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and transient or permanent memory loss. Postmortem
neuropathological analysis of the fatal cases revealed
damage of primarily the hippocampus and amygdala
(Teitelbaum et al., 1990), known among other func-
tions to be involved in learning and memory.

DOM is known to activate the kainate subtype
of ionotropic glutamate receptors, in particular the
receptor subunits GluR5 and GluR6 (Bettler et al.,
1992). From studies of cultured cortical neurons and
animals it is known that the DOM toxicity is reduced
by treatment with the selective GluR6 antagonist
NS102 (Johansen et al., 1993; Tasker et al., 1996).

Here we used rat hippocampal slice cultures to
study DOM neurotoxicity in the different subregions
of hippocampus, and the contribution of different
glutamate receptor subunits, by addition of different
glutamate receptor antagonists to the culture medium,
alone or in combinations with each other and DOM.

The use of organotypic brain slice cultures has sev-
eral advantages compared to both live animals and
dissociated, primary neuronal cultures, by providing
easy access to the tissue and cells, and better control of
experimental conditions at the same time as the basic
organotypic cellular composition and synaptic circuitry
is preserved. Hippocampal slice cultures in particular
are well characterized with regard to their neuro-
nal and connective organization and electrophysio-
logical properties (Gähwiler et al., 1984; Zimmer
and Gähwiler, 1984; Frotscher et al., 1990; Finsen
et al., 1992). Several reports have moreover already
demonstrated the feasibility of using organotypic
brain slice cultures in experimental models of gluta-
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against 10 µM domoic acid in both CA1 and FD, but not in CA3. We
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Introduction

Domoic acid (DOM) is a naturally occurring amino
acid, produced by the red algae, Chondria armata, and
various subspecies of the plankton Pseudonitzschia.
By accumulation in filter feeding animals, like shell-
fish, plankton-produced domoic acid poisoned over
one hundred people, with 4 fatal cases, in Canada in
1987 (Perl et al., 1990). The neurological symptoms
of the DOM intoxicated cases included seizures, coma
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mate receptor mediated neurotoxicity (Jakobsen and
Zimmer, 2001; Noraberg et al., 1999; Kristensen et al.,
1999; Simantov et al., 1999).

Materials and methods

Drugs and chemicals

Domoic acid was obtained from Biovectra DCL Ltd
(Charlottetown, Canada) and MK801 from Research Biochemicals
Incorporated (Natick, USA). NS-102 was a generous gift from
NeuroSearch A/S (Ballerup, Denmark) and NBQX a generous gift
from NOVO Nordic A/S (Copenhagen, Denmark).

Slice cultures

Slice cultures were prepared and grown by the interface method
(Stoppini et al., 1991). In brief, 7-day-old Wistar rats (Moellegaard,
Denmark) were killed by instant decapitation and their brains re-
moved under aseptic conditions. After isolation, transverse sections
of the hippocampus were cut at 350 µm by a McIlwain tissue chop-
per, transferred to Geys balanced salt solution (GIBCO-BRL, Life
Technologies, Denmark) for separation and then placed, as groups
of six equally spaced slices, on semiporous Millipore membranes in
plastic inserts (Millicell-CM 0.4 µm, 30 mm diameter, Millipore Cor-
poration Bedford, USA), which after placement of the slices were
transferred to 6-well culture trays with 1 ml of growth medium in
each well. The medium consisted of 25 ml Hanks BSS, 50 ml OPTI-
MEM and 25 ml horse serum (all GIBCO-BRL, Life Technologies,
Denmark), supplemented by 1 ml 50% D (�) glucose monohydrate
(Merck, Germany). The culture trays were placed at 36°C in an
incubator with 5% CO2 and 100% humidity in atmospheric air.
After 3 days, the culture medium was replaced with 1 ml serum-free,
chemical defined Neurobasal medium, with addition of 2 ml B27
supplement (both GIBCO-BRL, Life Technologies, Denmark)
and 500 µl L-glutamine (Sigma-Aldrich, Denmark) per 98 ml
Neurobasal medium. For the next 2–3 weeks, the medium was
changed twice a week together with regular microscopically inspec-
tion of the cultures. Only cultures with intact and well-defined hip-
pocampal neuronal layers were subsequently analyzed.

