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Many developing neural systems with peripheral projections
depend on their target for trophic support during a critical
period of natural cell death. Much less is known about central
systems. That dopaminergic neurons of the substantia nigra
may depend on their target, the striatum, during development is
suggested by the presence of a natural apoptotic cell death
event in these neurons that can be augmented by an early
developmental axon-sparing striatal injury. To further assess
the target dependence of these neurons, we have used the
selective neurotoxin 6-hydroxydopamine to lesion their termi-
nals within the striatum during development, while sparing
intrinsic striatal target neurons. This lesion results in an induc-
tion of apoptotic cell death in phenotypically defined dopami-
nergic neurons that appears on the third postlesion day and

persists until the tenth. This inducibility of cell death is depen-
dent on developmental age: it is most marked before postnatal
day (PND) 14. As late as PND42, inducibility is still detectable
but much less so. In addition, at day 42 the morphology of cell
death changes and becomes nonapoptotic in some cells. We
conclude that terminal injury during a critical period of postnatal
development, like axon-sparing target injury, induces aug-
mented apoptotic death in mesencephalic dopaminergic neu-
rons. These results suggest that these neurons have a period of
target dependence. Regulation of this dependence is likely to
influence the mature adult number of dopaminergic neurons.
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In many developing neural systems, there have been clear dem-
onstrations of dependence on target structures, such that an
experimental decrease in target size results in an augmented level
of developmental cell death, which in turn leads to a diminished
number of neurons surviving into maturity (Cowan et al., 1984;
Clarke, 1985; Oppenheim, 1991). In these paradigms, there is
much evidence that the target provides limiting quantities of
neurotrophic factors that are transported retrogradely (Barde,
1989) and regulate the magnitude of developmental cell death.
Although these concepts have received extensive experimental
support from studies of systems with peripheral targets, much less
is known about target dependence in developing central neurons
with central targets. The evidence that does exist, as from studies
of chimeras of cerebellar mutants (Wetts and Herrup, 1983),
would suggest that target dependence exists in the context of
central development as well. It is unknown whether these con-
cepts of classic neurotrophic theory apply to developing mesen-
cephalic dopaminergic systems. These issues are important to
examine, because these systems play a major role in the patho-
physiology of many common and disabling human neurological
and psychiatric diseases, including Parkinson’s disease, schizo-
phrenia, and addictive behaviors (Giros et al., 1996).
We have shown that early developmental excitotoxic injury

to the target striatum results in a diminished adult number of
dopaminergic neurons in the substantia nigra (SN) (Burke et
al., 1992; Macaya and Burke, 1992). This decrease occurs

despite the axon-sparing nature of this injury (Schwarcz et al.,
1983; Macaya and Burke, 1992) and in the absence of any direct
injury to the SN. We have also shown that natural cell death
occurs within the SN pars compacta (SNpc) (Janec and Burke,
1993), with the morphology of apoptosis (Kerr et al., 1972), and
that this death event is augmented after excitotoxic (Macaya et
al., 1994) injury to the striatum during development. These
results support the hypothesis that the striatal target may
regulate the magnitude of a developmental death event among
dopaminergic neurons of the SN. Such a possibility is also
supported by many earlier in vitro studies demonstrating the
ability of striatal preparations to support the viability of imma-
ture dopaminergic neurons (Prochiantz et al., 1979; Hemmend-
inger et al., 1981; Tomozawa and Appel, 1986).
Nevertheless, the observation of induced apoptotic cell death in

