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Summary. Using organotypic slice cultures of hippocampus and cortex-stria-
tum from newborn to 7 day old rats, we are currently studying the excitotoxic
effects of kainic acid (KA), AMPA and NMDA and the neuroprotective
effects of glutamate receptor blockers, like NBQX. For detection and
quantitation of the induced neurodegeneration, we have developed standard-
ized protocols, including – a) densitometric measurements of the cellular
uptake of propidium iodide (PI), – b) histological staining by Flouro-Jade, – c)
lactate dehydrogenase (LDH) release to the culture medium, – d)
immunostaining for microtubulin-associated protein 2, and – e) general and
specific neuronal and glial cell stains. The results show good correlation
between the different markers, and are in accordance with results obtained in
vivo. Examples presented in this review will focus on the use of PI uptake to
monitor the excitotoxic effects of – a) KA and AMPA (and NMDA) in
hippocampal slice cultures, and – b) KA and AMPA in corticostriatal slice
cocultures, with demonstration of differentiated neuroprotective effects of
NBQX in relation to cortex and striatum and KA and AMPA. A second set
of studies include modulation of hippocampal KA-induced excitotoxicity and
KA-glutamate receptor subunit mRNA expression after long-term exposure
to low, non-toxic doses of KA and NBQX.

We conclude that organotypic brain slice cultures, combined with stand-
ardized procedures for quantitation of cell damage and receptor
subunit changes is of great potential use for studies of excitotoxic, glutamate
receptor-induced neuronal cell death, receptor modulation and related
neuroprotection.
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Introduction

Slices of developing, postnatal brain tissue can be grown in tissue culture
for weeks, or sometimes even months (Gähwiler, 1984, 1988; Stoppini et al.,
1991; Bergold and Casaccia Bonnefil, 1997; Gähwiler et al., 1997; Thibaud
et al., 1997; Jahnsen et al., 1999) (Fig. 1). With preservation of the basic
cellular and connective organization of the donor brain regions the slice
cultures provide an easily accessible experimental model for studies of toxic,
degenerative and plastic regenerative or developmental changes in the brain.
The easy access to the tissue and a better control of experimental conditions,
combined with preservation of the basic cellular composition and synaptic
circuitry, do in many experimental situations make organotypic brain slice
cultures preferable to both live animals and dissociated neuronal cultures.

Hippocampal slice cultures in particular, are well characterised with
regard to their neuronal and connective organisation (Fig. 2) and electro-
physiological properties (Gähwiler, 1984, 1988; Zimmer and Gähwiler, 1984,
1987; Frotscher et al., 1990; Finsen et al., 1992; Torp et al., 1992; Schousboe et
al., 1993; Tønder et al., 1993; Gähwiler et al., 1997), but also slice cultures of
the dopaminergic nigrostriatal system (Østergaard et al., 1990, 1991) and
cortex-striatum slice cultures are well studied (Østergaard, 1993; Østergaard
et al., 1995; Plenz and Aertsen, 1996ab; Plenz and Kitai, 1996, 1998) for
characterization of their basic cellular, connective and functional organi-
zation, or for experimental manipulation, including application of
neurotrophic factors (Østergaard et al., 1996; Sautter et al., 1998; Meyer et al.,
1999; Dahl-Jørgensen et al., 1999) or potentially toxic compounds (Whetsell
and Schwarcz, 1983; Kristensen et al., 1999).

Trimming

Fig. 1. Preparation of hippocampal brain slice cultures according to the insert or interface
membrane method. For proper description of dissection and explantation of tissue,

composition of media etc., see original publications, like Noraberg et al. (1999)
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Use of hippocampal slice cultures as models for neurodegeneration

Organotypic slice cultures of hippocampal tissue have in the past few years
been used to study neuronal death induced by a variety of conditions or
compounds, like hypoxia (Pringle et al., 1997a), hypoglycemia (Tasker et al.,
1992), a combination of the two to mimic cerebral ischemia (Hsu et al., 1994;
Vornov et al., 1994; Newell et al., 1995; Pringle et al., 1997b), nitric oxide
(Bahr, 1995), oxidative stress (Wilde et al., 1997; Vornov et al., 1998),
excitotoxins (Rimvall et al., 1987; Vornov et al., 1991; Sakaguchi et al., 1997),
colchicine (Newell et al., 1993), trimethyltin (Noraberg et al., 1998), â-amyloid
peptide (Bruce et al., 1996) and organic solvents, like ketones and ethanol
(Noraberg et al., 1997; Collins et al., 1998; Noraberg and Zimmer, 1998;
Thomas et al., 1998). The same or corresponding studies have tested the
possibilities for application and effects of neuroprotective agents, like free
radical scavengers (Bruce et al., 1996), neurotrophic factors (Nakagami et al.,
1997; Pringle et al., 1996) and glutamate receptor blockers (Tasker et al., 1992;
Pozzo Miller et al., 1994; Vornov et al., 1994; Gähwiler et al., 1997; Pringle et
al., 1997b; Sagagushi et al., 1997).

