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Abstract

Natural cell death by apoptosis was studied in two neuronal populations of BALB/c, C57BL/6 and B6CBA-AY/A
hybrid stock mice: (I) dopaminergic (DA) neurons in choosing coronal levels throughout the anteroposterior extent
of the substantia nigra pars compacta (SNc), and (Il) Purkinje cells (PCs) in each vermal lobe of the cerebellar cor-
tex. Mice were collected at postnatal day (P) 2 and P14 for the midbrain study, and at P4 and P7 for the analysis of
the cerebellum. No DA cells with morphologic criteria for apoptosis were found. Moreover, when the combination
of tyrosine hydroxylase and TUNEL or tyrosine hydroxylase and active caspase-3 immunohistochemistry were per-
formed in the same tissue section, no DA cells TUNEL positives or active caspase-3-stained DA neurons were seen.
On the other hand, when PCs were considered, data analysis revealed that more dying PCs were observed at P4
than at P7. Values of neuron death were highest in the central lobe; this was followed by the posterior and anterior
lobes and then by the inferior lobe. To determine if apoptotic death of PCs is linked to their time-of-origin profiles,
pregnant dams were administered with [?H]TdR on embryonic days 11-12, 12-13, 13-14 and 14-15. When TUNEL and
[PH]TdR autoradiography or active caspase-3 immunohistochemistry and [PH]TdR autoradiography were combined
in the same tissue section, results reveal that the naturally occurring PC death is not related to its time of origin but,
rather, is random across age.

Key words: postnatal, dopamine, substantia nigra pars compacta, cerebellar cortex, Purkinje cells, neurogenetic
timetables, apoptosis.

Introduction critical processes including the withdrawal of aber-

An important principle of neural development is
that cell populations are generated in higher num-
bers during embryogenesis and undergo a natural
cell death that determines their final counts in adults
[7,39]. When neurons die following a stereotyped
series of molecular and cellular events, it is termed
apoptosis [11,18]. Apoptosis serves for a joint of

rant axon projection, the elimination of ectopic
neurons and the refinement of neural circuits [10].
It has been proposed that excess of neuronal ele-
ments is regulated by competition among members
of the neuronal population for the trophic support
that they receive from their postsynaptic targets and
from afferent projections [3,23,40].
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Dopaminergic (DA) neurons of the midbrain are
involved in several neurologic and psychiatric dis-
eases including schizophrenia, addictive behaviors
and satiety disorders [8,42]. They are especially
vulnerable to degeneration in human dopamine
deficiency diseases [44]. It has been proposed that
an inappropriate amplification of basal physiologi-
cal cell death in nigrostriatal DA neurons may have
an impact on later susceptibility to disorders such as
Parkinson’s disease [34].

The natural occurring neuron death in the sub-
stantia nigra pars compacta (SNc) has been reported
in rats [6]. The time course of this phenomenon is
largely postnatal, with important roles for glial cell
line-derived neurotrophic factor and brain-derived
neurotrophic factor [20,37,38]. In the striatum, the
principal input component of the basal ganglia,
apoptotic dying cells occur within the first month of
postnatal development [32].

In mice, on the other hand, natural death of SNc
DA neurons has been studied with contradictory
results. This is because several authors observed
evidence of neuroapoptosis during the early postna-
tal development of this motor nucleus [14], whereas
Lieb et al. [22] and Blum [5] did not find any DA neu-
rons with signs of apoptosis. To address this issue,
we examined histologically, at P2 and P14, series
of BALB/c, C57BL/6 and B6CBA-A"J/A hybrid stock
brains for signs of apoptosis in midbrain DA cells
at several anatomical levels throughout the antero-
posterior axis of the SNc. In the present study, we
used the TUNEL method in conjunction with mor-
phological analysis at the light microscopic level, and
immunohistochemistry for active caspase-3, aiming
to determine and quantify apoptotic neuron death
in the SNc during normal development.

