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Motor Neurons Are Selectively Vulnerable to AMPA/Kainate

Receptor-Mediated Injury In Vitro
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The nonphosphorylated neurofilament marker SMI-32 stains
motor neurons in spinal cord slices and stains a subset of
cultured spinal neurons [“large SMI-32(+) neurons”], which
have a morphology consistent with motor neurons identified in
vitro: large cell body, long axon, and extensive dendritic ar-
borization. They are found preferentially in ventral spinal cord
cultures, providing further evidence that large SMI-32(+) neu-
rons are indeed motor neurons, and SMI-32 staining often
colocalizes with established motor neuron markers (including
acetylcholine, calcitonin gene-related peptide, and peripherin).
Additionally, choline acetyltransferase activity (a frequently
used index of the motor neuron population) and peripherin(+)
neurons share with large SMI-32(+) neurons an unusual vulner-
ability to AMPA/kainate receptor-mediated injury. Kainate-
induced loss of these motor neuron markers is Ca®"-
dependent, which supports a critical role of Ca®" ions in this
injury. Raising extracellular Ca®* exacerbates injury, whereas
removal of extracellular Ca®* is protective. A basis for this

vulnerability is provided by the observation that most periph-
erin(+) neurons, like large SMI-32(+) neurons, are subject to
kainate-stimulated Co®* uptake, a histochemical stain that
identifies neurons possessing Ca®*-permeable AMPA /kainate
receptor-gated channels. Finally, of possibly greater relevance
to the slow motor neuronal degeneration in diseases, both large
SMI-32(+) neurons and peripherin(+) neurons are selectively
damaged by prolonged (24 hr) low-level exposures to kainate
(10 um) or to the glutamate reuptake blocker L-trans-
pyrrolidine-2,4-dicarboxylic acid (100 um). During these low-
level kainate exposures, large SMI-32(+) neurons showed
higher intracellular Ca®* concentrations than most spinal neu-
rons, suggesting that Ca®* ions are also important in this more
slowly evolving injury.
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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative dis-
ease characterized by the progressive loss of upper (Betz cells)
and lower (ventral horn) motor neurons. Although of unknown
cause, findings of abnormalities in the uptake (Rothstein et al.,
1992) or metabolism (Plaitakis and Caroscio, 1987; Hugon et al.,
1989a; Rothstein et al., 1990) of glutamate and related excitatory
amino acids suggest that excitotoxic injury may be a contributory
factor.

Glutamate can kill neurons through effects at both NMDA and
AMPA /kainate types of ionotropic receptors. Although NMDA
receptors may mediate most acute neuronal injury, several factors
suggest that AMPA /kainate receptors may be of greater impor-
tance to the slow neurodegeneration that occurs in ALS (Weiss
and Choi, 1991). First, three syndromes with prominent motor
system manifestations, i.e., lathyrism (Spencer et al., 1986), do-
moic acid toxicity (Teitelbaum et al., 1990), and BMAA toxicity
(Spencer et al., 1987), are all linked to the consumption of
environmental AMPA /kainate receptor agonists (Ross et al.,
1987; Bridges et al., 1989; Debonnel et al., 1989; Richter and
Mena, 1989; Weiss et al., 1989). Second, motor neurons are
injured preferentially by intrathecal kainate (Hugon et al., 1989b),
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and selective AMPA /kainate receptor antagonists protect motor
neurons against degeneration caused by chronic blockade of glu-
tamate uptake in spinal cord slice (Rothstein et al., 1993).

Studies in culture have revealed that most central neurons are
injured lethally by brief periods of NMDA receptor activation.
This injury is Ca®>*-dependent and likely reflects the high Ca**
permeability of the NMDA receptor-gated channel (MacDermott
et al., 1986). In contrast, AMPA /kainate receptors are generally
Ca®*-impermeable and require longer periods (several hours) of
activation for comparable widespread neuronal injury to occur
(Choi, 1992). Certain populations of central neurons, however,
possess Ca®*-permeable AMPA /kainate channels (lino et al.,
1990; Pruss et al., 1991; Brorson et al., 1992), a feature that may
confer an enhanced intrinsic vulnerability to AMPA /kainate
receptor-mediated injury (Koh and Choi, 1988; Brorson et al.,
1994; Turetsky et al., 1994; Weiss et al., 1994a; Yin et al., 1994a,b).

SMI-32, a marker of nonphosphorylated neurofilaments, stains
motor neurons in spinal cord slice (Gotow and Tanaka, 1994;
Carriedo et al., 1995). In dissociated spinal cultures, we found
SMI-32 to label a subset of neurons in vitro that had morpholog-
ical characteristics of identified motor neurons [“large SMI-32(+)
neurons”]), which were unusually vulnerable to rapidly triggered,
Ca®"- dependent, AMPA /kainate receptor-mediated injury (Car-
riedo et al., 1995).

