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Exposure to the excitotoxin domoic acid (DOM) has
been shown to produce cardiac lesions in both clini-
cal and animal studies. We have previously shown
that DOM failed to directly affect cardiomyocyte via-
bility and energetics, but the development of this car-
diomyopathy has remained unexplained. The present
study compared effects of high-level seizure induction
obtained by intraperitoneal (2 mg/kg) or intrahip-
pocampal (100 pmol) bolus administration of DOM
on development of cardiac pathologies in a rat model.
Assessment of cardiac pressure derivatives and coro-
nary flow rates revealed a significant time-dependent
decrease in combined left ventricular (LV) systolic
and diastolic function at 1, 3, 7, and 14 days after
intraperitoneal administration and at 7 and 14 days
after intrahippocampal DOM administration. LV dys-
function was matched by a similar time-dependent
decrease in mitochondrial respiratory control, asso-
ciated with increased proton leakage, and in mito-
chondrial enzyme activities. Microscopic examina-
tion of the LV midplane revealed evidence of
progressive multifocal ischemic damage within the
subendocardial, septal, and papillary regions. Lesions
ranged from reversible early damage (vacuolization)
to hypercontracture and inflammatory necrosis pro-
gressing to fibrotic scarring. Plasma proinflamma-
tory IL-1�, IL-1�, and TNF-� cytokine levels were
also increased from 3 days after seizure induction.
The observed cardiomyopathies did not differ be-
tween intraperitoneal and intrahippocampal
groups, providing strong evidence that cardiac
damage after DOM exposure is a consequence of a
seizure-evoked autonomic response. (Am J Pathol

2011, 179:141–154; DOI: 10.1016/j.ajpath.2011.03.017)

Neurological deficits and cardiomyopathy arising from

domoic acid (DOM) exposure have been documented in
a range of marine mammals and in one major docu-
mented outbreak of DOM poisoning in humans after the
ingestion of contaminated shellfish.1,2 DOM, a potent ex-
citotoxic structural analog of glutamic and kainic acids, is
produced by algae and marine diatoms (eg, Pseudo-
nitzschia spp.) and is consequently accumulated in a
number of seafoods.3,4 Clinical reports of neurological
symptoms including seizures, amnesia, and coma cou-
pled with postmortem evidence of hippocampal and
amygdaloid nucleus necrosis and astrocytosis were par-
ticularly noted among severe cases of DOM inges-
tion.1,5,6 Among these cases, the authors also reported
cardiovascular disturbances, including cardiac arrhyth-
mias and hypotension.1

As a consequence of heightened interest in the
mechanism of DOM toxicity, a number of experimental
studies have investigated the consequences of DOM
exposure on behavioral and neurological responses in
laboratory animals.4,7–13 Within neuronal tissue, DOM
has been shown to activate �-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) and kainic
acid (KA) receptors and results in the release of glu-
tamate.14 Overstimulation of ionotropic glutamate re-
ceptors (iGluR), namely N-methyl-D-aspartate (NMDA)
receptors, provokes pathophysiological increases in
intracellular Ca2� and consequently leads to the acti-
vation of several overlapping Ca2�-dependent pro-
cesses, such as the generation of mitochondrial reac-
tive oxygen species and loss of cellular viability.15–20

DOM has been shown to be 8 to 10 times more potent
than kainic acid in rodents, producing a similar repro-
ducible pattern of behavioral toxicity culminating in
seizures.8,21,22 Studies conducted in rats, mice, and
cynomolgus monkeys have shown a consistent pattern
of DOM-induced damage to the hippocampal pyrami-
dal neurons, as well as to the thalamic, amygdalar,
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entorhinal, cortical, and septal neurons after DOM ad-
ministration (0.22 to 4.4 mg/kg i.p.).9,23–25 With the use
of electroencephalographic recordings, these studies
showed that the hippocampal damage resulted in gen-
eralized epileptiform activity.

In addition to extensive neuronal damage, perimortem
studies conducted on marine mammals after natural ex-
posure to DOM have shown clear evidence of myocardial
lesions.26,27 Cardiac lesions within a Californian sea otter
population have been described to include myocardial
pallor and multifocal myocardial necrosis associated with
myocardial hemorrhage. Inflammatory cells were also ob-
served in both the atrial and ventricular myocardium.26 In
contrast, however, DOM toxicity studies conducted on an
exposed Californian sea lion population showed myocar-
dial degeneration limited to the ventricles.28 The link be-
tween DOM exposure and the reported cardiomyopa-
thies has not as yet been characterized, and it remains to
be determined whether the damage is the consequence
of a direct (ie, cardiotoxic) or indirect [ie, central nervous
system (CNS)/autonomic discharge] interaction. Gill and
coworkers29,30 reported the presence of various iono-
tropic and metabotropic glutamate receptor subtypes
within the intrinsic cardiac ganglia, nerve fibers, and spe-
cific components of the conducting system of murine,
primate, and human hearts. Given the location of these
glutamate subunits, it has been postulated that they may
affect the regulation and conduction of impulses in the
heart and may in part explain the cardiovascular effects
reported after DOM intoxication. Functional evidence of
receptor responsiveness to DOM exposure within the
context of the cardiac pathology described, however,
remains to be elucidated. Earlier work by our group dem-
onstrated that, although DOM does traverse the mem-
brane of rat cardiac H9c2 cells, it is not cytotoxic, nor
does it compromise mitochondrial function within intact
murine cardiomyocytes.31 This finding suggests that the
mechanism of DOM-induced cardiac damage does not
involve the same direct excitotoxic cell death processes
described in neuronal tissue, but rather may represent
the consequence of an indirect overactivation of gluta-
mate receptors within the CNS.

CNS regulation of cardiovascular function has tradi-
tionally been considered to fall under the control of the
rostral ventrolateral medullary pressor area. Emerging
evidence, however, has indicated that the hippocampus
and hypothalamic paraventricular nucleus, which project
into the cardiac regulatory centers, also play a significant
role in regulating cardiovascular function.32 This finding
is supported by earlier studies showing that injection of
kainic acid or NMDA into the paraventricular nucleus
resulted in lesions of the parvocellular elements and
evoked an excitotoxin-induced myocardial necrosis re-
sembling the acute myocardial necrosis reported with
systemic �-agonist administration.33–35 These studies
support the hypothesis that the reported cardiotoxicity is
a consequence of a catecholamine surge mediated by
excitotoxin stimulation of glutamate receptors in the CNS.
Other neuronal pathologies, such as stroke and epilepsy,
have also been shown to result in long-term abnormal

electrocardiographic activity and arrhythmias.36–38 Clin-
ical peri-ictal studies of generalized tonic-clonic seizure
patients reporting disturbances in blood pressure,
heart rate and rhythm, and QT waves have offered an
insight into the cause of the cardiomyopathy described
as sudden unexplained death due to epileptic periods
(SUDEP).39 – 42 The presentation of ischemic infarct
and fibrotic scarring to the ventricular wall as a conse-
quence of repeated epilepsy-induced autonomic dis-
charges to the heart in SUDEP may represent a mech-
anism of DOM-induced cardiomyopathy.42

As our previous studies firmly established that domoic
concentrations of �10 �mol/L have no direct effect on
cardiomyocyte integrity or viability,31 we hypothesized
that the DOM-induced cardiomyopathies occur as a con-
sequence of seizure-evoked response. Here, we report
that administration of DOM to the right ventral hip-
pocampus results in seizure activity and prolonged
cardiac dysfunction. Furthermore, we show that, al-
though administration of DOM into the peritoneum also
resulted in cardiac injury, acute exposure of isolated
hearts to DOM failed to evoke any cardiac hemody-
namic changes. The present study provides new in-
sights into the cardiac dysfunction noted in DOM in-
toxication and offers new evidence for SUDEP-induced
cardiac pathology.

