
Abstract Programmed cell death (PCD) plays a crucial
role in the development of the central nervous system
through controlling neuronal numbers and adequate
synaptic connections. PCD has been considered to occur
in the form of apoptosis. To examine how apoptosis oc-
curs in the developing human brain, we performed a mor-
phometric TUNEL study, using a commercially available
kit (ApopTag Kit, Oncor Inc.). We examined apoptotic
cells in the basal ganglia of 47 fetuses and newborns with-
out macroscopical and microscopical evident congenital
anomalies. Gestational age ranged from 12 to 40 weeks.
The numerical density as well as the labeling index of
TUNEL-positively labeled nuclei were evaluated. In the
caudate nucleus and putamen, TUNEL-labeled cells were
observed around the 12th week of gestation. The numeri-
cal density of total cells was significantly decreased,
whereas the labeling index of apoptotic cells was signifi-
cantly increased with advanced gestational age. In the
globus pallidus, the numerical density of total cells de-
creased with advancing gestational age, while the labeling
index of apoptotic cells increased between the 20th and
28th week, followed by a decrease until the 40th week.
The analysis of TUNEL-positive cells revealed a different
reaction pattern for the various basal ganglia with regard

to the timing and degree of the apoptotic process in regu-
lating cell numbers.

Keywords Apoptosis · Programmed cell death ·
Morphometry · Brain development · TUNEL method

Introduction

The development of the nervous system of many organ-
isms is known to be accompanied by programmed cell
death (PCD) of a large number of neurons at distinct peri-
ods of time [8, 14, 17, 19, 24, 32, 37, 39, 44, 45]. The ex-
ecution of the latter plays a major role in morphogenetic,
histogenetic and phylogenetic processes of normal and
abnormal development [23, 32]. The loss of neurons oc-
curs in various neuronal structures in the brains of verte-
brates, including the cerebral cortex [14, 15], dentate
gyrus [17], thalamus [41], cerebellum [2, 21], striatum
[21], and substantia nigra [20]. However, exact knowl-
edge of how cell death occurs in the developing human
nervous system is still limited.

Clarke [7, 8] described the following three ways in
which developing tissues die: naturally occurring cell
death (Type 1, apoptosis), autophagic degeneration (Type
2), and non-lysosomal vesiculate degradation (Type 3).
Most of PCD has been considered to occur in the form of
apoptosis. The morphological characteristics of apoptosis
encompass condensation and aggregates forming dense
granular caps, crescents or balls of DNA. Electron micro-
scopically, cell surface blebbing and “pinching off” of the
extracellular membrane are observed forming “apoptotic
bodies”. The contents of the dying cell are contained
within an intact extracellular membrane, thus, no inflam-
matory response is observed in the surrounding tissues de-
spite the death of these cells. At the molecular level, elec-
trophoretic analyses reveal that DNA is fragmented into
nucleosomal lengths of regular size [15, 32]. The process
of apoptosis is under cell-specific and inducer-specific ge-
netic control. Variable genes expressed in the CNS are as-
sociated with apoptosis such as APO-1/FAS [29], c-fos
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[40], c-myc [13], TRPM-2 [4, 23], p53 [28], and IL-1β-
converting enzyme (ICE) [31]. Type 2 neuronal cell
death, which is characterized by the presence of large
numbers of lysosomal vesicles for the destruction of the
cell without any evidence of DNA fragmentation, was ob-
served in spinal motor neurons of the frog [12] and in dy-
ing neurons of the isthmo-optic nucleus in the chick em-
bryo [6, 7]. Type 3 cell death, also observed in the devel-
oping nervous system, exhibits several features of
necrotic cell death and may be a passive rather than an ac-
tive or programmed form of cell death [34]. Type 1 and
Type 3 forms of cell death have been observed to occur
together in several neonatal systems including spinal mo-
tor neurons of the chick [5].

