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Abstract—In addition to protective effects within the adult
central nervous system (CNS), in vivo application of N-meth-
yl-D-aspartate inhibitors such as (+) MK-801 have been
shown to induce neurodegeneration in neonatal rats over a
specific developmental period. We have systematically
mapped the nature and extent of MK-801-induced neurode-
generation throughout the neonatal murine brain in order to
genetically dissect the mechanism of these effects. Highest
levels of MK-801-induced neurodegeneration are seen in the
cerebellar external germinal layer; while mature neurons of
the internal granule layer are unaffected by MK-801 treat-
ment. Examination of external germinal layer neurons by
electron microscopy, terminal deoxynucleotidyl transferase
biotin-dUTP nick end labeling (TUNEL) and bromodeoxyuri-
dine (BrdU) labeling, and caspase-3 activation demonstrate
that these neurons die through the process of programmed
cell death soon after they exit from the cell cycle. Signifi-
cantly, ablation of caspase-3 activity completely inhibited the
MK-801-induced (and developmental) programmed cell death
of external germinal layer neurons. Similar to caspase-3, in-
activation of muscarinic acetylcholine receptors in vivo using
scopolamine inhibited MK-801-induced programmed cell
death. By contrast, the GABAergic agonist diazepam, either
alone or in combination with MK-801, enhanced programmed
cell death within external germinal layer neurons. These data
demonstrate that, in vivo, cerebellar granule neurons un-
dergo a dramatic change in intracellular signaling in re-
sponse to molecules present in the local cellular milieu dur-
ing their first 24 h following exit from the cell cycle. © 2009
IBRO. Published by Elsevier Ltd. All rights reserved.
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Programmed cell death (PCD) is an evolutionarily con-
served process of cellular suicide (Yuan, 2006) which
plays a key role in normal development (Baehrecke, 2002),
and in acute and chronic neuronal loss following injury to
the mammalian central nervous system (CNS) (Mattson,
2000; Hara and Snyder, 2007). One well-recognized form
of neurodegenerative PCD within the adult CNS arises
following excessive activation of glutamate receptors, re-
sulting in elevated calcium influx and downstream caspase
activation (Nicholls and Ward, 2000; Mattson, 2003).
Blockade of N-methyl-p-aspartate (NMDA) receptors in
vivo using antagonists such as the non-competitive, open-
channel blocker MK-801, has been shown to confer neu-
roprotection from several forms of glutamate-related injury
(Mclintosh et al., 1989; Greensmith et al., 1994; Nicholls,
2004). In contrast, blockade of NMDA receptors during the
early postnatal period is associated with a developmental
vulnerability to neurodegeneration (lkonomidou et al.,
1999). This developmental window (postnatal days
(P)3—P7 in rodents) coincides with an enhanced period of
synaptogenesis and brain growth (Gottlieb et al., 1977;
Dobbing and Sands, 1979; Hahn et al., 1983). This effect
is of interest clinically, as drugs which inhibit NMDA recep-
tors such as ethanol, phencyclidine, and anesthetics like
ketamine and nitrous oxide, could potentially induce neu-
ronal damage if fetal exposure to a sufficient dosage oc-
curs during the critical developmental window (Bayer et al.,
1993; lkonomidou et al., 2000). Previous studies have
demonstrated that these agents affect several levels of the
developing CNS (Ikonomidou et al., 2000). Within the cer-
ebellum, short term in vitro inhibition of NMDA signaling
disrupts the migration of immature granule cells (Komuro
and Rakic, 1993); however, the mechanistic consequence
of sustained periods of NMDA receptor inactivation on the
developing cerebellum has not been well characterized in
Vivo.

The cerebellum is principally composed of five neuronal
subtypes: Purkinje and granule neurons, together with basket,
stellate and Golgi interneurons. Granule cells arising from pro-
genitors initially develop within the external germinal layer (EGL)
prior to birth (Goldowitz and Hamre, 1998; Middleton and Strick,
1998; Carletti and Rossi, 2008). Following their last mitotic divi-
sion, immature granule neurons migrate along Bergmann dlia,
through the Purkinje cell layer, to their final location within the
internal granule layer (IGL). Analysis of the EGL reveals that,
along with cell proliferation, a substantial amount of PCD occurs
during normal development in rodents and humans (Tanaka
and Marunouchi, 1998; Abraham et al., 2001). However, little is
known regarding the mechanism of these effects.
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Here we demonstrate that MK-801-induced death
within the neonatal EGL occurs via PCD; and caspase-3 is
both necessary and sufficient to regulate this process.
During normal development, a significant fraction of PCD
within the EGL (but not the IGL) requires caspase-3 activ-
ity; despite detectable activation of caspase-3 at both sites.
Analysis of coincident bromodeoxyuridine (BrdU)/terminal
deoxynucleotidyl transferase biotin-dUTP nick end labeling
(TUNEL) labeling following MK-801 treatment indicates
that a sizable fraction of granule cells undergoing PCD
within the EGL, do so proximal to their last mitotic division.
Finally, in vivo studies using scopolamine and diazepam
suggest that sub-threshold levels of neuronal responsive-
ness may initiate the process of PCD in immature granule
neurons of the EGL.