The present project extends these initial studies in several ways.
First, we use anatomic considerations and labeling with other
motor neuron markers to strengthen the hypothesis that large
SMI-32(+) neurons are indeed motor neurons. Other experi-



4070 J. Neurosci., July 1, 1996, 76(13):4069-4079

ments use choline acetyltransferase (ChAT) enzymatic activity
and peripherin immunocytochemistry (both known indices of the
motor neuronal population), in addition to SMI-32 staining, to
examine further the role of Ca®" ions in AMPA /kainate receptor-
mediated injury to putative motor neurons in culture. Finally, we
explored the vulnerability of large SMI-32(+) and peripherin(+)
neurons to injury resulting from prolonged low-level exposures to
kainate or the glutamate reuptake blocker L-trans-pyrrolidine-2,4-
dicarboxylic acid (PDC) (Rothstein et al., 1993), a type of injury
possibly more relevant to the chronic motor neuron degeneration
seen in disease states such as ALS.

MATERIALS AND METHODS

Spinal cord cultures. Mixed spinal cord cultures were prepared, largely as
described previously (Regan and Choi, 1991), from 13-d-old mouse
embryos, except that the cultures were plated on a preestablished mono-
layer of cortical astrocytes. Recent studies have indicated that astrocytes
(Eagleson et al., 1985; Schaffner et al., 1987; Martinou et al., 1989a; Ang
et al., 1992) or mixed spinal cell conditioned media (Calof and Reichardt,
1984; Dohrmann et al., 1987) provide trophic support for and markedly
enhance the survival of motor neurons in culture.

Both meninges and dorsal root ganglia were removed from spinal cords
before the cords were plated in media consisting of Eagle’s minimal
essential medium (MEM) (Earle’s salts, supplied glutamine-free serum;
Gibco, Grand Island, NY) supplemented with 10% heat-inactivated horse
serum (Gibco), 10% fetal bovine serum (Gibco), glutamine (2 mm)
(Gibco), and glucose (total 25 mMm) on an astrocyte monolayer in 15 mm
Primaria-coated culture plates (Falcon, Franklin Lake, NJ) at a density of
3 “spinal cords” per 24-well plate (~1-2 X 10° cells/cm?). Cultures were
maintained at 37°C in a 5% CO, incubator. After 4-6 d in vitro, non-
neuronal cell division was halted by exposure to 107> M cytosine arabi-
noside for 1-3 d. The cells were then shifted into a maintenance medium
identical to the plating medium but lacking fetal serum. Subsequent
media replacement occurred twice a week. Cultures were studied after
13-15 d in vitro.

Immunocytochemical labeling. For labeling motor neurons in spinal
cord slices, spinal cords from adult mice were removed surgically and
fixed in 4% paraformaldehyde overnight before paraffin embedding.
Spinal cords were cut into 6 wm sections, deparaffinized, and quenched of
endogenous peroxidase activity (by incubation in 0.3% H,O, in absolute
methanol). Slices were then incubated with primary antiserum (in PBS
containing 10% serum from the species in which the secondary antibody
was made, to minimize background staining) for 72 hr at 4°C: SMI-32
(1:1000 dilution; mouse monoclonal, Sternberger Monoclonals, Balti-
more, MD), calcitonin gene-related peptide (CGRP) (1:2000 dilution;
rabbit monoclonal, Amersham International, Arlington Heights, IL),
peripherin (1:200 dilution; rabbit polyclonal, Chemicon International,
Temecula, CA), ChAT (1:200 dilution; mouse monoclonal, Chemicon
International), and acetylcholine (ACh) (1:2000 dilution; rabbit mono-
clonal, Biodesign International, Kennebunkport, ME). Appropriate bi-
otinylated secondary antibody (Vector Laboratories, Burlingame, CA),
avidin, and biotinylated horseradish peroxidase macromolecular complex
(ABC solution, Vector), and diaminobenzidine (Sigma) were used to
visualize stained cells.

For staining, cultures were fixed for 40 min in 4% paraformaldehyde,
washed three times with PBS, and incubated (30 min) with the appropri-
ate blocking solution (10% serum in PBS) to minimize background
staining. For SMI1-32 and peripherin, the blocking solution included 0.2%
Triton X-100. For CGRP staining, cultures were pretreated the day
before with the axoplasmic transport inhibitor colchicine (10 um), a
maneuver that has been shown to increase staining intensity markedly
(Juurlink et al., 1990). Primary antibody exposures were in “blocking
solution” (with 10% serum) at the following concentrations: SMI-32
(1:6000), peripherin (1:2000), ACh (1:6000), CGRP (1:7000), and ChAT
(1:2000). SMI-32 and peripherin exposures were carried out overnight at
room temperature, whereas other antibody exposures were carried out
for 4872 hr at 4°C. Biotinylated secondary antibody (Vector Laborato-
ries), ABC solution (Vector), and 3-amino-9-ethyl-carbazole (AEC) (Sig-
ma) were used to visualize stained cells. For double staining, cultures
were exposed simultaneously to SMI-32 antibody (1:1000 dilution) and
antibody to either ACh, CGRP, or peripherin. SMI-32 staining was
visualized under fluorescence microscopy (excitation, 510-560 nm; emis-
sion, >590 nm) after exposure to CY3-conjugated anti-mouse secondary
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antibody (1:100 dilution; Jackson Research, Westgrove, PA) for 1 hr.
Visualization of the second stain was with biotinylated secondary anti-
body, ABC solution, and AEC (as described above). Controls omitting
one or the other primary antibody revealed no cross-reactivity between
the stains.

