 

and C57BL/6J mice without exposure to the acoustic stimulation and nonprimed DBA/1 

mice was normalized to that of C57BL/6J mice exposed to the acoustic stimulation.

Plethysmography and ECG recordings

The terminal responses of respiratory and cardiac systems during seizure-induced sudden 

death evoked by PTZ were examined using whole-body plethysmography and ECG 

recordings in DBA/1 and C57BL/6J mice. Both primed and nonprimed DBA/1 mice were 

used in this experiment to determine if priming affects the incidence of seizure-induced 

sudden death evoked by PTZ. After injected with PTZ (75 mg/kg, i.p.), a mouse of either 

strain was placed in a clear, custom-built whole-body plethysmography chamber constructed 

from polyvinyl chloride pipe with a volume of ~20 cubic inches.3,22 The closed chamber 

was continuously flushed with room air (0.3–1 liter per minute) using mass flow controllers 

(Model GE50A; MKS Instruments Inc, Andover, MA, U.S.A.). CO2 levels were monitored 

by analyzing gas exiting the chamber with a Capnomac Ultima medical gas analyzer (GE 

Healthcare, Buckinghamshire, United Kingdom). Changes in air pressure in the chamber 

were monitored using a pressure transducer and demodulator (Models CD15 and 
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MP45-14-871; Validyne Engineering, Northridge, CA, U.S.A.). If a mouse displayed S-IRA, 

as indicated by a flat plethysmography breathing signal, it was quickly removed from the 

plethysmography chamber (or continuously monitored for up to 10 min prior to removal 

from the chamber), and three subdermal needle electrodes (Model F-E2, Grass Instruments, 

Warwick, RI, U.S.A.) were inserted into skin across its thorax (two electrodes were placed at 

the root of each forelimb, and the ground electrode was placed on the abdomen) for ECG 

analysis (gain 20,000; bandpass filter 0.3–3,000 Hz; P511 AC amplifier, Grass Technologies, 

Warwick, RI, U.S.A.). Cardiac electrical activity was continuously monitored for up to 10 

min after placement of the needle electrodes. Custom software written using LabView 2013 

(National Instruments, Austin, TX, U.S.A.) interfaced with several USB-6009 data 

acquisition boards (National Instruments) was used for gas flow control, data acquisition (at 

128 Hz), and data analysis.

Statistical analysis

Data are reported as mean ± standard deviation (SD). Comparison of TPH2 expression 

among C57BL/6J and DBA/1 mice was performed using one-way analysis of variance 

(ANOVA) with Tukey’s test as post hoc analysis. The incidence of S-IRA evoked by PTZ 

among primed DBA/1, nonprimed DBA/1 and C57BL/6J mice was analyzed using Mann-

Whitney U test, and the incidence of S-IRA between drug and control groups was compared 

using Wilcoxon signed rank test. Statistical significance was inferred if p < 0.05.

Results

Repetitive acoustic stimulation reduces the TPH2 protein in DBA/1 mice

We examined the expression of TPH2 in the brainstem of primed DBA/1 mice, nonprimed 

DBA/1 mice, C57BL/6J mice exposed to the acoustic stimulation, and C57BL/6J mice 

without exposure to the acoustic stimulation using Western blot. As compared with the 

relative optical density of TPH2 in C57BL/6J mice exposed to the acoustic stimulation 

(100%, n = 5), to which that of all four groups was normalized, the relative optical density of 

TPH2 was significantly reduced in the brainstem of primed DBA/1 mice (66.3 ± 11.9%, n = 

5) (p < 0.05). The TPH2 protein relative expression levels were not significantly different 

between C57BL/6J mice without exposure to the acoustic stimulation (85.8 ± 15.8%, n = 5) 

and nonprimed DBA/1 mice (83.3 ± 28.4%, n = 5), and the TPH2 relative expression levels 

in both groups were not significantly different from those in C57BL/6J mice exposed to the 

acoustic stimulation and in primed DBA/1 mice (Fig. 1).

