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Mutant a-synuclein and aging reduce neurogenesis in
the acute 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

model of Parkinson’s disease

Jun Peng and Julie K. Andersen

Buck Institute for Age Research, 8001 Redwood Blvd., Novato,
CA 94945, USA

Summary

Neurogenesis, the production of new neurons from less
differentiated precursor cells, normally occurs in adult
brains in the subventricular zone (SVZ) of the lateral ven-
tricles and the subgranular zone of the hippocampal den-
tate gyrus. Neurogenesis declines with aging. In previous
studies, neurogenesis was stimulated by 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine hydrochloride (MPTP) in
young animals. In this study, we examined the effect of
acute MPTP administration and mutant a-synuclein A53T
on neurogenesis and migration of newborn neurons in
the aged (23-month) vs. young (2-month) rodent brain.
Cell proliferation and neurogenesis were assessed via
bromodeoxyuridine labeling and immunostaining for cell
type-specific markers. In the aged brain, neural precursor
cells in the rostral SVZ retained the capacity for prolifera-
tion and migration in response to MPTP-induced Parkin-
sonism, although the response is less robust than in
younger animals. Furthermore, in transgenic mice that
overexpress mutant a-synuclein (A53T), brains examined
day 21 after MPTP administration showed markedly
decreased olfactory bulb and substantia nigra neurogene-
sis. Our data suggest that in addition to aging effects
associated with decline in the number of newly generated
cells, mutant a-synuclein reduces MPTP-induced neuro-
genesis. This could provide a novel therapeutic target for
chronic brain repair in this condition.

Key words: Aging; Parkinson’s disease; proliferation;
progenitor; substantia nigra; a-synuclein.

Introduction

Parkinson'’s disease (PD) is a common age-related neurodegen-
erative disorder that is pathologically characterized by the selec-
tive loss of nigrostriatal dopaminergic neurons in the substantia
nigra pars compacta (SNpc) region of the ventral midbrain and
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the presence of ubiquinated protein deposits in residual neurons
(Lewy bodies) (Forno, 1996; Lang & Lozano, 1998; Dauer &
Przedborski, 2003). It affects approximately 1% of the popula-
tion by the age of 65 years, increasing to 4-5% of the popula-
tion by the age of 85 years (Forno, 1996; Lang & Lozano, 1998;
Dauer & Przedborski, 2003). Aging is the most prevalent risk fac-
tor for the disease.

a-Synuclein (PARK 1) protein is present at high levels in Lewy
bodies, intracytoplasmic inclusions that are characteristic of
both sporadic and inherited forms of PD (Spillantini et al.,
1997). Three point mutations in a-synuclein linked to autosomal
dominant early-onset PD have been described, A53T (Polymero-
poulos et al., 1997), A30P (Kruger et al., 1998), and E46K (Zar-
ranz etal, 2004). The clinical signs and symptoms are
heterogeneous but resemble sporadic PD with an average age
of onset in the late 50s and 60s but with a more benign progno-
sis and less dementia. Post-mortem studies suggest that tempo-
ral patterns of a-synuclein-containing Lewy body accumulation
within various brain regions track with disease progression and
could contribute to both motor and non-motor features of the
disorder (Braak et al.,, 2003). Recent gene-wide association
studies have identified common gene polymorphisms in the
a-synuclein gene as potential susceptibility factors for idiopathic
PD (Simon-Sanchez et al., 2009).

Neurogenesis occurs in select regions of the brain of adult
rodents including the rostral subventricular zone (SVZ2) of the lat-
eral ventricles (Luskin, 1993) and the subgranular zone (SGZ) of
the dentate gyrus (DG) (Kaplan & Hinds, 1977). Slow dividing
stem cells (type B cells) in the SVZ give first rise to transit amplify-
ing cells (type C cells), which generate fast dividing neuroblasts
(type A cells) that migrate tangentially within glial tubes along
the rostral migratory stream (RMS) to the olfactory bulb (OB),
where they radially migrate and differentiate into interneurons
of the granule cell layer (GCL) and glomerular layer (GL) (Luskin,
1993; Lois et al., 1996). Neurogenesis in the adult brain is found
to be increased after injury (Gould & Tanapat, 1997; Snyder
et al., 1997). Neurogenesis is increased in PD animal models
including following 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine hydrochloride (MPTP) (Kay & Blum, 2000; Mao et al., 2001,
Zhao et al., 2003; Peng et al., 2008) and 6-hydroxydopamine
(6-OHDA) administration (Fallon et al., 2000; Cooper & Isacson,
2004; Hoglinger et al., 2004; Mohapel et al., 2005; Van Kam-
pen & Eckman, 2006; de Chevigny et al., 2008). Whether the
aged brain can continue to respond to a destructive injury with
increased neurogenesis in PD is not clear.