SNpc after early striatal excitotoxic injury may have many other
possible explanations in addition to the loss of retrograde, target-
derived support. After striatal injury, there is a loss of afferent
projections to SNpc. There are precedents for afferent regulation
of developmental cell death (Linden, 1994), so it is possible that
induced cell death in SNpc is attributable to their loss. To differ-
entiate between retrograde and afferent striatal regulation of
developmental cell death in dopaminergic neurons, we used the
neurotoxin 6-hydroxydopamine (6-OHDA) injected intrastriatally
to selectively destroy dopaminergic terminals, without injury to
intrinsic striatal neurons or their afferent projections (Ungerstedt,
1971). If developing dopaminergic neurons depend on intact
terminal structures for either uptake of a diffusible neurotrophic
factor or cell-to-cell contact with target neurons, then their de-
struction should result in induced developmental cell death. We
have therefore studied the effects of developmental intrastriatal
injection of 6-OHDA on the magnitude and timing of apoptotic
cell death in the SN.
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MATERIALS AND METHODS
6-OHDA lesions. Female rats 14–16 d pregnant were obtained from
Charles River Laboratories (Wilmington, MA). The cage was inspected
in the afternoon of each day, and the day of birth was defined as postnatal
day (PND) 1. In the first experiment, to identify induced cell death and
assess its time course, 50 animals were lesioned at PND7 and killed at
varying intervals. Pups were pretreated with 25 mg/kg desmethylimipra-
mine, anesthetized by inhalation of Metofane (Pittman-Moore), and
placed prone on an ice pack. The skull was exposed by a midline incision,
and a burr hole was placed 3.0 mm lateral to the left of bregma on the
coronal suture. A 30-gauge cannula was then inserted vertically into the
striatum to a depth of 4.0 mm from the top of the skull. 6-OHDA
hydrobromide (Regis) was prepared at 15 mg (total weight)/1.0 ml in 0.9%
NaCl/0.02% ascorbic acid, and infused by pump (Carnegie Medicin
CMA/100) at a rate of 0.25 ml/min. The cannula was withdrawn slowly 2
min after the end of the infusion. Saline/0.02% ascorbate was injected as
a vehicle control. After recovery from anesthesia, pups were returned to
the dams until the assigned postlesion day (PLD). In the second exper-
iment, to define the developmental dependence of 6-OHDA effects, 20
animals were studied at PND14, -21, and -28. Animals studied at PND14
were infused using the method described above. At PND21, a cannula
was inserted to a depth of 5.0 mm rather than 4.0 mm; at PND28, the 5.0
mm depth was used, and animals were anesthetized with pentobarbital 30
mg/kg rather than Metofane. Otherwise, infusion conditions were the
same. In the third experiment, to assess the time course of 6-OHDA
effects at later postnatal ages, 30 animals were studied at PND29 and -42
and killed at PLD5, -7, and -9. These animals were infused with 6-OHDA
as described above, except that PND42 animals were placed in a stereo-
taxic frame and injected at coordinates anteroposterior10.02 mm, lateral
10.35 mm, dorsoventral 20.50 mm according to the Paxinos–Watson
atlas (Paxinos and Watson, 1982), using bregma.
Processing for histological analysis. Animals were anesthetized deeply

with either Metofane or pentobarbital and perfused through the ventricle
with 0.9% saline at 48C followed by 4% paraformaldehyde (PF) in 0.1 M
phosphate buffer (PB), pH 7.1, for 20 min at 48C. The brain then was
removed carefully and post-fixed in 4% PF/0.1 M PB for at least 1 week
before it was sectioned. Each brain was cryoprotected in 20% sucrose in
4% PF/0.1 M PB overnight and then frozen rapidly in 2-methylbutane on
dry ice. Representative sections (30 mm) were taken from each of the
major planes encompassing the SN (Paxinos–Watson planes 2.7, 3.2, 3.7,
4.2) (Paxinos and Watson, 1982) and alternately used for silver staining or
tyrosine hydroxylase (TH) immunostaining with Nissl counterstain. Rep-
resentative 30 mm sections were also taken from the striatum, from the
region within Paxinos–Watson planes 8.7–9.7 (Paxinos and Watson,
1982). These sections were processed for silver impregnation, TH immu-
nostaining, and Nissl staining.
TH immunostaining. Sections (30 mm) were incubated overnight at 48C

with a mouse monoclonal anti-TH antibody (Boehringer Mannheim,
Indianapolis, IN) at 1:10 in PBS/10% horse serum, followed by incuba-
tions with biotinylated horse anti-mouse IgG (Vector Laboratories, Bur-
lingame, CA) at 1:50 in PBS/10% horse serum, and then with avidin–
biotinylated horseradish peroxidase complexes (ABC Kit, Vector) at
1:600 at room temperature for 1 hr. Sections were then incubated with
diaminobenzidine (Aldrich, Milwaukee, WI) (50 mg/100 ml Tris, pH 7.6)
in the presence of H2O2. Sections were then mounted on gelatin-subbed
slides and Nissl-counterstained.
Silver staining. Sections were maintained in serial order and processed

free-floating in custom-made plastic grids with nylon mesh bottoms.
Sections were collected into cold fixative, washed three times in distilled
water, and then immersed in pretreating solution (equal volumes of 9%
NaOH and 1.2% NH4NO3) for 5 min twice. They were then immersed in
impregnating solution (60 ml of 9% NaOH, 40 ml of 16% NH4NO3, 0.5
ml of 50% AgNO3) for 10 min. Sections were then washed three times in
washing solution (1.0 ml of 1.2% NH4NO3 added to 100 ml of a solution
containing 5.0 gm of anhydrous Na2CO3, 300 ml of 95% ethanol, brought
to 1.0 l with distilled water), followed by immersion in developing solution
(1.0 ml of 1.2% NH4NO3 and 100 ml of a solution consisting of 0.5 gm of
citric acid in 15.0 ml of 37% formalin, 100 ml of 95% ethanol, 700 ml of
water brought to pH 5.8–6.1 with 9% NaOH, and finally brought to 1.0 l
with water). Sections were kept in developing solution for $1 min.
Sections were then mounted on subbed slides, air-dried, and immersed in
0.5% acetic acid three times for 10 min each. Sections were then dehy-
drated through alcohols, cleared in xylene, and coverslipped under
Permount.
In situ end-labeling. For in situ end-labeling (ISEL) of free 39 ends in

