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SUMMARY

Ischemic damage to the adult rodent forebrain has been widely used as a model
system to study injury-induced neurogenesis, resulting in contradictory reports
regarding the capacity of the postnatal brain to replace striatal projection neu-
rons. Here we used a software-assisted, confocal approach to survey thousands
of cells generated after striatal ischemic injury in rats and showed that injury fails
not only to stimulate production of new striatal projection neurons in the adult
brain but also to do so in the neonatal brain at early postnatal ages not previously
explored. Conceptually this is significant, because it shows that even during pe-
riods of active striatal neurogenesis, injury is not a sufficient stimulus to promote
replacement of these neurons. Understanding the intrinsic capacity of the post-
natal brain to replace neurons in response to injury is fundamental to the devel-
opment of “self-repair” therapies.

INTRODUCTION

Neurons of the central nervous system (CNS) are generated during finite windows of neurogenesis that
occur as tightly orchestrated processes during embryonic development. In the mammalian CNS, all the
projection neurons are produced during this developmental period; however, the production of certain
types of interneurons persists throughout life in two neurogenic niches in the postnatal brain: the subven-
tricular zone (SVZ) that lines the lateral ventricles and the subgranular zone (SGZ) adjacent to the dentate
gyrus of the hippocampus (for review see Aimone et al., 2014). In both cases, stem cells within the SGZ and
SVZ neurogenic regions give rise to granular interneurons, which will replenish granule cell layers in the hip-
pocampal dentate gyrus and the olfactory bulb, respectively, as part of ongoing homeostatic processes in
the healthy brain.

Whether or not these stem cells can additionally give rise to other neuronal subtypes under certain path-
ological circumstances, for example, in response to brain injury, remains controversial. Studies in the early
2000s reported that significant neuronal loss through damage to areas adjacent to neurogenic niches could
redirect the fate of stem cell-derived neuroblasts to not only migrate to the damaged area but also differ-
entiate into regionally appropriate neuronal subtypes including midbrain dopamine neurons (Zhao et al.,
2003), CA1 pyramidal neurons (Nakatomi et al., 2002), and medium spiny projection (MSP) neurons (Arvids-
son et al.,, 2002; Parent et al., 2002). However, these findings have not been widely replicated and subse-
quent studies reported that projection neurons such as midbrain dopamine (Frielingsdorf et al., 2004)
and medium spiny subtypes could not be generated following injury to the adult brain (Liu et al., 2009).
The study by Liu et al. (2009) reported that injury to the striatum can indeed elicit a response from the adja-
cent SVZ, including an increase in proliferation of precursor cells and a redirection of the migratory path of
newborn neuroblasts away from their trajectory toward the olfactory bulb and instead toward the striatal
site of injury where they can differentiate into mature neurons. Interestingly, however, phenotypic analysis
indicated that they did not have the capacity to change differentiation potential to adopt a striatal projec-
tion neuron identity, but rather retained their identity as olfactory bulb interneurons in an ectopic location.

Striatal MSP neurons are generated from ventricular zone (VZ) progenitor cells through a peak phase of
neurogenesis during embryonic development (Deacon et al., 1994; Olsson et al., 1995; van der Kooy
and Fishell, 1987). As development proceeds and the embryonic VZ transitions to the postnatal SVZ, the
differentiation potential of VZ stem cells progressively shifts away from producing MSP neurons in favor
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of the olfactory bulb interneurons that continue to be generated throughout adult life (Luskin, 1993; Al-
varez-Buylla and Garcia-Verdugo, 2002). Recently we reported that the tail end of the neurogenic program
for production of MSPs persists into the early neonatal period, such that SVZ cells that have shifted predom-
inately to the generation of olfactory bulb interneurons will also continue to contribute MSP neurons to the
striatum over the first postnatal week (Wright et al., 2013). This led us to hypothesize that injury-induced
regeneration of striatal projection neurons may be most likely during this early postnatal period, when
proliferating SVZ precursors remain competent for production of MSPs.

To test this, we compared the phenotype of newborn neurons in the neonatal and adult rat striatum
following an ischemic striatal injury causing widespread loss of striatal MSPs. A combination of automated
cell counting and manual inspection of orthogonal reconstructions to unambiguously assess co-localiza-
tion of markers of cell phenotype allowed us to characterize thousands of newborn cells with respect to
neuronal differentiation properties after injury to neonatal or adult striatum, respectively. The results sug-
gest that striatal injury does not stimulate striatal neuron replacement, even during periods of active striatal
neurogenesis.

RESULTS
Ischemic Damage to the Adult Striatum Induces Cellular Proliferation and Neurogenesis

Injection of the vasoconstrictor ET-1 produced an ischemic injury at the site of injection, resulting in an
infarcted region characterized by loss of NeuN+ neurons throughout the dorsal head of the striatum (Fig-
ure 1A). Dividing cells were labeled by daily injection of 5-bromo-2’-deoxyuridine (BrdU) (100 mg/kg), and
animals were perfused for histology 3 weeks after the final BrdU injection (4 weeks after injury). Figures 1B
and 1C-1G show immunohistochemistry for BrdU, NeuN, and Darpp32 and the automated detection and
digital annotation of BrdU for saline- and ET-1-treated animals, respectively, using the spot creation mod-
ule in Imaris 9.0. The representative images show the significant proliferative response and accumulation of
BrdU+ cells (red) in the immediate vicinity of the injured area defined by loss of NeuN+/Darpp32+ cells in
ET-1-injected animals relative to saline-injected controls. The total number of BrdU+ cells was significantly
greater in ET-1-injected animals compared with saline controls (saline: 98,990 + 13,328 cells/mm?, ET-1:
838,600 + 143,989 cells/mm?, data represent mean + SEM, n = é/group; p value = 0.0035) (Figure TH).
Due to loss of tissue volume following ischemia, we also represented BrdU+ cells (throughout this study)
as a density of striatal tissue, which again showed a significant increase following ET-1 injection compared
with saline (saline: 11,581 + 1,944 cells/mm?3, ET-1: 120,627 + 26,087 cells/mm?, p value = 0.0085;
Figure 11).