Propidium iodide and other markers for neurodegeneration

Many of the slice culture studies, inducing hippocampal neurodegeneration,
have used cellular uptake of the fluorescent dye propidium iodide (PI) as a
marker for dead or dying cells. PI (3,8-Diamino-5-(3-(diethylmethylamino)
propyl)-6-phenyl phenanthridinium diiodide; Sigma, Cat. No. P4170) is a
very stable flourescent dye, absorbing blue-green light (493nm) with red

Fig. 2. Histological organization of 4 week old hippocampal slice culture, from 7 day old
donor rat. A Toluidine blue stained cryostat section, showing the organotypic appearance
of cell and neuropil layers, including fascia dentata (FD) with granule cell layer (g),
molecular layer (m), the dentate hilus or CA4 (h), the hippocampal subfields CA3 and
CA1 with pyramidal cell layers (p), str. radiatum (r) and str. oriens (o). B Adjacent Timm
stained section with characteristic, densely stained, zinc-rich mossy fiber terminals in the
dentate hilus, and extending as the mossy fiber layer (mf ) along the pyramidal layer of

CA3 to the CA3-CA1 border. Scale bar: 500µm
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fluorescence (630nm). As a polar compound it cannot directly pass through
the intact cell membrane, but it enters dead or dying cells, where it binds to
DNA with an intensified, brightly red fluorescence (Macklis and Madison,
1990). PI is basically non-toxic to neurons (Hsu et al., 1994; Pozzo Miller et al.,
1994; personal observations) and has been used as an indicator of neuronal
membrane integrity (Vitale et al., 1993). A survey of the studies, that have
used PI uptake as a marker for neuronal degeneration does, however, show
considerable variability with regard to the concentration of PI, exposure time
and recording of the PI uptake, just as other studies have questioned the use
of PI uptake alone as a reliable marker for dying cells (Bevensee et al., 1995;
Lizard et al., 1995). As part of our ongoing studies of neurodegeneration and
neuroprotection in brain slice cultures, we therefore found it highly essential
to establish a standardized PI protocol. Having done so (Noraberg et al.,
1999), we combine the presence of a constant dose (2µM) of PI in the culture
medium with digital, flourescence micrograph recordings of the fluorescent
dye uptake in the cultures before (“control”) and during exposure to the
potential toxins, as well as after killing of all neurons (“maximal neuronal
uptake”). Using the standardized protocol we obtain quantitative, absolute
and relative data for the PI uptake and neuronal damage, which allow proper
testing of the reproducibility of the PI uptake and comparison with other
traditional and new markers for neurodegeneration.

Current use of PI and other markers in hippocampal slice cultures

Both in the methodological study (Noraberg et al., 1999) and other parallel
and ongoing experimental studies (Noraberg et al., 1998; Jakobsen et al.,
1999), use of the standardized PI uptake protocol on hippocampal slice
cultures has resulted in very high reproducibility of data between experi-
ments, and good correlation between the PI uptake and – 1) the distribution
and density of histological staining with Fluoro-Jade (FJ), a newly developed
fluorescent stain for degenerating neurons (Schmued et al., 1997) (Fig. 3), – 2)
the amounts of lactate dehydrogenase (LDH) in the culture medium, due to
efflux of this cytosolic enzyme from damaged or dead cells (Koh and Choi,
1987; Vassault, 1993), – 3) cell loss observed after Nissl cell staining, – 4) loss
of immunohistochemical staining for microtubule-associated protein 2
(MAP2) and – 5) changes in the Timm sulphide silver staining normally
visualizing Zn-containing terminals (Zimmer and Gähwiler, 1984, 1987).

In conjunction with ongoing studies of glutamate receptor ligand bindings
in hippocampal slice cultures (see Fig. 4 for binding of 3H-AMPA), we
have also been able to use the PI regional uptakes to calculate EC50 values
for the glutamate agonist AMPA (2-amino-3-hydroxy-5-methyl-4-isoxazole
propionate) for the entire hippocampal culture (Fig. 5) and for the different
hippocampal subfields.