Co?" labeling. Co** labeling was carried out as described (Pruss et al.,
1991; Turetsky et al., 1994), with minor modifications. Cultures were
Co**-loaded by exposure to kainate (100 um) with Co** (2.5 mMm) in
uptake buffer (139 mm sucrose, 57.5 mm NaCl, 5 mm KCI, 2 mm MgCl,,
1 mm CaCl,, 12 mM glucose, 10 mm HEPES, pH 7.6) for 15 min. Cultures
were then washed in uptake buffer with 3 mm EDTA to remove extra-
cellular Co®*, incubated in 0.05% (NH,),S for 5 min to precipitate
intracellular Co®*, washed three times in uptake buffer, and subjected to
fixation (4% paraformaldehyde, 30 min). For silver enhancement, cul-
tures were washed three times in development buffer (292 mM sucrose,
15.5 mM hydroquinone, 42 mM citric acid) and incubated in 0.1% AgNO;
in development buffer at 50-55°C. This solution was changed at 15 min
intervals, and enhancement was monitored periodically by microscopic
observation. When enhancement was complete (usually after 30-50 min),
the reaction was terminated by washing the cultures three times in warm
development buffer.

Neurotoxicity experiments. Brief (15 min) toxic exposures were carried
out in room air (25°C), using a HEPES-buffered salt solution (HSS) with
the following composition (in mM): 130 Na*, 5.4 K*, 0.8 Mg>*, 1.8 Ca*
(except where indicated), 130.6 CI~, 20 HEPES, pH 7.4, at 25°C, and 15
glucose. Acute exposures (10-15 min) were terminated by replacing the
exposure solution with MEM + glucose, along with 10 uMm of the iono-
tropic glutamate receptor antagonists MK-801 (Research Biochemicals
International, Natick, MA) and 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo(F)quinoxaline (NBQX) (kindly provided by Novo Nordisk, Malov,
Denmark), and returning the cultures to the 5% CO, incubator at 37°C.
Longer (24 hr) exposures to kainate or the glutamate reuptake blocker
PDC (Tocris Cookson, Bristol, England) were in MEM + glucose in the
5% CO, incubator at 37°C. MK-801 (10 uM) was added during all kainate
exposures to prevent the activation of NMDA receptors from endog-
enously released glutamate and thereby to ensure a pure AMPA /kainate
receptor-mediated injury mechanism.

With both acute and chronic exposures, overall neuronal injury was
assessed 20-24 hr after the start of the exposure, by both morphological
examination and quantitative measurement of lactate dehydrogenase
(LDH) in the bathing medium, an index that is proportional to the total
number of neurons damaged by excitotoxic exposure (Koh and Choi,
1987). LDH values were scaled to the near maximal mean value found in
sister cultures exposed to 300 uM kainate for 24 hr (=100% cell loss).

Cultures were then fixed and stained for either SMI-32 or peripherin.
Damage to labeled neurons from excitotoxic exposures was evaluated by
direct counts of all stained neurons. Specific destruction of large SMI-
32(+) or peripherin(+) neurons was assessed as the difference between
the mean number of intact cells in neuronal cultures exposed to an
excitotoxic agonist and the mean number in several sister cultures ex-
posed to sham wash alone, expressed as a percentage of the latter.

ChAT activity assay. Overall neuronal injury was assessed by measure-
ment of LDH release (as described above) before ChAT activity assays
were performed. ChAT activity was assayed exactly as described previ-
ously (Weiss et al., 1994b), according to methods adopted from Fonnum
(1975). [*H]acetyl-CoA (0.125 uCi/sample; DuPont NEN, Boston, MA)
was used as reaction substrate, and counts revealed incorporation into
[PHJACh.

After subtracting background counts, specific loss of ChAT activity was
assessed as the difference between the mean ChAT activities in sham-
washed and kainate-exposed cultures and scaled to the near maximal loss
of activity in sister cultures exposed to 300 um kainate for 24 hr (=100%
loss).

Intracellular free Ca®* ([Ca?* ],) measurements. For Ca** imaging stud-
ies, cultures were prepared as described above except that cells were
plated on poly-L-lysine-coated glass-bottomed plates (Plastek Culture-
ware, Ashland, MA). Cultures were Fura-2-loaded by exposure to 5 um
Fura-2 AM (Molecular Probes, Eugene, OR) with 0.1% pluronic acid in
HSS in the dark (25°C for 30 min). Cultures were then washed and
incubated an additional 30 min in the dark (for deesterification). Cultures
were mounted in a microscope-stage adapter, and preselected fields were
viewed with an inverted microscope (Nikon Diaphot equipped with xenon
epifluorescence optics) at 200X. Cells were alternately illuminated with
340 and 380 nm light from a xenon source, and fluorescence (at 510 nm)
was imaged by a Hamamatsu intensified CCD camera. Data were gath-
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ered on an 80486-based computer using fluor software from Universal
Imaging (West Chester, PA). [Ca**]; was determined by the equation
[Ca2+]i = Kd (Fmin/Fmax){(R - Rmin)}/{(Rmax - R)}’ uSing Kd = 224 nMm.
The system was recalibrated after any adjustments to the apparatus.