Recently, the TUNEL (terminal deoxynucleotidyl trans-
ferase-mediated biotin-16-dUTP nick-end labeling) method
was established to detect apoptotic cells [30, 32]. The spe-
cific binding of terminal deoxynucleotidyl transferase
(TdT) to 3’-OH ends of double- or single-stranded DNA
results in a polydeoxynucleotide polymer. TdT is used to
incorporate digoxigenin-deoxyribonucleotide triphosphate,
forming a random heteropolymer at sites of DNA breaks.
The signal is amplified by peroxidase, enabling conven-
tional histochemical identification by light microscopy.

In the present study, we examined apoptotic cells in the
basal ganglia of the human fetal CNS visualized by means
of the TUNEL method and analyzed by morphometry to
determine the form and rate of PCD in the development of
human brain structures.

Materials and methods

Brains of human fetuses and newborns (n= 47; 28 female, 19 male)
who were spontaneously aborted or died immediately after birth
were examined. Following the clinical reports, pregnancy was un-
eventful. Gestational age (GA) ranged from 12 to 40 weeks of ges-
tation. The investigated sample was divided into the following GA
groups: 12–15 weeks (n=8), 16–19 weeks (n=9), 20–23 weeks
(n=15), 24–27 weeks (n=6), 28–31 weeks (n= 2), and 32–40 weeks
(n=7). Brain tissue taken within 24 h post mortem was used in the
present study.

The brains were thoroughly examined and showed adequate
brain development as related to GA without evident macroscopical
or microscopical neuropathological anomalies. The brains were
fixed in a 4% formalin solution for at least 1 week; subsequently
frontal sections were made. Paraffin-embedded 5-µm-thick sec-
tions were prepared for the TUNEL method, which employed a
commercially available kit (ApopTag Kit, Oncor Inc.) following
the manufacturer’s instructions. Briefly, deparaffinized sections
were digested with proteinase K (20 mg/ml) for 15 min, and en-
dogenous peroxidase quenched with 2.0% H2O2 for 5 min. The
sections were incubated with TdT and a mixture of digoxigenin-la-
beled nucleotides for 60 min. This was followed by incubation
with anti-digoxigenin-peroxidase for 30 min, and color develop-
ment with H2O2-diaminobenzidine for 3–6 min. Then, the slides
were counterstained with hemalum and coverslipped. For positive
controls, specimens of thyroid tissue were provided by Oncor. In
these specimens, PCD was seen in thyroid epithelium which
showed typical chromatin fragmentation labeled with TUNEL.
Negative controls were performed by omission of TdT enzyme
from the incubation buffers.

The following brain regions were morphometrically evaluated:
(1) caudate nucleus, (2) putamen, and (3) globus pallidus, at the level
of thalamus and rostral hippocampus. Electron microscopical ex-

aminations, following standard protocols, of the same brain re-
gions were performed to confirm the nature of apoptotic cells.

The morphometrical evaluation was made at a magnification of
×1,000 with careful registration of the morphological features. The
number of TUNEL-labeled cells as well as the number of all cells
was determined following the ‘random systematic sampling’
method [43]. Briefly, the first measuring field was positioned ran-
domly within the structure of interest, the next measuring field was
positioned systematically adjacent to the previous one; every second
measuring field was considered, resulting in a total of five measur-
ing fields. Further details of the morphometric methods have been
described previously [43]. While counting the neurons, the rules of
the unbiased grid were applied. Briefly, two lines of the measuring
field were defined as forbidden lines. No neuronal profile hitting
the forbidden lines or their extensions were counted. All neurons
falling within the measuring field or touching the non-forbidden
lines and their extensions were counted [18]. The numerical den-
sity was calculated as the number of cells per square millimeter
(n/mm2), and the labeling index (LI) expressed in percent [(no. of
TUNEL-labeled cells/no. of all cells)×100] was also determined.
The numerical density of “normal cells” (no. of total cells–no. of
TUNEL-labeled cells) was also calculated. The evaluated data
were processed on a PC Escom Pentium using the Statistical Pack-
age for the Social Sciences (SPSS). Correlation, one-way analy-
sis of variance (ANOVA), and the non-parametric Mann-Whitney-
U test were used. The interpolated curves were plotted using
HARVARD Graphics.