To determine the effect of injury on striatal neurogenesis, cells co-expressing both BrdU and the mature
neuronal marker NeuN were quantified in the anterior head of the striatum at an interval of 1:12 between
1.7 and 0.7 mm relative to bregma. Compared with the saline-injected animals, the total number of BrdU+/
NeuN+ cells in this anterior striatum was significantly greater in ET-1-injected animals (saline: 26 + 8 cells;
ET-1: 136 + 29 cells, mean £ SEM, n = 12/group; p value = 0.0031), as was the density of striatal BrdU+/
NeuN+ cells (saline: 3 + 0.84 cells/mm? ET-1:19 + 4.19; p value = 0.0026) (Figures 1J and 1K). The number
of BrdU+/NeuN+ cells across both groups was overall low and quite variable, with most of these cells re-
maining in close proximity to the rostral migratory stream (Figure 1L).

Newborn Neurons following Ischemic Injury Do Not Acquire a Medium Spiny Neuron Identity

To determine the phenotypic identity of newborn neurons residing in the striatum following ischemic injury,
we first assessed co-labeling of BrdU+/NeuN+ cells for the MSP neuron marker, Darpp32. Evaluation of
orthogonal reconstructions of cells acquired by confocal microscopy across 12 brains did not reveal any
examples of BrdU+/NeuN+ cells that also expressed Darpp32. Interestingly however, a strikingly common
occurrence was the presence of BrdU+ cells in tight apposition to Darpp32+/NeuN+ cells (Figures 2A-2J).
From a top-down perspective in the x-y plane these cells often presented as triple-labeled, as seen in Fig-
ures 2A and 2F, but orthogonal inspection on the y axis showed the nuclei to be distinctly separate (Figures
2E and 2J). We also observed examples at the direct site of infarction, which initially appeared as triple-
labeled; however, these were subsequently shown to auto-fluoresce across all emission wavelengths and
deemed non-specific (not shown). In our experience this is a common feature of immunohistochemical
analysis in areas where there is significant damage-induced necrosis and inflammation, often associated
with infiltration of blood cells.
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Figure 1. Proliferation and Striatal Neurogenesis Is Increased 4 Weeks after Ischemic Injury to the Adult Striatum

(A-K) (A) Immunohistochemistry for NeuN shows extensive cell loss associated with striatal ischemic injury at the level of ET-1 injection. Representative
striatal sections immunohistochemically labeled for BrdU (red), NeuN (green), and Darpp-32 (blue) from saline (B) and ET-1 (C) groups illustrate the
automated detection of BrdU+ cells and annotation as red spheres by Imaris software. The boxed area is represented at higher magnification without (D and
F) and with annotation (E and G). The absolute number of BrdU+ cells (H) and the density of BrdU+ cells (1) are significantly increased following ET-1 injection.
The absolute number of BrdU+/NeuN + cells (J) and BrdU+/NeuN+ density (K) are significantly increased in the ET-1-injected group compared with saline
control. (L) Schematic sections (+1.70 mm, +1.20 mm and +0.70 mm from bregma) illustrate the approximate location of BrdU+/NeuN+ cells cumulatively
across all animals from the saline (green dots, n = 6) and ET-1 (pink dots, n = 6) groups.

Statistical analysis: (H) Welch's t test t(5.056) = 4.169, p = 0.0085, n = 6. (I) Welch's t test t(5.086) = 5.115, p = 0.0035, n = 6. (J) Welch’s t test #(12.45) = 3.650,
p =0.0031, n = 12. (K) Welch’s t test ¢(11.88) = 3.794, p = 0.0026, n = 12. **p < 0.01; Error bars: Standard deviation.

Scale bars: 500 um in (A-C).

BrdU, 5-bromo-2'-deoxyuridine.

Immunohistochemical detection of calretinin (CR; Figures 2K-2T), a calcium-binding protein found in in-
terneurons, including those normally destined for the olfactory bulb, revealed the presence of both
BrdU+/CR+/NeuN- (Figures 2K-20) and BrdU+/CR+/NeuN+ cells (Figures 2P-2T) in sham and ET-1-
treated animals. Overall, around 61 + 15% (mean + SEM) of BrdU+/CR + cells were also NeuN+. Quan-
tification showed that the ET-1-treated animals had a significant increase in total BrdU+/CR+ cell number
(saline: 54 £+ 15.41 cells, ET-1: 136 £ 30.93 cells, data represent mean £+ SEM, n = é/group, p = 0.0391)
(Figure 2U) and BrdU+/CR+ cell density (saline: 5.82 + 1.53 cells/mm?, ET-1: 19.75 + 5.39 cells/mm?, p=
0.0323) (Figure 2V). We also observed a significant increase in BrdU+/NeuN+/CR+ cell number in the
injury group (saline: 10 £ 4.8 cells; ET-1: 106 + 35.6 cells, p = 0.0429) (Figure 2W) and BrdU+/
NeuN+/CR+ cell density (saline: 1.20 + 0.61 cells/mm?3, ET-1: 15.96 + 5.68 cells/mm?, p = 0.0483)
(Figure 2X).
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Figure 2. Ischemic Damage to the Adult Striatum Recruits Calretinin+ Interneurons but Not Medium Spiny Neurons