Imaging experiments were conducted at room temperature in a 2 ml
static bath of HSS. After obtaining baseline values, kainate (10 um) and
MK-801 (10 um) were added, and [Ca®*]; values were obtained every 30
sec for an additional 10 min. Because of the high affinity of Fura-2, peak
[Ca?*]; values obtained immediately after the addition of kainate prob-
ably mildly underestimate true [Ca”*]; values. Cultures were then fixed
and stained for SMI-32. In fields containing large SMI-32(+) neurons, all
distinct neurons were analyzed for fluorescence. Only fields containing
large SMI-32(+) neurons were analyzed.

Materials. All other chemicals and reagents were obtained from com-
mon commercial sources.

RESULTS

SMI-32 and other motor neuron markers label motor
neurons in spinal cord slices

The nonphosphorylated neurofilament antibody SMI-32 strongly la-
bels ventral horn motor neurons in spinal cord slices (Gotow and
Tanaka, 1994; Carriedo et al., 1995). Initial studies compared SMI-32
labeling of motor neurons in slices with that of various other markers
reported to stain motor neurons. Antibodies against the following
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Figure 1. Motor neuron markers label large ven-
tral horn neurons in spinal cord slices. Photomi-
crographs show slices of adult spinal cord stained
(as described) with antibody to SMI-32 (4), pe-
ripherin (B), CGRP (C), ACh (D), or ChAT (E).
For each marker, the bottom panel shows high-
power (400X) detail of neurons indicated by ar-
rowhead in top panel. Scale bar, 300 wm.

markers were examined: the neurotransmitter ACh (Geffard et al.,
1985), the ACh-synthesizing enzyme ChAT (Hietanen et al., 1990;
Wang et al., 1990), peripherin (Parysek and Goldman, 1988; Escurat
et al,, 1990), a class III intermediate filament protein, and CGRP
(Gibson et al., 1984; Kruger et al, 1988; Juurlink et al., 1990).
Although each of these markers labeled motor neurons in the ventral
horn, the degree of staining varied significantly (Fig. 1). SMI-32 and
CGRP showed the most robust staining, although SMI-32 did show
some labeling of small neurons outside the ventral horn. Both ChAT
and ACh showed weaker staining and also labeled some small
neurons in the dorsal horn, a finding that is consistent with previous
studies of ChAT staining in spinal cord (Houser et al., 1983). Also
consistent with previous studies, peripherin staining in spinal cord
slice was faint but seemed to be selective for subsets of motor
neurons in ventral horn.

SMI-32 and other motor neuron markers label subsets
of neurons in spinal cord cultures

Development of culture models to study motor neurons has been
hindered by a paucity of well characterized markers that are both
specific for motor neurons and show good morphological detail.
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Figure 2. Motor neuron markers label neurons in spinal cord cultures. Photomicrographs show dissociated spinal cord cultures under phase-contrast
microscopy (4, arrows show the typical appearance of putative motor neurons before staining) or after immunostaining (as described) with antibody to
SMI-32 (B, arrow shows axonal branch), peripherin (C), CGRP (D), ACh (E), or ChAT (F). Note the extensive morphological detail provided by SMI-32
and peripherin staining (generally showing an extensive dendritic arborization as well as a single axon-like process that often extends for several
millimeters). In comparison, relatively little morphological detail is provided by the other stains (D-F, arrowheads indicate representative stained

neurons). Scale bar, 100 um.

Consistent with its staining of motor neurons in slice, SMI-32
labeled subsets of neurons in dissociated spinal cultures with the
morphological characteristics of cultured motor neurons
(Schaffner et al., 1987; Martinou et al., 1989a): a large (>20 pum)
cell body, a prominent neuritic arborization, and generally a single
long axon-like neurite, often extending over several millimeters
(Fig. 2). Furthermore, although SMI-32 labeled ~3% of all neu-
rons in the cultures, only a minority of labeled neurons (~30%)
had these characteristic features (“large SMI-32(+) neurons”

(Carriedo et al., 1995).

Staining with the other motor neuron markers (ChAT, ACh,
CGREP, and peripherin) was used to characterize better the motor
neuronal population in our cultures (Richards et al., 1995) and to
confirm further the presumed motor neuron identity of large
SMI-32(+) neurons (Fig. 2). In contrast to the weak staining seen
in slice, peripherin(+) neurons (~0.5% of neurons in the cul-
tures) were often strongly stained and demonstrated extensive

morphological detail (often closely resembling large SMI-32(+)
neurons). Approximately 1.5% of neurons in the cultures were
CGRP(+). As reported previously (Juurlink et al., 1990), how-
ever, CGRP staining was obtained only after colchicine pretreat-
ment (see Materials and Methods), a maneuver that increased
staining intensity but generally caused a marked disruption of
morphological features in our culture system. ChAT (~0.25% of
total neurons) and ACh (~0.1% of total neurons) gave weaker
and more variable staining in culture than in slice and revealed
little neuritic morphology. Double immunocytochemistry revealed
a majority of ACh(+) neurons (80%), peripherin(+) neurons
(68%), and CGRP(+) neurons (60%) to be SMI-32(+) (=50
labeled cells from =3 experiments counted for each marker; Fig.
3), supporting the motor neuron identity of large SMI-32(+)
neurons.