EXPERIMENTAL PROCEDURES
Animals and drug treatment

Seven-day-old Casp3~/~ mice were obtained from timed mating of
our caspase-3 stock (heterozygous/heterozygous and heterozygous/
homozygous intercrosses), and genotyped by PCR analysis as pre-
viously described (Woo et al., 1998). Mice were housed in a gnoto-
biotic facility at the Ontario Cancer Institute (Toronto, Canada). All
procedures were in accordance with the Canadian Council on Animal
Care (Guide to the Care and Use of Experimental Animals, Vol. 1,
2nd Ed., 1993) and the Animals for Research Act (Ontario, Canada,
revised 1990), and approved by the University of Toronto Faculty
Advisory Committee on Animal Services. All efforts were made to
minimize the number of animals used and their suffering. For the
studies described, Casp3~/~ mutants and littermate controls were
examined on both inbred (C57BL/6J) and outbred (CD1) back-
grounds. For the analyses shown, no significant differences in re-
sponse to MK-801 was observed between Casp3™'* and Casp3*/~
littermates on either inbred or outbred backgrounds. For initial MK-
801 studies in wild-type animals, 129Sv/IMJ strain mice were also
examined. P7 mice were injected s.c. with either saline or MK-801
[(+) MK-801, 5 mg/kg body weight, Research Biochemicals Interna-
tional (RBI), Natick, MA, USA] alone, scopolamine (0.3 mg/kg, RBI),
diazepam (10 mg/kg, RBI), or a combination of these drugs. S.c.
injections were given at {=0, 8, and 16 h with animals killed at t=24
h. Brains were removed and fixed in 4% paraformaldehyde in 0.1 M
PBS at 4 °C overnight, while tail samples were collected for geno-
typing. The cerebella were subsequently dissected, and either em-
bedded in paraffin, or processed for frozen sections (caspase-3
immunohistochemistry) at 15-30 um. Paraffin samples were cut at a
thickness of 7 um in serial sets at intervals of 150 um.

Electron microscopy (EM)

Cerebellar samples for EM were fixed in 2% glutaraldehyde, 2%
paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4), at
4 °C for 12 h. Samples were subsequently impregnated with 1%
osmium tetroxide, and 2% uranyl acetate in 0.1 M PBS for 1 h,
then dehydrated in a series of water/ethanol and ethanol/pro-
pylene oxide baths prior to embedding in Spurr resin. Seventy
nanometer ultrathin sections were then obtained and placed onto
formvar-coated grids for examination on a Phillips CM 100 elec-
tron microscope equipped with a Kodak QRS 1050 digital camera.

For EM blocks, thin (1 um) sections were also obtained and
stained with Toluene Blue for analysis by light microscopy in order
to aid in the positional orientation of EM photos.

Immunohistochemical analyses

Paraffin sections were de-waxed and TUNEL positive cells were iden-
tified using the TUNEL assay (FITC-TUNEL cell death assay kit, Roche
Biochemicals, Indianapolis, IN, USA), in accordance with the manufac-
turer’s instructions. For each set of tissue sections, one positive and two
negative control slides were processed with each batch to verify the
fidelity of TUNEL staining. Positive TUNEL controls consisted of sec-
tions taken from gamma-irradiated (2 Gy) E13.0 embryos (TUNEL-
positive cells: cortical neuro-epithelium). Negative controls consisted of
sections from non-irradiated E13.0 embryos and an irradiated embryo
slide in which terminal deoxynucleotidyl transferase (TdT) had been
eliminated from the TUNEL reaction mixture. For analysis of activated
caspase-3 (New England Biolabs (NEB), Ipswitch, MA, USA, 1:200),
tissues were cryoprotected in sucrose overnight at 4 °C then embedded
in OCT the next day. Samples were sectioned at 15 or 30 wm on a Leitz
model CM3050 cryostat. For peroxide-based immunohistochemistry of
tissue sections, endogenous peroxide activity was first quenched
through exposure to a freshly prepared solution of 3% H,O, in 100%
methanol for 30 min at room temperature (RT). Samples were then
blocked in 5% goat serum, 0.2% Tween-20in 0.1 M PBS (pH 7.4) for 1 h
prior to overnight incubation in primary antibody at 4 °C. Sections were
then washed three times 5 minutes and incubated in biotinylated sec-
ondary antibody (Vector Laboratories, Burlingame, CA, USA, 1:200) for
2 h at RT, followed by washing and incubation with streptavidin HRP
(Vector Laboratories) at 1:100 for 1 h at RT. Sections were then visual-
ized with 3,3-diaminobenzidine with nickel enhancement (DAB, Vector
Laboratories). For dual visualization of TUNEL and activated caspase-3,
microwave/citrate buffer antigen retrieval was first performed on dew-
axed serial paraffin sections. The sections were allowed to cool for 30
min in PBS, then blocked (as described above) for 1 h, and incubated
overnight at 4 °C in anti-activated caspase-3 (NEB, 1:100) antibody.
Sections were then washed three times 5 min and incubated in goat
anti-rabbit Alexa 546 (Molecular Probes, Carlsbad, CA, USA, 1:200) for
2 h at RT. After washing, sections were then visualized for immunoflu-
orescence. No significant difference was observed in the number of
neurons demonstrating immunoreactivity for activated caspase-3 on
paraffin sections in comparison to frozen sections. The sections were
then digested with 10 mg/mL proteinase K for 15 min, followed by
TUNEL as per the manufacturer's protocol. Note that proteinase K
digestion (required for TUNEL) prior to this point resulted in damage to
the epitope recognized by the antisera directed against activated
caspase-3. No significant difference in the number of TUNEL positive
cells was observed between sections which received antigen retrieval,
and those that did not.