(A-E) and (F-J) show two examples of immunohistochemistry for BrdU (red), NeuN (green), and Darpp32 (blue) at 4 weeks after ischemia, where BrdU+ cells
appear to be co-registered with Darpp32+ neurons when viewed on the x-y axes but are revealed to be adjacent and non-overlapping through orthogonal
reconstruction of the z axis. Orthogonal examination of immunohistochemistry for BrdU (red), NeuN (green), and calretinin (blue) revealed the presence of
new calretinin+ neurons including both NeuN+ (K-O) and NeuN- (P-T) examples. Quantification showed BrdU+/CR+ absolute number (U), BrdU+/CR+
density (V), BrdU+/NeuN+/CR+ absolute number (W), and BrdU+/NeuN+/CR+ density (X) are all significantly increased following ET-1 injection compared

with saline controls.
Statistical analysis: (U) Unpaired t test (10) = 2.373, p = 0.0391, n = 6. (V) Unpaired t test t(10) = 2.484, p = 0.0323, n = 6. (W) Welch's t test t(5.182) = 2.668, p =

0.0429, n = 6. (X) Welch’s t test (5.117) = 2.581, p = 0.0483, n = 6. *p < 0.05; Error bars: Standard deviation.
Scale bars: 25um in (A-T).
BrdU, 5-bromo-2'-deoxyuridine; CR, calretinin; Darpp32, dopamine- and cyclic-AMP-regulated phosphoprotein of molecular weight 32,000.

Ischemic Damage to the Neonatal Striatum Does Not Induce Striatal Neurogenesis

Injection of ET-1 at postnatal day 1 produced a robust ischemic injury to the striatum and overlying cor-
tex, manifesting at 4 weeks as hydrocephaly, significant striatal atrophy, and cortical scarring with con-
spicuous mushroom-like patterns reminiscent of ulegyric folding seen in cerebral palsy (Figure 3A).
Immunohistochemistry for BrdU, NeuN, and Darpp32 cells showed a robust level of proliferation in
both saline- (Figure 3B) and ET-1- (Figure 3C) treated neonatal animals during the first week after sur-
gery. The absolute number of BrdU+ cells was significantly higher in the saline control group (saline:
603,348 + 27,413; ET-1: 401,558 + 15,668, data represent mean + SEM, n = 6/group, p < 0.0001; Fig-
ure 3D); however, the ET-1 group had a significantly higher density of BrdU+ cells given the substantial
striatal atrophy associated with the injury (saline: 78,685 + 1,806 cells/mm?; ET-1: 110,657 + 2,257 cells/
mm?3, p < 0.0001; Figure 3E).
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Figure 3. Ischemic Damage to the Neonatal Brain Does Not Increase Gross Striatal Neurogenesis 4 Weeks After Injury

(A-H) (A) Immunohistochemistry for NeuN in representative sections illustrates typical cortical malformation and striatal atrophy at 4 weeks following
ischemic damage in the neonatal brain. Representative striatal sections immunohistochemically labeled for BrdU (red), NeuN (green), and Darpp-32
(blue) from saline (B) and ET-1 (C) groups illustrate the automated detection of BrdU+ cells and annotation as red spheres by Imaris software. Four
weeks following injection of ET-1 in the neonatal striatum, the absolute number of BrdU+ cells (D) is significantly reduced compared with saline

controls; however, the density of BrdU+ cells (E) is significantly increased. Double-labeling for NeuN showed that the absolute number of BrdU+/NeuN+
cells (F) and the BrdU/NeuN density (G) are not significantly different between ET-1 and saline groups 4 weeks post ischemia. (H) Schematic sections through
the striatum illustrating the approximate location of BrdU+/NeuN+ cells (pink dots) cumulatively across all animals from the saline (n = 6) and ET-1 (n = 6)
groups.

Statistical analysis: (D) Unpaired t test (10) = 6.391, p < 0.0001, n = 6. (E) Unpaired t test t(10) = 11.06, p < 0.0001, n = 6. (F) Welch's t test t(12.32) = 0.9198, p =
0.3754, n = 12 for ET-1 and n = 11 for control. (G) Unpaired t test t(21) = 1.57, p = 0.1314, n = 12 for ET-1 and n = 11 for control. ****p < 0.0001; Error bars:
Standard deviation.

Scale bars: 500 um in (A-C).

BrdU, 5-bromo-2'-deoxyuridine.

Newborn neurons generated in the first week after saline or ET-1 injection were identified based on co-
expression of BrdU and NeuN as described for the adult groups. Quantification at three striatal levels in
coronal sections showed no significant difference in BrdU+/NeuN+ cells between saline- and ET-1-
treated animals, either in absolute number (saline: 504 + 127 cells, n = 11; ET-1: 381 + 43 cells, n =
12, p = 0.3754; Figure 3F) or striatal density (saline: 70.6 + 18.4 cells/mm?®; ET-1: 105.7 + 13.1 cells/
mm3, n=12, p = 0.1314; Figure 3G). The new BrdU+/NeuN+ neurons were found predominately in close
proximity to the SVZ and rostral migratory stream (RMS) and also notably in the deeper parenchyma of
the nucleus accumbens, in close proximity to the anterior commissure (Figure 3H). The pattern of distri-
bution was similar in saline and ET-1-treated animals.
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Figure 4. Neonatal Ischemia Does Not Influence the Constitutive Production of Medium Spiny Projection Neurons 4 Weeks after Injury

(A-G) (A-E) Orthogonal reconstruction of immunohistochemical labeling for BrdU (red), NeuN (green), and Darpp32 (blue) identifies that new BrdU+/
NeuN+/Darpp32+ neurons are generated during the early neonatal period. The absolute numbers (F) and the densities (G) of BrdU+/NeuN+/Darpp32+
cells were not significantly different between ET-1- and saline-injected groups.