Materials and Methods

Materials

Chemicals used in study protocols were obtained from
BDH (Palmerston North, New Zealand), Sigma-Aldrich
(Castle Hill, NSW, Australia; St. Louis, MO), and Roche
Diagnostics (Mannheim, Germany), unless otherwise
specified. DOM was purchased from Sapphire Bioscience
(Waterloo, Australia) and was freshly dissolved in normal
saline as needed. A Bio-Plex rat cytokine 9-Plex assay kit
was purchased from Bio-Rad (Bio-Rad Laboratories, Al-
bany, Auckland, NZ; Hercules, CA). DOM-specific ASP di-
rect competitive enzyme-linked immunosorbent (cELISA)
assay kits were purchased from Biosense Laboratories
(Bergen, Norway).

Animal Care

Male Sprague-Dawley rats (2 to 3 months old; 280 to
275 g) were obtained from the University of Otago Animal
Resource Unit. Rats were housed at 25°C under con-
trolled 12-hour light/dark cycles and fed ad libitum on a
standard rat diet before experimentation. All surgical and
euthanasia procedures, including seizure induction and
monitoring, were conducted in accordance with the reg-
ulations of the Otago University Committee on Ethics in
the Care and Use of Laboratory Animals and the Guide
for Care and Use of Laboratory Animals (NIH Publication
85-23, 1996).

Experimental Protocol

The study animals were randomly divided into two main

groups, receiving DOM either through an intraperitoneal
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(2 mg/kg) bolus dose or through intrahippocampal (100
pmol) infusion; the two groups were matched to equiva-
lent sham treatment vehicle control (0.9% saline) groups.
The DOM doses used here have reproducibly been
shown by our group to elicit similar, moderately high
seizure scores.11,43 Seizure level scoring was performed
for the first 2 hours immediately after drug or vehicle
administration, as described below. Cumulative seizure
score analysis, calculated as the sum of the highest in-
dividual scores recorded during the observation period,
were used to produce excitotoxin intraperitoneally and
intrahippocampally treated groups with similar seizure
scores. After observation, animals within each group
were randomly assigned into different groups for termi-
nation at specific endpoints. Serum samples were col-
lected at sacrifice for analysis of circulating inflammatory
cytokines and hemodynamic function assessed ex vivo. A
matched naïve (untreated) control group was included, to
standardize hemodynamic responses. Cardiac tissue
was then processed for mitochondrial electron transport
chain and citric acid cycle enzyme analysis. Midplane
sections of the hearts were simultaneously retained for
histological studies. Finally, a separate study measuring
the same hemodynamic parameters was conducted, to
examine the effects of direct DOM (1 and 5 �mol/L)
administration in isolated perfused hearts.

DOM-Induced Cardiomyopathy Model

Intraperitoneal Dosing

To investigate the possibility of a direct effect of DOM on
cardiac function, a single intraperitoneal bolus injection of
DOM (2 mg/kg) was administered and the rats were sub-
jected to immediate behavioral analysis.11 Animals receiv-
ing systemic DOM (intraperitoneally) were then randomly
allocated into four subgroups (n � 8/group) and were sac-
rificed at 1, 3, 7, and 14 days after DOM administration. Two
age- and weight-matched intraperitoneally saline-treated
animal control groups were included (n � 5/group) and
were sacrificed 1 and 14 days after saline administration.

Intrahippocampal Dosing

The potential indirect CNS-mediated effects of DOM
on cardiac function were investigated by delivering DOM
(100 pmol) directly into the hippocampus, as described
previously.11,43 Cannula implantation surgery was per-
formed on the intrahippocampal study group 1 week
before DOM or vehicle administration. Rats were pre-
treated with dihydrostreptomycin (250 IU, s.c.) and
carprofen (4 mg/kg, s.c.), anesthetized with ketamine (70
mg/kg, s.c.) and medetomidine hydrochloride (0.3 mg/
kg, s.c.), and stereotactically (Narishige Scientific Instru-
ments, Tokyo) implanted with a unilateral drug delivery
cannula into the ventral hippocampus (using bregma as
reference: 5.2 mm posterior, 5.0 mm lateral to the right,
5.2 mm depth from cranial surface). The cannula, a 24-
gauge oblique needle with a 30-gauge obturator, was
inserted slowly to reduce damage to the surrounding

tissue and was anchored using cranioplastic cement.
Body temperature was maintained at 37°C throughout the
surgical procedure with a heating pad. After cannula
implantation, the animals were allowed to recover and
received bolus saline subcutaneously as needed to
maintain their hydration status for 7 consecutive days
after surgery. DOM (100 pmol) and vehicle doses were
infused at rate of 1 �L/min (total volume of 1 �L) to
minimize tissue injury. After intrahippocampal DOM ad-
ministration and seizure analysis, animals that reached a
similar seizure level as those receiving intraperitoneal
DOM were randomly assigned into two groups (n �
8/group) and were sacrificed at 7 and 14 days after
intrahippocampal DOM administration. A third group
consisting of saline-treated controls (n � 8) received
saline through the same intrahippocampal route and
were sacrificed at 14 days after treatment. After termina-
tion of the studies, the brains were dissected to confirm
correct cannula placement.

Behavioral Analysis after DOM Administration

In both the intraperitoneal and the intrahippocampal
treatment groups, animals were habituated to an acrylic
glass observation chamber for 30 minutes before DOM or
vehicle administration. Experiments were conducted in a
randomized, single-blind fashion. Immediately after drug
administration, the animals were returned to the observa-
tion chamber and their behaviors were observed for 2
hours in a cycle of 1 minute on and 4 minutes off, with all
behavioral responses during each observation period
coded and logged electronically, as described previ-
ously.8,11,13 Behaviors were rated using a modified ver-
sion of the seizure scale: level 0, normal resting or ex-
ploratory behaviors; level 1, discomfort behaviors; level 2,
stereotypical behaviors confined to the head and neck
region; level 3, moderate seizure behaviors associated
with stereotypical movements of the limbs or trunk; and
level 4, severe generalized seizure behaviors, with level 4
leading to level 5, clonic-tonic convulsions. Animals ex-
periencing more than two periods of prolonged clonic-
tonic convulsions were immediately sacrificed in compli-
ance with ethical requirements and all subsequent
observation periods were logged as level 5. Cumulative
scores were derived as the sum of the highest scores
observed during each 1-minute observation period re-
corded over the 2 hours after DOM or vehicle adminis-
tration.8,11