Propidium iodide uptake

Cellular uptake of the fluorescent dye propidium iodide (PI)
(Sigma-Aldrich, Denmark) was used as a quantifiable marker for
neuronal degeneration [11]. For PI uptake in 2–3 week old DOM
exposed and control hippocampal slice cultures, PI was added to the
culture medium to give a final concentration of 2 µM for at least
3 hrs before the basic PI uptake (d0) was recorded by fluorescence
microscopy (Olympus IMT-2, 4 X), using standard rhodamine filters
and a digital camera (SenSys, Photometrics, USA), connected to a
PowerMac with IPLab Spectrum image processing software (Signal
Analytics Corporation, USA). The time course and dose response
of DOM was then recorded in terms of PI uptake at 24 hrs (d1)
and 48 hrs (d2) during DOM exposure and during “recovery” in
normal medium at 72 hrs (d3) and 96 hrs (d4) (see Fig. 1) with 2 µM
PI present in the medium throughout. Using NIH 1.54 Image Analy-
sis software the dentate granule cell layer and the pyramidal cell
layers of CA1, CA3ab and CA3c were outlined and the mean
gray-levels of the enclosed areas calculated. To correct for
autofluorescence and any spontaneous neurodegeneration in the
cultures, the values recorded at d0 were subtracted from the mea-
surements at d1–d4.

Estimation of EC50 values. To determine the EC50 value of
domoic acid for the different hippocampal subregions by PI uptake
cultures were exposed to 0.1–100 µM DOM for 48 hrs followed by
normal medium for 48 hrs of “recovery”. After the last recordings of
PI uptake (d4, see above), the cultures were either fixed in phos-
phate buffered 4% paraformaldehyde (PFA) (pH 7.4) for 30 min,
and stained with toluidine blue for general cell staining, or trans-
ferred to 20% sucrose for 72 hrs, and frozen and cryostat sectioned
at 20 µm for subsequent immunostaining for microtubule associated
protein 2 (MAP2) (see below).

Co-exposure to glutamate receptor antagonists. Using the same
protocol for PI uptake as above, cultures were exposed to 3 µM
or 10 µM DOM in combination with the AMPA/KA antagonists
NS102 (10 µM) and/or NBQX (10 µM) and/or the NMDA antago-
nist MK801 (10 µM) in order to test for the involvement of KA,
AMPA and NMDA receptors in DOM toxicity. The two doses of
DOM were chosen, because 3 µM DOM was found to be the lowest
concentration to induce toxicity, and 10 µM was close to the EC50

values of the different subfields at day 3.

Immunohistochemical staining for microtubule
associated protein 2 (MAP2)

Cultures exposed to 0.1–100 µM DOM were processed and stained
immunocytochemical for MAP2 by immersion fixation in 4% PFA
for 0.5 hrs, transfer to 20% sucrose solution for cryoprotection
for 72 hrs, embedding in Cryo-embed (AX-LAB, Denmark) and
frozen, before cryostat sectioning at 20 µm and mounting on glass
slides. The sections were stored at �20°C, before immunohisto-
chemical staining for microtubule associated protein 2 (MAP).
The sections were incubated in 10% fetal bovine serum for 30 min,
incubated by an antibody directed against MAP2 (Sigma-Aldrich,
Denmark, 1 : 1000) overnight at 4°C, washed three times in Tris
buffered saline (TBS) �1% Triton, followed by incubation with
biotinylated anti-mouse IgG (Sigma-Aldrich, Denmark, 1 : 200)
for 1 hr and streptavidin-horseradish peroxidase (Sigma-Aldrich,
Denmark, 1 : 70) for 1 hr, again washed three times, and stained
with 0.2% 3,3�-diaminobenzidine (Sigma-Aldrich, Denmark) for
5 min. After washing, the sections were dehydrated in ethanol,