BrdU labeling

A single injection of BrdU (100 mg/kg, Sigma Aldrich, Oakville,
ON, Canada) was given s.c. to P7 mice at =12 or t=22 or {=23
h following MK-801 injection (=0, 8, 16 h, mice killed at =24 h).
Sets of 7 um paraffin sections were then obtained through the
cerebellum in the sagittal plane at intervals of 150 um through the
central third of the cerebellum (distance covered: 1050 um to
either side of the cerebellar midline for each animal). For immu-
nohistochemistry, sections were de-waxed, and endogenous per-
oxidase activity quenched as described above. Samples were
incubated with 0.01% pepsin (Sigma Aldrich) in 0.01 N HCI for 15
min at 37 °C and denatured in 2 N HCI for 45 min. Sections were
then neutralized in a solution of 0.1 M sodium borate (pH 8.5).
After washing, slides were incubated in a solution of 5% goat
serum in PBS (GPBS) for 30 min at RT. This was followed by
incubation in a 1:30 dilution of mouse monoclonal anti-BrdU (Bec-
ton-Dickinson, Mississauga, ON, Canada, 347580) in GPBS over-
night at 4 °C in a humidified chamber. The following day, slides
were processed for DAB visualization as described above.
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Imaging analysis

Microscope images were captured by SimplePCI (version 5.3,
Compix Inc.) on a Nikon Eclipse E1000 fluorescent microscope
equipped with a Hamamatsu C4742-95 camera for fluorescence
microscopy and a Nikon DS-Fi1 color camera for brightfield anal-
ysis. Images were assembled and adjusted for brightness and
contrast using Photoshop 7.0 (Adobe Systems). For regional
TUNEL counts, numbers of TUNEL positive cells within an area
equivalent to 1 mm? were determined for each stereotactic section
obtained within the identified neural locus. For TUNEL counts of
the cerebellum, two separate regions (within cerebellar lobes VI
and VII) of 1 mm contiguous length were assessed for numbers of
TUNEL-positive cells throughout the full height of the EGL (P8
~150 um) for each stereotactic section. For IGL analyses, counts
were determined in two regions (independent cerebellar lobes)
representing a total area of 1 mm? for each stereotactic section.
Total TUNEL-positive counts were reported for each neural locus
as numbers of positive cells/mm?. Procedures to determine
counts of BrdU-positive cells within the cerebellar EGL and IGL
were as indicated above for TUNEL.

Statistical analysis

Data are expressed as mean=S.E.M. The Student’s t-test was
used for data in which only two groups were compared. Statistical
significance was determined at * P<<0.05 and ** P<0.01. Tests of
normality, distribution and variance homogeneity were performed
to ensure that the assumptions required for a standard parametric
analysis of variance (ANOVA) were satisfied. An ANOVA followed
by Fisher's PLSD post hoc test was performed to compare the
data from multiple groups; statistical significance was assessed at
* P<0.05. Statistical analysis was performed on the data obtained
using GraphPad Prism (version 3.0).

RESULTS

NMDA receptor blockade selectively enhances cell
death within the EGL of the murine cerebellum

MK-801 has previously been shown to induce CNS degen-
eration over a specific developmental window in rats
(Ikonomidou et al., 1999). Mice rather than rats were em-
ployed for our analysis of MK-801-mediated effects in the
CNS, due their greater potential for genetic uniformity, exten-
sive genetic mapping, and malleability with respect to genetic
recombination (Jackson and Abbott, 1999). To verify the level
and extent of MK-801-induced degeneration, inbred (C57BL/
6J) or outbred (CD1) mice were treated with 0.5 mg/kg MK-
801 at t=0, 8 and 16 h, and killed at {=24 h. Wild-type mice
were initially treated with MK-801 or saline vehicle at embry-
onic day (E) 18.5, or P3, 7, 10 or 14. The greatest extent of
MK-801-induced cell death within the murine CNS was ob-
served between P7-8 (Supplementary Fig. 1) in agreement
with previous reports in rat (lkonomidou et al., 1999), and this
period was employed for all further studies. MK-801 treat-
ment prior to E18.5, or following P14, did not result in a
significant elevation in cell death within the CNS compared
with controls for any of the murine lines tested (C57BL/6J,
129Sv/IMJ, CD1, data not shown). We then proceeded to
extend the previous analysis of MK-801-induced degenera-
tion in rodents (lkonomidou et al., 1999), by performing an
extensive examination of cell death within the cerebellum.
Counts of TUNEL-positive nuclei were determined from
serial sagittal sections of the medial vermal lobes (lobes VI

and VII) extending through the central third of the cerebellum
(spinocerebellum) for saline- (Fig. 1A) and MK-801- (Fig. 1B)
treated mice at P8 (section interval 150 um, N=9 and 12
animals per respective group). As shown in Fig. 1A, and
summarized in Fig. 1C, both the EGL, and the IGL exhibit
significant developmental PCD during this period. While
treatment with MK-801 dramatically exacerbated the level of
cell death within the cerebellum, this effect was cell type-
specific, principally affecting the EGL (Fig. 1B and 1C). In-
deed the highest densities of TUNEL-positive cells observed
within any region of the murine CNS following MK-801 treat-
ment were observed within the EGL of the cerebellum.