(H) Schematic sections illustrating the approximate location of BrdU+/NeuN+ cells (pink dots) and BrdU+/NeuN+/Darpp-32+ cells (green dots) cumulatively
across all animals from the saline (n = 5) and ET-1 (n = 6) groups.

(I=V) (I-M) Immunohistochemical labeling showed that a population of BrdU+/CR+ cells (red and blue, respectively) that did not express NeuN (green) was
actively generated in the neonatal brain. The absolute number of BrdU+/CR+/NeuN- cells was significantly greater in the ET-1 group compared with saline
controls (N) but the density was unchanged (O). A second population of newly generated BrdU+/CR+ that did express NeuN could also be identified in the
neonatal brain (P-T). The absolute numbers (U) of BrdU+/NeuN+/CR+ cells and the densities (V) were not significantly different between the ET-1 and saline
control groups at 4 weeks.

Statistical analysis: (F) Unpaired t test t(10) = 0.1541, p = 0.8806, n = 6. (G) Welch's t test t(6.009) = 1.001, p = 0.3554, n = 6. (N) Welch's t test t(4.554) = 3.989,
p =0.0126, n = 5 for sham and n = 6 for ET-1. (O) Unpaired t test t(9) = 1.653, p = 0.1327, n = 5 for sham and n = 6 for ET-1. (U) Unpaired t test t(9) = 2.435,
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Figure 4. Continued

p =0.0376,n=5forshamand n=6for ET-1. (V) Welch’s t test t(5.507) = 3.246, p = 0.0198, n = 5 for sham and n = 6 for ET-1. *p < 0.05; Error bars: Standard
deviation.

Scale bars: 25 um in (A-E) and 50 um in (I-M) and (P-T).

BrdU, 5-bromo-2'-deoxyuridine; Darpp32, dopamine- and cyclic:AMP-regulated phosphoprotein of molecular weight 32,000; CR, calretinin.

The Production of Darpp32+ Striatal Neurons in the Early Neonatal Period Is Not Affected by
Striatal Injury

New Darpp32+ striatal projection neurons generated in the first week after ET-1 or control saline injection
into the neonatal striatum were identified by validation of co-expression of BrdU, NeuN, and Darpp32+ in
orthogonal re-constructions of confocal images (Figures 4A-4E). Quantification did not reveal any differ-
ence between ET-1-treated and saline-animals in either the absolute number (saline: 42 + 11 cells; ET-
1: 46 £ 24 cells, mean + SEM, n = 6/group, p = 0.8806; Figure 4F) or density (saline: 5.91 + 1.74 cells/
mm?; ET-1: 11.63 £ 5.44 cells/mm?, n = 6/group, p = 0.3554; Figure 4G) of BrdU+/NeuN+/Darpp32+
cell density in the striatum 4 weeks after surgery. In both groups, the BrdU+/NeuN+/Darpp32+ cells
were found close to the SVZ and in the nucleus accumbens (Figure 4H).

Analysis of immunohistochemistry for CR showed the presence of BrdU+/CR+/NeuN- cells (Figures 41-4M)
in both ET-1- and saline-injected animals. Quantification at 4 weeks showed that there was significantly
more BrdU+/CR+ cells in the control group compared with the ET-1-treated animals (saline: 806.4 +
128.6 cells, n = 5; ET-1: 276 + 33.8 cells, n = 6, p = 0.0126; Figure 4N), although there was no difference
between the two groups when represented as striatal density (saline: 114.4 + 20.4 cells/mm?®; ET-1:
77.4 + 1.5 cells/mm?, n =6, p = 0.1327; Figure 40). We also identified BrdU+/CR+/NeuN+ cells (Figures
4P-A4T), with quantification showing that ET-1 treatment led to a significant increase in absolute number
(saline: 64.8 + 18.8 cells,n =5; ET-1: 170 + 35.9 cells, n = 6, p = 0.0376; Figure 4U) and striatal density (sa-
line: 9.27 + 2.70 cells/mm?3, n = 5; ET-1: mean + SEM = 48.97 + 11.93 cells/mm?, n = 6, p = 0.0198;
Figure 4V).

To assess whether neonatal ischemic damage affected striatal neurogenesis that manifested over a more
protracted timeline following the injury, we examined the ET-1 and saline groups with a longer 12-week
chase period following the 1-week BrdU pulse. The ET-1-induced ischemic pathology appeared similar
to the assessment at 4 weeks, with hydrocephaly, striatal atrophy, and glial scarring in the striatum and
overlying cortex (Figure 5A). Immunohistochemical analysis showed robust labeling of BrdU+ cells in
both the saline control (Figure 5B) and ET-1 (Figure 5C) groups. The number of BrdU+ cells was significantly
reduced in the ET-1 group (saline: 37,891 + 3,249 cells; ET-1: = 40,363 + 4,070 cells, mean £+ SEM, n =5/
group, p = 0.6477; Figure 5D), although not when represented as striatal density given the substantial at-
rophy in the ET-1 group (control: 347,863 + 25,334 cells/mm?; ET-1: 216,310 + 32,005 cells/mm?, p=
0.0122; Figure 5E). The number of new, BrdU+/NeuN+ neurons generated in the first week after saline
or ET-1 injection and surviving to 12 weeks was also lower in ET-1 animals, although not significantly (saline:
mean + SEM =696 + 84.21 cells,n=5; ET-1: mean = SEM =831 + 95.19 cells, n=5, p =0.3214; Figure 5F)
and the striatal density was similar in the ET-1 and control groups (saline: mean + SEM = 6,386 + 728.96
cells/mm3, n=5; ET-1: mean + SEM = 4,418 + 663.30 cells/mm?, n =5, p = 0.0809; Figure 5G). The topo-
graphical distribution of new neurons was similar to that observed at 4 weeks, predominately close to the
SVZ and in the nucleus accumbens (Figure 5H), although clearly in greater numbers.