In the cerebellar cortex, on the other hand, PCs
are also involved in processes of apoptosis [17,26].
Two time windows have been reported: in the first
of these, apoptotic figures have been found at E15
[2]. In the second, dying PCs are seen from birth until
P10 [16,19,25]. Thus, whereas the timing and extent
of dying PCs have been addressed [16], to our knowl-
edge, no attempts have been made to determine
whether physiological PC death is related to its time
of origin. We know from previous autoradiographic
studies that, in mice, cerebellar PCs are generated
according to precise neurogenetic timetables [27,29].
Consequently, terminal deoxynucleotidy! transferase-
mediated dUTP nick end-labeling method (TUNEL)
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and [3H]TdR autoradiography, and active caspase-3
immunohistochemistry and [*H]TdR autoradiogra-
phy were combined in the same tissue section to
determine, at P4 and P7, if apoptotic PCs death in the
region of the vermis is linked to their time of origin.

Material and methods

Animal preparation and experimental
design

BALB/c and C57BL/6 mice were provided by
Autonomous University of Barcelona animalarius.
B6CBA-AY¥/A hybrid stock mice were obtained from
the mouse colony at Indiana University School of
Medicine. The experimental animals were the off-
spring of pregnant dams injected subcutaneously
between 8:00 a.m. and 9:00 a.m. on two consecu-
tive days with [H]TdR (5 pCi/g of body weight, New
England Nuclear, no. NET-027) according to the fol-
lowingtime-window: embryonicday (E)11-12,E12-13,
E13-14 and E14-15. For staging of animals, E1 was the
day after mating. The day of birth was defined as
PO. Seven animals were used for each experimental
group and data time point. Standard laboratory con-
ditions (food and water ad lib, 22 + 2°C, 12 h light:
dark cycle starting at 08:00) were used and all the
experiments were performed in accordance with the
Ethical Committee of our University.

Following anesthesia with sodium pentobarbital
(50 mg/kg of body weight, i.p.), pups were perfused
intracardially with 10% neutral buffered formalin.
Tissue processing was developed as regular pro-
cedures from our laboratory. The blocks containing
the midbrain and the cerebellum were sectioned at
10 um in coronal and sagittal planes, respectively.
Only one of every fifth section was placed on micro-
scopic slides previously coated with poly-(L-lysine).

Immunocytochemistry for tyrosine
hydroxylase and TUNEL, and tyrosine
hydroxylase and active caspase-3

Sections were immunostained for tyrosine hydro-
xylase. They were deparaffinized and rehydrated
through a graded series of ethanol and distilled
water, as in routine processing. After this, sections
were washed twice for 15 min in PBS, soaked in
a solution containing absolute methanol plus 3%
H,0, for 20 min. Sections were then washed in PBS,
blocked for 30 min with 10% normal goat serum in
PBS, followed by washes with 0.5% Triton X-100/PBS
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and finally PBS. Afterwards, sections were incubated
with a monoclonal mouse anti-tyrosine hydroxylase
(1 : 1000, Sigma, St Louis, MO, USA) for 90 min at
room temperature. After rinsing with PBS during
15 min, sections were incubated for 1h at room tem-
perature with the secondary antibody (Sigma bioti-
nylated anti mouse IgG diluted 1 : 300 in PBS) and
extravidin-peroxidase (Sigma). Immunoreactive sites
were detected by submerging the slides in 0.05%
diaminobenzidine tetrahydrochloride (DAB) plus 3%
H,0, in TBS 0.05 M (pH 7.6) supplemented with 2 ml
of CoCl, (1%) for 5 min. With this color modification
of DAB, we yield a distinct dark-blue color that is
easily distinguished from brown DAB [13].

After immunocytochemical evaluation, the slides
were processed for TUNEL for visualizing the 3’-OH
ends of DNA fragments in apoptotic cells or for
active caspase-3. For TUNEL, sections were incubat-
ed with 20 pg/ml of proteinase K during 20 min at
room temperature. They were then soaked in the
TdT buffer (30 mM Tris-HCl, pH 7.2, 140 mM sodium
cacodylate, 1 mM CaCl,) for 15 min and then incubat-
ed at 37°C for 75 min with the TdT buffer containing
0.3 eu/pl terminal deoxynucleotidyl transferase and
0.04 nmol/ul biotin-16-deoxyuridine triphosphate.
The reaction was stopped by soaking the sections
in Tris buffer. The biotinylated dUTP molecules incor-
porated into nuclear DNA were visualized by incuba-
tion with horseradish peroxidase-conjugated strep-
tavidin (Dako, Glostrup, Denmark) diluted 1 : 100
at 37°C for 30 min. After further rinsing of the sec-
tions in PBS, the peroxidase coloring reaction was
performed by immersing the sections for 5 min in
0.05 M Tris-HCl buffer, pH 7.4, containing 30 mg/dl
DAB, 65 mg/dl sodium azide, 10 mM imidazole, and
0.005% H,0,, yielding the characteristic brown color.
Sections were counterstained with hematoxylin. For
positive control of TUNEL labeling, histological sec-
tions were incubated with DNase (5 pg/ml) at 37°C
during 10 min to induce DNA strand breaks. For neg-
ative control, terminal deoxynucleotidyl transferase
was replaced with distilled water.