In this study, we examined the effect of acute MPTP adminis-
tration and mutant a-synuclein A53T on neurogenesis and
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migration of newborn neurons in the aged vs. young rodent
brain. Cell proliferation and neurogenesis were assessed via
bromodeoxyuridine (BrdU) labeling and immunostaining for cell
type-specific markers. In the aged brain, neural precursor cells in
the rostral SVZ were found to retain the ability to proliferate and
migrate in response to MPTP-induced Parkinsonism, although
the response was found to be less robust than in younger ani-
mals. Furthermore, in transgenic mice that overexpress mutant
a-synuclein  (A53T), markedly decreased neurogenesis was
observed in the OB and substantia nigra following MPTP treat-
ment. Our data suggest that in addition to aging effects associ-
ated with decline in the number of newly generated cells,
mutant a-synuclein also reduces MPTP-induced neurogenesis.

Results

Neurogenesis is decreased in the rostral
subventricular zone of aged mice

Neurogenesis continues in the brains of adult mammals, produc-
ing cells that can proliferate and migrate into damaged brain
regions following MPTP lesions (Kay & Blum, 2000; Mao et al.,
2001; Zhao et al., 2003; Yamada et al., 2004; Peng et al.,
2008). To evaluate the neurogenic response to MPTP lesions in
the aged mouse brain, proliferating cells from mice following
MPTP administration were labeled with BrdU over a 5-day per-
iod, beginning on day 1 following the last MPTP injection. As
shown in Fig. 1, basal neurogenesis was decreased in the SVZ of
both aged wild-type and AS53T transgenics compared with
young adult mouse brains, consistent with previous findings in
pan-neuronally expressing lines (Winner et al., 2008). It should
be noted that in this previous study, animals were assessed at
middle age (15 months) whereas our studies have extended the
analyses out to older ages (23 months). As previously shown by
our laboratory, acute MPTP administration was found to stimu-
late neurogenesis in the SVZ of young wild-type mice (Peng
et al., 2008) and also in the A53T transgenics (Fig. 1). MPTP
lesions were found also to increase the incorporation of BrdU
into cells in the SVZ of aged wild-type and A53T transgenics,
although the magnitude of the increase was slightly less than
that in young adult mice. To quantify these changes, BrdU-
labeled nuclei were counted and found to be decreased by 37%
and 46% in the SVZ of aged wild-type and A53T transgenics
compared with young animals, respectively (Fig. 1).

Relationship between BrdU labeling and DCX
immunoreactivity

To investigate whether BrdU labeling following acute MPTP
challenge correlates with labeling of neuronal precursors in the
proliferation zone, we double-labeled brain sections with anti-
bodies against BrdU and the developmentally regulated marker
doublecortin (DCX), a microtubule-associated protein found in
the soma and processes of newborn and migrating neurons dur-
ing development (Gleeson et al., 1999) and in lesion-induced
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Fig. 1 Decreased neurogenesis in the subventricular zone (SVZ) of MPTP-
treated aged mice. (A) Immunocytochemistry demonstrates a decrease in
bromodeoxyuridine (BrdU)-positive cells in aged compared with young adult
brains. (B) Quantitation of BrdU-positive cells in the SVZ. Data are mean
values + SE, n = 4-5. #P < 0.01, significantly from saline young group;

*P < 0.05, significantly from saline aged group; and AP < 0.01, significantly
from matched young group.

adult neurogenesis (Magavi et al., 2000). Bromodeoxyuridine-
labeled cells co-expressed both DCX and proliferating cell
nuclear antigen (not shown) suggesting that they are nascent
neurons. Compared with saline controls, there were more BrdU-
labeled cells expressing DCX in the SVZ of both MPTP-injured
young adult and aged mouse brains vs. saline-treated controls
(Fig. 2). However, the number of the BrdU/DCX-positive cells
decreased with age in the SVZ of both wild-type and A53T trans-
genic mice, further consistent with an age-related decline in
neurogenesis.