DOM Levels in Serum and Myocardium after
Dosing

The concentration of DOM in the heart and serum at 1
hour after administration was investigated in a separate
group of animals. Male Sprague-Dawley rats (250 g, n �
5/group) were injected with DOM (2 mg/kg i.p. or 100
pmol i.h.) or intraperitoneal saline and were observed for
1 hour. Rats were decapitated without anesthesia and a
trunk blood sample was taken. The cardiac ventricles
were minced and washed (�5) in isolation medium A

containing (in mmol/L) 225 mannitol, 75 sucrose, 10 Tris,
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and 0.1 EDTA (dipotassium salt) and 0.1 mmol/L phen-
ylmethylsulfonyl fluoride (PMSF) protease inhibitor (pH
7.2, 4°C) and were homogenized in five times their
volume on ice, using a glass-Teflon homogenizer. The
homogenates were centrifuged (3000 � g) to produce a
clear supernatant and were stored with the serum sam-
ples at �80°C until analysis. The concentration of DOM
within the diluted cardiac homogenate (100-fold) and
serum (1000-fold) samples was quantified using an ASP
direct cELISA kit, as described previously.31,44

Cardiac Hemodynamics

Study groups were sacrificed at the specified time points.
Both DOM- and vehicle-treated rats were decapitated
without anesthesia and the hearts were rapidly excised
into cold (4°C), filtered Krebs-Heinsleit buffer containing
(in mmol/L), 118 NaCl, 4.7 KCl, 1.2 MgSO4, 1.23 KH2PO4,
24 NaHCO3, 11.1 glucose, and 1.2 CaCl2 (pH 7.4). Within
30 seconds after excision, the heart was cannulated via
the aorta and perfused with oxygenated (95% O2/5%
CO2) filtered Krebs-Heinsleit buffer at a constant pres-
sure of 100 cmH2O at 37°C, using a Langendorff appa-
ratus, as described previously.45,46 Left ventricular (LV)
pressure was measured isovolumetrically using a trans-
ducer connected to a balloon inserted through the mitral
valve. Analog signals were continuously recorded using
a PowerLab data acquisition system with LabChart 5.2
software (ADInstruments, Sydney, Australia). The heart
was allowed to equilibrate for 20 minutes and coronary
flow rate (mL/min) was assessed before hemodynamic
measurements were taken. Left ventricular developed
pressure (LVDP) was calculated as the peak systolic
pressure minus the end diastolic pressure set at 10
mmHg. Maximal and minimal first derivatives of LVDP
(dP/dt maximum and dP/dt minimum, respectively) and
heart rate were also assessed.

Morphological Characterization of Myocardial
Injury

Perfused hearts were sectioned into 3-mm transverse
sections corresponding to the middle of the ventricles
and were fixed for 24 hours in 10% neutral buffered
formalin and processed immediately. Paraffin-embed-
ded sections (5 �m) were stained with Ehrlich’s H&E or
with picro-Sirius red (Sirius Red F3BA in aqueous sat-
urated picric acid) to detect collagen fiber accumula-
tion, a marker of cardiac fibrosis. The sections were
examined using an Axioplan microscope with the
AxioVision 3.1 image analysis system (Carl Zeiss, Göt-
tingen, Germany). Qualitative histological evaluations
were performed in a double-blind manner on five ran-
domly selected individual fields from each ventricular
section. Qualitative evaluation was made, noting for-
mation of contractile band lesions and fragmentation of
fibers (as representative of infarct damage), the pres-
ence of leukocytic inflammatory infiltrate, and suben-
docardial and perivascular collagen deposition (as ev-

idence of reparative fibrosis).
Examination of Ventricular Mitochondria
Function and Energetics

After sectioning, the remaining perfused ventricular tis-
sue was minced at 4°C in isolation medium A containing
the protease enzyme nagase (5 mg/g wet weight of
tissue) to ensure recovery of interfibrillar as well as sub-
sarcolemmal mitochondria. The digested tissue was re-
peatedly washed in medium A containing phenylmethyl-
sulfonyl fluoride (0.1 mmol/L) and homogenized using a
glass-Teflon homogenizer. A purified mitochondrial
pellet was obtained using differential centrifugation, as
described previously.45,46 Mitochondrial samples were
aliquoted and either flash-frozen and stored at �80°C
for later analysis of enzyme activities or subjected to
immediate respiratory analysis. Intact mitochondrial re-
spiratory function was measured polarographically us-
ing an oxygen electrode (World Precision Instruments,
Sarasota, FL), as described previously.45,46 Oxidative
phosphorylation was assessed by recording the rate of
mitochondrial O2 consumption during state 4 respira-
tion (substrate-driven rate alone) and state 3 respira-
tion (substrate-driven rate in the presence of adeno-
sine diphosphate). All experiments were conducted at
32°C using a standard respiratory medium saturated
with oxygen, containing 100 mmol/L KCl, 0.05 mmol/L
EDTA (dipotassium salt), 75 mmol/L mannitol, 25 su-
crose, 10 mmol/L Tris-HCl, and 10 mmol/L KH2PO4 (pH
7.4). Mitochondrial respiration was initiated by the ad-
dition of cardiac mitochondria (0.5 mg) in the presence
of essentially fat-free bovine serum albumin (0.2 mg) to
make up a final chamber volume of 250 �L. After
equilibration, at which point a steady endogenous rate
of respiration had been reached, flavin adenine dinu-
cleotide (FAD)-linked state 4 respiration was initiated
by administration of succinate (7 mmol/L final concen-
tration) in the presence of the NADH-dehydrogenase
inhibitor rotenone (50 mmol/L). State 3 respiration was
initiated by the addition of ADP (200 nmol). Mitochon-
drial respiratory control indices were calculated as the
ratio of state 3 to state 4 respiration rates.

Mitochondrial energetic assays were conducted on lysed
mitochondrial samples fractured by three rapid freeze-
thawing cycles and diluted to a final concentration of 1 mg
mitochondrial protein mL�1 in PMSF containing isolation
medium A. Assays for mitochondrial electron transport
chain enzyme kinetics: complex I (NADH-ubiquinone oxi-
doreductase, EC 1.6.99.3), complex II/III (succinate-
ubiquinone/ubiquinol-cytochrome c reductase, EC
1.8.3.1), and complex V (ATPase, EC 3.6.1.3), as well
as citrate synthase (EC 4.1.3.7; a mitochondrial matrix
enzyme) and aconitase [citrate (isocitrate) hydro-
lyase, EC 4.2.1.3; a marker of oxidative stress], were
performed essentially as described previously.31,45,46

Mitochondrial enzyme activities were assessed using
a SpectraMax-Plus 96-well spectrophotometer (Molec-
ular Devices, Crawley, UK) at 30°C. Optical path-
lengths were corrected for microplate use, and enzyme
activities were expressed as nmol substrate/min/mg

protein.
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Circulating Inflammatory Cytokine Analysis

Cytokine levels were quantitatively assessed in 50-�L
plasma samples collected at the time of sacrifice from all
treatment groups using a Bio-Plex bead-array immunoas-
say kit (Bio-Rad Laboratories) with a Luminex 100 analyzer
(Luminex, Austin, TX), as described previously.47,48 Cyto-
kine concentrations were calculated from a standard curve
(detectable range of 2 to 32,000 pg/mL) for rat interleukins
IL-1� and IL-1�, tumor necrosis factor-� (TNF-�), and gran-
ular monocyte-colony stimulating factor (GM-CSF), using
Bio-Plex Manager software (Bio-Rad Laboratories).