To immunostain active caspase-3, after TH immu-
nohistochemistry, sections were processed for micro-
wave-mediated antigen retrieval, in 0.01M citrate buf-
fer (pH 6). Sections were heated at 750 W for 5 min.
They were then cooled for 20 min at room tempera-
ture. Nonspecific binding was blocked for 30 min
with 10% normal goat serum in PBS containing 0.5%
Triton X-100. Afterwards, sections were incubated
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in primary antibody to active caspase-3 (polyclonal
rabbit anti-active caspase-3, 1: 100; Chemicon Inter-
national) diluted in PBS and incubated for 75 min at
room temperature. This was followed by rinses with
PBS during 15 min. Sections were then incubated for
1h at room temperature with the secondary antibody
(Sigma biotinylated anti rabbit IgG diluted 1 : 500 in
PBS) and extravidin-peroxidase (Sigma). Slices were
treated with 0.05% DAB plus 3% H,O, in TBS 0.05 M
(pH 7.6) for 5 min.

Sections were counterstained with hematoxylin,
dehydrated and cover-slipped. The specificity of the
antibodies was tested by omission of the primary
antibodies.

TUNEL, active caspase-3
immunohistochemistry
and [3H]TdR autoradiography

When TUNEL or active caspase-3 immunohisto-
chemistry had been completed (see previous sec-
tion), the slides were processed for autoradiography
following a previously described method [28]. This
consisted of coating the slides with liquid photo-
graphic emulsion (undiluted Kodak NTB3) in a dark-
room illustrated by Kodak Series 2 dark-red safe-
lights, drying them in a humidified atmosphere, and
storing them in light-tight boxes in the refrigerator
for an exposure period of 12 weeks. The slides were
developed in Kodak D-19, and were then post-stained
with hematoxylin, dehydrated, and cover-slipped
with Permount. Labeled PCs could be identified by
the cluster of reduced silver grains (black granules)
over their nuclei. Neurons with ten grains or more
per nucleus were considered labeled.

Quantitative analyses

All of the histological quantifications were per-
formed blindly. Two neuronal populations were stud-
ied: the SNc DA neurons and the vermal PCs. DA cells
were separately analyzed in plates 46, 50, 54 and 60
along the anteroposterior axis of the SNc [30,31,43].
PCs were studied in each cerebellar cortex lobe
(anterior, central, posterior and inferior) at the level
of the vermis. Their names and boundaries are those
assigned by Altman and Bayer [1].

For quantification, a DA neuron was considered
as apoptotic only if it fulfilled the morphologic crite-
ria for apoptosis (characteristic basophilic, rounded
and intranuclear chromatin clumps) reported previ-
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ously [15,36]. On the other hand, to be considered as
an apoptotic PC, the structure observed had to ful-
fill the following criteria: (a) one or more fragments
of highly condensed chromatin (within or reminis-
cent of a pyknotic nucleus) and distinct from the PC
nucleolus, and (b) position within the PC layer [16].

Frequency of [3H]TdR-labeled PCs was calculat-
ed as a percentage by dividing the number of neu-
rons labeled by the total number of neurons scored.
To infer PCs neurogenetic timetables, a modification
of the progressively delayed comprehensive label-
ing procedure was used [4]. The rationale of this
method is based on the fact that 3H-TdR will only
be incorporated by those neuroblasts engaged in the
DNA synthesis during isotope supply. Whether the
onset of the injections with the radioactive agent is
progressively delayed by 24 hours, the percentage
of labeled cells decreases reflecting the production
of neurons from their precursor cells. Thus, the pro-
portion of PCs originating between two injection
series is equal to the daily decline in the percentage
of labeled neurons.