fragmented nuclear genomic DNA, the rats were perfused with 0.9%
saline for 3 min and 4% PF in 0.1 M PB for 5 min only. Brains were
post-fixed overnight and then, after cryoprotection and rapid freezing,
were serially sectioned at 14 mm through the SN. For ISEL, slides were
thawed, briefly immersion-fixed in 4% paraformaldehyde, and rinsed in
PBS. Sections were treated with 0.1% pepsin in 0.01N HCl for 60 min.
After another rinse, sections were incubated with terminal deoxynucleo-
tidyl transferase in the presence of digoxigenin-dUTP (ApopTag, Oncor)
following the supplier’s instructions. Sections were rinsed and then incu-
bated with peroxidase-labeled anti-digoxigenin antibodies (ApopTag).
After a rinse, sections were incubated with diaminobenzidine in the
presence of H2O2. Sections were then counterstained with thionin to
define intensely basophilic chromatin clumps, characteristic of apoptosis.
It is important to note that identification of the morphological features of
apoptosis at a cellular level is critical to the interpretation of peroxidase-
labeled free 39 ends, because false–positive staining occurs in cells un-
dergoing necrotic death (Grasl-Kraupp et al., 1995). Positive controls
were neonatal tissue sections of the SN in which apoptosis had been
induced by intrastriatal quinolinic acid injection, as reported previously
(Macaya et al., 1994).
Quantitative morphological analysis. The prevalence of apoptotic pro-

files was determined on both TH/Nissl- and silver-stained sections. TH/
Nissl-stained sections were classified according to location in Paxinos–
Watson planes 2.7, 3.2, 3.7, and 4.2, and all planes were represented from
46 of the 50 brains processed for the analysis of animals lesioned at
PND7; in the remaining four brains, 2.7 sections were not available, so
they were not analyzed. A mean of 13.5 6 0.5 (SEM) sections per brain
were examined. On each section, either the experimental (ipsilateral to
6-OHDA lesion) or control (contralateral to lesion) SN or both were
examined at 6003 magnification by scanning from medial to lateral in
strictly consecutive and complete dorsal-to-ventral sweeps guided by an
eyepiece reticle grid. TH-positive apoptotic profiles were counted if more
than half of their area was included within the grid. Counts from sections
within each plane were averaged to give a mean count per plane; the
values for each of the four planes were added to provide an index of the
number of profiles per SN. We did not attempt to determine the propor-
tion of the SN sampled by our sections, and hence the absolute values of
profiles per SN. At a cellular level, profiles were counted only if they met
the following criteria: (1) one or more intensely basophilic, rounded, and
distinct chromatin clumps defined by Nissl stain within a discernible cell
nucleus; (2) the presence of a surrounding brown peroxidase-labeled
cytoplasm, indicative of the TH-positive phenotype; and (3) the presence
of features (1) and (2) within the same planes of focus. Our insistence on
the same plane of focus ensures that nuclear apoptotic profiles are not
simply superimposed on TH-positive cytoplasm, and it ensures that the
top of the apoptotic profile is within the section. This three-dimensional
assessment of the profiles is a stereological approach (Gundersen, 1986).
For this reason, our data are presented as raw counts, representing tops
of profiles within the section. In our assessment of these profiles, the
bottom of the nuclear chromatin masses was universally also within the
section. This is in keeping with the experience of Clarke and Oppenheim
(1995), who have noted that apoptotic profiles are rarely split by the
microtome knife, when examined in strictly adjacent sections, even in
paraffin-embedded sections cut at 8–12 mm. We have made similar
observations in 20 mm frozen sections obtained from SN. Therefore, on
the basis of the stereological assessment and these empirical observa-
tions, we have not corrected for the theoretical possibility of double-
counting error.
Silver-stained sections were examined at 6003 magnification, as de-

scribed above. At a cellular level, profiles were counted if they contained
one or more intensely argyrophilic, rounded, and distinct chromatin
clumps surrounded by a cellular profile. Bare chromatin clumps were not
counted, because more than one clump can disperse from a single
disintegrating cell. Early in the course of our analysis, we noticed that
silver-stained apoptotic profiles appeared to be either of two types: one
type was small (,5 mm) and contained only one or two chromatin clumps;
the other was larger ($5 mm), often contained two or more clumps, and
sometimes was surrounded by a neuronal cytoplasmic configuration. For
this reason, we counted silver-stained apoptotic profiles as either small
(,5 mm) or large ($5 mm). As for the TH/Nissl-stained material, apo-
ptotic profiles were assessed by focusing up and down to ensure that
chromatin clumps were in the same plane as a surrounding cellular
profile. Therefore, on the basis of considerations outlined above, data are
presented as uncorrected counts.
Quantitative analysis of the extent of TH-positive fiber staining within
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the striatum was based on a segmented field approach (Mize et al., 1988;
Burke et al., 1990). This analysis was restricted to four animals lesioned
at PND14 and six animals lesioned at PND28. Two or more sections from
Paxinos–Watson planes 9.2 and 9.7 were assessed (5 6 0.2 sections/
animal). Each striatal section was digitized, and the total striatal cross-
sectional area on the experimental and control side was measured. The
maximal optical density value for the TH staining was determined on the
control side. “Specific TH” immunostaining was then defined as all
staining with an optical density between 50 and 100% of the maximum.
The percentage of the striatal area occupied by this staining was then
determined on both sides. For each section, the value for area on the
experimental side was normalized by the value on the control side. Data
from all sections were averaged to obtain a value for each animal.
The effect of 6-OHDA lesion on the cross-sectional area of the stria-

tum was examined in four PND7 animals at 7 d postlesion. Nissl-stained
coronal sections from planes 9.2 and 9.7 (Paxinos and Watson, 1982)
(three to six per animal) were digitized, and the area of the striatum was
determined on the control and experimental sides. Area values from each
section on each side were averaged to determine values for each animal.