The differential susceptibility of the individual hippocampal subfields to
different glutamate receptor agonists can, in addition to the KA-induced,
characteristic and in vivo-like degeneration in CA3 (Fig. 3), also be illustrated
as quantitative differences in PI uptake. Hippocampal slice cultures exposed
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Fig. 3. Kainic acid-induced degeneration of CA3 pyramidal cells in hippocampal slice
culture, demonstrated by A Cellular uptake of PI, recorded by flourescence microscopy
of live culture after exposure to 10 µM kainic acid for 48 h followed by 48h in normal
medium; B Fluoro-Jade staining of cryostat section of same culture. The preferential
lesioning of CA3 pyramidal cell by KA in the slice cultures mimics the corresponding

lesion in vivo (Nadler et al., 1980). Scale bar: 0.5mm

Fig. 4. 3H-AMPA ligand binding in 4 week old hippocampal slice culture (A) and 5 week
old hippoocampus in vivo (B), disclosing a near normal appearance in CA3 and CA1, but
reduction in the dentate molecular layer in the slice culture. Scale bar: 0.5 mm. Method:
Unfixed cultures and rat brains were frozen and cryostat sectioned at 20 µm, and the
sections thaw-mounted on poly-L-lysine coated glass slides for storage at – 80°C until use.
For binding the thawed sections were preincubated for 10 min in a solution of 50mM Tris-
HCl buffer (pH 7.1), 2.5 mM CaCl2 and 100mM KSCN at 20°C and then incubated at the
same temperature for 40 min with 20nM 3H-AMPA (specific activity 5 53.0Ci/mmol)
(Amersham, Denmark) in the same buffer. All slides with sections were subsequently
rinsed for 3 3 1 sec in cold buffer and dipped for 1sec in 15% glutaraldehyde/acetone.
Adjacent sections were handled identically, but incubated in 1mM 3H-AMPA to define
non-specific binding. Following incubation and rinses the slides with the sections were
rapidly dried in cold air and exposed to 3H-hyperfilm (Amersham, Denmark) in closed
film cassettes at 40°C. After exposure for 8 weeks the films were developed in a Dektol

solution (Kodak), diluted 1 :9 with water
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to 10µM NMDA (N-methyl-D-aspartate) for 48 hours thus displayed a
significantly higher PI uptake in the CA1 pyramidal cell layer compared to the
dentate granule cell and CA3 pyramidal cell layers after both the first and the
second day of exposure (Fig. 6). The NMDA-induced degeneration in CA1
moreover occured faster, reaching a plateau within one day, while the degen-
eration of dentate granule cells still evolved during the second day, and
possibly even later (not examined).

Current use of PI and other markers in corticostriatal slice cultures

PI uptake has also been used to monitor the excitotoxic effects of increasing
doses of the glutamate agonists kainic acid (KA) and AMPA in corticostriatal
slice cultures (Kristensen et al., 1999) (Figs. 7 and 8). Also the corticostriatal
slice cultures showed good correlations between the density and distribution
of the PI uptake and the Fluoro-Jade staining of cortex and striatum, LDH
release to the medium, a general cell loss observed in Nissl staining, and
loss of GABA’ergic cells, demonstrated by loss of γ-aminobutyric acid
(GABA) immunocytochemical staining and loss of biochemically detected
glutamic acid decarboxylase (GAD) activity from the cultures (Kristensen et
al., 1999).

Fig. 5. Dose-response relationship between applied doses of AMPA and PI uptake in
hippocampus, recorded 1 and 2 days after start of continuous exposure of hippocampal
slice cultures to 0.1–100µM AMPA. For 2 days of exposure we found EC50 5 3.7 µM
AMPA. The PI uptake is calculated as percentage of maximal PI uptake after exposure to
the group of highest AMPA doses used (10–100µM). Data are shown as means 1/2
S.E.M., with n 5 8–18. **P , 0.01, ***P , 0.001, ANOVA with Bonferoni correction, as

compared to control for the different groups of cultures treated with AMPA
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Fig. 6. PI uptake showing the characteristic CA1 lesion after one day and two days of
exposure to 10 µM NMDA. Data are shown as means 1/2 S.E.M., with n 5 10. **P ,
0.01, ***P , 0.001, ANOVA for comparison of the different subfields, paired t-test
for comparisons between first and second day of exposure. Note the higher and faster
occuring PI uptake in CA1 with maximal level attained already after one day, while the
lower PI uptake in fascia dentata dentate granule cells still evolved during the second day