Statistical treatment

Two-way ANOVAs with “age” and “strain” as the
main between-subject factors were used to analyze
the number of dying cells as well as the propor-
tion of labeled neurons. When appropriate, further
decomposition of the interaction was performed. Lev-
ene’s test was used to test homogeneity of varianc-
es. When necessary, data were log transformed to
achieve homogeneity of variances. If only two means
were available, Student’s t-test or Mann-Whitney
U test were utilized. A p value less than 0.05 was
considered statistically significant.

Photographic material

Photographic material presented in this report
was digitally captured by a CCD-IRIS color video cam-
era (Sony, Japan) coupled to the microscope. The dig-
itized images were processed with the Adobe Photo-
shop software.

Results

Neuroapoptosis in the midbrain

The gross overall morphology of the SNc appeared
similar in BALB/c, C57BL/6 and B6CBA-A"I/A hybrid
stock mice. In order to perform a detailed analysis of
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Fig. 1. High-magnification of a TH-immunostain-
ed section through the substantia nigra pars
compacta of a B6CBA-A"I/A hybrid stock mouse
sacrificed at P14. Scale bar: 50 um.

physiological cell death, light microscopic observa-
tions of the midbrain were made through the antero-
posterior axis of the SNc. After a meticulous study
based on an extensive collection of sections, no DA
cells with morphologic criteria for apoptosis were
seen. When the combination of tyrosine hydroxy-
lase and TUNEL or tyrosine hydroxylase and active
caspase-3 immunohistochemistry were performed
in the same tissue section, no DA cells TUNEL pos-
itives or active caspase-3-stained DA neurons were
observed in any level of the studied midbrain. This
has been taken into account in all of the examined
mice. Figure 1 shows examples of tyrosine hydroxy-
lase-stained neurons in the SNc from B6CBA-AY/A
hybrid stock mice.

Purkinje cell death in the cerebellar
cortex

The cerebellum showed the characteristic pat-
tern of fissures and foliar crowns. Cardinal fissures
determining the limits among the four lobes of the
cerebellar cortex were present and distinguishable.
This occurred in all of the studied mice. Apoptot-
ic PCs were confirmed by DNA fragmentation, the
TUNEL method or active caspase-3. TUNEL positive
macroneurons in the developing cerebellum were
selectively labeled among numerous hematoxy-
lin-stained PCs. Dying PCs were distributed through-
out the cerebellar cortex lobes at both ages exam-
ined. As a secondary marker of apoptosis, selected
cerebellar cortex sections were tested for immunore-
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Table I. Number of TUNEL positives Purkinje cells per section in each lobe of the cerebellar cortex

Age Strain LA LC LP LI

P4 BALB/c 6.1+0.9% 123 +1.4* 6.5+0.7 3.8+0.8"
p7 BALB/c 31+0.8" 49+09* 22+0.6" 1.5+0.9*
P4 C57BL/6 6.4 +0.9* 11.2 +1.5% 7.4 +0.8" 34+05"
p7 C57BL/6 2.7+0.7* 45+0.9% 2.6 +0.9* 13+£0.6*
P4 B6CBA-AI/A hybrid stock 7.2+0.8* 11.7 £1.3* 7.0+0.8* 4.1+0.5%
p7 B6CBA-AI/A hybrid stock 34+0.7* 59+ 11* 23+0.7* 1.4 +0.5%

Means + S.EM (n = 7) per section are indicated
*Student’s t-test or Mann-Whitney U test, p < 0.05 vs. P4

P —postnatal day, LA — anterior lobe, LC — central lobe, LP — posterior lobe, LI — inferior lobe

Table II. Number of active caspase-3-immunoreactive Purkinje cells per section in each lobe of the cerebel-

lar cortex

Age Strain LA LC LP LI

P4 BALB/c 2.4 +04" 51+0.7* 3.4+0.5* 3.4+0.5%
p7 BALB/c 1.6 +0.5* 23+0.4" 1.5+03* 1.7+ 0.4
P4 C57BL/6 2.6+04" 4.7 +0.5* 3.7+04" 32+0.9*
p7 C57BL/6 1.3+0.2* 2.4 +04" 1.6 +0.3* 1.6 £ 0.5%
P4 B6CBA-A"I/A hybrid stock 2.2 +0.5% 4.5+ 0.5* 3.5+04* 3.5+0.5%
p7 B6CBA-A"I/A hybrid stock 1.3+0.5% 2.5+0.5% 1.6 £0.2* 24+03*