5-HTP suppresses S-IRA evoked by acoustic stimulation in primed DBA/1 mice

Initial acoustic stimulation evokes S-IRA only in a small fraction of DBA/1 mice (10–30%) 

after generalized AGSz,3 which are characterized by wild running and tonic–clonic seizures 

culminating in tonic hindlimb extension, followed by S-IRA, and primed DBA/1 mice 

exhibit consistent S-IRA after tonic hindlimb extension. As compared with the vehicle 

control, the incidence of S-IRA was significantly reduced 1 h after acute systemic 

administration of 5-HTP (125 and 150 mg/kg, i.p.) (p < 0.01 and p < 0.05, respectively). 5-

HTP at 100 mg/kg did not alter S-IRA as compared with the vehicle control (Fig. 2A). 

Although tonic seizures were blocked in 55–60% of DBA/1 mice at high doses of 5-HTP 
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(125 and 150 mg/kg), these animals still exhibited wild running and/or clonic seizures. Thus, 

5-HTP at the doses tested did not block susceptibility to AGSz in primed DBA/1 mice.

The effect of repeated treatment with 5-HTP on S-IRA was also examined. Repeated 

treatment with 5-HTP (100 mg/kg, i.p.) once daily for 2 days significantly reduced S-IRA in 

primed DBA/1 mice as compared with the vehicle control (p < 0.01). Repeated treatment 

with 5-HTP at 75 mg/kg reduced S-IRA, but this reduction did not reach statistical 

significance when compared with the control. Repeated treatment with 5-HTP at 50 mg/kg 

exerted no effect on S-IRA in primed DBA/1 mice (Fig. 2B). Like acute administration of 5-

HTP, repeated treatment with 5-HTP for 2 days did not block the susceptibility of DBA/1 

mice to AGSz, although tonic seizures were blocked in 56% of DBA/1 mice at 100 mg/kg 5-

HTP.

DBA/1 and C57BL/6J mice display S-IRA during sudden death evoked by PTZ

To further test the relevance of the DBA/1 mouse as an animal model of SUDEP, we 

monitored changes in breathing and cardiac electrical activity during sudden death evoked 

by PTZ using whole-body plethysmography and ECG recordings. To determine if priming 

process exerts effect on the incidence of S-IRA by PTZ, we included both primed and 

nonprimed DBA/1 mice in this experiment. PTZ (75 mg/kg, i.p.) evoked generalized clonic 

and/or tonic–clonic seizures in primed (n = 6) and nonprimed DBA/1 mice (n = 5). Most 

DBA/1 mice incurred sudden death immediately after generalized tonic–clonic seizures. 

When a DBA/1 mouse exhibited generalized tonic–clonic seizures evoked by PTZ, S-IRA 

always follows as indicated by a flat plethysmography signal (Fig. 3A, C). Following apnea, 

each mouse was quickly removed from plethysmography chamber, and ECG recordings 

were obtained (Fig. 3B, D). In both primed DBA/1 and nonprimed DBA/1 mice, following 

S-IRA, cardiac electrical activity could be detected for several minutes prior to terminal 

asystole (Fig. 3A, B). These changes in breathing and cardiac electrical activity were also 

invariantly observed in two of the three C57BL/6J mice that died from generalized seizures 

evoked by PTZ (an ECG signal could not be obtained for technical reasons in one C57BL/6J 

mouse that died from S-IRA) (Fig. 3C, D). In a separate group of primed DBA/1 mice (n = 

5), breathing was continuously monitored up to 10 min in the plethysmography chamber 

after S-IRA evoked by PTZ, showing that breathing did not return in these animals. 

Subsequent ECG recordings outside the chamber demonstrated that all mice still displayed 

cardiac activity prior to terminal asystole. Of all the primed DBA/1 (n = 11), nonprimed 

DBA/1 (n = 5) and C57BL/6J mice (n = 16) tested, two mice (one nonprimed DBA/1 and 

one C57BL/6J mouse) exhibited S-IRA after generalized tonic–clonic seizures, but 

breathing spontaneously returned during ECG recordings. These two mice died from S-IRA 

after the occurrence of the second generalized tonic–clonic seizures with initial PTZ 

injection.