Fig. 7. Corticostriatal slice cultures grown for 4 weeks. A Toluidine blue cell staining of
cryostat section of culture, illustrating preservation of regional cytoarchitectures in cortex
(Cx) and striatum (Str). B Flourescence micrograph of PI uptake in culture after exposure
to 24 µM KA for 48h. PI-labelled, dead or dying neurons are present in both striatum (Str)

and cortex (Cx). Scale bar: 1mm
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Different protective effects of NBQX against KA and
AMPA in cortex and striatum

Although there was no clearcut differences in the susceptibility of the cortical
and striatal parts of the corticostriatal slice co-cultures to KA and AMPA
(Fig. 8), we observed a clear differential effect in the two brain areas, when the
glutamate receptor antagonist NBQX (2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo(F)quinoxaline) was added at different concentrations together with
24µM KA or 6µM AMPA (Kristensen et al., 1999). Figure 9A illustrates how
a low dose of 0.3µM NBQX applied together with 24µM KA significantly
reduced the cortical PI uptake, and hence protected cortical neurons, without

Fig. 8. Comparison of excitotoxic effects of KA and AMPA in striatal (str) and cortical
(cx) parts of corticostriatal slice cultures, monitored by propidium iodide (PI) uptake.
The PI uptake was recorded densitometrically 48h after start of exposure to KA (A) or
AMPA (B). The only significant difference in the vulnerability of the striatum and cortex
was found after exposure to 3µM AMPA. *P , 0.05, t test for comparison of striatum and
cortex; *** P , 0.001, ANOVA with Bonferoni correction for comparison with control

Fig. 9. Differential neuroprotective effects of NBQX on cortex and striatum, demon-
strated by comparison of the striatal (str) and cortical (cx) uptake of propidium iodide
(PI) in corticostriatal slice cultures after 48h exposure to (A) 24µM KA plus 0.3 µM
NBQX and (B) 6 µM AMPA plus 0.1µM NBQX. A low dose of NBQX (0.3µM) pro-
tected better against KA in the cortex than in the striatum, while an even lower dose
(0.1µM) protected better against AMPA in the striatum than in the cortex. Data are
shown as means 1/2 S.E.M., with n 5 9 2 18. *P , 0.05, **P , 0.01, ***P , 0.001, t-test
for comparison of the KA and AMPA exposed groups and for comparison of striatum

and cortex
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having a similar effect on striatum and striatal neurons. When a slightly lower
dose of 0.1µM NBQX was applied together with 6µM AMPA, the opposite
occurred, namely a significant protection of striatal, but not cortical neurons
(Fig. 9B). The protective effects of NBQX against KA and AMPA in striatum
and cortex are in accordance with in vivo results, where injections of 25nmol
NBQX into the rat stiatum together with 10nmol KA or 40nmol AMPA have
been shown to abolish the toxic effects of KA and AMPA (Massieu and
Tapia, 1994). Addition of 10µM quinoxalindiones to 300µM KA and 500µM
AMPA in primary, cortical cell cultures also abolished the excititoxic effects
of KA and AMPA (Frandsen et al., 1989; Jensen et al., 1998), but it should be
noted that both in vivo and in dispersed cell cultures the applied doses of KA,
AMPA and NBQX are much higher than used in the slice cultures. Besides
its action on KA receptored, KA is also a weak AMPA receptor agonist, while
the antagonist activity of NBQX is strongest against AMPA receptors. One
explanation of why higher concentrations of NBQX were needed for the
protection of the striatum than for protection of the cortex against KA is
therefore that KA excerted more of its toxicity in the striatum directly via KA
receptors. Again the results were in accordance with in vivo observations,
where more NBQX was needed for striatal protection, if co-injected with KA
compared to AMPA (Massieu and Tapia, 1994). Regarding the interpretation
of the AMPA-induced effects and the interaction with NBQX in the
corticostriatal slice cultures, the results suggest that AMPA receptors in the
two regions are activated by AMPA with different potency or alternatively
that NBQX acts with different potency on AMPA receptors in the two brain
areas.