As per the 4-week groups, BrdU+/NeuN+ cells present at 12 weeks were assessed for co-expression of
phenotypic markers Darpp32 (Figures 6A-6H) and CR (Figures 61-6V). Quantification showed that there
was no significant difference in the number of BrdU+/NeuN+/Darpp32+ neurons in ET-1-injured or saline
control groups (saline: 3,403 £ 507 cells; ET-1: 2,095 + 446 cells, mean + SEM, n = 5/group, p = 0.089,
Figure 6F) or their striatal density (saline: 370.2 + 56.6 cells/mm?; ET-1: 388.1 + 66.9 cells/mm?®, p=
0.8425; Figure 6@G). The distribution of BrdU+/NeuN+/Darpp32+ neurons at 12 weeks (Figure 6H) was
similar to the pattern observed at 4 weeks, although there were clearly greater numbers at 12 weeks and
a more greater representation in the deeper striatal parenchyma, more distal to the SVZ.

Similarly, neither was there significant difference in the absolute number (saline: mean + SEM = 38.90 +

4.46 cells/mm®, n=5; ET-1: mean + SEM = 65.66 + 25.11 cells/mm?®, n =5, p =0.3501; Figure 6N) or density
(saline: mean + SEM = 357.6 + 36.67 cells, n = 5; ET-1: mean + SEM = 319.2 + 99.58 cells, n = 5,
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Figure 5. Ischemic Damage to the Neonatal Brain Does Not Increase Gross Striatal Neurogenesis 12 Weeks after Injury

(A-G) (A) Immunohistochemistry for NeuN in representative sections illustrates typical cortical malformation and striatal atrophy at 12 weeks following
ischemic damage in the neonatal brain. Representative striatal sections immunohistochemically labeled for BrdU (red), NeuN (green), and Darpp-32 (blue)
from saline (B) and ET-1 (C) groups illustrate the automated detection of BrdU+ cells and annotation as red spheres by Imaris software. Twelve weeks
following injection of ET-1 in the neonatal striatum, the absolute number of BrdU+ cells (D) is significantly reduced compared with saline controls; however,
the density of BrdU+ cells (E) is unchanged. Double-labeling for NeuN showed that the absolute number of BrdU+/NeuN+ cells (F) and the BrdU/NeuN
density (G) are not significantly different between ET-1 and saline groups 12 weeks post-ischemia. (H) Schematic sections through the striatum illustrate the
approximate location of BrdU+/NeuN+ cells (pink dots) cumulatively across all animals from the saline (n = 6) and ET-1 (n = 6) groups.

Statistical analysis: (D) Unpaired t test t(8) = 3.223, p = 0.0122, n = 5. (E) Unpaired t test t(8) = 0.4747, p = 0.6477, n = 5. (F) Unpaired t test t(8) = 1.997, p =
0.0809, n = 5. (G) Unpaired t test t(8) = 1.057, p = 0.3214, n = 5. *p < 0.05; Error bars: Standard deviation.

Scale bars: 500 um in (B and C).

BrdU, 5-bromo-2'-deoxyuridine.

p =0.7268; Figure 60) of BrdU+/CR+/NeuN- cells nor was there a significant difference in the number (con-
trol: mean + SEM = 170.4 £+ 24.71 cells, n = 5; ET-1: mean + SEM = 177.6 4+ 55.43 cells, n = 5, p = 0.9085;
Figure 6U) or density (control: mean + SEM = 18.41 + 2.69 cells/mm?3, n=5;ET-1: mean + SEM =36.32 +
13.37 cells/mm?3, n = 5, p = 0.2545; Figure 6V) of BrdU+/CR+/NeuN+ cells.

DISCUSSION

Research on adult neurogenesis in the mammalian brain has often been controversial, ranging from recent
lack of consensus as to whether it continues at all in the human brain after the early postnatal period (Lu-
cassen et al,, 2019) to the present topic regarding the capacity of injury to stimulate regeneration of
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Figure 6. Neonatal Ischemia Does Not Influence the Constitutive Production of Medium Spiny Projection Neurons 12 Weeks after Injury

(A-G) (A-E) Orthogonal reconstruction of immunohistochemical labeling for BrdU (red), NeuN (green), and Darpp32 (blue) identify new BrdU+/NeuN+/
Darpp32+ neurons generated during the early neonatal period. The absolute numbers (F) and the densities (G) of BrdU+/NeuN+/Darpp32+ cells were not
significantly different between ET-1- and saline-injected groups.

(H) Schematic sections (+1.70 mm, +1.20 mm, and +0.70 mm from bregma) illustrate the approximate location of BrdU+/NeuN+ cells (pink dots) and BrdU+/
NeuN+/Darpp-32+ cells (green dots) cumulatively across all animals from the saline (n = 5) and ET-1 (n = 5) groups.

(I=V) (I-M) Immunohistochemical labeling showed a population of BrdU+/CR+ cells (red and blue, respectively) that did not express NeuN (green) was actively
generated in the neonatal brain. Both the absolute number (N) and density (O) of BrdU+/CR+/NeuN- cells was not significantly different between ET-1 and saline
control groups. A second population of newly generated BrdU+/CR+ that did express NeuN could also be identified in the neonatal brain (P-T). The absolute
number (U) of BrdU+/NeuN+/CR+ cells and the average density (V) were not significantly different between the ET-1 and saline control groups at 12 weeks.
Statistical analysis: (F) Unpaired t test t(8) = 1.936, p = 0.0888, n = 5. (G) Unpaired t test t(8) = 0.2053, p = 0.8425, n = 5. (N) Unpaired t test t(8) = 0.3619, p =
0.7268, n = 5. (O) Welch's t test t(4.252) = 1.049, p = 0.3501, n = 5. (U) Unpaired t test t(8) = 0.1186, p = 0.9085, n = 5. (V) Welch's t test t(4.322) = 1.313, p =
0.2545, n = 5. Error bars: Standard deviation.