Protocol

Fixation
Normal media

Exposure to domoic acid 
with or without antagonists

PI uptake
•General cell staining
•MAP2 immunostaining

d3 d42-3 weeks in vitro d2d0 d1

Fig. 1. Experimental protocol for DOM exposure to hippocampal
slice cultures. DOM (0.1 µM–100 µM) was applied in the culture
medium either alone or in combinations with 10 µM NBQX, 10 µM
NS102 and 10 µM MK801 for 48 hrs followed by 48 hrs recovery.
Cultures were thereafter processed histologically and stained immu-
nocytochemical for MAP2 or general cell staining with recording of
propidium iodide (PI) uptake just before and after 24 (d1) and
48 hrs (d2) of DOM exposure, followed by recordings in the re-
covery period at 72 hrs (d3) and 96 hrs (d4)
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cleared in xylene and coverslipped in Dammar-Xylol (Chroma-
Gesellschaft, Germany).

Results

Toxicity of domoic acid

Densitometric measurements of PI uptake after 24 hrs
(d1), 48 hrs (d2) exposure to 0.1–100 µM DOM, and
subsequent 24 hrs (d3) and 48 hrs (d4) “recovery” in
normal medium (n � 12–30) were used to determine
the EC50 value in the different subfields of hippocam-
pus (Fig. 2). For each subfield the EC50 value was
calculated based on the sigmoid curve fit for PI uptake.
After 24 hrs of exposure (d1) the EC50 values were
of in the 20–21 µM range for all subregions: CA1
(19.3 µM) � FD (20.2 µM) � CA3c (21.2 µM) �

CA3ab (21.9 µM), After 48 hrs of exposure (d2) the
EC50 values were in the 11–12 µM range: CA1
(10.8 µM) � CA3ab (11.8 µM) � CA3c (12.0 µM) �

FD (12.1 µM). The lowest EC50 values were obtained
for all the subregions at d3, with CA1 as the most
susceptible subfield: CA1 (6.3 µM) � FD (9.6 µM)
� CA3c (9.9 µM) � CA3ab (10.6 µM) (Fig. 2).
Photomicrographs of the PI uptake at d3 in control
cultures and cultures exposed to 3 and 10 µM DOM,
demonstrate the increased PI uptake and sensitivity of
the CA1 region at this time point (Fig. 3). Following
exposure to 3 µM DOM the PI uptake was primarily
increased in CA1, whereas after 10 µM DOM all neu-
ronal cell layers show increased uptake. At d4 the EC50

values increased again (probably due to loss of PI
stained cells from d3 to d4), with CA1 still being the
most susceptible subfield. At this time, the differences
between individual subfields had increased: CA1
(9.4 µM) � CA3ab (11.4 µM) � CA3c (16.5 µM) �

FD (24.6 µM) (Fig. 2).
Nissl staining performed on cultures at d4, after

48 hrs of DOM exposure and 48 hrs of recovery,
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Fig. 2. Dose-response relationships between increasing concentrations of DOM and PI uptake in the different hippocampal subfields at day
1 (d1), 2 (d2), 3 (d3) and 4 (d4). FD, Dentate granule cells; CA1, CA1 pyramidal cells; CA3ab and CA3c, CA3ab and CA3c pyramidal cells
respectively. The maximal plateau levels of PI uptake at day 2 were set to 100%



40 B. Jakobsen et al.

showed a clear loss of cell staining after exposure
to 3 µM DOM and almost total loss of stain after
exposure to 10 µM DOM (Fig. 4). The difference
in cell loss between the individual hippocampal
subfields was not as evident in Nissl stainings of as in
PI uptake.