During the early postnatal period, the EGL consists en-
tirely of granule cell progenitors and pre-migratory granule
neurons proximal to the pial surface, and ventrally migrating
granule neurons (Carletti and Rossi, 2008). To understand
the nature by which cells of the EGL underwent cell death,
cerebella of MK-801 and saline-treated mice were examined
using EM and optical microscopy. As shown in Fig. 2, anal-
ysis of EM and thin sections from the EGL demonstrated that
treatment with MK-801 resulted in a substantial increase in
the presence of degenerating neurons which exhibited feat-
ures of chromatin compaction (Fig. 2D), nuclear condensa-
tion, and cellular blebbing (Fig. 2G, H); morphological fea-
tures consistent with the process of PCD. In combination with
the TUNEL results obtained, these findings suggest that the
neuronal degeneration observed within the EGL following
MK-801 treatment is the result of PCD.

To further define the nature of the cell death observed
within the EGL following MK-801 treatment, cerebellar fro-
zen sections were stained for activated caspase-3 (see
cerebellar overview, Fig. 3A). As shown in Fig. 3, mice
treated with saline typically exhibit low numbers of acti-
vated caspase-3 positive cells within the EGL (Fig. 3B, and
enlargement 3C). By contrast, treatment with MK-801 re-
sulted in a substantial increase in the numbers of cells
expressing activated caspase-3 within the EGL (Fig. 3D and
enlargement 3E; summarized in Fig. 3F). Interestingly, dou-
ble labeling with TUNEL and activated caspase-3 demon-
strated that a small number of TUNEL-positive cells within the
EGL were observed to be negative for activated caspase-3
irrespective of saline or MK-801 treatment (Fig. 3G and 3H,
respectively). However, the majority of TUNEL-positive cells
within the EGL demonstrated caspase-3 activation following
MK-801 treatment. Thus dying cells following MK-801 admin-
istration were observed to be TUNEL-positive, expressed
activated caspase-3, and showed morphologic changes in-
dicative of PCD. Taken together, these date indicate that
inhibition of NMDA receptor function within the EGL at P7-8
triggers the induction of PCD.

NMDA blockade induces PCD in granule
cell progenitors

To further characterize that population of EGL neurons
which undergo PCD following MK-801 treatment, P7-8
mice were treated with BrdU at various time points follow-
ing the initiation of MK-801 treatment. BrdU was utilized as
a marker of cell division due to its ability to incorporate
during the S (synthesis) phase of DNA replication over a
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Fig. 1. Examination of MK-801-induced PCD in the murine cerebellum at P8. Sagittal cerebellar cross-sections were examined by TUNEL to
determine the distribution of degenerating neurons within the cerebellum at P8. White dashed line (short) delineates the Purkinje cell layer of the
cerebellum. White dashed line (long) delineates the outermost border of the cerebellum. (A) Photomicrograph showing the intrinsic level of
TUNEL-positive cells within the murine cerebellum at P8 following saline treatment; (B) distribution of TUNEL-positive cells within the murine
cerebellum following MK-801 treatment; (C) cumulative plot of the average number of TUNEL-positive nuclei per mm? per animal within the murine
cerebellum as a function of their distribution within the EGL or IGL of the cerebellum following MK-801 (N=12) or saline treatment (N=9). Unpaired
t-test (** P<<0.01) demonstrated a significant difference between MK-801- and saline-treated animals within the EGL. Error bars are shown =S.E.M.

For photomicrographs (A) and (B), scale bar=200 pum.

defined temporal window. Animals were injected with a
single dose of BrdU at =12 h (N=5 animals/group) or
t=23 h (N=4 animals/group) following the initiation of MK-
801 treatment. As shown in Fig. 4, MK-801-treated mice
injected with BrdU as little as 1 h prior to sacrifice exhibited
a substantial reduction in BrdU-labeled cells compared
with saline-treated controls in the EGL (Fig. 4A and 4B
respectively). The pattern of BrdU labeling seen through
the medial third of the cerebellum (lobes VI and VII) fol-
lowing MK-801 treatment is shown in Fig. 4C and 4D. The
extent of BrdU labeling for saline and MK-801-treated mice is
summarized in Fig. 4E. These data demonstrate that treat-
ment with MK-801 results in a substantial reduction of cells
labeled with BrdU 60 min prior to sacrifice within the EGL;
indicating the loss of mitotically active granule cell progeni-
tors, pre-migratory granule neurons and a smaller number of
migrating granule neurons. A similar trend was observed in
mice labeled with BrdU 12 h (=12 h) prior to sacrifice (data
not shown). Consistent with the temporal BrdU labeling data,
doubly positive BrdU/TUNEL-labeled cells were most fre-
quently observed along the outer limit (active germinal zone)
of the EGL for both vehicle (Fig. 5A, and high magnification
view in 5C), and MK-801-treated mice (Fig. 5B, and high

magnification view in 5D). However, despite differences in
the relative magnitude of cell death within the EGL between
MK-801-treated mice and vehicle controls, a plot of the per-
cent distribution of TUNEL positive/BrdU negative, versus
double positive TUNEL/BrdU cells (Fig. 5E) demonstrates
similar distributions between the two groups.