To characterize large SMI-32(+) neurons further, we examined
their distribution in spinal cord by preparing separate “ventral”
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Figure 3. Top left. Most peripherin(+) neurons are also SMI-32(+). Photomicrographs show a culture double-stained for peripherin and SMI-32 under visible
light (4, peripherin staining) and under fluorescence microscopy (B, SMI-32 labeling). A majority of peripherin(+) neurons were found to express SMI-32
immunoreactivity. Other double-labeling studies showed most ACh- or CGRP-immunoreactive neurons to be SMI-32(+) (see Results). Scale bar, 50 wm.

Figure 6. Bottom. Peripherin(+) neurons and large SMI-32(+) neurons are Co®*(+). Photomicrographs show a peripherin(+) neuron (4, B) and a large
SMI-32(+) neuron (C, D) before (4, C) and after (B, D) development of the Co®" stain. Co** stains were made light to preserve clarity of pictures. In
many neurons, Co®" staining is evident only through nuclear darkening. Arrows (4, C) indicate axonal projections. Scale bar, 100 wm.

Figure 8. Top right. Large SMI-32(+) neurons show substantial [Ca®"]; elevations during low-level kainate exposures. 4, Pseudocolor image of a culture
field showing [Ca®"]; levels in individual neurons 8 min after the addition of kainate (10 uM). B, Photomicrograph of the same field after development
of the SMI-32 stain. Note that the large SMI-32(+) neuron had one of the highest [Ca®*]; levels. Scale bar, 100 wm.
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Figure 4. Kainate injury to peripherin(+) and large SMI-32(+) neurons is Ca®*-dependent: morphological appearance. Spinal cord cultures were
exposed to kainate (100 uM for 10 min), in either the presence of 1.8 mm Ca** (4, C) or the absence of Ca®* (B, D), and were stained 24 hr later for
either peripherin (4, B) or SMI-32 (C, D). Although these submaximal exposures in the presence of Ca®>" caused severe damage to many (but not all)
labeled neurons, removal of Ca®>" during the exposure resulted in good preservation of most neurons. Scale bar, 100 pum.

and “dorsal” cultures (by splitting the cord longitudinally before
plating). Large SMI-32(+) neurons were found preferentially in
ventral cultures [they comprised 3.5% (283/8147) of neurons in
ventral, but only 0.4% (14/3341) of neurons in dorsal spinal cord
cultures], thus supporting a motor neuronal identity. Also, large
SMI-32(+) neurons comprised 78% (283/364) of all SMI-32(+)
neurons in ventral but only 17% (14/81) in dorsal spinal cord
cultures (data compiled from three experiments).

Acute AMPA /kainate receptor-mediated injury to
cultured motor neurons is Ca®>*-dependent

We reported previously that removal of Ca®>" from the media
during brief kainate exposures lessened subsequent degeneration
of large SMI-32(+) neurons, as assessed 20-24 hr later (Carriedo
et al., 1995). These studies have now been extended. First, we find
that raising extracellular Ca** (from 1.8 to 10 mm) during the
exposure markedly enhances the damage to the SMI-32(+) neu-
rons resulting from brief (10 min, 100 um) kainate exposures and
produces little overall neuronal injury (as assessed by measure-
ment of LDH release) (Figs. 4, 5), further substantiating the
critical role of Ca?* entry in rapidly triggered injury to large
SMI-32(+) neurons. In addition, because the motor neuron iden-
tity of large SMI-32(+) neurons has not been proven, we repeated
Ca®"-dependence experiments with two other indices of the mo-
tor neuron population: peripherin immunocytochemistry (Parysek
and Goldman, 1988; Escurat et al., 1990) and ChAT enzymatic
activity (Schnaar and Schaffner, 1981; Schaffner et al., 1987;
Martinou et al., 1989b; Rothstein et al., 1993). As with large
SMI-32(+) neurons, both peripherin(+) neurons and ChAT ac-
tivity were lost preferentially after brief kainate exposures. Fur-
thermore, such rapidly triggered damage to each of these mea-
sures was Ca®"-dependent.

Motor neurons possess Ca®*-permeable

AMPA /kainate channels

Neurons possessing Ca®*-permeable AMPA /kainate channels
can be identified by a histochemical technique based on kainate-
stimulated uptake of Co®" ions (“Co®"(+) neurons”) (Pruss et
al., 1991). The specificity of this stain for Ca®*-permeable AMPA /
kainate channels is indicated by the inability of NMDA or high K*
to substitute for kainate in triggering Co** entry. We reported
previously that a substantial subpopulation (~40%) of all neurons
in dissociated spinal cultures were Co**(+) (Yin et al., 1995).
Furthermore, consistent with studies of Co** (+) neurons in other
regions of the central nervous system (Brorson et al., 1994;
Turetsky et al., 1994), these spinal Co®"(+) neurons were more
vulnerable than other spinal neurons to AMPA /kainate receptor-
mediated injury (Yin et al., 1995).