Exposure of Isolated Hearts to DOM

The acute direct effect of DOM (1 and 5 �mol/L) was as-
sessed in the isolated heart model using the same hemo-
dynamic and mitochondrial respiratory function analysis as
described above. Hearts isolated from Sprague-Dawley
rats (n � 5 per group) were perfused with oxygenated (95%
O2/5% CO2) filtered Krebs-Henseleit buffer (37°C) and were
allowed to equilibrate at a constant pressure of 100 cmH2O.
After baseline hemodynamic recordings, hearts were
perfused with DOM (final concentration of 1 or 5 �mol/L
dissolved in the perfusate) delivered through a side
port in the aortic cannula for 20 minutes. Cardiac func-
tion was immediately assessed at 10 mmHg LV dia-
stolic pressure and the hearts were subjected to a
20-minute washout period before a final assessment of
hemodynamic function at 40 minutes after initial DOM
exposure. Results were compared with data obtained
in time-matched saline-treated controls.

Statistics

Statistical analysis was performed using SigmaStat
v2.03 (SPSS, Chicago, IL) by a one-way analysis of
variance (ANOVA) or Student’s t-test for paired com-
parison. Bonferroni and Tukey pairwise tests were
used for post hoc comparisons between control and
treatment groups. Results were expressed as means �
SEM, with a P value of �0.05 being considered signif-
icant. Inverse log correlations were performed if equal
variance failed, and one-way ANOVA and post hoc
pairwise analysis were repeated.

Results

Behavioral Seizure Profile after Intraperitoneal or
Intrahippocampal DOM

Animals receiving saline through either intraperitoneal
or intrahippocampal routes did not differ significantly
from each other in their behavior and exhibited low
cumulative behavioral score (Figure 1). DOM intraper-
itoneal administration, however, resulted in signifi-
cantly elevated cumulative behavioral scores, com-
pared with saline-treated animals (ANOVA, F �
103.446; P � 0.001). The levels of seizures experi-

enced by all animals within this intraperitoneal DOM
group were similar, with rats exhibiting stage 4 sei-
zures, approaching clonic-tonic convulsions, within 2
hours of DOM administration. Animals receiving intra-
hippocampal DOM also exhibited significantly higher
cumulative behavioral scores, compared with saline-
treated animals (ANOVA, F � 32.498; P � 0.001). Level
4 behavior was observed earlier, at approximately 40
minutes after intrahippocampal DOM infusion. The
level of seizures experienced by animals receiving ei-
ther intrahippocampal or intraperitoneal DOM treat-
ment were similar and not significantly different (one-
way ANOVA, F � 1.484; P � 0.229).

DOM Levels in Serum and Heart after
Intraperitoneal or Intrahippocampal
Administration

Analysis of serum and cardiac samples at 1 hour after a
single intraperitoneal injection of DOM confirmed the
presence of DOM in serum (630.1 � 121.4 ng/mL) and in
ventricular homogenates (19.6 � 2.7 ng/g tissue). Levels
of DOM in saline-treated rats fell below the limits of de-
tection of the immunoassay. Intrahippocampal adminis-
tration of 100 pmol DOM also did not result in a detect-
able level of DOM in the systemic circulation.

Comparison of Cardiac Hemodynamics after
Intraperitoneal and Intrahippocampal
DOM-Induced Seizures

Myocardial function was evaluated by measuring LVDP
at 10 mmHg diastolic pressure in perfused hearts isolated
from animals at specific times after intraperitoneal or intra-
hippocampal DOM administration (Figures 2 and 3). Naïve
control and saline-treated (1 and 14 day) animals did not
significantly differ in their LVDP indices. DOM intraper-

Figure 1. Cumulative behavioral seizure scores in rats were recorded over 2
hours after intraperitoneal (black bars; 1, 3, 7, and 14 days) or intrahippocam-
pal (gray bars; 7 and 14 days) administration of domoic acid (DOM). Data are
expressed as means � SEM of 8 separate experiments. ***P � 0.001 versus
intraperitoneal saline-treated animals (1 and 14 day); †††P � 0.001 versus
intraperitoneal intrahippocampal saline-treated animals (1 and 14 day). S,
saline.
itoneal administration resulted in decreased LVDP val-
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ues by the first day, compared with all other controls in
this group (naïve control, P � 0.01; 1-day saline, P �
0.002; 14-day saline, P � 0.019) (Figure 2A). LVDP was
reduced further in a time-dependent fashion at 3 days
(P � 0.01 versus untreated and saline-treated controls), 7
days (P � 0.001 versus untreated and saline-treated con-
trols), and 14 days (ANOVA, F � 44.075; P � 0.001 com-
pared with all three control groups) after DOM administra-
tion. Both rate derivatives of diastolic (dP/dt minimum) and
systolic (dP/dt maximum) pressures were also compro-
mised over the same 14-day time scale after intraperitoneal
DOM dosing (Figure 2, B and C). Heart rate recorded in
isolated hearts (at 10 mmHg diastolic pressure) after intra-
peritoneal dosing was not affected at any time point.

Comparison of LVDP values between naïve untreated
animals and intrahippocampal saline-treated animals at 14
days (Figure 3A) confirmed that intrahippocampal cannula
implantation did not compromise cardiac hemodynamic
function. LVDP was significantly reduced at 7 days after
DOM (intrahippocampal) treatment (P � 0.001 versus naïve
control; P � 0.003 versus 14-day saline) with no further
reduction seen at 14 days. Comparison of cardiac LVDP
indices in hearts isolated at 7 days showed that intrahip-
pocampal DOM dosing (Figure 3A) reduced developed
pressure indices to a greater extent than intraperitoneal
DOM dosing (Figure 2A) (Student’s t-test, t � �2.55; P �
0.043). Both pressure-rate derivatives (dP/dt minimum and
maximum) were also significantly and irreversibly impaired

Figure 2. Cardiac hemodynamic function at 1, 3, 7, and 14 days after
intraperitoneal DOM administration, compared with naïve control and 1- and
14-day saline-treated control rats: left ventricular developed pressure (LVDP)
(A), dP/dt minimum (B), dP/dt maximum (C), and coronary flow at 10
mmHg diastolic pressure (D). Data are expressed as means � SEM of 8
separate experiments. S, saline. *P � 0.05, **P � 0.01, and ***P � 0.001 versus
naïve control; †P � 0.05, ††P � 0.01, and †††P � 0.001 versus 1-day saline;
‡P � 0.05, ‡‡P � 0.01, and ‡‡‡P � 0.001 versus 14-day saline.
by 7 days after intrahippocampal DOM administration (Fig-
ure 3B and 3C). As in the intraperitoneal model, intrahip-
pocampal dosing with DOM produced no significant resid-
ual effect on heart rate.