Means + S.EM (n = 7) per section are indicated
*Student’s t-test or Mann-Whitney U test, p < 0.05 vs. P4

P —postnatal day, LA — anterior lobe, LC — central lobe, LP — posterior lobe, LI — inferior lobe

activity to activated caspase-3. Immunoreactivity to
active caspase-3 occurred in the PC cytoplasm.
Numbers of TUNEL positive neurons and active
caspase-3-reactive PCs quantified at P4 and P7 in
the anterior, central, posterior and inferior lobes
are presented in Tables | and II. Results of the two-
way ANOVA are depicted in Table Ill. Data analysis
demonstrated significant effects of the “age” in all
lobes of the cerebellar cortex. No effect of the main
factor “strain” was observed. The interaction of
“age X strain” was not statistically significant. Post
hoc comparisons of means revealed that mice col-
lected at P4 always presented more apoptotic PCs
than those killed at P7. Moreover, data analysis indi-
cated that numbers of TUNEL positives and active
caspase-3-immnunoreactive PCs were highest in the
central lobe; this was followed by the posterior and
anterior lobes and then by the inferior lobe.
Developmental timetables of PCs at P4 and P7
were inferred at the four, previously indicated, lobes
of the cerebellar cortex. Initially, the frequency of
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tagged PCs was estimated by sequential [3H]TdR-
labeling embryonic windows as graphically displayed
in Figure 2. Statistical analysis of the results showed
that at any given time within this generation period,
and both for the P4 and P7, the percentage of labeled
PCs remains constant within each lobe studied. In
a subsequent analysis, profiles of PCs origin were
constructed. In Figure 3, the frequencies of new-
ly generated PCs at each selected lobe are plotted
against time. Data analysis indicated that the birth
sequences of postmitotic neurons for both survival
times within each cerebellar cortex lobe are closely
similar. Figure 4 shows examples of PCs labeled with
[*H]TdR.

Discussion

Neuron death in the substantia nigra
pars compacta

The physiological loss of SNc DA cells has been
convincingly demonstrated in rats [6] and non-hu-
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Table Ill. Results of the two-way ANOVA of the dying, TUNEL and active caspase-3-reactive Purkinje cells
number per section in each lobe of the cerebellar cortex

Dying TUNEL Caspase-3
Anterior lobe
Age (A) [FL36 =614, p < 0.00001] [F1,36 =16.6, p < 0.0002] [F1,3s =12.2, p < 0.001]
Strain (S) NS NS NS
AxS NS NS NS
Central lobe
Age (A) [F1,36 =96.1, p < 0.00001] [F1,36 =43.8, p < 0.00001] [FL36 =34.6, p < 0.00001]
Strain (S) NS NS NS
AxS NS NS NS
Posterior lobe
Age (A) [F1,36 =92.1, p < 0.00001] [F1,36 =453, p < 0.00001] [F1,36 =16.8, p < 0.001]
Strain (S) NS NS NS
AxS NS NS NS
Inferior lobe
Age (A) [FL36 =62.5, p < 0.00001] [F136 =33.4, p < 0.00001] [F1,36 =12.51, p < 0.001]
Strain (S) NS NS NS
AxS NS NS NS
NS — not significant
A Anterior lobe B Central lobe
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Fig. 2. Comparison of [3H]TdR-labeling patterns in each lobe of the cerebellar cortex. Frequency histograms
of Purkinje cells labeled with [2H]TdR on two consecutive days of the embryonic period (abscissa) and sur-
vival until P4 (empty columns) and P7 (solid columns). Percentages are expressed as mean + SEM.
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Fig. 3. Generative profiles for Purkinje cells within each cerebellar lobe examined. The inferred frequencies
(ordinate) of newly generated neurons for P4 empty columns and P7 solid columns are plotted against the
relative embryonic time-period (abscissa). Percentages of newborn Purkinje cells were determined by the rate
of decline in [3H]TdR-labeled cells at that time point.