Aged mice exhibit decreases in neurogenesis in the
striatum

Although pathological processes can enhance neurogenesis in
the adult brain, the fate of the newborn neurons that are
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Fig. 2 Relationship between bromodeoxyuridine (BrdU) incorporation and
doublecortin (DCX) expression in the subventricular zone (SVZ). (A)
Immunocytochemistry demonstrates a decrease in DCX (green)/BrdU (red)-
positive cells in aged compared with young adult brains. (B) Quantitation of
DCX/BrdU-positive cells in the SVZ. Data are mean values + SE, n = 4.

#P < 0.01, significantly from saline young group; *P < 0.05, significantly
from saline aged group; and AP < 0.01, significantly from matched young
group.

produced and their role in aged brain repair are not well under-
stood. MPTP-induced proliferation of neuronal precursors in the
SVZ can be followed by migration of newborn neurons into the
adjacent striatum (Peng et al.,, 2008). To determine whether
acute MPTP-induced neuronal proliferation is associated with
migration of nascent neurons from proliferation zones toward
the injury site in aged mice, we performed triple-labeling with
antibodies against BrdU, DCX, and two neuronal lineage mark-
ers: Bll-tubulin and the TOAD/Ulip/CRMP family protein 4
(TUC-4). Markers of new neurons including both Blll-tubulin and
TUC-4 were detected in cells that also expressed DCX. As shown
in Fig. 3, we found that BrdU/DCX-labeled cells were abundant
in the striatum of MPTP-treated mice suggesting that new neu-
rons either arose in or migrated to the striatum. In wild-type or
A53T transgenic young mice that underwent MPTP injury, this
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was evidenced by an increase in the number of BrdU/lll-tubu-
lin- and BrdU/TUC-4-positive cells in the stratum. However,
these positive cells were decreased in the striatum of aged
MPTP-treated mice (Fig. 3). Thus, aging was found to reduce
not only baseline but also MPTP-induced neurogenesis and
subsequent neuromigration.

Aging and mutant a-synuclein expression reduce
neurogenesis in the olfactory bulb and
substantia nigra

To determine the effect of aging and transgenic overexpression
of a-synuclein on neurogenesis in the OB and substantia nigra
(SN), we examined sections stained for BrdU (Fig. 4). Similar to
the SVZ, MPTP administration induced neurogenesis in the OB
and SN of both wild-type and A53T a-synuclein-expressing
transgenic mice. The aged mice had fewer BrdU-labeled cells in
both the glomerular layer of the OB and SN than in young mice.
Furthermore, the number of BrdU-positive cells in the glomerular
layer of the OB and SN was lower in A53T a-synuclein-expressing
transgenic mice than in controls. This is to our knowledge the
first study performed assessing the combined impact of aging
and familial genetic mutations on this parameter.

Labeling of newborn neurons with [*H] thymidine, BrdU, or
retroviral vectors has shown that neurogenesis occurs primarily
in two areas of adult mammalian brain, the SGZ of dentate
gyrus and the rostral SVZ, and that the RMS transports newborn
neurons from SVZ to the OB (Luskin, 1993; Lois et al., 1996). To
test further whether aging affects normal migration of newborn
neurons in the adult brain, we labeled brain sections with anti-
body against DCX. As found in previous studies (Luskin, 1993;
Lois et al., 1996), newborn cells of neuronal lineage identified
by immunoreactivity for DCX migrated from the SVZ via the
RMS, into the OB of young adult brain. However, the migration
of these cells was reduced in the aged brain, suggesting an age-
dependent defect in the migration of newborn cells into regions
of brain injury (Fig. 5).

Accumulation of mutant a-synuclein has been reported to
result in reduced neurogenesis and survival of neural precursor
cells in the OB (Winner et al., 2008; Marxreiter et al., 2009).
Therefore, to determine whether the decrease of neurogenesis
in the OB is attributed to increased levels of apoptosis, we ana-
lyzed cell death by counting caspase-3-positive cells in the glo-
merular layer of the OB. As shown in Fig. 5, we found a
significant increase in caspase-3-positive cells in A53T transgenic
mice compared with wild-type mice. Furthermore, the number
of caspase-3-positive cells in the glomerular layer of the OB was
higher in aged than in young animals.