Scale bars: 25 um in (A-E), (I-M), and (P-T).

BrdU, 5-bromo-2’-deoxyuridine; Darpp32, dopamine- and cyclic-AMP-regulated phosphoprotein of molecular weight 32,000; CR, calretinin.
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neuronal subtypes that are normally only produced during embryonic development. Here we have used an
approach combining software-automated identification of BrdU+ cells co-labeled for markers of pheno-
typic identity followed by manual verification in orthogonal reconstructions, to screen thousands of
newborn cells generated following striatal ischemia in neonatal or adult rats. The results indicate that
loss of striatal projection neurons does not trigger their replacement through a neurogenic “self-repair”
process.

The widespread loss of striatal neurons following injection of ET-1 into the adult forebrain is consistent with
the pattern of ischemic damage we (Ermine et al., 2019; Somaa et al., 2017) and others (Gilmour et al., 2004)
have previously reported and shown to be associated with a deficit in motor function that is stable over
months. The robust proliferative response to injury, shown as a significant increase in BrdU+ cells relative
to saline-treated controls, is a well-described response to acute brain injuries (Cavanagh, 1970; Nait-Ou-
mesmar et al., 1999; Wright et al., 2016) including those arising from ischemic damage (Arvidsson et al.,
2002; Liu et al., 2009; Parent et al., 2002). Automated analysis of whole striatal sections captured as
three-dimensional tissue volumes using confocal microscopy and Imaris 9.1 allowed us to identify and
examine a total of ~420,000 BrdU+ cells across 6 ET-1-treated animals and ~50,000 BrdU-labeled cells
across 6 animals in the saline control group. The BrdU dosing regimen of 50 mg/kg at 12-h intervals has
previously been shown to capture all dividing cells during the pulse period (Arvidsson et al., 2002) and likely
represented the overwhelming majority of cells born in the first week after injury.

The significant increase in newborn cells in the adult striatum adopting a neuronal (BrdU+/NeuN+) identity
after ischemic injury is consistent with many previous studies reporting striatal neurogenesis in response to
stroke (Arvidsson et al., 2002; Parent et al., 2002; Plane et al., 2008; Teramoto et al., 2003) and appears to be
a broadly conserved physiological response to acute striatal injury with similar observations following ex-
citotoxic lesions (Collin et al., 2005; Wright et al., 2016) or trauma (Chen et al., 2003). Whether these new
neurons can contribute to recovery remains an open question. Although there have been some correlative
studies on the magnitude of neurogenesis and post-stroke recovery (for review see Marlier et al., 2015),
there is no clear causal link. New neurons accounted for only a small fraction of the proliferative response
to injury to the adult striatum, with NeuN+/BrdU+ cells representing only ~0.00014% of all BrdU+ cells. The
distribution of these cells located close to the SVZ but also dorsally, adjacent to the RMS, suggests that in
addition to proliferation and migration of SVZ cells, neuroblasts already en route to the olfactory bulb via
the RMS can divert ventrally into the striatal parenchyma. It is unknown whether this affects the normal
contribution of these cells to the olfactory bulb, and this may be worth investigating in future studies.
Although we did not look beyond neuronal phenotype to characterize the remaining BrdU+ cells in the pre-
sent study, we (Irvin et al., 2008; Wright et al., 2016) and others (Amat et al., 1996; Marty et al., 1991) have
previously reported that many of these are locally dividing glial cells in the striatal parenchyma, including
up to 40% microglia.

Although no newborn neurons generated after ischemia in adult rats were found to co-label with the striatal
projection neuron marker Darpp32, many were found to be closely apposed to Darpp32+ neurons and
some were also found to label non-specifically at the site of infarction. There were, however, many exam-
ples of new BrdU+ neurons that co-expressed CR, consistent with an interneuron identity. These observa-
tions are in line with those from studies where we (Wright et al., 2016) and others (Liu et al., 2009) have pre-
viously reported a lack of neuronal differentiation into striatal projection neurons following injury and
supports the idea that striatal damage can redirect olfactory-bound neuroblasts from the SVZ and RMS to-
ward the site of damage, but without changing their intrinsic capacity for differentiation as granular layer
interneurons.