Results

Qualitative results

Light microscopy

The cells labeled by the TUNEL method showed the fol-
lowing histological features: (a) round, shrunken nucleus
with condensed chromatin, (b) slightly shrunken round
nucleus with dense fragmented chromatin, (c) normal sized
or slightly swollen nucleus with finely condensed chro-
matin, and (d) slightly swollen nucleus with chromatin
margination and fragmentation. Some of the TUNEL-
labeled cells were classified as necrotic cells; they were
rarely encountered and amounted for less then 4% of all
TUNEL-labeled cells. Necrotic cells showed irregularly
fragmented nuclear chromatin or cell debris associated
with lytic nuclear membrane or swollen cytoplasm. These
cells were not considered in the present morphometric in-
vestigation.

The counted cells were undifferentiated stem cells in-
cluding neuroblasts and glioblasts. Identification of neu-
rons based on the presence of specific chromatin patterns
and emerging dendrites was difficult in early GA. In the
globus pallidus, large neurons could be observed during
the 24th week of gestation. Large neurons in the striatum
were observed around weeks 28–30 of gestation. Undif-
ferentiated small stem cells, prevalent in the putamen and
caudate nucleus of fetuses from the week 12 to week 32 of
gestation were also evaluated in this study.

In the caudate nucleus, TUNEL-labeled cells were ob-
served at around the 14th week of GA and were diffusely
distributed in all areas of the nucleus with a slightly
higher density in the region close to the subependymal
germinal matrix. In the putamen, diffusely distributed
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Fig.1A–E TUNEL-labeled cells in the caudate nucleus at differ-
ent gestational ages. The numerical density of total cells was de-
creased, whereas the density of TUNEL-labeled cells was in-
creased with advanced gestational age. A Week 20 of gestation,

B week 24 of gestation, C week 36 of gestation. TUNEL-labeled
cells, showing various nuclear fragmentation and condensation.
D Caudate nucleus at week 24 of gestation, and (E) putamen at
week 36 of gestation. A–C × 400; D,E ×1,000



TUNEL-positive cells were found at the 12th week of GA.
In the pontes grisei caudatolenticulares of a fetus at the 36th
week of GA, TUNEL-positive cells with condensed chro-
matin clustered in groups of five to ten cells (Fig.1A–D).
TUNEL-labeled cells, diffusely distributed in all areas of
the globus pallidus, were observed from the 18th week
until the 40th week of GA.

Clustering of TUNEL-labeled cells was occasionally ob-
served in the marginal zone of the caudate nucleus close
to the subependymal germinal matrix or in the periphery
of the putamen around 20–27 weeks of gestation. Clusters
were also observed in the pontes grisei caudatolenticu-
lares at the 36th week of GA. They were composed of
three to four apoptotic cells with nuclear condensation or
fragmentation.

Electron microscopy

Apoptotic cells showed nuclear fragmentation and con-
densation with a preserved nuclear membrane. Intracyto-
plasmic organelles were decreased, whereas some mito-
chondria showed normal features (Fig.2).

Quantitative results

Descriptive statistics giving the mean, standard deviation,
minimum, and maximum of the examined parameters ac-

cording to the individual basal ganglia for each gesta-
tional age group are given in Table 1.

Total cells and normal cells

The numerical density of all cells as well as of normal
cells was significantly decreased in the caudate nucleus,
putamen with advancing gestational age (Fig.3, Tables 1,
2). The numerical density of all cells and of normal cells
was decreased in the globus pallidus with increasing ges-
tational age; however, this difference did not reach the
level of statistical significance (Fig.3, Tables 1, 2).