RESULTS
Neonatal intrastriatal injection of 6-OHDA induced the degener-
ation of numerous fibers within the striatum, as demonstrated by
silver stain (Fig. 1A) and an extensive loss of TH-positive fibers
(Fig. 1B). As anticipated, there was no apparent injury to intrinsic
striatal neurons, indicated by the absence of impregnated neurons
on silver stain, and by the absence of any focal loss of neurons on
Nissl stain (Fig. 1C). Although there was no apparent focus of
neuron loss within the striatum, there was a small (20%) but
significant decrease in the mean cross-sectional area of the stria-
tum in rats studied at 7 d after a PND7 lesion (experimental5 6.4
mm2; control 5 8.2 mm2; n 5 4; p , 0.01). In the absence of focal
neuron loss, this decrease in area may be related, in part, to the
extensive loss of TH-positive neuropil.
Postnatal destruction of striatal dopaminergic terminals re-

sulted in an induction of apoptotic cell death within dopaminergic
neurons of the SN. These neurons could be identified by a
TH-immunostained cytoplasm encompassing a clear nuclear re-
gion that contained one or more intensely basophilic, rounded,
sharply delineated chromatin clumps, as is characteristic of apo-
ptosis identified by Nissl counterstain (Fig. 2) (Janec and Burke,
1993; Macaya et al., 1994; Clarke and Oppenheim, 1995). The
apoptotic nature of this cell death was confirmed by the demon-
stration of intensely argyrophilic, rounded, and discrete chromatin
clumps on silver stain in neurons of the SN, in sections adjacent to
those demonstrating Nissl-positive chromatin clumps (Fig. 3A).
This appearance of chromatin clumps on silver stain has been
shown to correspond to electron-dense chromatin clumps, char-
acteristic of apoptosis, on ultrastructural study of apoptotic dopa-
minergic neurons of the SN (Macaya et al., 1994). The apoptotic
nature of this morphological pattern of cell death was confirmed
further by histochemical demonstration of abundant free 39 ends,
in the nucleus of the nigral cells in association with basophilic
chromatin clumps, again demonstrated by Nissl counterstain (Fig.
3B). As noted previously, we observed two types of silver-stained
apoptotic profiles. The type exemplified in Figure 3A was .5 mm
in diameter and contained multiple chromatin clumps. The other
type, illustrated in Figure 3C, was smaller (,5 mm) and typically
contained only one or two chromatin clumps. Both types showed
positive end-labeling.
Quantitative analysis of the number of TH-positive apoptotic

profiles at varying time points after injection of 6-OHDA on
PND7 showed that an induction of cell death could be identified
first on PLD3; it persisted at high levels through PLD7 and had
largely abated by day 10 (Fig. 4). The number of TH-positive

Figure 1. 6-OHDA lesion of striatal dopaminergic terminals. A, Photomi-
crograph of silver-impregnated, degenerating fibers in the striatum after
6-OHDA injection. This animal was injected on PND7 and killed on
PLD5. Degenerating fibers are demonstrated by punctate silver deposits,
sometimes arranged in linear arrays (arrowheads). Note that there are no
degenerating, silver-impregnated neurons. Scale bar, 20 mm. B, Coronal
section of forebrain demonstrating loss of striatal TH immunostaining on
the experimental (E) side after injection of 6-OHDA on PND7. This
section is taken from the same animal shown in A. There is a complete loss
of TH positivity within the experimental striatum. The oval defect above
the striatum on the experimental side was made by the injection cannula.
On the control (C) side, an increasing medial-to-lateral gradient for the
density of TH staining is apparent. C, Coronal section adjacent to the one
shown in B, stained for Nissl substance. There is a normal configuration of
the striatum on the E side, with preservation at cross-sectional area, and
there is no evidence for focal neuron loss.
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apoptotic neurons reached an apparent maximum by PLD4. Al-
though there was a tendency for values to be higher at PLD6 and
-7, these values were not significantly higher than those observed
on days 4 and 5 (ANOVA). The time course and apoptotic nature
of the cell death in SN after 6-OHDA injection at PND7 was
confirmed by quantitative analysis of large (.5 mm) apoptotic
profiles in SNpc in silver-stained sections, which showed a maxi-
mal induction of cell death from PLD4–7 (Fig. 4B). To examine
whether there was any rostrocaudal gradient for the time course
of induced cell death after 6-OHDA injection, we classified sec-
tions according to rostrocaudal location [using Paxinos and