Systemic (intraperitoneal) dosing of DOM resulted in a
time-dependent decrease in coronary flow rate over the
14-day time period (1 day versus 1-day saline, P � 0.05;
3 days versus 1-day saline, P � 0.01; ANOVA, F � 6.621;
7 days versus 1-day saline, P � 0.001; 7 days versus
14-day saline, P � 0.01) (Figure 2D). Intrahippocampal
delivery of DOM also resulted in a gradual and equivalent
decline in coronary flow (Figure 3D) which reached sig-
nificance at 14 days (ANOVA, F � 16.795; P � 0.001
versus naïve control and 14-day saline). No significant
difference was seen in coronary flow response at 14 days
between either route of DOM administration.

Cardiac Mitochondrial Respiratory Damage after
Intraperitoneal and Intrahippocampal
DOM-Induced Seizures

To explore the mechanism behind the hemodynamic
dysfunction observed, mitochondria were isolated from
the hearts and respiratory function was assessed in the
pooled preparation of interfibrillar and subsarcolemmal
mitochondria. FAD-linked mitochondrial respiratory pa-
rameters were assessed in isolated cardiac mitochon-
dria at each time point after intraperitoneal (Table 1)
and intrahippocampal (Table 2) DOM dosing. Systemic
(intraperitoneal) administration of DOM resulted in a
significant impairment of mitochondrial respiratory

Figure 3. Cardiac hemodynamic function at 7 and 14 days after intrahip-
pocampal DOM administration, compared with naïve control and 14-day
saline-treated control rats: LVDP (A), dP/dt minimum (B), dP/dt maximum
(C), and coronary flow at 10 mmHg diastolic pressure (D). Data are ex-
pressed as means � SEM of 8 separate experiments. S, saline. ***P � 0.001

‡ ‡‡ ‡‡‡
versus naïve control; P � 0.05, P � 0.01, and P � 0.001 versus 14-day
saline.
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function, as indicated by a decline in respiratory con-
trol index, evident at 1, 3, and 7 days after seizure
induction. Maximal mitochondrial dysfunction was evi-
dent at 14 days after DOM-induced seizures, com-
pared with all control groups (ANOVA, F � 15.507; P �
0.001). State 4 respiration rate was significantly in-
creased, indicative of proton leak at 3, 7 (P � 0.05),
and 14 days (ANOVA, F � 63.857; P � 0.001) after
DOM, compared with 14-day saline-treated animals
(Table 1). State 3 respiratory rate, however, was sig-
nificantly affected only at 14 days after intraperitoneal
DOM-induced seizures (P � 0.05 versus 14-day sa-
line).

Mitochondrial respiratory control index ratios were also
equally affected at 7 days after intrahippocampal DOM
(Table 2) (ANOVA, F � 13.753; P � 0.001 versus control;
P � 0.003 versus 14-day saline), with no further damage
detected at 14 days. Comparison of the mean oxidative
(state 4) rate values among the four intrahippocampal
treatment groups (ANOVA, F � 2.985; P � 0.05) showed
that state 4 increased in response to intrahippocampal
DOM at 14 days, reaching significance (Student’s t-test;
P � 0.04) versus the 14-day saline control. Phosphoryla-
tive (state 3) components of the respiration control, how-

Table 1. Temporal Assessment of Cardiac Mitochondrial Respira
Administration of Domoic Acid

Treatment RCI

Naïve control 6.852 � 0.304
Saline

1 day 7.135 � 0.348
14 days 7.037 � 0.252

Domoic acid
1 day 5.487 � 0.445†‡

3 days 5.689 � 0.399
7 days 4.874 � 0.604*††‡‡‡

14 days 4.631 � 0.302**†††

Each value represents the mean � SEM of eight separate experimen
*P � 0.05, **P � 0.01 versus naïve control.
†P � 0.05, ††P � 0.01, and †††P � 0.001 versus 1-day saline.
‡P � 0.05, ‡‡‡P � 0.001 versus 14-day saline.
RCI, respiratory control index.

Table 2. Temporal Assessment of Cardiac Mitochondrial
Respiratory Function (FAD-Linked) at 7 to 14 Days
after Intrahippocampal Administration of Domoic Acid

Treatment RCI

Rate (ng O2/min/mg
protein)

State 4 State 3

Naïve control 6.85–0.30 41.55–2.89 249.04–18.24
14 days

saline
6.69–0.24 39.34–3.81 261.91–16.01

7 days DOM 4.64–0.44***‡‡ 55.81–7.62 268.26–56.98
14 days

DOM
4.89–0.26***‡‡ 54.61–5.31‡ 262.42–24.79

Each value represents the mean � SEM of eight separate experi-
ments.

***P � 0.001 versus naïve control.
‡ ‡‡
P � 0.05, P � 0.01 versus 14 day saline.
DOM, domoic acid; RCI, respiratory control index.
ever, were not significantly affected by this central route
of DOM delivery.

Cardiac Mitochondrial Enzyme Dysfunction after
Intraperitoneal and Intrahippocampal
DOM-Induced Seizures

To investigate the cardiac energetic dysfunction further,
the kinetic activity of individual mitochondrial respiratory
complexes was examined in the isolated mitochondria.
Systemic (intraperitoneal) DOM administration provoked
a reduction in complex I activity at 7 days (ANOVA, F �
5.43; P � 0.05 versus 1-day and 14-day saline) and 14
days (P � 0.001, 1-day saline; P � 0.05, 14-day saline)
after bolus injection (Figure 4A). Complex II-III activity
also displayed significant impairment at 1, 3, 7, and 14
days after DOM (ANOVA, F � 34.051; P � 0.001) (Figure
4B). Complex V ATPase activity (Figure 4C) became sig-
nificantly compromised at 3 days (P � 0.05, 1-day saline;
P � 0.01, 14-day saline), and at 7 and 14 days (P � 0.01
versus 1-day saline; P � 0.001 versus 14-day saline) after
DOM administration. Citrate synthase activity (Figure 4D)
was reduced as early as 1 day after DOM treatment (P �
0.023 versus 1-day saline; P � 0.006 versus 14-day sa-
line), with the maximal loss of activity occurring in mito-
chondria isolated 7 days after DOM treatment (ANOVA, F �
14.17; P � 0.001). Aconitase activity was used as a
marker of oxidative stress; however, there appeared to
be very little change in aconitase activity, with the only
significant inactivation occurring at 14 days after DOM
dosing (14-day saline; P � 0.022) (Figure 4E).

Infusion of DOM into the brain (intrahippocampal) also
resulted in a fall in cardiac mitochondrial complex I ac-
tivity, which reached significance at 14 days (P � 0.01
versus 14-day saline control) (Figure 5A). Complex II-III,
complex V ATPase, citrate synthase, and aconitase ac-
tivities were also significantly compromised at 7 days
after intrahippocampal DOM treatment, with no further
reduction observed at 14 days (Figure 5, B–E). The de-

nction (FAD-Linked) at 1 to 14 Days after Systemic

Rate (ng O2 min�1 mg protein�1)

State 4 State 3

41.549 � 2.89 249.039 � 18.241

37.199 � 2.824 268.22 � 25.66
34.785 � 1.768 242.638 � 5.557

41.382 � 7.748 214.669 � 29.596
43.204 � 1.846 244.183 � 18.173
61.88 � 6.177†‡ 245.144 � 3.138
54.91 � 1.297**†††‡‡‡ 263.757 � 4.521‡
tory Fu

ts.
gree of mitochondrial enzyme impairment at 7 and 14
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days after intrahippocampal administration was similar
and did not differ significantly from that seen after intra-
peritoneal DOM administration.