In our previous brief report, we found that a majority (~80%) of
large SMI-32(+) neurons were Co**(+) (Carriedo et al., 1995). Our
additional finding that a large majority of peripherin(+) neurons
(84%; 42/50 from four experiments) are also Co®*(+) (Fig. 6)
supports the hypothesis that possession of Ca®"-permeable AMPA /
kainate channels is one factor that contributes to the high vulnera-
bility of motor neurons to AMPA /kainate receptor-mediated injury.
Preliminary observations suggest the possibility that these putative
motor neurons are somewhat more vulnerable than some other
spinal Co?*(+) neurons to kainate toxicity. An interesting topic of
future studies thus will be the search for additional factors that may
contribute to their high vulnerability.

Motor neurons are selectively injured by prolonged
low-level kainate exposures

Although the rapid, intense kainate exposures used in the above
experiments may be directly relevant to the pathophysiology of



Carriedo et al. « Kainate-Induced Injury to Motor Neurons Is Ca?*-Dependent

A 100+

1 All Neurons
I [.arge SMI-32(+) Neurons
Peripherin(+) Neurons

.

-%f A W

~1
wm

#&#&

[ ]
T

Percent Neuronal Loss
¢
3=

-

0 mM 1.8 mM 10 mM
[C32+]E
100

B

1 All Neurons
2 75 EEChAT Activity #
B 50-
1)
<
N
g %7 & T
: -
A ol —=—=

0 mM 10 mM

[Ca**]g

Figure 5. Kainate injury to the spinal motor neuronal population is
Ca®"-dependent. 4, Kainate injury to large SMI-32(+) and peripherin(+)
neurons is Ca®>*-dependent. Cultures were exposed to kainate (100 uM for
10 min) in the presence of the indicated Ca®* concentration. Overall
neuronal loss and loss of large SMI-32(+) or peripherin(+) neurons were
evaluated 2024 hr later (as described in Materials and Methods). Values
represent mean = SEM compiled from four experiments; n = 9-15
cultures per condition. & indicates labeled neuronal loss significantly
different from labeled neuronal loss seen in the 1.8 mM Ca®" condition
(p < 0.05 by two-tailed ¢ test). # indicates labeled neuronal loss signifi-
cantly different from total neuronal loss after the same exposure (p < 0.01
by two-tailed ¢ test). B, Kainate-induced loss of spinal cord ChAT activity
is Ca®"-dependent. Cultures were exposed to kainate (100 uMm for 15 min)
in the presence of the indicated Ca** concentration. Overall neuronal loss
and loss of ChAT activity were assessed 20—24 hr later (as described).
Values represent mean = SEM compiled from 10 experiments; n = 27-36
cultures for each condition. & indicates ChAT activity loss significantly
different from that seen in the 10 mm Ca?* condition (p < 0.01 by
two-tailed ¢ test). # indicates ChAT activity loss significantly different
from overall neuronal injury after the same exposure (p < 0.01 by
two-tailed ¢ test).

acute spinal cord injury that occurs in trauma or ischemia, their
relevance to potential excitotoxic contributions to the chronic
motor neuron degeneration seen in ALS is less clear. We thus
examined the vulnerability of large SMI-32(+) and peripherin(+)
neurons to injury resulting from more prolonged low-level kainate
exposures. Spinal cord cultures were exposed to kainate at con-
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Figure 7. Motor neurons are selectively vulnerable to slow, excitotoxic
injury. A, Large SMI-32(+) neurons and peripherin(+) neurons are
selectively damaged by chronic kainate exposures. Cultures were exposed
to the indicated kainate concentration for 20-24 hr, followed by evalua-
tion of injury to the overall neuronal population and to the labeled
neuronal population. Values represent mean = SEM compiled from three
to four representative experiments; n = 10—12 cultures per condition. #
indicates labeled neuronal loss significantly different from total neuronal
loss after the same exposure (p < 0.01 by two-tailed ¢ test). B, Large
SMI-32(+) neurons are selectively damaged by chronic exposure to the
glutamate reuptake blocker PDC. Cultures were exposed for 24 hr to PDC
(100 uM) alone or with the addition of glutamate receptor antagonists as
indicated (each at 10 um), followed by evaluation of damage to the overall
neuronal population and to large SMI-32(+) neurons. Values represent
mean = SEM compiled from three to four representative experiments;
n = 9-12 cultures per condition. # indicates large SMI-32(+) neuronal
loss significantly different from total neuronal loss after the same exposure
(p < 0.01 by two-tailed ¢ test). & indicates large SMI-32(+) neuronal loss
significantly different from that obtained in the 100 um PDC condition
(p < 0.01 by two-tailed ¢ test).

centrations ranging from 5 to 20 um for 24 hr, followed by
evaluation of both overall neuronal injury and labeled neuronal
injury. Although a 10 uM kainate exposure caused relatively little
overall neuronal injury, this exposure caused substantial damage
to both the large SMI-32(+) and the peripherin(+) neuronal
populations (Fig. 74).
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Additional experiments sought to examine the vulnerability of
large SMI-32(+) neurons to injury from prolonged exposures to
increased levels of endogenous glutamate by exposing the cultures
for 24 hr to the glutamate reuptake blocker PDC (100 um). Such
exposures caused substantial degeneration of the large SMI-
32(+) neurons but little damage to the overall spinal neuronal
population. Consistent with previous studies in spinal cord slice
culture models (Rothstein et al., 1993), this injury seemed to be
mediated primarily through activation of AMPA /kainate-type
glutamate receptors. The selective AMPA /kainate receptor an-
tagonist NBQX (10 um) was fully protective, whereas the NMDA
receptor antagonist MK-801 (10 um) had no effect (Fig. 7B).