We compared the incidence of S-IRA evoked by PTZ in DBA/1 and C57BL/6J mice. PTZ 

administration caused 90.9% of S-IRA in primed DBA/1 mice (n = 11), and 100% in 

nonprimed DBA/1 mice (n = 5). The incidence of S-IRA evoked by PTZ was not 

significantly different between primed and nonprimed DBA/1 mice. However, PTZ at the 

same dose evoked only 18.8% of S-IRA in C57BL/6J mice (n = 16). The incidence of S-IRA 
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evoked by PTZ was significantly greater in primed DBA/1 or nonprimed DBA/1 mice as 

compared with that in C57BL/6J mice (p < 0.01) (Fig. 4).

5-HTP reduces S-IRA evoked by PTZ in DBA/1 mice

To determine if S-IRA suppressing effect of 5-HTP is dependent on the methods by which 

seizures are induced, we also examined the effect of 5-HTP on S-IRA evoked by PTZ in 

nonprimed DBA/1 mice, never exposed to the acoustic stimulation. S-IRA was significantly 

reduced in DBA/1 mice with repeated 5-HTP (200 mg/kg, i.p.) treatment over 2 days 

(16.7%, n = 6) (p < 0.05) compared to control mice (85.7%, n = 7). Treatment using 100 

mg/kg 5-HTP once daily for 2 days did not reach statistical significance (33.3%, n = 6; p = 

0.07). The incidence of S-IRA was not significantly different between 100 mg/kg and 200 

mg/kg 5-HTP treatment (Fig. 5).

Discussion

In the current study, we observed that the TPH2 expression is reduced in the brainstem of 

primed DBA/1 mice as compared with that of C57BL/6J mice exposed to acoustic 

stimulation. Systemic administration of 5-HTP, which is well documented to enhance brain 

5-HT synthesis34–37 by bypassing TPH2, not only reduces S-IRA evoked by acoustic 

stimulation in primed DBA/1 mice, but also decreases that evoked by PTZ in DBA/1 mice 

that have never been exposed to the acoustic stimulation. DBA/1 and C57BL/6J mice always 

exhibit S-IRA immediately after generalized tonic–clonic seizures evoked by PTZ, and 

persistent cardiac activity is observed for minutes prior to terminal asystole.

S-IRA is the common initiating event during seizure-induced sudden death

SUDEP or near-SUDEP patients exhibit breathing difficulties after generalized tonic–clonic 

seizures,15,16,19 followed by apnea and subsequent death with terminal asystole.19 These 

changes in breathing and cardiac electrical activity were also observed during seizure-

induced sudden death evoked by AGSz in DBA/1 mice,3 by maximal electroshock in 

Lmx1b(f/f) mice,23 or by hyperthermia in a Dravet syndrome mouse model.38 In the current 

work, we further tested the relevance of the DBA/1 mouse as an animal model of SUDEP by 

evoking generalized clonic and/or tonic–clonic seizures using PTZ, a chemoconvulsant that 

is widely used to model human generalized seizures.29 PTZ produced a greater incidence of 

S-IRA in both primed and nonprimed DBA/1 relative to C57BL/6J mice. This difference in 

PTZ-evoked S-IRA that we observed between DBA/1 and C57BL/6J mice parallels that of 

earlier work demonstrating susceptibility of DBA/1 mice to S-IRA during AGSz, unlike 

C57BL/6J mice, which are resistant.3 Both primed and nonprimed DBA/1 mice exhibited S-

IRA after generalized tonic–clonic seizures evoked by PTZ, and cardiac activity could be 

detected for minutes prior to terminal asystole. Of interest, S-IRA and subsequent terminal 

asystole were also observed in the limited number of C57BL/6J mice that incurred seizure-

induced sudden death following PTZ administration. Our data and previous studies suggest 

that S-IRA is a common terminal event leading to SUDEP.