Histopathological Findings after DOM
Administration

Examination of hearts isolated from intraperitoneal and in-
trahippocampal saline-treated rats at day 14 showed a nor-
mal histological appearance (Figure 6, A and B), with no
remarkable subendocardial fibrous deposition (Figure 7,
A and D).

Histological examinations of hearts from intraperitoneal
DOM-treated animals using H&E stain showed evidence of
diapedesis at 1 day after dosing. No myocyte alterations
were detected in the heart until at 3 days after systemic

Figure 4. Isolated cardiac complex I (A), complex II-III (B), complex V (C),
citrate synthase (D), and aconitase activities (E) at 1, 3, 7, and 14 days after
intraperitoneal DOM administration (gray bars) in rats, compared with 1 and
14 days after saline administration in controls (black bars). Data are ex-
pressed as means � SEM of 8 separate experiments. †P � 0.05, ††P � 0.01,
†††P � 0.001 versus 1-day saline; ‡P � 0.05, ‡‡P � 0.01, and ‡‡‡P � 0.001
versus 14-day saline.
DOM administration. At this time point, these alterations
consisted of cardiomyocyte vacuolization, regarded as a
histological marker of early reversible cardiac damage, as
well as hypercontraction bands, multifocal degeneration of
muscle fibers, and interstitial edema (Figure 6, C and D).
Minimal inflammatory cell infiltration was observed. At 7
days, hypercontraction bands and myofiber loss (myocar-
dial necrosis) with interstitial (Figure 6E) and perivascular
inflammatory cell infiltrate were prominent mainly in the sub-
endocardial regions of the septum and left ventricle. Evi-
dence of mild interstitial fibrosis and perivascular fibrosis
(collagen accumulation within the adventitia of coronary
arteries and arterioles) was also seen in 5 out of 8 rats.
These findings were still present at 14 days in all intraperi-
toneal DOM-dosed animals (Figure 6F), with extracellular
matrix collagen accumulation seen, indicative of subendo-
cardial reparative and interstitial fibrosis and of perivascular
fibrosis (Figure 7, C and F).

Figure 5. Isolated cardiac complex I (A), complex II-III (B), complex V (C),
citrate synthase (D), and aconitase activities (E) at 7 and 14 days after
intrahippocampal DOM administration (gray bars) in rats, compared with 14
days after saline administration in controls (black bars). Data are expressed

‡ ‡‡ ‡‡‡
as means � SEM of 8 separate experiments. P � 0.05, P � 0.01, and P �
0.001 versus 14-day saline.
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Intrahippocampal DOM administration resulted in a
myocardial histopathology similar to that observed af-
ter intraperitoneal DOM. However, intrahippocampal
DOM-treated animals also displayed evidence at the
7-day termination point (3 out of 8 rats) and at the
14-day termination point (two out of eight rats) of eryth-
rocyte infiltration, suggesting intramyocardial hemor-
rhage. Myocardial necrotic lesions consisting of hyper-
contraction bands and degeneration of muscle fibers
coupled with interstitial edema and inflammatory cell
infiltrate were also evident within the LV subendocar-
dium, papillary muscle, and septum at 7 days after
intrahippocampal DOM (Figure 6G). At 14 days after
intrahippocampal dosing, necrotic myocytes with
inflammatory infiltrates and dense connective tissue
staining were also noted extensively throughout the
same cardiac regions (Figure 6H and Figure 7,
B and E).

Figure 6. Histopathological changes in LV myocardium of saline- or DOM-
days after intraperitoneal saline. B: Equally intact tightly packed cardiom
degenerative cardiomyopathy, evidenced by myocyte vacuolization (arrow
intraperitoneal DOM. D: Prominent hypercontraction bands associated wi
inflammatory cells in proximity to necrotic cells typical of coagulation n
Phagocytosis of necrotic myocardium with inflammatory infiltrate and edem
fiber derangement and edema, 7 days after intrahippocampal DOM. H: Muscl
infiltrate (arrowheads) and edema, 14 days after intrahippocampal DOM.
Increases in Circulating Inflammatory Cytokines
after Intraperitoneal and Intrahippocampal DOM
Administration

Significant increases in circulating IL-1� levels were de-
tected in the serum only at 14 days after DOM intraperi-
toneal dosing, compared with 1-day and 14-day saline-
treated rats (ANOVA, F � 5.47; P � 0.05) (Figure 8A).
Similar IL-1� increases were also evident in rats receiving
DOM intrahippocampal (ANOVA, F � 6.426; P � 0.05)
(Figure 8B). Increases in circulating IL-1� levels, how-
ever, were seen as early as 7 days after intraperitoneal
DOM and continued to be elevated at 14 days (ANOVA,
F � 5.49; P � 0.05) (Figure 8C). Increased IL-1� levels
were also noted at 7 days after intrahippocampal DOM
administration (ANOVA, F � 5.43; P � 0.05) (Figure 8D),
but subsequently returned to control levels at 14 days.

rats, visualized using H&E stain. A: Normal histology of cardiomyocytes, 14
with cross-striations, 14 days after intrahippocampal saline. C: Reversible
indicate intracellular vacuoles displacing nuclei) and edema, 3 days after
derangement, 3 days after intraperitoneal DOM. E: Numerous interstitial
and evidence of interstitial edema, 7 days after intraperitoneal DOM. F:
esent, at 14 days after intraperitoneal DOM. G: Hypercontraction bands with
disintegrated into eosinophilic granular material with extensive inflammatory
rs: 10 �m.

Figure 7. Both intraperitoneal and intrahip-
pocampal delivery of DOM-induced cardiac fi-
brosis at 14 days after drug administration, as
seen in representative photomicrographs of
picro-Sirius-stained LV subendocardium sec-
tions. A: Saline control (intrahippocampal
dosed) rats, with absence of Sirius red staining
(absence of fibrosis). B and C: DOM intrahip-
pocampal (B) and DOM intraperitoneal (C)
dosed rats show evidence of interstitial fibrosis
and reparative fibrosis. D–F: Evidence of in-
creased LV perivascular fibrosis in DOM-dosed
intrahippocampal (E) and intraperitoneal (F) an-
imals, compared with saline-treated control (D)
control showing modest collagen levels sur-
rounding the coronary artery. Asterisk indicates
reparative fibrosis. EL, endocardial lumen; IF,
interstitial fibrosis; PF, perivascular fibrosis; VL
vascular lumen. Scale bars: 10 �m.
treated
yocytes

heads
th fiber
ecrosis
a still pr
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TNF-� levels were increased as early as 3 days after
intraperitoneal DOM (ANOVA, F � 13.2; P � 0.014 versus
1-day saline; P � 0.004 versus 14-day saline) (Figure 8E),
with no further increase seen at 7 or 14 days (ANOVA, F �
13.20; P � 0.05, 1-day saline; P � 0.01, 14-day saline)
(Figure 8E). Significant increases in TNF-� circulating
levels were evident at 7 and 14 days after intrahippocam-
pal DOM administration (ANOVA, F � 6.81; P � 0.05)
(Figure 8F), compared with 14-day saline-treated ani-
mals. GM-CSF levels were not significantly elevated,
however, after either intraperitoneal (Figure 9A) or intra-
hippocampal (Figure 9B) DOM administration.