Watson (1982) reference planes 4.2, 3.7, 3.2, 2.7]) and quantified
the number of TH-positive apoptotic profiles (Fig. 4C). We found
that the time course was essentially the same among these planes.
To determine whether induction of apoptotic cell death in the

dopaminergic neurons of the SN is associated with induced cell
death of nondopaminergic neurons of the SNpr, we counted the
number of TH-negative Nissl-defined apoptotic profiles in the
SNpr on the sixth day postlesion, a time when induced cell death
in SNpc had been ongoing for 2 d. This analysis was confined to
the anterior-most planes (Paxinos–Watson 4.2 and 3.7), where
there are very few TH-positive neurons in SNpr. At that time

Figure 3. Apoptotic features of cell death in SNpc after striatal 6-OHDA injection. A, Silver impregnation demonstrating multiple, rounded, intensely
argyrophilic chromatin clumps, characteristic of apoptosis, within the nucleus of a neuron in the SNpc at 5 d after intrastriatal injection of 6-OHDA on
PND14. B, ISEL indicated by brown peroxidase reaction product in an apoptotic nucleus, with basophilic chromatic clumps defined by Nissl counterstain.
This profile was identified in the SNpc at 6 d after 6-OHDA on PND7. C, An example of the smaller type of apoptotic profile identified by silver stain.
These profiles were ,5 mm and contained only one or two chromatin clumps. Scale bar, 10 mm.

Figure 2. An example of a peroxidase-stained TH-positive neuron in
the SNpc with apoptotic nuclear chromatin clumps demonstrated by
Nissl counterstain. Scale bar, 10 mm.
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point, there was no significant difference in Nissl-positive apo-
ptotic profiles in SNpr on the 6-OHDA-lesioned side (3.1 6 0.8
cells per SNpr) in comparison to the contralateral control side
(3.8 6 1.0 cells). Thus, induction of apoptotic cell death in the
dopaminergic neurons of the SN did not appear to be associated
with a similar induction in the SNpr.
The developmental dependence of the ability of intrastriatal

6-OHDA to induce apoptotic cell death in the SNpc was investi-
gated in animals at PND7, -14, -21, and -28. For this analysis, all
animals were examined at PLD5, and apoptotic profiles were
identified by silver staining. Profiles were differentiated into small
(,5 mm) and large ($5 mm). As shown in Figure 5A, there was a
clear developmental difference in the ability of 6-OHDA to in-
duce apoptotic cell death in SNpc. At PND7 and -14, there was a
four- and threefold induction of apoptotic cell death, respectively,
assessed by counting all apoptotic profiles in SNpc ( p , 0.0001,
ANOVA), whereas at PND21 and -28, there was no significant
effect. Analysis also revealed an effect of developmental age on
the number of apoptotic profiles on the control (unlesioned) side:
the number of profiles at PND14 was significantly greater than the
number at PND28 ( p , 0.05, Bonferroni test). No other differ-
ences among control conditions were significant. This observation
agrees with our previous finding that there is a peak in develop-
mental cell death in SNpc at PND14 and that it diminishes by
PND28 (Janec and Burke, 1993). When the analysis is restricted
to small apoptotic profiles (Fig. 5B), there is no apparent induc-
tive effect of the lesion. Within this category of profile only the
effect of developmental age is noted; the number of profiles at
both PND14 and -21 were significantly greater than at PND28
( p , 0.05, Bonferroni test). The ability of intrastriatal 6-OHDA
to induce apoptotic cell death is seen most clearly at early devel-
opmental ages in the analysis of large apoptotic profiles, in which
there is a highly significant 10- and 20-fold induction at PND7 and
-14, respectively. Although greater numbers of large apoptotic
profiles were also observed on the experimental side at PND21
and -28, these differences did not quite achieve significance. In
this analysis, there was no significant difference in numbers of
large profiles on the control side among the different develop-
mental ages. We conclude that there is developmental depen-
dence of induced death in SNpc and that the large apoptotic
profiles are likely to derive from the dopaminergic neuron phe-
notype. This conclusion is supported by finding a similar pattern
of induction of TH-positive apoptotic profiles in PND7, -14, and
-28 (Fig. 6). The cell phenotype from which the small apoptotic
profiles arise is unknown, and the prevalence of these profiles is
not affected by the 6-OHDA striatal lesion.
We considered the possibility that the developmental difference

in ability to induce apoptotic cell death in SNpc may be related to
a difference in the ability of intrastriatal 6-OHDA to induce
destruction of striatal dopaminergic fibers. To examine this issue,
we performed a segmented field analysis (Burke et al., 1990) of
the extent of striatal TH-positive fiber innervation on the lesioned
side in comparison to control for animals at PLD14 and -28. This
analysis showed that the extent of fiber loss was as great at PND28
(TH-stained area 49.7%67.4 that of contralateral control; n 5 6)
as at PND14 (TH-stained area 66.0% 612.1; n 5 4). Therefore,
the difference in the level of induced apoptotic cell death between
these two ages cannot be attributed to differences in the extent of
the 6-OHDA-induced lesion.
We also considered the possibility that the apparent lack of

induction of apoptotic death at the later PNDs may be attribut-
able to a shift in the time course. In the foregoing experiments,