Effects of glutamate receptor antagonists. The effects
of AMPA/KA and NMDA antagonists on DOM

toxicity as expressed by PI uptake in the different
subregions of hippocampus is shown in Fig. 5 (n �

9–23). In the dentate granule cells of fascia dentata
(Panel A) the PI uptake mediated by 3 µM DOM was
reduced by co-incubation with 10 µM NBQX, while
10 µM of the NMDA antagonist MK801 increased the
DOM toxicity. The toxicity of 10 µM DOM on the
dentate granule cells was only significantly reduced

Fig. 3. Digital fluorescence micrographs of hippocampal slice cul-
tures showing propidium iodide (PI) uptake at time-point d3 (see
Fig. 1). – A Control culture; – B Culture exposed to 3 µM DOM; –
C Culture exposed to 10 µM DOM. Note increased PI uptake in the
CA1 subfield after 3 µM DOM

Fig. 4. Digital micrographs of Nissl stained hippocampal slice cul-
tures. – A Control culture; – B Culture exposed to 3 µM DOM for
48 hrs followed by 24 hrs recovery; – C Culture exposed to 10 µM
DOM for 48 hrs followed by 48 hrs recovery
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when 10 µM of NS102, NBQX and MK801 was ap-
plied in combination. Addition of 10 µM MK801 to
the AMPA/KA antagonists (10 µM NS102 and 10 µM
NBQX) resulted in a significant reduction in PI uptake
compared to 10 µM NS102 plus 10 µM NBQX (Fig.
5A).

In CA1 (Panel B) the toxic effect of both 3 and
10 µM DOM was reduced by 10 µM NBQX, as well
as a cocktail of NS102, NBQX and MK801 in 10 µM
doses. Addition of 10 µM MK801 alone increased the
toxicity of 3 µM DOM, as seen for dentate granule
cells. As for dentate granule cells further addition of
10 µM MK801 to the two AMPA/KA antagonists
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Fig. 5. Densitometric measurements of propidium iodide uptake at time-point d3 in the dentate granule cells in fascia dentate (FD) (A) and
the hippocampal CA1 (B), CA3ab (C) and CA3c pyramidal cell layers (D). Measurements were performed on: Untreated cultures
(Control), cultures exposed to 3 or 10 µM DOM alone (3 µM DOM or 10 µM DOM), and 3 or 10 µM DOM in combination with 10 µM
NS102 (3 or 10 µM DOM � NS102), 10 µM NBQX (3 or 10 µM DOM � NBQX), 10 µM MK801 (3 or 10 µM DOM � MK801) or in
combination with 10 µM NS102 plus 10 µM NBQX (3 or 10 µM DOM � NS102 � NBQX) or 10 µM NS102 plus 10 µM NBQX plus 10 µM
MK801 (3 or 10 µM DOM � NS102 � NBQX � MK801). The measurements of PI uptake are presented as the percentage of the mean PI
uptake in untreated control cultures (100%) � S.E.M. Statistical significance was assessed using 2-tailed Student’s t-test. Asterisks above
individual columns indicate significant difference from control. Asterisks above lines indicate significant difference between indicated groups
(*P � 0.05, **P � 0.01 and ***P � 0.001)

(10 µM NS102 and 10 µM NBQX) significantly re-
duced the PI uptake compared to DOM exposed
cultures co-treated with the combination of 10 µM
NS102 and 10 µM NBQX alone (Fig. 5B).

In CA3 including both CA3ab and CA3c, the toxic-
ity of 3 µM and 10 µM DOM was antagonized by a
mixture of 10 µM NS102 and 10 µM NBQX (Figs. 5C
and 5D). In the case of 10 µM DOM a combination
10 µM NS102 � 10 µM NBQX �10 µM MK801 also
reduced the PI uptake compared to cultures exposed
to DOM alone. The addition of MK801 did, however,
not enhance the protective effect of the AMPA/KA
antagonists, as it was seen in FD and CA1.
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MAP2 staining

The microtubule-associated protein MAP2 is a cyto-
skeletal protein primarily localized to dendrites, and a
marker of the structural integrity of the neurons. Con-
trol cultures displayed intense MAP2 staining in
dendrites with a weaker staining of the cell bodies
(Fig. 6A). After 48 hrs exposure to 3 µM DOM and
48 hrs “recovery”, MAP2 staining had increased in the
neuronal cell bodies, but appeared unchanged in the
dendrites (Fig. 6B). Exposure to 10 µM DOM further
increased the cell body staining, at the same time as a
loss of MAP2 immunoreactivity had appeared in the
dendrites (Fig. 6C). Administration of 30 µM DOM
resulted in a total loss of MAP2 immunoreactivity in
all subfields, except in some cultures with persistence

of some immunoreactivity in the CA2 subfield. (Fig.
6D) (n � 12–18).