Based upon both the increase in PCD between MK-
801 and saline treated mice (3.4-fold, Fig. 1C), and the
reduction in BrdU positive cells in MK-801 treated mice
compared with controls (2.5-fold, Fig. 4E), one would ex-
pect that if MK-801 treatment did not actually alter the
normal pathway of death, but simply increased its proba-
bility, that the percent distribution of TUNEL/BrdU positive
cells of MK-801 versus control values would be 1.4 (3.4/2.4).
While the experimentally observed ratio of 1.2 (Fig. 5E) is
close to the expected value, this difference may reflect a
slightly increased propensity of pre-migratory and migratory
granule cells versus granule cell progenitors, to undergo PCD
in MK-801-treated mice compared with vehicle-treated con-
trols. Focal treatment with MK-801 in P7-P8 mice did not
result in significant long-term morphologic or functional im-
pairments as determined at P28 (functional assays: beam
balance, T-bar crossing, rotorod performance at 45 rpm;
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Fig. 2. Morphology of degenerating neurons within the murine EGL following MK-801 treatment at P8. One micron thin sections from the murine EGL
were examined at P8 following (A) saline, or (B) MK-801 treatment. (C, D) Hoechst 33258-labeled nuclei from the murine EGL at P8 following (C)
saline, or (D) MK-801 treatment. Arrowheads (B, D) denote neurons with compacted nuclei. Examination of the EGL by EM following saline treatment
(E, F) demonstrates a predominance of morphologically normal cells; whereas treatment with MK-801 (G, H) resulted in the presence of interspersed
cells with nuclei in various stages of chromatin compaction and fragmentation (=24 h). Early stage chromatin margination/nuclear condensation (CM)
into a crescent-shaped electron-dense structure, chromatin compaction (CC), and cytoplasmic membrane blebbing (CB) is indicated in (G, H). Scale
bar=40 pum (A, B); 100 um (C, D); 5 um (E—H).
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Fig. 3. Caspase-3 activation within the murine cerebellum following MK-801 treatment at P8. The pattern of activated caspase-3 was examined at 24 h
following MK-801 or saline treatment. (A) Overview of murine cerebellar morphology at P8. Cross-section was stained with thionin to delineate layers. (B,
C) Pattern of activated caspase-3 immunoreactivity within cerebellar lobes following saline treatment: (B) lower magnification overview, (C) higher
magnification view. (D, E) Pattern of activated caspase-3 following MK-801 treatment. (D) Lower magnification overview, (E) higher magnification view. Scale
bar=400 um (B, D); 50 um (C, E). Region of the EGL in (B, D) is indicated by bracket. Position of the EGL, Purkinje cell layer (P), and IGL is indicated in
(C, E). (F) Cumulative plot of the average number of cells demonstrating activated caspase-3 immunoreactivity per mm? per animal within the murine
cerebellum as a function of their distribution the EGL or IGL following MK-801 (N=5) or saline treatment (N=>5). Unpaired t-test (** P<0.01) demonstrated
a significant difference between MK-801 and saline-treated animals within the EGL. (G, H) Co-visualization of TUNEL (green) and activated caspase-3 (red)
immunoreactivity within the cerebellum following saline (G), and MK-801 (H) treatment. Double-positive TUNEL/activated caspase-3 cells within the EGL are
indicated by stars. TUNEL-positive/activated caspase-3 negative cells are denoted by arrowheads. Scale bar=50 um.



1370 A. K. Kanungo et al. / Neuroscience 158 (2009) 1364-1377

E
%21
5 1200 -
Z
2 600 -
»
=
/M
0 A

saline MK-801

Fig. 4. BrdU labeling of EGL neurons. The pattern of BrdU labeling within the medial third of the cerebellum was examined at P8. (A, B) Typical pattern
of BrdU staining observed 1 h following injection of the label (=23 h) in mice treated with MK-801 or saline, respectively. BrdU-labeled cerebellar
cross-sections were counterstained with thionin to delineate the proportion of BrdU-positive cells versus BrdU-negative cells within the EGL of saline-
and MK-801-treated animals, respectively. Scale bars=200 um. (C, D) Higher magnification view of the pattern of BrdU staining following (C) saline
or (D) MK-801 treatment. Scale bars=100 um. For each group, sagittal cross-sections through the EGL (red bracketed area) are shown between
cerebellar lobes VI and VII. (E) Summary of BrdU-positive counts within the EGL of saline- and MK-801-treated mice (BrdU labeling performed 1 h
prior to sacrifice). For (E) counts represent the average of numbers obtained from an analysis of two areas of 1 mm? from each section taken every
150 wm throughout the central third of the cerebellum for the animals in each group (N=4 animals/group). Asterisk in (E) indicates statistical
significance between MK-801-treated mice and saline-treated counterparts (Student’s t-test, ** P<0.01); error bars are shown +=S.E.M.

morphologic analyses: cerebellar volume, synapsin, calbi-
ndin, parvalbumin staining; data not shown).