Figure 4. A, Time course for induction of apoptosis in dopaminergic
neurons within the SN after injection of 6-OHDA on PND7. The number
of TH-positive apoptotic profiles was determined as described in Materials
and Methods on the side of the 6-OHDA injection (6OHDA EXP) (F), on
the contralateral control side (6OHDA CON ) (f), and on the ipsilateral
side in vehicle-injected controls (E). An augmented level of cell death was
first noted on PLD3 and abated by day 10. B, Time course for induction
of apoptosis in SN, assessed by counts of the total number of silver-stained
apoptotic profiles. Silver staining is more sensitive to the presence of
apoptotic profiles and includes cells of all phenotypes, so higher counts are
obtained; note the difference in the ordinate scale, as compared with A.
Because silver staining more readily reflects the changing level of natural
cell death during this postnatal period (Janec and Burke, 1993), we have
for ease of comparison to A expressed counts as the total number of
apoptotic profiles on the experimental side minus the level of natural cell
death on the control side. C, An analysis of induced apoptotic cell death
in TH-positive neurons according to rostrocaudal location shows that the
time course is the same in Paxinos–Watson (Paxinos and Watson, 1982)
planes 4.2, 3.7, 3.2, and 2.7.
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animals were killed at PLD5, which is within the period of max-
imal induction of cell death at PND7 (Fig. 4). It is possible that at
later postnatal ages there is a shift in the time course toward a
later occurrence. To examine this issue, animals at PND29 and -42
were subjected to 6-OHDA lesion and killed at PLD5, -7, and -9.
Quantitative analysis of the number of large (.5 mm) silver-
stained apoptotic profiles in SNpc showed that the level of cell
death did not increase at later postlesion intervals, at either
PND29 or PND42 (Fig. 7). In this experiment, in the absence of
the large effects observed previously at PND7 and -14, and in the
absence of the greater variability observed in the complete devel-
opmental study, ANOVA reveals a very clear induction of cell
death in SNpc at all postlesion intervals for PND29 and -42 ( p ,
0.0001). Thus, what was apparent only as a trend at later devel-
opmental ages (PND21 and -28) in the earlier, complete devel-
opmental study (Fig. 5C) is revealed here as a significant effect at

Figure 5. Developmental dependence of induction of apoptotic cell
death in SN by striatal 6-OHDA lesion. Animals were lesioned on the
indicated postnatal day and killed 5 d later. For PND7, the data are
derived from the same group of animals (n 5 6) depicted in Figure 4 at
PLD5. An additional 20 animals were studied for the subsequent PNDs. A,
Counts of the total number of silver-stained apoptotic profiles for the
6-OHDA and contralateral control sides. There was an induction of cell
death on PND7 and -14. B, There was no apparent induction of cell death
assessed by counting small apoptotic profiles. C, Large profiles show a
marked induction of death at PND7 and -14. Although there is an
apparent trend for an effect at PND21 and -28, ANOVA does not achieve
significance.

Figure 6. An analysis of TH-positive apoptotic profiles indicates that a
developmental dependence for induction of apoptotic cell death in SN is
also observed in phenotypically defined dopaminergic neurons.

Figure 7. Time course of induced apoptotic cell death in SNpc at later
postnatal ages. Only data for large ($5 mm), silver-stained profiles are
presented. Thirty animals underwent 6-OHDA lesion at the indicated
PNDs and were killed after 5, 7, or 9 d. In this analysis restricted to these
later postnatal ages, there is a clearly significant induction of cell death
( p , 0.0001) at all PNDs and postlesion times; however, there was no
significant effect of postlesion interval.
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PND29 and -42. Nevertheless, the magnitude of this effect is less
than what was observed previously at PND7 and -14, and this
difference cannot be attributed to a difference in the time course
of induced death at later postnatal ages. In this late developmen-
tal study, we made the additional observation that the morpho-
logical pattern of induced cell death was not uniformly apoptotic,
as it was at earlier ages. Some of the silver-impregnated cells in
PND42, PLD9 animals showed a diffuse impregnation of the
nucleus and cytoplasm rather than classic apoptotic chromatin
clumps. Such nonapoptotic profiles were often interspersed in the
same section with apoptotic profiles (Fig. 8). These nonapoptotic
profiles were not included in our counts of apoptotic profiles, as
presented in Figure 7. They were not present at PND29, however,
and very few were present at PND42, so they would not account
for the difference in the level of induced cell death observed in
later as compared with earlier developmental ages.