Discussion

The potential role of variations in environmental exposures com-
bined with genetic susceptibility factors in PD remains elusive
especially in the context of aging, the single major risk factor for
the disease. As PD is likely to be a multifactorial disorder, the use
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Fig. 3 Decreased neurogenesis in the striatum of MPTP-treated aged mice. (A) Bromodeoxyuridine (BrdU) (red nucleus), Blli-tubulin (purple cytoplasm), and
doublecortin (DCX) (green cytoplasm) co-localized within a single cell in the striatum. Scale bar, 5 pm. (B) Quantitation of Blll-tubulin/BrdU-positive cells in the
striatum. (C) BrdU (red nucleus), TOAD/Ulip/CRMP family protein 4 (TUC-4) (purple cytoplasm), and DCX (green cytoplasm) co-localized within a single cell in the
striatum. Scale bar, 5 um. (D) Quantitation of TUC-4/BrdU-positive cells in the striatum. Data are mean values + SE, n = 4. #P < 0.01, significantly from saline
young group; *P < 0.05, significantly from saline aged group; and AP < 0.01, significantly from matched young group.

of in vivo models to explore the additive or synergistic effects of
combined risk factors especially in the context of aging are likely
to be of great importance in understanding neurogenesis. Our
study extends results from previous studies by demonstrating
that age-related reduction in a-synuclein-induced neurogenesis
is aggravated further by environmental factor, in this case MPTP
administration. In this study, we used transgenic mice in which
the expression of mutant human a-synuclein protein was
restricted to tyrosine hydroxylase-positive cells, allowing accu-
mulation of levels of human a-synuclein specifically in the OB
and SN (Matsuoka et al., 2001). This allowed us to examine the
impact of a-synuclein pathology specifically within these brain
regions on age-related neurogenesis. We examined the impact
at older ages than had been previously examined i.e. in old vs.
middle aged animals (23 vs. 15 months, Winner et al., 2008).
As others have previously shown, our data are consistent with
the notion that adult neurogenesis in the SVZ undergoes a sub-
stantial decline with advancing age. The numbers of newly gen-
erated cells were significantly decreased in aged mice and the
percentage of BrdU-labeled cells in the SVZ expressing a marker
of immature neuronal phenotype (DCX) were also decreased
with age. These findings are consistent with previous reports in
rats (Kuhn et al., 1996), mice (Kempermann et al., 1998), dogs
(Siwak-Tapp et al.,, 2007), macaque monkeys (Gould et al.,
1999), and humans (Eriksson et al.,, 1998), suggesting that
although neurogenesis continues throughout life, its rate

declines with advancing age. The reduction in neurogenesis with
age may be attributed to a decrease in neural precursor prolifer-
ation or a decrease in new neuron survival (Kuhn et al., 1996) or
both. However, the factors that control the decrease in adult
neurogenesis in the aged brain remain unknown. Changes in
any of several environmental cues may contribute to age-related
decline in adult neurogenesis. For example growth factors such
as fibroblast growth factor-2 (FGF-2), insulin-like growth factor-
1 (IGF-1), brain-derived neurotrophic factor (BDNF), heparin-
binding epidermal growth factor-like growth factor (HB-EGF),
and vascular endothelial growth factor (VEGF) decrease consid-
erably by middle age and have been linked to reduced produc-
tion of new cells in the SVZ and dentate gyrus with aging.
Furthermore, central administration of several of these neuro-
trophic factors stimulates neurogenesis in both the SVZ and den-
tate gyrus of aged animals (Jin et al., 2003; Hattiangady et al.,
2005; Shetty et al., 2005).

Whether injury-induced neurogenesis contributes by replacing
lost cells, secreting trophic factors or other means, its effective-
ness is likely to require migration of newly generated cells to the
vicinity of the injury. Similar to the SVZ, fewer newborn cells
entered the MPTP-damaged striatum, OB, and SN in aged vs.
young adult mice, which would predict less effective self-repair
in the aged brain. The significance of injury-induced neurogene-
sis in the adult brain is uncertain. The outcome from ischemia
appears to be worse when neurogenesis is inhibited by
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Fig. 4 Decreased neurogenesis in the olfactory bulb (OB) and the substantia
nigra of A53T and aged mice. Quantitation of bromodeoxyuridine-positive
profiles in the OB (A) and the substantia nigra (B). Data are mean values + SE,
n = 4. #P < 0.01, significantly from saline young group; *P < 0.05,
significantly from saline aged group; AP < 0.01, significantly from matched
young group; and @P < 0.05, significantly from matched control group.