TUNEL-labeled cells

The LI of TUNEL-labeled cells was significantly increased
in the caudate nucleus and putamen with increased gesta-
tional age (Fig.4, Tables 1, 2). The LI of TUNEL-labeled
cells in the globus pallidus was increased between weeks
20–23 and weeks 28–31 of gestation and was decreased
after week 32 until week 40 (Fig.4, Tables 1, 2). The nu-
merical density of apoptotic cells in the caudate nucleus
was increased from week 12 to week 27 and slightly de-
creased until week 40 (Fig.5, Tables 1, 2). The numerical
density of apoptotic cells in the putamen was increased
from gestational week 12 to week 27 and remained stable
until week 40. The numerical density of apoptotic cells in
the globus pallidus was increased from week 20 to weeks
28–31 of GA and was slightly decreased until week 40
(Fig.5, Tables 1, 2).

Discussion

PCD is a selective process of physiological cell deletion
in the development of multicellular organisms [35, 37].
During the development of the nervous system of verte-
brates up to 50% or more of different types of neurons
normally die soon after they form synaptic connections
with their target cells [33, 42]. PCD occurs in neurons
which have already migrated to their final destinations or
occurs at about the time when their axons are forming
connections [11]. The survival of developing neurons de-
pends on several mechanisms including the retrograde
transport of trophic factors such as nerve growth factor
(NGF) [27]. PCD has been considered to occur in the
form of apoptosis, although there are many instances in
which mammalian neurons and glia undergo PCD exhibit-
ing the morphological hallmarks of apoptosis but not sat-
isfying all of the biochemical criteria of apoptosis in de-
veloping systems [6, 7, 8, 12].

To determine the form of PCD in the developing hu-
man fetal brain, we performed morphometrical analyses
combined with the TUNEL method, which allows the
detection of DNA fragmentation in apoptotic cells. In 
the present sample, technical problems with the TUNEL
method as reported by some authors were not encoun-
tered. Following Charriaut-Marlangue and Ben-Ari [5], a
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Fig.2 Electron microscopy of an apoptotic cell showing nuclear
cleavage and condensation with preserved nuclear membrane. Bar
2 µm
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Table 1 Descriptive statistics
(mean, standard deviation,
minimum, and maximum) of
the examined parameters ac-
cording to the individual basal
ganglia for each GA group
(GA gestational age, LI label-
ing index)

Mean SD Min Max

Caudate nucleus
GA 12–15 weeks

Numerical density of total cells 8,288.00 2,256.36 5,013.33 10,648.89
Numerical density of normal cells 8,277.33 2,269.83 4,986.67 10,648.89
Numerical density of TUNEL-positive cells 10.67 14.61 0.00 26.67
LI of TUNEL-positive cells 0.18 0.25 0.00 0.53

GA 16–19 weeks
Numerical density of total cells 6,292.22 2,049.83 3,617.78 9,164.44 
Numerical density of normal cells 6,236.67 2,043.10 3,573.33 9,120.00
Numerical density of TUNEL-positive cells 55.55 27.60 8.89 97.78
LI of TUNEL-positive cells 0.93 0.47 0.16 1.59

GA 20–23 weeks
Numerical density of total cells 5,769.63 2,074.27 2,808.89 9,013.33
Numerical density of normal cells 5,696.30 2,074.55 2,711.11 8,871.11
Numerical density of TUNEL-positive cells 73.33 37.74 8.89 142.22
LI of TUNEL-positive cells 1.52 1.04 0.13 3.48

GA 24–27 weeks
Numerical density of total cells 3,762.22 1,387.36 1,857.78 5,768.89
Numerical density of normal cells 3,664.45 1,352.02 1,777.78 5,626.67
Numerical density of TUNEL-positive cells 97.78 44.06 44.44 151.11
LI of TUNEL-positive cells 2.67 0.91 1.29 4.31