This led us to consider that replacement of striatal projection neurons following damage may depend on
the presence of progenitors competent for production of these neurons at the time of injury. Although the
bulk of MSN production in the rodent brain occurs embryonically, with a peak production between embry-
onic days 12-17 (Deacon et al., 1994; Olsson et al., 1995; van der Kooy and Fishell, 1987), the tail end of this
neurogenic program extends into the early postnatal period (Wright et al., 2013). Injection of ET-1 into the
striatum in neonatal rats produced an ischemic injury manifesting at 4 and 12 weeks as striatal atrophy with
concomitant hydrocephaly as well as malformation of the overlying cortex. We have recently shown that
this model captures various elements relevant for pre-term brain injury leading to cerebral palsy, such as
white matter damage and motor deficit (Wright et al., 2018).
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To assess the impact of striatal injury on neurogenesis during this early postnatal period, birth-dating
was performed over the first week after ET-1 injection and histology was performed at both 4 and
12 weeks to allow for the possibility of a delayed or protracted response. Large numbers of BrdU+ cells
were seen in saline-injected control animals, reflecting the high rate of proliferation in the neonatal brain.
Although the absolute number of BrdU+ cells was in fact greater in saline compared with ET-1-treated
animals this likely reflects the smaller striatal volume due to ET-1-induced atrophy. In support of this,
when represented as a density, BrdU+ cell numbers were greater in the ET-1 group at 4 weeks. Immu-
nohistochemical analysis showed the presence of BrdU+/NeuN+ neurons in all animals and included
both Darpp-32+ and CR+ subtypes as we have previously reported in naive animals (Wright et al.,
2013). In both saline- and ET-1-treated animals, these new neurons were distributed predominately
around the SVZ and RMS, but unlike the adult groups, they were also distributed throughout the deeper
striatal parenchyma, particularly in and around the anterior commissure. This is in line with previous
studies showing the persistence of striatal neurogenesis in the uninjured postnatal mammalian brain,
including production of GABAergic interneurons (De Marchis et al., 2004; Inta et al., 2008; Sanai et al.,
2011) and more recently, striatal projection neurons (Wright et al., 2013), which declines sharply in the
first week after birth.

The number of new striatal neurons was not significantly affected by neonatal ischemic injury when
measured at 4 or 12 weeks and, importantly, this was also the case when looking at the subset of
DARPP32+ neurons. Thus, even in the early neonatal period when there are actively dividing SVZ precur-
sors producing striatal projection neurons, striatal ischemia does not stimulate the additional recruitment
of these neurons to replace those lost to the injury. The very early age at which the injury occurred in the
present study (P1) is significant because it corresponds to an active phase of production of DARPP32+,
which we have previously shown declines sharply by P5 (Wright et al., 2013). Similar studies of hypoxic-
ischemic damage in the neonatal period have also reported a lack of new DARP32+ neurons, but have
been performed at ages beyond P5 and after a perceptible period of neurogenesis for this cell types
(Yang et al., 2008). Not only the number of Darpp32+/BrdU+ neurons but also their topographical dis-
tribution remains remarkably consistent across the control and ET-1 groups, further supporting the
conclusion that the ongoing neurogenic program is essentially impervious to injury. The increase in
CR+/NeuN+/BrdU+ cells at 4 weeks suggests a redirection of olfactory-bound neuroblasts in a manner
similar to that observed after injury to the adult brain. This was no longer evident at 12 weeks, which may
indicate a lack of survival of these neurons, perhaps due to the ectopic location or an inflammatory envi-
ronment post-injury.

In summary, we report here that ischemic striatal injury resulting in substantial loss of striatal projection
neurons does not stimulate the replacement of these cells in the adult or neonatal brain. Although it is
clear from the present findings and previous reports that striatal injury can result in the appearance of
new striatal neurons, on balance it appears this represents a re-direction of constitutively generated neu-
roblasts from the SVZ or RMS to the site of injury and not the generation of Darpp32+ striatal projection
neurons. Importantly, the present study also shows that injury does not promote striatal neuron replace-
ment even during periods of active birth of striatal projection neurons. Thus, injury itself appears to be
insufficient as an extrinsic signaling pathway for regulation of otherwise highly conserved neurogenic
programs. Although self-repair strategies remain a fascinating prospect for restorative neurology, suc-
cessful replacement of projection neurons will likely require additional signaling components including
cell-intrinsic determinants of differentiation outcome. Recent reports of forced differentiation to specific
neuronal phenotypes through cell-intrinsic over-expression of neurogenic transcription factors in vivo (Li
and Chen, 2016) suggest this may also be an interesting approach for facilitating cellular replacement
after stroke.

Limitations of the Study
e We did not include additional phenotypic markers of immature striatal projection phenotype.
Although DARPP32 is regarded as definitive for mature identity, we cannot exclude an initial neuro-
genic response to produce striatal projection progenitors that ailed to survive.

e This study does not consider injury-induced neurogenesis in other areas of the brain that can be
affected by this model of stroke, for example, in the hippocampus or cortex. Thus conclusions on
a general lack of capacity for “self-repair” should be limited to striatal projection neurons.
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Figure S1: Experimental design: (A) related to figure 1 and 2, (B) related to figure 3 and 4 and (C)
related to figure 5 and 6. At day zero all groups underwent stereotaxic surgery for injection of ET-1 or
saline into the striatum. One day after surgery, all animals were injected intraperitoneally with 5-
bromo-2'-deoxyuridine (BrdU) for seven days, once daily at 100mg/kg for the adult groups (A) and
twice daily at 50mg/kg for the neonatal group (B-C). The animals were taken for histological analysis
at four weeks (A-B) or twelve weeks after surgery (C).

Transparent Methods

Animals and Experimental Design

Adult, female Sprague Dawley or neonatal (postnatal day 1; P1), mixed-sex Sprague
Dawley rats were used in this study. All animals were housed in individually ventilated cages
under a 12h light/dark cycle with ad libitum access to food and water. The use of animals in
this study conformed to the Australian National Health and Medical Research Council's
published Code of Practice for the Use of Animals in Research and were approved by the Florey
Institute of Neuroscience and Mental Health animal ethics committee. In our initial
investigations, we explored the phenotypic fate of newborn cells four weeks after ischemic
injury to the adult (Adult 4W) or neonatal (Neonate 4W) striatum. To assess longer-term
survival and allow further time for acquisition of mature markers of phenotypic identity, we
also characterised the fate of newborn cells twelve weeks following initial birth-dating after
neonatal ischemic injury (Neonate 12W). The experimental timeline is represented in
Supplementary Figure S1.