Cardiac Function after Acute DOM
Administration in Isolated Hearts

Baseline pretreatment hemodynamic indices (LVDP,

Figure 8. Stimulatory effect of intraperitoneal (A, C, E) and intrahippocam-
pal (B, D, F) DOM delivery in rats on circulating proinflammatory cytokine
IL-1�, IL-1�, and TNF-� levels at 1- to 14-day termination points after ad-
ministration of DOM (gray bars), compared with the respective saline-treated
controls (black bars). Data are expressed as means � SEM of 8 separate
experiments. †P � 0.05, ††P � 0.01 versus 1-day saline; ‡P � 0.05, ‡‡P � 0.01
versus 14-day saline.
dP/dt maximum and minimum, or heart rate) recorded
after equilibration were not significantly different between
groups. Delivery of 1 or 5 �mol/L DOM to isolated hearts
failed to significantly impair cardiac hemodynamic pa-
rameters, either immediately after 20-minute exposure or
at the 40-minute termination point (data not shown).

Discussion

The novel finding of the present study is that localized
infusion of DOM into the hippocampus can evoke cardiac
dysfunction and morphological changes resembling the
cardiomyopathy obtained after systemic (intraperitoneal)
administration of DOM. Previously, however, we reported
that direct exposure of isolated cardiomyocytes to DOM
did not affect cellular viability or energetic function, sug-
gesting that the cardiomyopathy observed with DOM in
the present study could not have resulted from a direct
cardiotoxic action.31 The myocardial pathology seen in
the present in vivo study was shown to be preceded in
both DOM treatment groups by severe seizure activity.
In each case, the functional, molecular, and microscopic
presentation described was found to deteriorate with time
after the initial DOM-induced insult. Examination of car-
diac function in isolated hearts subjected to DOM infu-
sion, however, failed to provoke a hemodynamic effect,
confirming that DOM has no direct pathological effect in
the rat heart model.

Previous descriptions of DOM toxicity in humans and
animals have focused primarily on neurological sequelae
culminating in seizure activity.1,5,6,8,21,22 Of direct rele-
vance to development of our hypothesis were indications
that systemic dosing with domoic and kainic acids pro-
voke the formation of epileptiform activity originating pri-
marily from the hippocampus.49 Using intrahippocampal
dosed animals, Sawant and colleagues13 from our re-
search group used electrocorticography to show that
DOM-induced epileptiform discharges spread rapidly to
surrounding extralimbic regions. As expected, animals
subjected to DOM infusion into the right hippocampus in
the present study exhibited consistently high level con-
vulsive seizures (level 4) within the first 2 hours after drug
administration. Similar high seizure scores were obtained
in the systemically (intraperitoneal) dosed animal groups,

Figure 9. Effect of intraperitoneal (A) and intrahippocampal (B) DOM de-
livery in rats on circulating GM-CSF levels at termination points 1, 3, 7, and
14 days after administration of DOM (gray bars), compared with saline-

treated controls at 1 and 14 days (black bars). Data are expressed as means �
SEM of 8 separate experiments.
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indicating that DOM is able to traverse the blood-brain
barrier. These findings are consistent with previous stud-
ies from our group, which established that intraperitoneal
delivery of 2 mg/kg DOM resulted in significantly elevated
levels of DOM in the brain.44 The present study has also
shown that, although cardiac levels of DOM were in-
creased within 1 hour of intraperitoneal dosing (2 mg/kg)
with the excitotoxin, localized intrahippocampal infusions
with 100 pmol DOM failed to produce a detectable level
of DOM in the circulation. This is not surprising, because,
even though the integrity of the blood-brain barrier may
be compromised during seizure activity, resulting in sys-
temic diffusion, the original 100 pmol dose applied would
have been greatly diluted.11 Consequently, we discount
the possibility of DOM release from the hippocampus
reaching the heart.

Left ventricular hemodynamic parameters assessed in
isolated hearts at specific time points after DOM admin-
istration provided clear evidence of a combined deterio-
ration of both systolic and diastolic function. The degree
of residual cardiac dysfunction exhibited at the final ter-
mination point (14 days) did not differ between the sys-
temic and hippocampal dosing. However, the onset of
damage appeared to be more rapid in the intrahip-
pocampal animals, which sustained a comparatively
greater degree of damage at day 7 than did their intra-
peritoneal counterparts. The impairment in LV contractile
force and developed pressure indicates that ventricular
compliance and cardiac output were compromised in a
progressive manner suggestive of dilated cardiomyopa-
thy.50 Although in vivo DOM administration did not appear
to influence heart rate when measured in the isolated
organ, suggesting a lack of residual effect of seizure on
isolated cardiac automaticity, coronary flow was mark-
edly impaired when examined at the earliest time points
in both intraperitoneal and intrahippocampal groups. This
reduction in coronary flow progressively increased at
each time point in the present study and would have
resulted in reduced oxygen delivery and hypoxia in the
ventricular myocardium. Such an ischemic event is con-
sistent with the damage seen to ventricular mitochondrial
respiratory control indices in both DOM study groups.
FAD-linked state 4 respiration rates were primarily af-
fected, showing a time-dependent increase after DOM
dosing, indicative of proton loss across a disrupted mi-
tochondrial energy gradient.45,46

Mitochondrial electron transport chain enzyme activi-
ties were assessed as part of the present study and
showed a similar deterioration particularly, in FAD-linked
complex II, confirming a loss of energetic capability. It is
well established that a large acute ischemic insult will
result in damage to cardiac mitochondrial structural in-
tegrity and energetic function and generate reactive
oxygen species.45,46 However, activity of cardiac mito-
chondrial aconitase, a superoxide labile enzyme, was not
greatly impaired in the myocardium of animals until at
least 7 days (intrahippocampal group) after DOM admin-
istration. This indication of low oxidative stress damage to
the ventricular mitochondria suggests that the damage
may have resulted from a series of small ischemic insults

over time. The correlation between the loss of energetic
capability and hemodynamic function seen in the present
study further supports the hypothesis that DOM adminis-
tration through systemic or hippocampal administration
provoked a cardiac ischemic event.