It should be noted that in our current study, two (~6%) mice exhibited S-IRA evoked by PTZ 

after initial generalized seizures and did not die. However, both mice did subsequently die 
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from S-IRA after second generalized seizures. Other studies, as well, have found that a small 

proportion of DBA/2 mice (15%) display tonic hindlimb extension evoked by acoustic 

stimulation without S-IRA.39 These studies suggest that S-IRA in some rare cases does not 

always lead to sudden death in these animal models.

Patients with Dravet syndrome have a high rate of SUDEP, and most cases of Dravet 

syndrome are linked to mutations of sodium channels, which are usually expressed in both 

heart and brain.40–42 Although S-IRA and subsequent terminal asystole occur in a mouse 

model of Dravet syndrome,38 a combination of S-IRA and cardiac arrest is most likely 

involved in sudden death in Dravet syndrome.38,40

5-HT neurotransmission is involved in S-IRA in DBA/1 mice

Deficits in 5-HT neurotransmission may predispose to S-IRA. 5-HT2C receptor knockout 

mice exhibit seizures that often end up with S-IRA.43 The SSRI fluoxetine suppresses S-

IRA in DBA/1 and DBA/2 mice evoked by the acoustic stimulation,20,22,39 and S-IRA is 

reduced in DBA/1 mice by the SSRIs, sertraline and fluvoxamine.21,25 The SSRI citalopram 

inhibits S-IRA in Lmx1b(f/f) mice evoked by maximal electroshock.23 Consistent with these 

studies in animal models of SUDEP, SSRIs are also reported to reduce respiratory 

dysfunction in patients with partial seizures in a retrospective study.44 However, the SSRI 

paroxetine is less effective in preventing S-IRA than several other SSRIs in DBA/1 mice.25 

In addition to 5-HT neurotransmission, SSRIs also exert effects on other neurotransmitters 

and receptors. For example, SSRIs inhibit norepinephrine and dopamine transporters45 and 

bind to 5-HT, adrenergic, and muscarinic cholinergic receptors.24,45 In our current study, we 

demonstrate that 5-HTP supplementation reduces S-IRA in DBA/1 mice evoked by either 

acoustic stimulation or PTZ. The preventive effect of 5-HTP against S-IRA is in agreement 

with elevation of brain 5-HT levels by 5-HTP.34,37 These data support the hypothesis that 

deficits in 5-HT neurotransmission contribute to S-IRA in DBA/1 mice, and are consistent 

with the theory that SSRIs prevent S-IRA by promoting 5-HT neurotransmission, and not 

through off-target effects. It is of note that 5-HTP also increases the brain levels of 

melatonin,46 a hormone regulating circadian rhythm.47 Further studies are needed to 

examine if melatonin exerts effect on S-IRA.

Our data showed that, as compared with corresponding C57BL/6J control mice, the amount 

of TPH2 protein is reduced in the brainstem of primed DBA/1 mice but is not altered in that 

of nonprimed DBA/1 mice, indicating that a decrease in TPH2 expression in primed DBA/1 

mice may be related to the priming process. 5-HTP administration does not block 

susceptibility to AGSz in primed DBA/1 mice, suggesting that reduced TPH2 expression is 

unlikely to cause increased AGSz susceptibility associated with priming in these mice. 

Given that S-IRA evoked by PTZ was not different between primed and nonprime DBA/1 

mice, it is unlikely that the small reduction in TPH2 expression contributes substantially to 

S-IRA in primed DBA/1 mice. It is of note that the antibody we used does not discriminate 

between TPH2 and TPH1. Although TPH2 is expressed predominantly in the CNS, 

controversy exists regarding whether TPH1 is expressed in the brain.48 Further studies using 

TPH2-specific antibody will be useful to confirm our results. We recognize that enzyme 
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protein expression levels may not reflect enzyme activity, and further studies are needed to 

investigate if a reduction in TPH2 enzymatic activity promotes S-IRA.