GA 28–31 weeks
Numerical density of total cells 1,564.45 1,206.80 711.11 2,417.78
Numerical density of normal cells 1,524.45 1,225.65 657.78 2,391.11
Numerical density of TUNEL-positive cells 40.00 18.85 26.67 53.33
LI of TUNEL-positive cells 4.30 4.53 1.10 7.50

GA 32–40 weeks
Numerical density of total cells 832.00 267.53 613.33 1,137.78
Numerical density of normal cells 792.89 243.14 613.33 1,093.33
Numerical density of TUNEL-positive cells 39.11 44.71 .00 115.56
LI of TUNEL-positive cells 4.27 3.92 0.00 10.16

Putamen
GA 12–15 weeks

Numerical density of total cells 6,680.00 2,903.69 4,293.33 10,906.67
Numerical density of normal cells 6,671.11 2,910.15 4,275.56 10,906.67
Numerical density of TUNEL-positive cells 8.89 10.27 .00 17.78
LI of TUNEL-positive cells 0.18 0.21 0.00 0.41

GA 16–19 weeks
Numerical density of total cells 4,450.37 1,738.85 2,213.33 6,844.44
Numerical density of normal cells 4,389.6 1,738.60 2,133.33 6,791.11
Numerical density of TUNEL-positive cells 60.74 20.59 26.67 80.00
LI of TUNEL-positive cells 1.61 1.06 0.71 3.61

GA 20–23 weeks
Numerical density of total cells 3,710.62 1,218.33 2,008.89 5,591.11
Numerical density of normal cells 3,639.51 1,204.03 1,946.67 5,502.22
Numerical density of TUNEL-positive cells 71.11 32.96 17.78 115.56
LI of TUNEL-positive cells 2.00 0.98 0.51 3.24

GA 24–27 weeks
Numerical density of total cells 2,863.49 1,191.60 2,035.56 5,413.33
Numerical density of normal cells 2,788.57 1,162.29 2,008.89 5,288.89
Numerical density of TUNEL-positive cells 74.92 36.60 26.67 124.44
LI of TUNEL-positive cells 2.59 0.78 1.31 3.95

GA 28–31 weeks
Numerical density of total cells 1,031.12 842.24 435.56 1,626.67
Numerical density of normal cells 995.56 842.24 400.00 1,591.11
Numerical density of TUNEL-positive cells 35.56 0.00 35.56 35.56
LI of TUNEL-positive cells 5.18 4.22 2.19 8.16
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Table 1 (continued)
Mean SD Min Max

Fig.3 Changes of the numerical density of all cells in the caudate
nucleus, putamen, and globus pallidus with increasing gestational
age

Table 2 Correlation coefficients of the evaluated parameters in
the basal ganglia with age

Caudate nucleus
Numerical density of total cells –0.81**
Numerical density of normal cells –0.81**
Numerical density of TUNEL-positive cells 0.03
LI of TUNEL-positive cells 0.57**

Putamen
Numerical density of total cells –0.76**
Numerical density of normal cells –0.76**
Numerical density of TUNEL-positive cells 0.08
LI of TUNEL-positive cells 0.51**

Globus pallidus
Numerical density of total cells –0.44
Numerical density of normal cells –0.48
Numerical density of TUNEL-positive cells 0.20
LI of TUNEL-positive cells 0.40

*P<0.01; **P<0.001

GA 32–40 weeks
Numerical density of total cells 716.44 379.19 480.00 1,377.78
Numerical density of normal cells 652.44 282.47 444.44 1,137.78
Numerical density of TUNEL-positive cells 64.00 99.66 0.00 240.00
LI of TUNEL-positive cells 6.33 6.84 .00 17.42

Globus pallidus
GA 12–15 weeks

No brains available

GA 16–19 weeks
Numerical density of total cells 773.33 107.65 702.22 933.33
Numerical density of normal cells 760.00 117.14 675.56 933.33
Numerical density of TUNEL-positive cells 13.34 11.48 0.00 26.67
LI of TUNEL-positive cells 1.86 1.63 0.00 3.80