cytosine-B-p-arabinofuranoside (Ara-C) (Arvidsson et al., 2002),
x-irradiation (Raber et al., 2004), or ablation of neuronal precur-
sors (Jin et al., 2010), suggesting that ischemia-induced neuro-
genesis helps mitigate histological and neurobehavioral deficits
in the early aftermath of experimental stroke. In addition, the
upregulating effects of environmental enrichment on adult hip-
pocampal neurogenesis are paralleled by an improvement on a
hippocampal learning task (Kempermann et al., 1997).
Accumulation of human wild-type or mutant (A53T, A30P)
a-synuclein in the CNS of transgenic mice has been reported to
result in reduced neurogenesis and survival of neural precursor
cells in the SGZ and OB (Winner et al., 2004, 2008; Marxreiter
et al., 2009). There also appears to be a significant (40-50%)
decrease in the number of surviving BrdU-positive neural precur-
sor cells in the SGZ of the dentate gyrus in these mice. This was
reported to be accompanied by a reduction in the numbers of
DCX-positive neuroblasts that was more severe in the mutant
(A53T) vs. wild-type a-synuclein expressing mice (Crews et al.,
2008). A recent study has demonstrated that a-synuclein may
impair neurogenesis via decreased Notch-1, NICD, and Hes-5
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Fig. 5 Aging decreases cell migration in the rostral migratory stream (RMS)
and increases cell death in the olfactory bulb (OB). (A) Immunohistochemical
expression of doublecortin (brown) in sagittal sections through RMS of
2-month- and 23-month-old mouse brain. Scale bar, 50 pm. (B) Quantitation
of caspase-3-positive profiles in the OB. Data are mean values + SE, n = 4.
#P < 0.05, significantly from matched control young group; *P < 0.05,
significantly from marched A53T young group; and AP < 0.05, significantly
from matched control group.

expression (Crews et al., 2008). Notch-1 is implicated in not only
the survival of neural precursor cells but also in neuronal and
glial differentiation (Oishi et al., 2004; Louvi & Artavanis-Tsako-
nas, 2006). In this current study, the decrease of neurogenesis in
the OB of the A53T transgenics vs. wild-type controls was found
to be accompanied by increased levels of apoptosis as assessed
by significant increases in caspase-3-positive cells. Furthermore,
the number of caspase-3-positive cells in the glomerular layer of
the OB was found to be higher in aged vs. young mice. These
data suggest that the negative effects of mutant a-synuclein on
neurogenesis are as a consequence of increases in the apoptotic
cell death of nascent neurons.

The possibility that cell replacement therapy might be
exploited to improve outcome in neurodegenerative diseases
such as PD is of great current interest. As the disease tends
to occur with advancing age and since aging also affects cell
proliferation and related events required for cell replacement,
it is very important to consider age as a factor in preclinical
studies. Here we report that MPTP-induced neurogenesis pre-
viously seen in young animals persists in aged animals as
well, although its magnitude is diminished. The observation
that the aged brain continues to respond to pathological as
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well as physiological stimuli by stepping up the production
of newborn cells is encouraging, in so far that it is consis-
tent with the prospect of stimulating neurogenesis further
for therapeutic purposes.

Experimental procedures

MPTP administration

Generation of vector and human mutant a-synuclein A53T
transgenic mice has been described elsewhere (Matsuoka et al.,
2001). Mice aged 2 and 23 months of age were intraperitone-
ally injected with saline, 20 mg kg™' MPTP (free base; Sigma, St
Louis, MO, USA) (2 months of age), or 9 mgkg™" MPTP
(23 months of age) every 2 h for four doses. Mice used as
controls received an equivalent volume of saline. Experimental
protocols were in accordance with the National Institutes of
Health Guidelines for Use of Live Animals and were approved by
the Animal Care and Use Committee at the Buck Institute. All
possible efforts were made to minimize the number of animals
used and their suffering.