Unlike acute excitotoxicity protocols, in which the role of Ca**
ions in kainate injury to large SMI-32(+) or peripherin(+) neu-
rons is readily demonstrable, the role of Ca*" ion entry in these
prolonged toxic exposures is harder to demonstrate, because
removal of Ca®* from the media for extended periods is in itself
injurious. We therefore used Fura-2 imaging to compare intracel-
lular free Ca*" levels ([Ca*];) in large SMI-32(+) neurons with
[Ca?*); in other spinal neurons during low level (10 uM) kainate
exposures. Resting [Ca®*]; levels differed little between neurons.
When kainate was added, however, [Ca®*]; levels increased rap-
idly in most cells before gradually declining to sustained [Ca®*];
values close to baseline. Large SMI-32(+) neurons showed sus-
tained [Ca®"]; levels that were significantly higher than average
(Figs. 8, 9), thus supporting a role of Ca®* ions in their vulnera-
bility to low levels of kainate.

DISCUSSION

A dissociated culture model for studies of

motor neurons

For studies examining mechanisms of selective neuronal vulner-
ability, culture systems offer certain advantages over in vivo sys-
tems: they permit excellent control over the extracellular environ-
ment and monitoring of responses in individual neurons. Recent
studies have examined the excitotoxic vulnerability of motor neu-
rons using spinal cord slice cultures (Rothstein et al., 1993; Roth-
stein and Kuncl, 1995), which allow good environmental control
while maintaining more physiological patterns of connectivity
than dissociated cultures. For the present study, we have opted to
use a dissociated culture model, which provides more precise
environmental control and instantaneous monitoring of responses
in individual neurons. Such models of motor neuron injury have
been used infrequently, however, in large part because of difficulty
in maintaining, identifying, and visualizing morphological charac-
teristics of the motor neurons.

For instance, transmitter-specific markers such as ChAT de-
crease after several days in culture (Lombard-Golly et al., 1990),
often give poor staining (Schaffner et al., 1987), and are not
specific for motor neurons (Houser et al., 1983). Motor neuron
enrichment techniques such as density gradients (sorting by size:
Schnaar and Schaffner, 1981; Dohrmann et al., 1986; Martinou et
al., 1989a), retrograde labeling (Calof and Reichardt, 1984;
O’Brian and Fischbach, 1986a; Schaffner et al., 1987), and immu-
nopanning (Camu and Henderson, 1992; Mettling et al., 1995)
have been used often, but generally give limited yield or lack
complete specificity for motor neurons. In addition, enriching for
motor neurons does not in itself provide the morphological detail
that can be revealed with direct labeling, and removal of other
spinal cord neurons with which motor neurons may interact may
markedly alter their survival or phenotype (O’Brian and Fisch-
bach, 1986b).
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Figure 9. Large SMI-32(+) neurons show substantial [Ca*"]; elevations
during low-level kainate exposures. A, Distribution of [Ca?*]; values in
spinal neurons (528 neurons from eight experiments) 8—10 min after the
addition of kainate (10 uMm). All large SMI-32(+) neurons have higher
than average [Ca®*]; values. B, Time course of [Ca®*]; changes. [Ca®"];
levels are plotted in individual neurons before and for 9 min after addition
of kainate (10 um). Of the 44 neurons shown, the 2 neurons represented
by solid lines are large SMI-32(+) neurons.

We thus have opted to grow cultures in the simplest way that
permits survival under mixed culture conditions: plating total
spinal cord neurons on a feeder layer of astrocytes, a maneuver
that provides a more physiological environment than artificial
substrates do and markedly enhances survival of cultured motor
neurons (Eagleson et al., 1985; Schaffner et al., 1987; Martinou et
al., 1989a; Ang et al., 1992). Motor neurons in these mixed
cultures were studied through direct labeling with several putative
motor neuronal markers.

Of the markers studied, SMI-32 seems to be particularly useful.
Large SMI-32(+) neurons have appropriate morphological fea-
tures (Martinou et al., 1989a; Schaffner et al., 1987) and are found
preferentially in ventral but not dorsal spinal cord cultures, which
suggests that they are indeed motor neurons. In addition, neurons
labeled by other motor neuron markers frequently express SMI-32
immunoreactivity and show excitotoxic vulnerability similar to
that of large SMI-32(+) neurons. A particular advantage of using
SMI-32 for studies of motor neuron injury, however, is the con-
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sistency and robustness of the staining and the extensive morpho-
logical detail that is revealed. Except for peripherin, the other
motor neuron markers that were examined gave weak staining
with little morphological detail and often showed high levels of
background staining.

In addition to staining large SMI-32(+) neurons, SMI-32 also
stains a group of smaller spinal neurons in culture with less
evident resemblance to motor neurons. Although the identity of
these neurons is uncertain, subpopulations of small (<13 um)
motor neurons have been identified in other culture studies (Met-
tling et al., 1995), and some small as well as large peripherin- and
CGRP-stained neurons were SMI-32(+), suggesting that at least
some of the small SMI-32(+) neurons may be motor neurons.