The catastrophic ischemic damage to the mitochon-
dria and hemodynamic function was reflected in the mor-
phological appearance of the ventricular myocardium af-
ter DOM treatment. The cardiomyopathy presented by
both intraperitoneal and intrahippocampal groups was
distributed primarily in the subendocardial, papillary
muscle, and septal regions around the left ventricle. Mi-
croscopically, the lesions manifested as multifocal dis-
crete necrotic regions containing inflammatory cell infil-
trate (most likely consisting of macrophages and
leukocytes). Interspersed with this presentation of coag-
ulation necrosis and cardiomyocyte vacuolization, evi-
dence of catecholamine toxicity seen as hypercontrac-
tion band necrosis, was also noted.51 As the duration of
time since original seizure induction progressed, the dis-
tribution of myocardial necrosis became more extensive
around the subendocardial region. By day 14, cardiac
tissue morphology was characterized by dead phagocy-
tosed tissue and dense interstitial and perivascular con-
nective tissue. A similar level of pathological change was
evident in both treatment groups; however, indications of
erythrocyte extravasation and intramyocardial hemor-
rhage were present only in animals receiving intrahip-
pocampal DOM. This suggests that seizure induction by
direct infusion of DOM into the hippocampus may have
provoked a more extreme cardiac pathological event
than experienced after intraperitoneal DOM administr-
ation.

The DOM-induced cardiomyopathy in this rat model
was accompanied by significant increases in plasma
TNF-�, IL-1�, and IL-1� levels, which were similar be-
tween the intraperitoneal and intrahippocampal para-
digms. A greater increase in plasma IL-1� levels was
observed in the intraperitoneal group, however, com-
pared with the intrahippocampal group, which may have
resulted from peripheral inflammatory damage provoked
by systemic exposure to DOM. Similarly, although IL-1�
levels fell in the intrahippocampal group at day 14, they
remained significantly up-regulated at the same time
point in the intraperitoneal group. IL-1� and IL-1� are
structurally distinct, but have overlapping biological func-
tions; the decrease in IL-1� at 14 days after intrahip-
pocampal DOM administration may therefore be func-
tionally compensated for by the increase in IL-1 �.
Increased expression of proinflammatory cytokines such
as IL-1� by glial cells has been shown to occur rapidly
within regions of the CNS system where seizures are
initiated and may exacerbate the degree of neuronal
injury resulting from the seizure activity.52

The increased expression of circulating proinflamma-
tory cytokines seen after cardiac hemodynamic and mi-
tochondrial dysfunction in the present study, however, is
more likely to be a consequence of the myocardial dam-
age noted, rather than an indication of a neuronal inflam-
matory event. Indeed, proinflammatory TNF-�, IL-1� and
IL-6 have been reported to be released after myocardial

ischemic injury and may stimulate the expression of ma-
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trix metalloproteinases (MMPs) contributing to myocar-
dial remodeling, and progression of heart failure.53 The
delayed elevation of IL-1� at 14 days supports the sce-
nario of perpetuated rather than initiated cardiac damage
observed in the present study. IL-1 has been previously
shown to stimulate adult cardiac fibroblast migration,
down-regulate fibrillar collagen synthesis, increase fi-
bronectin and nonfibrillar procollagen transcription, and
increase MMP protein and activity, all characteristics of
cardiac remodeling.54,55 In addition to promoting cardiac
remodeling, IL-1 has also been shown to act in synergy
with TNF-� to produce a delayed and prolonged phase of
decreased myocardial contractility.56 These known ef-
fects of IL-1 correlate well with the fibrosis and decreased
cardiac contractility observed in the present study. GM-
CSF levels did not rise significantly within the time period
studied after seizure induction. As both morphological
integrity and hemodynamic parameters also progres-
sively fell, these data do not support the notion of a
GM-CSF/TNF-�-mediated angiogenic response over the
time period studied.57

The association of the ischemic cardiomyopathy with
the induction of seizures in these two models suggests
that DOM has a central rather than peripheral action.
Seizures originating in frontotemporal cortex, insular cor-
tex, amygdala, and hippocampus can spread into key
CNS cardiovascular control centers, including ventrolat-
eral thalamus, paraventricular nucleus, medial parabra-
chial nuclei, locus ceruleus, ventrolateral pons, nucleus
tractus solitarius, nucleus ambiguus, and finally the dor-
sal motor nucleus of the vagus nerve.58–60 Epileptiform
discharges in preganglionic parasympathetic (dorsal
motor nucleus of the vagus and nucleus ambiguus) and
sympathetic (both caudal and rostral ventrolateral me-
dulla) control areas are widely thought to account for
supraventricular and sinus tachycardia, as well as bra-
dycardia, atrioventricular block, and asystoles known to
occur in SUDEP. Importantly, the activation of the hip-
pocampus in temporal lobe epilepsy has been associ-
ated with neuronal discharges onto cardiac sympathetic
and vagal neurons, resulting in arrhythmia.61 In the pres-
ent study, we administered a scant 100 pmol of domoic
acid directly into ventral hippocampus. Although we can-
not rule out the spread of the neurotoxin into adjacent
regions, preliminary evidence collected using telemetry
confirms a rapid appearance of ictal activity in the con-
tralateral cortex with concomitant disturbance in electro-
cardiography, suggesting that it is the spread of electri-
cal discharge, and not the toxin itself, that drives
autonomic disturbances. Additional proof of these car-
diac sequelae to seizure-induced discharges may be
obtained by repeating the intrahippocampal study com-
ponent using a cardiac sympathectomy model.

The microscopic evidence collected here is strikingly
similar to clinical evidence collected postmortem from
patients suffering sudden death after epilepsy62 and sup-
ports the hypothesis that cardiomyopathy after DOM ex-
posure is a consequence of seizure activity. The presen-
tation of catecholamine-associated hypercontraction
band necrosis and coagulation necrosis resulting from

ischemic insult are consistent with the conclusion of a
seizure-induced sympathetic storm. Catecholamine-in-
duced coronary microvascular spasms are likely to con-
tribute to the appearance of ischemic infarcts seen dis-
tributed throughout the subendocardium of the left
ventricle. Given that this region is exposed to the highest
ventricular pressure and is poorly supplied by collateral
vessels, compression of the microcoronary supply by the
surrounding hypercontracting myocardium renders the
subendocardium exquisitely sensitive to hypoxia.63

Findings from the present study reinforce our earlier
studies suggesting that domoic acid does not exert a
direct effect on myocardium.31 To summarize, our novel
findings of cardiomyopathy in rats infused intrahip-
pocampally with DOM strongly suggest that the resultant
ischemic structural and mitochondrial damage seen to-
gether with a combined systolic/diastolic dysfunction is a
consequence of seizure-induced discharges from hip-
pocampal and adjacent limbic structures onto cardiac
sympathetic neurons. The finding that equipotent con-
centrations of intraperitoneal DOM also resulted in no
greater degree of cardiac pathology further supports the
hypothesis that the DOM-induced cardiac damage es-
sentially resulted from a seizure-induced autonomic re-
sponse. This was borne out by the absence of any sig-
nificant hemodynamic effect resulting from acute
exposure of isolated hearts to DOM. We have shown that
the pathology resulting in the in vivo treatment studies
bears a strong resemblance to clinical descriptions of
cardiac injury arising after temporal lobe epilepsy and
submit that this model of epileptiform induction forms an
excellent basic research tool for study of the temporal
arrhythmogenic and respiratory mechanisms of SUDEP.
Finally, we believe that these findings strongly reinforce
the call for regular cardiac monitoring in epilepsy pa-
tients.
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