BrdU labeling and counting

Bromodeoxyuridine (50 mg kg~'; Sigma) dissolved in saline was
given intraperitoneally twice daily, at 8-h intervals, on consecu-
tive days (days 1-5 after MPTP or saline administration). Mice
were sacrificed on day 21 after MPTP or saline administration.
Brains were removed after perfusion with saline and 4% para-
formaldehyde in phosphate buffered saline (PBS). Adjacent
50-pm sections were cut with a cryostat and stored at —80°C.
The sections were pretreated with 50% formamide, 280 mm
NaCl, and 30 mm sodium citrate at 65°C for 2 h, incubated in
2 m HCl at 37°C for 30 min, and rinsed in 0.1 m boric acid, pH
8.5, at room temperature for 10 min. The sections were
incubated in 1% H,0, in PBS for 15 min, in blocking solution
(2% goat serum, 0.3% Triton X-100, and 0.1% bovine serum
albumin in PBS) for 2 h at room temperature, and with
2 ug mL™" of mouse monoclonal anti-BrdU antibody (Roche,
Indianapolis, IN, USA) at 4°C overnight. The sections were
washed with PBS, incubated with biotinylated goat anti-mouse
secondary antibody (1:200; Vector, Burlingame, CA, USA) for
2 hat 25°C, washed, and placed in avidin-peroxidase conjugate
(Vector) solution for 1 h. The horseradish peroxidase reaction
was detected with 0.05% diaminobenzidine (DAB) and 0.03%
H,0,. Processing was stopped with H,O, and the sections were
dehydrated through graded alcohols, cleared in xylene, and
coverslipped in permanent mounting medium (Vector). Bromo-
deoxyuridine-positive cells in the SVZ, OB, and substantia nigra
were counted blindly in five DAB-stained, 50-um coronal
sections per mouse, spaced 200 um apart. The cells were
counted under high-power (200 x) on a Nikon E300 microscope
with a Magnifire digital camera and the image was displayed on
a computer monitor. Results were expressed as the average
number of BrdU-positive cells per section.

Fluorescence immunohistochemistry

The sections were fixed with 4% paraformaldehyde in PBS for
1 h at room temperature, washed twice with PBS, and incu-
bated in 2 m HCl at 37°C for 1 h. After washing again, the sec-
tions were incubated with blocking solution, then with primary
antibodies at 4°C overnight, and with secondary antibodies in
blocking solution at room temperature for 2 h. Primary antibod-
ies used included mouse monoclonal anti-BrdU (2 ug mL™";
Roche), sheep polyclonal anti-BrdU (25 ug mL™"; Biodesign,
Saco, ME, USA), affinity-purified goat polyclonal anti-doublecor-
tin (DCX) (1:200; Santa Cruz Biotechnology, Santa Cruz, CA.
USA), rabbit polyclonal anti-TUC-4 (1:1000; Chemicon, Temecula,
CA, USA ), mouse monoclonal anti-Blll-tubulin (1:400; Caltag
Laboratories, Burlingame, CA, USA), and rabbit polyclonal anti-
cleaved caspase-3 (1:100; Cell Signaling Technology, Danvers,
MA, USA). Secondary antibodies included Alexa Fluro 488- or
594-conjugated donkey anti-sheep, anti-mouse, anti-goat, or
anti-rabbit IgG (1:200; Molecular Probes, Carlsbad, CA, USA).
Fluorescence signals were detected with an LSM 510 NLO Con-
focal Scanning System mounted on an Axiovert 200 inverted
microscope (Carl Zeiss Ltd., Thornwood, NY, USA) equipped
with a two-photon Chameleon laser (Coherent Inc., Santa Clara,
CA, USA). Three-color images were scanned using Argon and
543 HeNe lasers. imaris (Bitplane AG, Saint Paul, MN, USA) imag-
ing software was used for three-dimensional image reconstruc-
tion. Images were acquired using tsm 510 Imaging Software
(Carl Zeiss Ltd) as described previously (Peng et al., 2007).
Bromodeoxyuridine single-labeled cells, and cells double labeled
for BrdU and specific markers, were counted in three 50-um
coronal sections per mouse, spaced 200 um apart. Controls
included omitting or preabsorbing primary or omitting second-
ary antibodies.

Statistical analysis

All data are expressed as mean = SE for the number (n) of mice
per group. Differences among the means for all experiments
described were analyzed using two-way aAnova with time or
treatment as the independent factor. Newman—-Keuls post hoc
test was employed when differences were observed using analy-
sis of variance testing (P < 0.05).
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