DISCUSSION
We have identified apoptosis within developing dopaminergic
neurons after destruction of their terminals with 6-OHDA using
both morphological and histochemical criteria. The demonstra-
tion of intensely basophilic, rounded, and well demarcated chro-
matin clumps using Nissl stains has been considered by many
investigators to be highly suggestive of apoptosis at the light
microscope level (Clarke and Oppenheim, 1995), and in many
instances this has been confirmed by ultrastructure (Cunningham,
1982; Williams and Rakic, 1988; Ferrer et al., 1990; Sloviter et al.,
1993; Macaya et al., 1994). The apoptotic nature of such clumps
can be confirmed by silver impregnation techniques, which dem-
onstrate intensely argyrophilic, rounded intranuclear clumps

(Yamamoto et al., 1986; Janec and Burke, 1993; Macaya et al.,
1994; Mitchell et al., 1994), and which have also been demon-
strated by ultrastructure (Macaya et al., 1994) to conform to
classic descriptions of apoptosis (Kerr et al., 1995). In addition, we
have shown that apoptosis occurs by demonstrating a high con-
centration of free 39 ends within the nucleus in the presence of
basophilic chromatin clumps, visualized with Nissl counterstain.
Although the ISEL technique can produce false–positive labeling
of free 39 ends generated by a nonapoptotic process (Grasl-
Kraupp et al., 1995), it is reliable if, in addition to the histochem-
ical reaction, the morphological features of apoptosis are identi-
fied (Oo et al., 1995). The induction of apoptosis specifically
within dopaminergic neurons has been demonstrated by TH-
immunostaining within the cytoplasm in conjunction with Nissl
counterstain of nuclear chromatin clumps.
The developmental dependence of intrastriatal 6-OHDA to

induce apoptotic cell death was observed most readily in a pop-
ulation of silver-stained apoptotic profiles with diameters .5 mm.
Within this group, at PND7 and -14, the number of profiles on the
side of experimental injury was increased by an order of magni-
tude over the numbers observed on the contralateral control side
and on either side at PND21 and -28. Within the group of profiles
with diameters ,5 mm, there was no apparent inductive effect of
the lesion at any postnatal age. One possible interpretation of
these results is that the experimental injury simply led to an
increase in the size of the apoptotic profiles at early postnatal
ages, and the apparent increase in total and large profiles at these
ages is attributable to double-counting error (Abercrombie,
1946). If that were true, however, then the number of small

Figure 8. The morphology of cell death at PND42 is not uniformly apoptotic, as shown in these silver-stained sections from animals 9 d after lesion.
Although apoptosis does occur, as shown in A (a typical argyrophilic chromatin clump is indicated by an arrow), nonapoptotic morphology is also observed
in the same section, as shown in B. This cell shows pleiomorphic, irregular silver deposits in the nucleus. A second example of nonapoptotic morphology
is shown in C, in which there is heavy silver impregnation throughout the nucleus and cytoplasm. The cytoplasmic impregnation extends into dendrites,
marked by arrowheads. Scale bar, 10 mm.
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profiles at PND7 and -14 would decrease, but they did not. In
addition, the finding of a greater induction of apoptotic cell death
at PND7 and -14 in relation to PND28 was confirmed for neurons
with the dopaminergic phenotype, using a stereological counting
approach (Figs. 4A, 6). Therefore, we conclude that the large
apoptotic profiles are derived, at least in part, from the dopami-
nergic phenotype, and the smaller profiles derive from another,
unknown cellular phenotype. This latter phenotype demonstrates
developmental regulation (Fig. 5B), but it is not induced to
undergo apoptosis after destruction of dopaminergic terminals.
The developmental dependence of the inductive effect was not
attributable to the ability of 6-OHDA to produce a more extensive
lesion at younger ages. Analysis of the loss of TH-immunostained
striatal fibers showed comparable effects at PND14 and -28. Nor
could the apparent developmental dependence be attributed to a
delay in the time course of induced death in the older animals.
These results are compatible with our hypothesis that during

development, dopaminergic neurons of the SN are dependent on
their target, the striatum, for viability. Destruction of the termi-
nals of these neurons with 6-OHDA would be expected to elim-
inate their ability to interact with their target, either by the uptake
of diffusible trophic molecules or by cell-to-cell contact. Our
results indicate that the developing dopaminergic neurons are
dependent on the striatal target on PND7 through PND14. This
observation is similar to findings in other developmental para-
digms in which the period of dependence on the target for viability
is restricted to a critical window of time. For example, there is
evidence that rat sensory neurons lose their nerve growth factor
(NGF) dependence over a 2 week period after birth (Lindsay,
1993). The possibility that the developing dopaminergic system is
target-dependent on PND7 through PND14 is supported by our
recent observation that induced apoptotic cell death in SN after
early excitotoxic striatal injury shows a similar developmental
dependence; there is a marked decrease in induced cell death
after PND14 (Kelly and Burke, 1996).
Another possible interpretation of our results is that the induc-