Like SSRIs, 5-HTP is clinically used as a medication to treat a variety of psychiatric 

conditions, including depression,46 and is widely available as an over-the-counter oral 

supplement with minimal side effects. 5-HTP may be advantageous to SSRIs in enhancing 

5-HT availability, as it is more “specific” to augment 5-HT levels in the brain, whereas 

SSRIs may produce nonspecific off-target effects and clearly cause a number of undesired 

clinical side effects.

In summary, we demonstrated that treatment with 5-HTP, as used to bypass a putative 

deficiency in TPH2 activity, reduces S-IRA in DBA/1 mice following generalized seizures 

evoked by PTZ or acoustic stimulation. These data suggest that 5-HT neurotransmission 

plays an important role in the pathogenesis of S-IRA, regardless of seizure induction 

method. Our study also suggests that 5-HTP may have merit as a potential therapy for the 

prevention of SUDEP. Finally, we determined that regardless of the mouse strain, DBA/1 or 

C57BL/6J, S-IRA always occurs after PTZ-evoked generalized seizures with persistence of 

cardiac activity for minutes before terminal asystole, implying S-IRA is a primary instigator 

in SUDEP.
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Key Points

• TPH2 protein is reduced in primed DBA/1 mice as compared with C57BL/6J 

mice exposed to the acoustic stimulation

• DBA/1 and C57BL/6J mice exhibit S-IRA after generalized tonic–clonic 

seizures evoked by PTZ

• Following S-IRA, cardiac electrical activity can be detected for minutes prior 

to terminal asystole

• 5-HTP reduces S-IRA evoked by either acoustic stimulation or PTZ
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Figure 1. 
Repetitive acoustic stimulation reduces TPH2 protein in DBA/1 mice. Western blot analysis 

was performed to compare TPH2 protein in the brainstem of primed DBA/1 mice (P-

DBA/1), nonprimed DBA/1 mice (NP-DBA/1), C57BL/6J mice with exposure to the 

acoustic stimulation (S-C57), and C57BL/6J mice without exposure to the acoustic 

stimulation (NS-C57). The error bars denote SDs. *p < 0.05: significantly different from the 

C57BL/6J mice exposed to the acoustic stimulation.
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Figure 2. 
5-HTP reduces S-IRA evoked by acoustic stimulation in primed DBA/1 mice. Effects of 

acute (A) and repeated (once daily for 2 days; B) systemic administration of 5-HTP on the 

incidence of S-IRA. 5-HTP was delivered by intraperitoneal injection. *p < 0.05; **p < 

0.01: significantly different from the vehicle (saline) control; N, number of mice.
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Figure 3. 
DBA/1 and C57BL/6J mice exhibit S-IRA during seizure-induced sudden death evoked by 

PTZ. Examples of sequential breathing signal and ECG recordings in a nonprimed DBA/1 

mouse (A, B) and a C57BL/6J mouse (C, D) during seizure-induced sudden death evoked by 

PTZ (75 mg/kg, i.p.), demonstrating that S-IRA occurred after generalized seizures, and that 

cardiac activity could be observed for minutes prior to terminal asystole. In panels from A to 

D, the breathing and ECG signals inside the dashed-line squares were expanded to show the 

details of signal changes around generalized tonic–clonic seizures and following seizures. 

The arrows between A and B and between C and D indicate the time delay in transferring 

the apneic animal from the plethysmography chamber to the bench for ECG analysis.
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Figure 4. 
PTZ evokes a greater incidence of S-IRA in DBA/1 mice than C57BL/6J mice. Comparison 

of S-IRA evoked by PTZ (75 mg/kg, i.p.) among primed DBA/1 (P-DBA/1), nonprimed 

DBA/1 (NP-DBA/1), and C57BL/6J mice. **p < 0.01: significantly different from either 

primed or nonprimed DBA/1 mice.
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Figure 5. 
5-HTP reduces S-IRA evoked by PTZ in DBA/1 mice. Incidence of S-IRA in vehicle or 5-

HTP-treated mice following generalized seizures evoked by PTZ. 5-HTP or vehicle (saline) 

was administered by i.p. injection once daily for 2 days in nonprimed DBA/1 mice. *p < 

0.05: significantly different from the vehicle control.
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