Stereotaxic surgery

Striatal ischemia was induced by injection of ET-1 (800 pMol in 1pul) to the anterior head
of the striatum. Stereotaxic co-ordinates: adults - 0.5 mm rostral, 3.0 mm lateral to bregma
and 5.0 mm below the dural surface; neonates - 0.7 mm rostral, 2.3 mm lateral to bregma and
2.9 mm below dura. Controls received the same volume of sterile saline (0.9%). Adult animals
were anaesthetised with isoflurane (induction at 5% and maintenance at 2% at 1L/min) and
placed in a stereotaxic frame (Kopf, Germany). The neonatal rats were anaesthetised through



hypothermia, induced by placing the pup in ice. The neonatal animals were placed in a
Cunningham adaptor stage (Stoelting, Germany) fitted to the stereotaxic frame and
anaesthesia was maintained with dry ice added to absolute ethanol held in the reservoir of the
Cunningham adaptor. The animals were perfused for histology at either four- or twelve-weeks
post-surgery.

BrdU treatment

Birth-dating of cells over the first week after saline or ET-1 injection was performed through
administration of the thymidine analogue 5-bromo-2'-deoxyuridine (BrdU), which is
incorporated in dividing cells during DNA synthesis. One day after surgery, BrdU (20mg/ml in
0.9% saline) was injected intraperiteonally (i.p.) at a dose of 100mg/kg once a day for seven
days for the adult group and at 50mg/kg, twice daily for seven days for the neonatal groups
(Supp. Figure 1). The dosage was the same between the adult and neonatal groups, however
the regime was adapted for each group, to allow for injection volumes in the smaller animals.

Tissue collection and immunohistochemistry

Following a terminal dose of pentobarbitone (100mg/kg; Virbac, Peakhurst, Australia)
animals were transcardially perfused with 50ml 0.2M phosphate buffered saline and 250ml
paraformaldehyde (PFA, 4% in 0.2M phosphate buffer with 0.2% picric acid). The brains were
collected and post-fixed in PFA for 2 hours, followed by cryo-protection in 20% sucrose PBS
solution for one to two days. The brains were snap frozen on dry ice and coronal sections were
collected in series at 40 um using a freezing-microtome (Leica, Wetzlar, Germany).

Free-floating immunohistochemistry was performed on a 1:12 series for chromogenic
labelling of BrdU or combined fluorescent labelling of BrdU, NeuN, Darpp32 and Calretinin (CR),
as previously described in (Wright et al., 2013). Tissue labelled for BrdU was pre-treated by
incubation in deionized formamide (Merck Millipore) at 65°C for 2 hours, followed by 2M HCL
at 27°C for 30 minutes and washes in Borate buffer at room temperature for 20 minutes.
Primary antibodies and dilutions used were: sheep anti-BrdU (Exalpha, A205P, 1:1000); mouse
anti-NeuN (Millipore, MAB377, 1:1000); rabbit anti-CR (SWANT # CG1, 1:4000) and rabbit anti-
Darpp32 (Millipore, AB10518, 1:500). Secondary antibodies and dilutions used were: anti-
sheep and anti-rabbit conjugated Dylight Fluorophores 488 and 647 (Jackson
ImmunoResearch,1:200) for fluorescent staining and anti-sheep biotin conjugated (Jackson
ImmunoResearch,1:400) for chromogenic staining. Fluorescent staining for NeuN was
amplified using the secondary antibody anti-mouse biotin-conjugated and streptavidine-550
(Abcam, 134348, 1:400).

Imaging and cell counting

Fluorescent microscopic analysis and images were performed using a Zeiss Meta confocal
microscope (LSM 780), chromogenic images were captured using a Leica DM6000 microscope.

For cell counting, three consecutive sections spanning the anterior head of the striatum
(approximately located at +1.70 mm, +1.20 mm, +0.70 mm relative to bregma) were captured



using a 20x objective with optical slicing in the Z axis and reconstruction of each panel across
the X and Y axes to produce a composite image of the entire striatal volume for each section.
The number of BrdU+ cells was estimated using the spot creation module in Imaris v9.0. The
total number of cells and the density in the anterior striatum (bregma +1.70 —+0.70 mm) was
estimated by extrapolation according to the Cavalieri principle (Cavalieri, 1966).

To assess expression of phenotypic markers NeuN, Darpp32 or CR in BrdU+ cells, instances
of co-expression were initially estimated via Imaris using the spot creation module for
individual channels and subsequent processing to determine overlap. Instances of co-
expression were manually verified on the X, Y and Z planes using Zen lite software. All sections
were also manually inspected to identify possible false-negatives not captured by Imaris. The
total frequency of each cell type was determined and density estimated using Cavalieri’s
principle (Cavalieri, 1966).

Statistical analysis

Statistical analysis was performed using Prism 7 (GraphPad Software). For the adult group
we used Welch’s t test for: lesion volume, BrdU, BrdU/NeuN, BrdU/NeuN/CR absolute numbers
and densities; and we used unpaired t test for: BrdU/CR density and absolute number. For the
neonatal four-weeks group we used unpaired t test for: BrdU cell number and density,
BrdU/NeuN density, BrdU/NeuN/Darpp32 cell number, BrdU/CR density, BrdU/NeuN/CR cell
number; and Welch’s t test for BrdU/NeuN cell number, BrdU/NeuN/Darpp32 density,
BrdU/CR cell number and BrdU/NeuN/CR density. For the neonatal twelve-weeks group, we
used unpaired t test for BrdU, BrdU/NeuN, BrdU/NeuN/Darpp32 cell number and densities,
and BrdU/CR and BrdU/NeuN/CR cell number; and Welch’s t test for: BrdU/CR and
BrdU/NeuN/CR densities.
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