GA 20–23 weeks
Numerical density of total cells 924.44 345.35 640.00 1,511.11
Numerical density of normal cells 908.44 338.91 631.11 1,484.44
Numerical density of TUNEL-positive cells 16.00 9.74 8.89 26.67
LI of TUNEL-positive cells 1.71 0.86 0.97 3.16

GA 24–27 weeks
Numerical density of total cells 1,015.56 314.39 773.33 1,475.56
Numerical density of normal cells 957.78 268.47 746.67 1,351.11
Numerical density of TUNEL-positive cells 57.78 48.41 17.78 124.44
LI of TUNEL-positive cells 5.13 2.91 2.04 8.43

GA 28–31 weeks
Numerical density of total cells 435.56 – 435.5 435.56
Numerical density of normal cells 346.67 – 346.67 346.67
Numerical density of TUNEL-positive cells 88.89 – 88.89 88.89
LI of TUNEL-positive cells 20.41 – 20.41 20.41

GA 32–40 weeks
Numerical density of total cells 536.30 220.85 400.00 791.11
Numerical density of normal cells 509.63 206.05 373.33 746.67
Numerical density of TUNEL-positive cells 26.67 17.78 8.89 44.44
LI of TUNEL-positive cells 4.81 2.38 2.13 6.67



positive TUNEL-assay reaction should not be considered
as a specific marker of apoptosis but can also indicate
necrotic cell death. Therefore, in the present investigation
all TUNEL-positive cells showing histological features of
necrosis were excluded [10]. Their number was exceed-
ingly low, as could be expected in the developing brain
[10]. Artifacts due to postmortem delay (i.e., clustering of
stained cells as described for the in situ end-labeling assay
in brain tissue of mice by [38]) were not encountered in
the specimens of the present study, since only material
with a postmortem delay of 24 h was used. Kingsbury et
al. [25] suggested that DNA fragmentation in the human
substantia nigra is influenced by antemortem hypoxia, pH
of the investigated tissue and other perimortem markers
for agonal status. Controlling and standardizing these fac-
tors for analyses of human brain tissue represents a desir-
able goal, which, however, in daily practice can never be
reached.

In the dorsal striatum, i.e., the complex of the caudate
nucleus and putamen, the numerical density of all cells
was significantly decreased, whereas the labeling index of
TUNEL-labeled cells was significantly increased with in-
creasing gestational age. The results suggest that apopto-
sis in the striatum is at least one mechanism involved in
the regulation of cell numbers during the embryonic de-
velopment. It has previously been reported that cell den-
sity can be down-regulated by bcl-2 expression, an anti-
apoptotic proto-oncogene. Down-regulated bcl-2 protein
in high cell density might cause more apoptosis, resulting
in cell elimination of overproduced cells [1, 15, 16, 22,
26, 36]. One triggering factor of apoptosis might be a high
density of stem cells in the developing striatum. Morpho-
logically, the striatum shows maturation of large neurons
at weeks 28–30 of GA and of small neurons at weeks
33–36 of GA. Apoptosis in the striatum begins before
neuronal maturation and continues during all stages of
striatal maturation. The dorsal striatum forms afferent
connections with the substantia nigra pars compacta, dor-
sal raphe nucleus, medial reticular formation, thalamus,
subthalamic nucleus, and neocortex, and sends efferent
connections to the globus pallidus and substantia nigra
pars reticulata. Apoptotic cell death might occur as a con-
sequence of the need to eliminate neurons that have failed
to make appropriate synaptic connections. Most efferent
connection sites, i.e., the globus pallidus and brain stem
nuclei are already well developed by the second half of
gestation. Maturation of neurons in the neocortex begins
to mature in the deep pyramidal layer around the 24th
week and continues throughout the fetal period. Apoptotic
cell death in the striatum might occur closely related to
the establishment of the efferent connections at first, and
probably influences further the maturation of the afferent
site such as the neocortex.