Discussion

Our results unequivocally demonstrate that DOM is
toxic to hippocampal neurons grown in slice culture
with CA1 pyramidal cell layer being the most suscep-
tible, displaying the lowest EC50 values. Although all
previous studies of DOM toxicity also have shown
loss of CA1 neurons, most studies in vivo have de-
monstrated greater toxicity in CA3 than in CA1
(Tryphonas et al., 1990; Strain and Tasker, 1991). This
has been attributed to the higher expression of kainate
receptors in the CA3 subfield (Wisden and Seeburg,

Fig. 6. Digital photomicrographs of MAP2 immunostaining of sections from control cultures (A) and cultures exposed to 3 µM (B), 10 µM
(C) and 30 µM DOM (D) The inserts show higher magnification of framed areas. In control cultures (A) dendritic fields show denser staining
than cell body layers. After 3 and 10 µM DOM treatment (B and C), immunoreactive staining appears in the cell bodies. Loss of
immunoreactiviy in the dendrites appears at 10 µM DOM (C). In culture exposed to 30 µM DOM (D), there was a complete loss of MAP2
immunoreactivity, except for some immunoreactivity in the CA2 subfield
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1993). Kainate receptors are also present in hippocam-
pal slice cultures with highest density in the CA3 re-
gion, according to both H3-Kainate bindings studies
and in situ hybridization studies of the kainate
receptor subunits GluR6 (unpublished results) and
KA1 and KA2 (Gerfin-Moser et al., 1995). These ob-
servations, combined with the present finding that the
kainate antagonist NS102 did not protect against
DOM toxicity when applied alone (see Fig. 5), imply
that DOM toxicity in hippocampal slice cultures pri-
marily is mediated by AMPA rather than kainate
receptors. This conclusion is supported by our finding
that the toxicity of 3 µM DOM could be completely
antagonized by 10 µM of the AMPA receptor antago-
nist NBQX (Fig. 5). At the higher dose of DOM
(10 µM) a more complex picture emerged. Except for
NBQX alone in CAI pyramidal cells, of both in
dentate granule cells and CA1 pyramidal cells the
AMPA/KA antagonists NS102 and NBQX, either
each of them alone or in combination, was unable to
significantly antagonize DOM toxicity (Fig. 5). Simi-
larly, the NMDA antagonist MK801, did not produce
any significant reduction in the toxicity of 10 µM
DOM. When all three antagonists were applied to-
gether they did, however, totally block DOM toxicity.
This observation not only demonstrates that NMDA
receptors are involved in DOM toxicity in fascia
dentata and CA1 at high concentrations, but strongly
implies that high dose DOM toxicity in granule and
CA1 pyramidal cells results largely from AMPA
receptor-mediated glutamate release in hippocampal
slice cultures. As such the data are consistent with
previous reports in vitro (Novelli et al., 1992; Berman
and Murray, 1997) and in vivo (Tasker and Strain,
1998) of involvement of NMDA receptors in DOM-
mediated toxicity.

The total block of 10 µM DOM toxicity in fascia
dentata and CA1 obtained by adding 10 µM MK801 to
10 µM of NS102 and NBQX was not observed in CA3.
Here inclusion of MK801 did not reduce the PI uptake
any further than the mixture of 10 µM S102 and 10 µM
NBQX (Fig. 5). This argues against an involvement
of NMDA receptors in high dose DOM-mediated
toxicity in CA3, and provide the first evidence of
differential mechanisms of DOM toxicity in different
hippocampal subfields.

We conclude that DOM is toxic to CA1 and CA3
pyramidal cells and dentate granule cells in hippocam-
pal slice cultures, and that the toxicity appears to be
mediated primarily by AMPA receptors, either alone

(CA3) or in combination with NMDA receptors
(fascia dentata and CA1). The findings underscore the
potential use of hippocampal slice cultures in mecha-
nistic studies of excitotoxicity.
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