Fig. 4. Representative photomicrograph at the level of the lingula (posterior lobe) from mice exposed to
[*H]TdR on E12-13 (A) or on E13-14 (B) and killed at P7. Note that many Purkinje cells are labeled on E12-13,
while on E13-14 the percentage of tagged cells declines reflecting the production of postmitotic neurons by
their precursor cells. EGL — external granular layer, ML — molecular layer, IGL — internal granular layer. Arrows
show examples of Purkinje cell labeled. Scale bars: 30 um.
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man primates [34]. In mice, this event has been ana-
lyzed with contradictory results [5,14,22]. The current
study reveals that in mice collected at P2 or at P12,
no tyrosine hydroxylase-reactive cells with signs of
apoptosis were found in the SNc. We do not know
the reasons for these discrepancies but they may
derive from biological differences among the mice
strains studied, e.g. Lieb et al. [22] utilized CBA/J, Blum
[5] used F2 littermates from a C57BIl/6 X 129 cross
breeding, and C57/bl and CD-1 are used by Jackson-
Lewis et al. [14]. BALB/c, C57BL/6 and B6CBA-AYI/A
hybrid stock are used in the present work.

From the present results, it is proposed that the
naturally occurring DA-neuron apoptosis in the early
postnatal life is an event that might be restricted to
certain strains of mice. Another possibility is that the
natural loss of DA cells occurs in all strains of mice
but neurons die in some of these strains through
a nonapoptotic mechanism. In this regard, there is
evidence indicating that the nature of cell death in
the SNc of the weaver homozygotes is not apoptot-
ic [33,35]. This fact may be relevant to the patho-
genesis of neurodegenerative diseases such as Par-
kinson’s disease, in which the role of apoptosis has
been questioned [41].

Apoptotic natural cell death in PCs

We show that PCs apoptosis occurs within the
first postnatal week. Our data demonstrate that
the most important number of apoptotic PCs was
seen in the central lobe; this was followed by the
posterior and anterior lobes and then by the inferi-
or lobe. In addition, the estimated values of active
caspase-3-immunoreactive PCs was lower than that
of TUNEL positives nuclei, at all cerebellar cortex
lobes examined. These results are in agreement
with the findings from other investigations, which
have shown that caspase-3 activation occurs early
in the course of apoptosis and precedes DNA frag-
mentation [9,32,45]. Moreover, at the time of degen-
eration, we did not observe any differences in the
cytoarchitecture of the cerebellar cortex at the light
microscopic level, which suggests that the migration
and settling of postmitotic PCs in the Purkinje cell
layer was normal.

Generative timetables of PCs were inferred at the
four, previously indicated, lobes through the antero-
posterior axis of the cerebellar cortex. Our basic
information is that the onset of PCs neurogenesis,
its pattern of peaks and valleys, and its total span
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were close between P4 and P7. The experiments
using 3[H]TdR autoradiography were designed to
answer the question of whether the PCs apoptosis
in the early postnatal period is related to neuroge-
netic patterns. If apoptosis of PCs is random across
age, there should be no significant differences in the
neurogenesis of PCs between P4 and P7. On the oth-
er hand, if apoptosis is systematic across age, the
neurogenetic patterns of PCs should be different at
P4 with respect to P7. The data reported here sup-
port the first possibility; no divergences were seen
in PCs time-of-origin profiles. To our knowledge, this
is the first report that links PCs neurogenetic timeta-
bles with the naturally occurring neuronal death of
these macroneurons.

This report indicates that the times of origin for
a given PC may not predispose it to start a develop-
mental program of cell death. The same may occur
in other neurons of the cerebellar system, which
would ensure the organization and refinement of
corticonuclear circuits. In this way, there is evidence
showing climbing-fiber elimination [12] and loss of
young granule cells [24] in the developing cerebel-
lum. Moreover, alteration of basal neuron death in
the human cerebellar system may be involved in
sudden unexplained perinatal death; previous stud-
ies have found defects in both PCs and inferior oli-
vary nuclei neurons in victims of sudden intrauterine
unexplained death and sudden infant death syn-
dromes [21].
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