MK-801-induced PCD within the EGL is dependent
upon caspase-3

To better understand the mechanism by which MK-801-in-
duced PCD occurred within the cerebellum, we examined the
effect of MK-801 treatment in Casp3~/~ and wild-type litter-
mates. Casp3~/~ mice (which show a reduction in develop-
mental PCD within the embryonic forebrain) (Woo et al,,
1998), exhibited morphologically normal cerebellar develop-

ment, similar to wild-type controls (Fig. 6A and 6B, respec-
tively). As performed above, counts of TUNEL positive cells
were obtained from serial sections of the medial vermis lobes
(lobes VI and VII) through the central third of the cerebellum
(N=9 animals/group). While ablation of caspase-3 did not
significantly alter PCD within the IGL following MK-801 treat-
ment at P8, loss of caspase-3 activity (in Casp3~/~ mice)
dramatically reduced the levels of TUNEL positive cells within
the EGL compared with wild-type controls (Fig. 6C and 6D).
These data are summarized in Fig. 6E, and demonstrate that
caspase-3 activity is both necessary and sufficient for the
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Fig. 5. Double labeling of EGL neurons with BrdU and TUNEL. The pattern of BrdU and TUNEL co-labeling within the medial third of the cerebellum
was examined at P8. (A, B) Photomicrographs of concurrent TUNEL/BrdU in cerebellar cross-sections in (A) saline-, and (B) MK-801-treated animals.
High magnification view of concurrent TUNEL/BrdU in representative cross-sections in (A) saline-, and (B) MK-801-treated animals. For (A-D)
double-positive BrdU/TUNEL cells within the EGL in are indicated by arrowheads. TUNEL-positive/BrdU-negative cells are denoted by stars. Scale
bars=200 um (A, B); 50 um (C, D). (E) Percent distribution of TUNEL-positive/BrdU-negative versus BrdU/TUNEL double positive cells in saline- and
MK-801-treated animals. For (C) counts represent an average of the numbers obtained from analysis of two sections of 1 mm? on each 150 um interval
throughout the central third of the cerebellum for animals in each group (N=4 animals/group). Double asterisk in (E) indicates statistical significance
between MK-801-treated mice and saline-treated counterparts (Student’s t-test, ** P<<0.01); error bars are shown +S.E.M.

occurrence of MK-801-induced PCD within the EGL. Inter-
estingly, within the EGL loss of caspase-3 reduced the num-
bers of TUNEL-positive cells (in both the saline and MK-801
treatment conditions) to levels below that seen in saline-
treated Casp3™'* mice (Fig. 7E). Thus, in addition to prevent-
ing MK-801-mediated cell death, these data demonstrate that
at least a subpopulation (~40%) of cells within the neonatal
EGL requires caspase-3 to undergo developmental PCD. In
contrast, within the more mature granule neurons of the IGL,

loss of caspase-3 did not alter the pattern of developmental
PCD; suggesting that they are capable of undergoing a
caspase-3-independent form of PCD.

Inhibition of muscarinic receptors prevents MK-801
induced PCD within the EGL

The above results demonstrate that within a specific devel-
opmental window, MK-801 induced a marked increase in
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Fig. 6. MK-801-induced PCD within the EGL at P8 is dependent upon caspase-3. The pattern of MK-801-induced PCD was examined in Casp3~/~
mice and controls. (A, B) Photomicrographs of Casp3~/~ (A), and wild-type cerebella (B), at P8 exhibit similar morphology with respect to cerebellar
structure. (C, D) Photomicrographs of TUNEL-positive cells within the cerebellum of Casp3~/~ (C), and wild-type littermates (D) following MK-801
treatment. Long dashed line delineates cerebellar outer boundary, short dashed line identifies Purkinje layer of the cerebellum. (E) Plot of the average
number of TUNEL positive neurons per mm? (per animal) in each group within the EGL and IGL and IGLs of the cerebellum in Casp3*'* mice
treated with saline (N=9), Casp3*'*-treated mice treated with MK-801 (N=12), and Casp3~/~ mice treated with MK-801 (N=9). Error bars are
shown *=S.E.M. Asterisks denote significant difference (one-way ANOVA, ** P<0.01) between treatment group and cognate saline controls. For
photomicrographs (A-D), scale bar=400 um.

PCD within the EGL, which occurred via a requisite caspase- dependent PCD following NMDA-receptor inhibition. In order
3-dependent pathway. However these findings do not ad- to understand this mechanism, P7 animals were treated with
dress the upstream mechanisms which induce caspase-3- the muscarinic antagonist scopolamine, or the GABAergic
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Fig. 7. Effects of scopolamine and diazepam-treatment on MK-801-induced PCD. Photomicrographs show TUNEL-labeling in cerebellar
cross-sections from mice treated with (A) MK-801, (B) MK-801 plus scopolamine, (C) diazepam plus MK-801, (D) diazepam alone. Long dashed
line delineates cerebellar outer boundary, short dashed line indicates Purkinje layer of the cerebellum. (E) Plot of the average number of
TUNEL-positive cells per mm? for animals in each group within the EGL and IGL for the indicated drug combination. N=9 for saline, N=12 for
MK-801, N=8 for scopolamine+MK-801, diazepam+MK-801, and diazepam treatment groups. For each group, N refers to the number of
animals examined, each of which comprises data accumulated from a minimum of 14 sections (seven on either side of the midline) at intervals
of 150 um taken through the central third of the cerebellum at P8. Error bars are shown *=S.E.M. For photomicrographs (A-E), scale
bar=200 um. Statistical differences between groups were analyzed though one-way ANOVA; using pairwise multiple comparison procedures:
Tukey test; * P<0.05, ** P<0.01.
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agonist diazepam in the presence or absence of MK-801
(N=8 animals/group). As shown in Fig. 7, MK-801-induced
cell death (Fig. 7A) was suppressed by in vivo scopolamine
treatment (Fig. 7B), whereas treatment with diazepam signif-
icantly enhanced levels of MK-801-mediated cell death within
the EGL (Fig. 7C). Indeed, diazepam treatment alone was
found to significantly enhance PCD within the EGL of the P8
cerebellum (Fig. 7D). The level of PCD observed in mice
treated with diazepam alone (Fig. 7E) was observed to be
approximately 80% of that seen with MK-801. Stereotactic
counts obtained from the central third of the cerebellum fol-
lowing scopolamine and diazepam treatments are summa-
rized in Fig. 7E. These data demonstrate that MK-801-induced
cell death was exacerbated by treatment with GABAergic
agonists, and suppressed by scopolamine treatment. Similar
to the results seen in Casp3~/~ mice, treatment with diaze-
pam alone or concurrently with MK-801 did not significantly
alter levels of PCD within the IGL. However, a trend toward
greater numbers of TUNEL-positive cells within the IGL was
observed following scopolamine treatment, which was statis-
tically significant at the level of P<0.05.