Modulatory effects of long-term exposure to kainic acid and NBQX

Besides or coupled to its designated role as information processing excitatory
neurotransmitter in the central nervous system (CNS), glutamate is involved
in developmental and adult synaptic plasticity and neurogenesis (McDonald
and Johnston, 1990) and neurodegeneration (Dawson et al., 1995). Know-
ledge about possibilities to modulate the neuronal susceptibility to glutamate
receptor activation and the expression and composition of glutamate
receptors in the developing and the adult CNS is accordingly important, both
for our understanding of normal brain functions and for the development of
rational strategies for treatment of neurodegenerative diseases.

As a starting point we have exposed developing rat hippocampal slice
cultures to low doses of KA or the AMPA/KA antagonist NBQX, with the
purpose of studying inducible changes in KA excitotoxicity and corre-
sponding changes in KA receptor subunit mRNA expression (Jakobsen et al.,
2000).

For the long-term treatments hippocampal slice cultures, grown by the
Roller tube method ad modum Gähwiler (1984) or the insert method ad
modum Stoppini et al. (1991), were exposed to 2µM KA or 0.3µM NBQX
(gift from NOVO Nordic, A/S) in serum-free medium from the 4th day after
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explantation, with medium change twice a week. After 3 weeks of treatment
the long-term KA treated cultures were exposed to 8µM KA, the long-term
NBQX treated cultures exposed to 3 or 5µM KA, and untreated, control
cultures exposed to 3, 5 or 8µM KA for 48 hours, returned to normal medium
for another 48hrs, and then processed histologically. Other long-term treated
cultures were tested for PI uptake both during the long-term exposure period
and in relation to the acute KA exposure, while others were processed for
in situ hybridization, using 35S-labelled oligonucleotide probes for detection
and densitometric quantitation of the mRNAs for the kainate receptor
subunits GluR6, KA1 and KA2, as well as the AMPA receptor subunit
GluR1.

The results of long-term, low dose KA treatment, with reduced suscepti-
bility of the CA3 pyramidal cells to a subsequent high and normally toxic dose
of KA, are shown schematically in Fig. 10. Reduced susceptibility of the CA3
pyramidal cells have also been found after brief exposures to subtoxic levels
of KA with induction of heat shock protein (Best et al., 1996). We have not
detected expression of heat shock protein in relation to our long-term, low
dose exposure with KA, and therefore favour other explanations in our ex-
perimental conditions. One such explanation could be a change in KA
receptor expression. Not having access to antibodies against the different
KA1, KA2 and GluR5-7 proteins, we investigated possible changes at the
mRNA levels by quantitative, autoradiographic in situ hybridization. The
induced changes with downregulation of GluR6 and KA2 (and possibly
KA1) mRNAs (Fig. 11A) are in accordance with our hypothesis of reduced
expression of KA receptors after long-term, low dose (2µM) KA treatment of
the cultures. In support of this modulability we found an oppositely directed
effect with increased expression of KA1 and KA2 mRNAs in CA3 (and fascia
dentata) in the cultures long-term exposed to 10µM NBQX (Fig. 11B). Other
findings (not illustrated here) of a decreased expression of the AMPA
receptor subunit protein GluR1, determined by Western blot, but an
unchanged expression of GluR1 mRNA in the long-term KA treated cultures,
remain so far unexplained, but may be related to the known cross-over action
of KA on AMPA receptors.

Fig. 10. Schematic illustration of the reduction in acute KA toxicity after treatment of
hippocampal slice cultures from day 4 to day 25 in vitro by a non-toxic dose of 2µM KA.
Acute exposure of control cultures to 8µM KA for 48hrs followed by another 48hrs in
normal medium results in total loss of Nissl staining in CA3, but only minimal loss in the
long-term treated cultures. Dotted parts represent cell layers with degeneration in terms

of loss of Nissl staining
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Concluding this final part of the review, our observations have demon-
strated that the expression of glutamate receptor subunit proteins and
mRNAs are modifiable and that we can expect interactions between the
different glutamate receptor types.

Conclusion

Brain slice cultures do, with predictable modifications relating to the isolation
from the rest of the brain at explantation, remain organotypically organized.
By choosing among the different culture techniques available, the slice
cultures are easily accessible for most experimental manipulations, including
choice of donor animal and ex vivo gene transfection provided that the
explanted cells are still developing. Given the fact that the cultured slices in
addition are easily accessible for analysis by a variety of techniques from
molecular biology to functional imaging and electrophysiology, we can only
recommend the continued use of brain slice cultures both for screening and
mechanistic studies of neuroactive and neurotoxic compounds and for studies
of receptor modulation and plasticity.
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