Excitotoxic vulnerability of cultured motor neurons

Present results suggesting that cultured motor neurons are highly
vulnerable to rapidly triggered AMPA /kainate receptor-mediated
injury are in general agreement with previous studies of the
excitotoxic vulnerability of motor neurons carried out in slice
cultures (Rothstein et al.,, 1993; Rothstein and Kuncl, 1995) or
animal models (Hugon et al., 1989b). Thus, motor neurons seem
to maintain critical features pertinent to their excitotoxic vulner-
ability when transplanted into a dissociated culture system, sug-
gesting that this simplified system may be useful for studying their
vulnerability under controlled conditions. Indeed, we have been
able to elucidate a feature that may contribute critically to their
unusual excitotoxic vulnerability. Possession of AMPA /kainate
receptors gating channels with direct Ca®*" permeability may
permit receptor activation to cause unusually high Ca®* influx
rates (Carriedo et al., 1995; Lu et al., 1995).

Additional studies will be necessary to determine the precise
molecular basis of this Ca®>" permeability. Although expression
studies in non-neural cells as well as studies of native neurons
suggest that in heteromeric AMPA channels an absence of the
GluR2 subunit may confer Ca®>* permeability (Hollman et al.,
1991; Verdoon et al., 1991; Bochet et al., 1994; Jonas et al., 1994,
Yin et al., 1994a), motor neurons have been found to express
GluR2 mRNA (Tolle et al., 1993). It is possible that this mRNA
is not translated into protein with high efficiency or that hetero-
geneous populations of receptors may be expressed on the neu-
rons, only some of which may lack the GluR2 subunit (Geiger et
al., 1995; Goldstein et al., 1995). Alternatively, motor neurons
could express AMPA /kainate channels composed of kainate-
preferring subunits that gate Ca®>* permeable channels (Sommer
et al., 1991; Kohler et al., 1993; Vickers et al., 1993; Paternain et
al., 1995).

One way in which Ca®* entry can injure neurons is by triggering
excess production of free radicals (Dykens, 1994), which results in
oxidative injury. Recent studies indicate that NMDA receptor-
mediated intracellular Ca*" loads trigger a burst of injurious free
radicals, likely emanating from the mitochondria (Lafon-Cazal et
al., 1993; Dugan et al., 1995; Reynolds and Hastings, 1995).
Possession of AMPA /kainate receptors gating channels with di-
rect Ca®" permeability might result in similar excess free-radical
production in motor neurons during AMPA /kainate receptor
activation. If so, free-radical mediated oxidative injury to motor
neurons could be an injury mechanism common to excitotoxic
models of ALS (Plaitakis and Caroscio, 1987; Rothstein et al.,
1990, 1992) as well as to recently described familial forms of the
disease linked to mutations in the free-radical metabolizing en-
zyme superoxide dismutase (Rosen et al., 1993).
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Cultured motor neurons are vulnerable to slow AMPA/
kainate receptor-mediated injury

The present culture system has been useful for studying the role of
Ca®" in triggering motor neuron degeneration after brief intense
periods of AMPA /kainate receptor activation. Such acute insults,
however, although possibly of direct relevance to acute motor
neuron degeneration in conditions such as ischemia or trauma,
may have less direct bearing on the very slow neurodegeneration
that occurs in chronic conditions such as ALS. For instance, slow
excitotoxic exposures might trigger low rates of Ca** entry that do
not rapidly overwhelm the homeostatic abilities of the cells, pos-
sibly allowing different injury mechanisms to become activated.
Thus, for comparative purposes, experiments that used more
chronic (24 hr) exposures to lower levels of kainate or to the
glutamate reuptake blocker PDC were undertaken. Not surpris-
ingly, in light of previous studies in spinal cord slice using pro-
longed exposures (Rothstein et al., 1993; Rothstein and Kuncl,
1995), present experiments also show that prolonged periods of
exposure to kainate or endogenous glutamate produce preferen-
tial degeneration of motor neurons through activation of AMPA/
kainate receptors. In addition, although additional studies will be
needed to elucidate the principal injury mechanisms downstream
from Ca®* ion entry, present [Ca®*]; imaging experiments, which
showed unusually high [Ca®*]; responses in large SMI-32(+)
neurons during low-level kainate exposures, suggest that Ca>*
ions play a central role in slow as well as rapidly triggered
AMPA /kainate receptor-mediated motor neuron injury.

Conclusions

In summary, we have developed a dissociated cell culture system
for studying motor neurons. The nonphosphorylated neurofila-
ment antibody SMI-32 seems to be particularly useful for identi-
fying and examining morphological features of motor neurons in
these cultures. We find, consistent with previous in vivo and spinal
cord slice studies, that motor neurons seem to be highly vulner-
able to both rapidly triggered and more chronic AMPA /kainate
receptor-mediated injury. We also find that this vulnerability
likely reflects, at least in part, possession of Ca®*-permeable
AMPA /kainate receptor-gated channels. If the present findings in
cultured mouse neurons pertain to motor neurons in mature
humans, it is possible that possession of these channels may be
one factor that helps predispose motor neurons to degenerate in
diseases such as ALS. The present model system may be useful for
examining how multiple factors may interact in producing degen-
eration of motor neurons and may allow for rapid screening of
protective interventions.
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