DISCUSSION

In the present study, we have analyzed the effects of
exposing the neonatal murine CNS to the non-competitive
NMDA antagonist MK-801 for a period of 24 h. Neonatal
application of MK-801 has previously been shown to in-
duce cell death in rat (Ikonomidou et al., 1999). In mice,
maximal induction of MK-801-induced cell death was ob-
served from P7-8, application outside this window (P3,
P10) did not result in a significant elevation of cell death in
the CNS. We extended our analysis of MK-801-induced
effects to the metencephalon, a region not previously ex-
amined in rodents. Treatment with MK-801 led to substan-
tial cell death within EGL of the cerebellum. Dying cells in
this region exhibited both morphologic and functional
(TUNEL staining, caspase-3 activity) hallmarks of PCD.
The EGL constitutes a secondary germinal zone during
early postnatal development. By P8, cerebellar stem cells
have given rise to a layer consisting primarily of granule
cell progenitors, producing immature or pre-migratory
granule cells, which develop into migratory granule neu-
rons (Carletti and Rossi, 2008). Gradually, the EGL be-
comes depleted by 3—4 weeks postnatally, ultimately giv-
ing way to the mature molecular layer of the cerebellum.
Analysis of the P8 cerebellum demonstrates that a sub-
stantial population of TUNEL positive cells could be iden-
tified through BrdU labeling for =1 h prior to examination
(31%, largely representing granule cell progenitors based
upon their localization to the pial surface of the EGL).
Analysis of TUNEL and BrdU/TUNEL positive cells in MK-
801- and saline-treated animals in the EGL indicates that
MK-801 treatment does not substantially alter the popula-
tion of cells undergoing PCD; but instead increases the
probability of cell death. The lack of increased cell death
within the IGL upon MK-801 treatment suggests that it is
the granule cell progenitors and pre-migratory granule
cells, which are sensitive to NMDA-receptor blockade, and

that the post-migratory granule cells are far more resistant
to these effects. These findings are corroborated by a
recent study, which demonstrates that the sensitivity of
isolated immature granule neurons to MK-801 decreased
as a function of the number of days these neurons were
maintained in vitro (Klimaviciusa et al., 2008). Thus as the
granule cells mature, they undergo a fundamental change
in their response to NMDA receptor-mediated signaling.
Several factors may account for this change in sensitivity.
First, the influence of NMDA-mediated glutamate signaling
is significantly larger in immature granule cells of the EGL
than mature granule neurons of the IGL; owing to greater
AMPA channel activity in mature neurons (D’Angelo et al.,
1993). Thus, alterations in NMDA-mediated depolarization
have a proportionally larger influence on membrane poten-
tial in immature neurons of the EGL, than mature granule
neurons of the IGL. Second, mature granule neurons re-
ceive an array of synaptic inputs; in contrast to immature
granule cells. This effect may stabilize the influence of any
particular form of synaptic (such as NMDA-mediated) input
with respect to changes in the membrane potential. Finally,
changes in the subunit composition of NMDA receptors
from NR2B to NR2A and NR2C (Farrant et al., 1994;
Cathala et al., 2000), which occur during the migratory
transition between immature and mature granule cells,
may alter the sensitivity of these cells to undergo PCD in
response to changes in excitatory tonus.

A wide array of cellular signals have been shown to be
capable of inducing PCD (Adams, 2003). A major point of
convergence for these pathways lies at the level of execu-
tioner caspases (caspase-3, -6 and -7) (Slee et al., 2001;
Lakhani et al., 2006). Many forms of injury-induced neuro-
degeneration show redundant expression of executioner
caspases (Zheng et al., 2000; Houde et al., 2004). There-
fore, it is perhaps not surprising that for all forms of injury-
induced neurodegeneration thus far examined, caspase-3
ablation (at best) may slow the temporal rate of PCD
following injury; yet has minimal effects on altering the final
levels of surviving neurons (D’Mello et al., 2000; Keramaris
et al., 2000; Pompeiano et al., 2000; Selznick et al., 2000;
Vanderluit et al., 2000; D’Sa-Eipper et al., 2001; Zaidi et
al., 2001a,b; Le et al., 2002; D’Sa et al., 2003; Nowoslaw-
ski et al., 2005; Young et al., 2005; West et al., 2006). By
contrast, MK-801-induced PCD within the EGL is the first
neurodegenerative example which exhibits an absolute
requirement for caspase-3 activity.