In the globus pallidus, apoptotic cells were observed
during the 18th week of GA and their density was in-
creased between weeks 20–23 and weeks 28–31, and de-
creased after week 32. The decrease of cell number and
the increase of the LI did not reach the level of statistical
significance. The pallidal neurons mature by the 24th
week. The peak of apoptosis was observed after pallidal
neuronal maturation. It is not known why the peak of
apoptosis was observed about 4 weeks later than that of
the striatum. The dorsal pallidum sends efferent fibers to
the thalamus, subthalamic nuclei, and tegmental peduncu-
lopontocerebellar nucleus and receives afferent fibers
mainly from the striatum as well as from the subthalamic
nucleus and the tegmental pedunculopontocerebellar nu-
cleus. Between the 7th and 11th week of GA, most thala-
mic nuclear groups which form the main efferent regions
of pallidal neurons have been established and the large
neurons begin to acquire cytoplasmic bodies by week 24.
Apoptosis in the globus pallidus might not only be re-
sponsible for the elimination of overproduced stem cells
but occur in a more complicated form which is related not
only to the maturation of afferent and efferent brain re-
gions but also to other functions.
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Fig.4 Changes of the labeling index of TUNEL-labeled cells in
the caudate nucleus, putamen, and globus pallidus with increasing
gestational age

Fig.5 Changes of the numerical density of TUNEL-labeled apop-
totic cells in the caudate nucleus, putamen, and globus pallidus
with increasing gestational age



Thus, the establishment of neuronal connections might
have a significant feedback on the amount of dying neu-
rons. On the other hand, it is possible that the process of
neuronal cell death is initiated at a certain period after the
generation and maturation of neurons began and is inde-
pendent of the creation of connections. Bayer et al. [3]
generated neurogenetic timetables for the development of
the basal ganglia based on long-survival [3H]thymidine
autoradiography in the rat and the estimated time of de-
velopment in human. The age matches were based on cor-
relations between the gross appearance of the forebrain
and on similarities in the histological sections. Following
their data, neurons are generated in the globus pallidus
from embryonic day (E) 13 until E15 in the rat. In hu-
mans, they are generated from early in week 4 to the mid-
dle of week 6, migrate soon thereafter, and settle during
early in week 7. In the caudoputamen complex neurons
are generated from E16 until E20 in rats, while in humans
neurons are generated from weeks 5 to 18. This delay in
generation and maturation of neurons between the globus
pallidus and the caudoputamen complex is also reflected
in the data of the present report by the different begin of
apoptosis in the human globus pallidus as compared to the
caudate nucleus and the putamen.

Furthermore, the postnatal changes of apoptosis in basal
ganglia are of interest. Waters et al. [42] reported that
apoptotic cell death observed in the neonatal rat globus
pallidus was greatest at day 1 and declined thereafter,
such that negligible amounts of apoptotic cell death were
detected at day 7 and none could be detected in the globus
pallidus of adult animals. It was suggested that the apop-
totic cell death in the neonatal globus pallidus might result
from a temporary structure, which was subsequently re-
dundant, rather than the necessary elimination of neurons
that failed to make appropriate synaptic connections.
Apoptotic cells in the caudate nucleus tended to form clus-
ters of several cells. This process has been described in
the apoptotic cell death of the neonatal rat globus pallidus
and it was suspected that this grouping was the prepro-
grammed death of sister cells born at the same time [42].

In conclusion, the data of the present study show that
apoptotic cell death was observed in the basal ganglia of
the developing human brain. It is suggested that apoptosis
might be one mechanism involved in the regulation of cell
numbers by deletion of overproduced stem cells; how-
ever, the triggering factors and functions of apoptosis
might be heterogeneous. Further molecular biological
studies on intracellular molecules such as the proto-onco-
genes, APO-1/FAS, c-myc, bcl-2, ICE families will be
necessary for elucidating other possible mechanisms re-
sulting in cell death.
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