tion of apoptotic cell death in SN is unrelated to target depen-
dence but reflects a direct toxic effect of the 6-OHDA injection.
6-OHDA can induce apoptosis in vitro (Walkinshaw and Waters,
1994). In adult animals, injection of 6-OHDA into striatum results
in the death of dopaminergic neurons (Sauer and Oertel, 1994). In
adult animals, however, direct injection of 6-OHDA into SN
(Jeon et al., 1995) or injection into striatum (Ichitani et al., 1991,
1994) does not appear to induce apoptotic cell death. Neverthe-
less, it remains possible that immature dopaminergic neurons
respond differently to the toxin than mature neurons do, and they
die with an apoptotic morphology. Such a possibility, however,
although it may account for the appearance of apoptosis at early
developmental ages, would not account for the increased magni-
tude of cell death at earlier ages. On the contrary, given that the
toxic effect of 6-OHDA is dependent on the dopamine reuptake
site (Kostrzewa and Jacobowitz, 1974), and that these sites are
relatively less numerous in early development (Coyle, 1977), one
would anticipate that smaller numbers of neurons would be in-
jured by a direct toxic effect in immature animals. In addition, if
the induction of apoptosis in young animals were to be strictly
attributable to a toxic effect, then it would be only coincidental
that both the induction of apoptosis by 6-OHDA and the induc-
tion by excitotoxic striatal injury have the same developmental
time course, with a marked decrease of induced cell death after
PND14. It seems most parsimonious, therefore, to attribute the
ability of 6-OHDA to induce cell death in immature animals to
interference with target-derived support. This hypothesis is fur-
ther testable by administration of exogenous putative trophic
factors to ascertain whether they might inhibit 6-OHDA-induced
apoptotic cell death, analogous to classic studies of NGF support
of sympathetic neurons after destruction of their terminals by
6-OHDA (Levi-Montalcini et al., 1975).
The observations made in the present investigation and in

earlier studies of natural and induced cell death in SNpc are
summarized in Figure 9. During normal development, natural cell
death occurs with the morphology of apoptosis within both the

Figure 9. Summary of observations related to natural and induced cell death in SN. The relevant anatomy has been highly simplified to show only
the nigrostriatal dopaminergic projection, the striatonigral projections to SNpc and SNpr (Gerfen et al., 1987), and interactions between
GABAergic neurons of the SNpr and dopaminergic neurons of the SNpc (Tepper et al., 1995). Natural cell death (NCD) with the morphology of
apoptosis occurs in both SNpc and SNpr. After quinolinate (QA) lesion of intrinsic striatal neurons, which spares dopaminergic terminals, there
is an induction of cell death, with apoptotic morphology in SNpc and SNpr (Macaya et al., 1994). Destruction of dopaminergic terminals alone with
6-OHDA induces cell death only in SNpc.
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SNpc (Janec and Burke, 1993) and the SNpr (Szeto et al., 1994).
The magnitude of this death event is increased in both structures
after early (PND7) excitotoxic quinolinic acid (QA) injury to the
striatum (Macaya et al., 1994). This lesion spares the terminals of
the nigrostriatal dopaminergic projection (Schwarcz et al., 1983;
Macaya and Burke, 1992). In both structures, the morphology of
the induced death event is apoptotic and indistinguishable from
natural cell death. There are multiple possible relationships be-
tween the experimental lesion in the striatum and the induced
death in SN. For example, although the striatum is a major target
of the nigrostriatal projection, the SNpc also receives important
afferent projections from the striatum (Gerfen et al., 1987). The
neurons of the SNpr receive a major afferent projection from
striatum, but they also have projections to SNpc as one of their
targets (Tepper et al., 1995). In the present study, the terminals of
the nigrostriatal dopaminergic projection have been selectively
injured, without significant damage to striatal intrinsic neurons.
This lesion results in an induced death event in SNpc but not in
SNpr. This result would suggest that disruption of target interac-
tion is sufficient to induce cell death in SNpc and that disruption
of afferent projections are not necessary to induce death. This
result does not exclude the possibility that afferent projections
may be capable of regulating cell death in developing SNpc. The
absence of induced death in SNpr suggests that augmented death
in one of its targets (the SNpc) is not sufficient to augment the
natural cell death event. This may be because SNpr has other
collateral projections (Tepper et al., 1995). This result would
suggest that the induced cell death in SNpr in the QA paradigm
was not attributable to augmented cell death in SNpc but rather to
loss of striatal afferent projections. In both the QA and 6-OHDA
models, the time course of developmental dependence for in-
duced death in SNpc is quite similar, with a sharp decrement after
PND14.
The observation of two different morphological patterns of

induced cell death at PND42 suggests either that 6-OHDA in-
duces cell death at that age by two different mechanisms or that
the same mechanism causes two different morphologies of cell
death. In the former instance, it is possible, for example, that the
apoptotic cell death is attributable to the loss of target-derived
support, whereas the nonapoptotic death is attributable to the
direct effect of retrogradely transported toxin (Ichitani et al., 1991,
1994; Sauer and Oertel, 1994). In the latter instance, it is possible
that as the animal matures the morphology changes from an
apoptotic to a nonapoptotic form, while the death mechanism
remains that of programmed cell death. Such a transition has been
observed in other studies of natural and induced developmental
cell death (Pilar and Landmesser, 1976; Cunningham, 1982). It
will be possible to differentiate between these alternate explana-
tions by biochemical and morphological characterization of these
different types of cell death.
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