Within the IGL, loss of caspase-3 activity showed no
effect on the extent of developmental PCD observed. This
is not due to an absence of caspase-3 expression, as
caspase-3 is observed within IGL neurons at this stage. In
contrast, a subpopulation of cells within the EGL requires
caspase-3 activation to undergo developmental PCD, in-
dicating that PCD signaling responses become modified in
cerebellar granule cells during maturation; similar to the
results obtained with MK-801. Despite their different induc-
tive mechanisms, it appears that it is the more embryonic
granule populations which are sensitive to the effects of
MK-801 exposure and caspase-3 ablation.
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The principal model of cell death following NMDA in-
hibition involves excitatory disinhibition (Morimoto et al.,
2004). In this model, blockade of NMDA receptors by
MK-801 in a given neuron, results in reduced activation of
downstream (post-synaptic) targets. If these post-synaptic
neurons are inhibitory in nature, then the net effect will be
a reduction in inhibitory input to tertiary neuronal targets. If
this reduction is of sufficient magnitude and duration, ex-
citotoxicity can result (Chittajallu et al., 2007). These tar-
gets typically represent non-NMDA excitatory neurons
such as cholinergic neurons. While this model sufficiently
explains the injurious effects of MK-801 in the adult CNS
(Giovannini et al., 1994), this is unlikely to be the operant
mechanism of MK-801-induced cell injury within the EGL.
The targets of MK-801 treatment within the EGL (granule cell
progenitors and pre-migratory granule cells) do not exhibit
meaningful integration into the cerebellar synaptic network
(Carletti and Rossi, 2008). Consistent with this, the more
mature granule population within the IGL exhibits reduced,
not enhanced, sensitivity to MK-801. Instead we propose that
the effects of MK-801 reflect the requirement of EGL neurons
for threshold levels of neuronal responsiveness.

While EGL neurons are incapable of producing an
action potential, these cells do exhibit an oscillatory Ca?*
current known to be required for cell migration, and whose
amplitude can be depressed by both transient (4 h) inhibi-
tion of Ca2* influx via NMDA receptors or by preventing
Ca?" release from intracellular stores (Komuro and Rakic,
1993, 1996). We hypothesized that a combination of volt-
age and ligand-gated ion channels may act to coopera-
tively regulate the survival of EGL neurons via their effects
on intracellular Ca®" levels. To examine the role of the
intrinsic oscillatory Ca®* current of EGL neurons in regulat-
ing PCD, we investigated the effects of the muscarinic an-
tagonist scopolamine, and the GABAergic agonist diazepam,
in the presence and absence of MK-801 in vivo. Scopolamine
treatment inhibited MK-801-induced PCD within the EGL.
Within developing granule neurons, scopolamine antago-
nizes the actions of muscarinic (G-protein coupled) receptors
primarily represented by the M2 and M3 class receptors
within EGL neurons during this period (Alonso et al., 1990;
McLeskey and Wojcik, 1992; Court et al., 1995; Yan et al,,
1995). The principal ion channels regulated by these recep-
tors are G-protein sensitive inwardly rectifying potassium
channels (GIRKSs), which play an important role in regulating
neuronal responsiveness through the regulation of potassium
efflux (Ehrengruber et al., 1997). The application of scopol-
amine, therefore, tends to counteract the effects of MK-801
and preserve the Ca®* current by blocking an important
source of cellular hyperpolarization. This leads to a subse-
quent increase in intracellular Ca®* via voltage-gated Ca®*
channels (Guatteo et al., 2004), thus counterbalancing the
inhibitory effects of MK-801 on Ca®" influx via NMDA chan-
nels. By contrast diazepam, which mimics the actions of
GABA, enhances the duration of chloride channel opening in
GABA receptors expressed on migrating granule neurons
(Zdilar et al., 1992); this in turn acts to hyperpolarize the cell
and prevent the rise of intracellular Ca®* mediated via volt-
age-gated Ca®* channels. Consistent with this, we observed

that diazepam treatment alone or in combination with MK-
801 treatment, dramatically enhanced PCD within the EGL.
These data suggest that sustained depression of neuronal
responsiveness below a given set point within EGL neurons
may induce the caspase-3-dependent PCD observed.

Unlike the EGL, MK-801 treatment alone, or in combina-
tion with diazepam did not affect levels of PCD within granule
neurons of the IGL. In contrast, ethanol administration during
the early postnatal period in rats has been reported to result
in a robust enhancement of PCD within both EGL and IGL
neurons of the cerebellum (Nowoslawski et al., 2005). The
differential effects of MK-801 versus ethanol in the cerebel-
lum are interesting given the ability of ethanol to simulta-
neously inhibit NMDA receptors (Peoples and Weight, 1995),
activate GABA, channels (Wick et al., 1998; Mihic, 1999),
and directly stimulate GIRKs through C-terminal binding
which bypasses their normal regulation by metabotropic re-
ceptors (Kobayashi et al., 1999; Lewohl et al., 1999; Blednov
etal., 2001). These combined actions of ethanol, each acting
to depress neuronal excitability, may in foto sufficiently over-
whelm the more robust set point system within mature gran-
ule neurons to initiate PCD. Taken together, the results sug-
gest that the neurodegenerative effects of neonatal ethanol
administration in granule neurons may be due to its influence
on inwardly rectifying potassium currents as much as it ef-
fects on NMDA or GABA currents. While the results demon-
strate that caspase-3 is both necessary and sufficient to regu-
late NMDA-activity-dependent PCD in granule cell progenitors in
vivo; it will be interesting to see what role this mechanism plays
in controlling ethanol-induced neurodegeneration.
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