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Abstract
Neurogenesis increases in the adult rodent forebrain subventricular zone (SVZ) after experimental
stroke. Newborn neurons migrate to the injured striatum, but few survive long-term and little evidence
exists to suggest that they integrate or contribute to functional recovery. One potential strategy to
improve stroke recovery is to stimulate neurogenesis and integration of adult-born neurons by using
treatments that enhance neurogenesis. We examined the influence of retinoic acid (RA), which
stimulates neonatal SVZ and adult hippocampal neurogenesis, and environmental enrichment (EE),
which enhances survival of adult-born hippocampal neurons. We hypothesized that the combination
of RA and EE would promote survival of adult-generated SVZ-derived neurons and improve
functional recovery after stroke. Adult rats underwent middle cerebral artery occlusion, received
BrdU on days 5–11 after stroke and were treated with RA/EE, RA alone, EE/vehicle or vehicle alone
and were killed 61 days after stroke. Rats underwent repeated MRI and behavioral testing. We found
that RA/EE treatment preserved striatal and hemisphere tissue and increased SVZ neurogenesis as
demonstrated by Ki67 and doublecortin (DCx) immunolabeling. All treatments influenced the
location of BrdU- and DCx-positive cells in the post-stroke striatum. RA/EE increased the number
of BrdU/NeuN-positive cells in the injured striatum but did not lead to improvements in behavioral
function. These results demonstrate that combined pharmacotherapy and behavioral manipulation
enhances post-stroke striatal neurogenesis and decreases infarct volume without promoting
detectable functional recovery. Further study of the integration of adult-born neurons in the ischemic
striatum is necessary to determine their restorative potential.
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Introduction
The capacity of the adult mammalian brain to generate new neurons has been well established
over recent years. Neural stem cells from the adult forebrain subventricular zone (SVZ) give
rise to olfactory bulb (OB) interneurons while those in the hippocampal dentate gyrus generate
new neurons in the granule cell layer (Altman, 1969, Cameron and Gould, 1994, Corotto, et

Please send all correspondence to Jack Parent. parent@umich.edu, Address: Department of Neurology, University of Michigan Medical
Center, 5021 BSRB, 109 Zina Pitcher Place, Ann Arbor, MI 48109-2200.

NIH Public Access
Author Manuscript
Exp Neurol. Author manuscript; available in PMC 2010 July 3.

Published in final edited form as:
Exp Neurol. 2008 November ; 214(1): 125–134. doi:10.1016/j.expneurol.2008.08.006.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



al., 1993, Kaplan and Hinds, 1977, Kuhn, et al., 1996, Lois and Alvarez-Buylla, 1994). Brain
insults such as seizure, stroke, and trauma activate neural stem cells to proliferate more rapidly,
migrate into injured regions, and form new neurons and glia (Arvidsson, et al., 2002, Goings,
et al., 2004, Lichtenwalner and Parent, 2006, Parent, et al., 2002a, Parent, et al., 2002b, Parent,
et al., 1997, Zhang, et al., 2001). Stroke increases the production of doublecortin (DCx)- and
polysialylated neural cell adhesion molecule (PSA-NCAM)-positive neuroblasts in the SVZ
and striatum; however, few cells survive long-term to become functional striatal neurons
(Arvidsson, et al., 2002, Ohab, et al., 2006, Parent, et al., 2002b). This latter finding suggests
that interventions are necessary to enhance the long-term survival of new neurons after stroke.
Moreover, structural and behavioral examination is critical to determine whether the newborn
neurons integrate appropriately and contribute to functional recovery after focal ischemic
insults.

Many factors regulate neurogenesis during development. The plasticity exhibited by the brain
after injury suggests that these factors also may be good candidates for enhancing post-stroke
neurogenesis, and one developmental molecule of particular interest in this regard is retinoic
acid (RA). During development, RA plays an essential role in anteroposterior patterning of the
hindbrain and spinal cord (Liu, et al., 2001, Maden, 2002, Melton, et al., 2004), dorsoventral
patterning of spinal cord neurons (Diez del Corral, et al., 2003, Novitch, et al., 2003, Wilson
and Maden, 2005) and striatal neuron differentiation (Toresson, et al., 1999, Valdenaire, et al.,
1998). RA expression and signaling continues in the postnatal and adult brain. Retinoid binding
proteins are expressed in the SVZ-olfactory bulb pathway (Zetterstrom, et al., 1999,
Zetterstrom, et al., 1994), RA receptors persist in the olfactory bulb (Krezel, et al., 1999), and
the RA synthesizing enzyme RALDH3 is present in the olfactory bulb, rostral migratory stream
(RMS), and SVZ (Wagner, et al., 2002). We and others have found that retinoid signaling is a
key regulator of postnatal and adult SVZ-olfactory bulb neurogenesis, and that exogenous
retinoid administration stimulates this process (Calza, et al., 2003, Haskell and LaMantia,
2005, Wang, et al., 2005). RA signaling also appears necessary for adult hippocampal
neurogenesis as depletion of RA in adult mice decreases dentate granule cell differentiation
(Jacobs, et al., 2006). These studies led us to investigate whether RA enhances post-stroke
striatal neurogenesis.

Environmental enrichment is a commonly used behavioral intervention for rodents and
primates after brain injury. Many studies demonstrate the positive effects of environmental
enrichment (EE) on functional recovery after injury, although the timing of EE or related
interventions is one factor that determines whether it provides beneficial or deleterious effects
on recovery or secondary neural degeneration (Bland, et al., 2001, Kleim, et al., 2003, Schallert,
et al., 2000, Tillerson, et al., 2001). Other work also shows positive effects on dentate gyrus
neurogenesis (Kempermann, et al., 1998, Kempermann, et al., 1997, Komitova, et al., 2002,
Nilsson, et al., 1999, Wurm, et al., 2007), in that EE enhances neuron survival; however, few
studies have examined the effects of EE on striatal neurogenesis.

Given that RA stimulates forebrain SVZ neurogenesis and EE enhances the survival of some
adult-born neurons and improves functional recovery, we hypothesized that combining oral
RA-treatment with EE would enhance the generation and long-term survival of SVZ-derived
striatal neurons as well as increase functional recovery after stroke. We treated adult rats with
RA/EE, RA alone, EE/vehicle or vehicle after inducing focal ischemia, and examined the
effects of treatment on SVZ and striatal neurogenesis, stroke volume and sensorimotor
function. We found that RA/EE treatment preserved striatal and hemisphere tissue, increased
SVZ neurogenesis, influenced the location of newborn cells in the post-stroke striatum, and
increased the number of new striatal neurons but did not detectably improve behavioral
recovery.

Plane et al. Page 2

Exp Neurol. Author manuscript; available in PMC 2010 July 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Methods
Transient Middle Cerebral Artery Occlusion

Adult (210–250 gram) male Sprague-Dawley rats (Charles River) were used for all experiments
and all procedures were approved by the University of Michigan Committee on Use and Care
of Animals. Animals were group housed on a 12-hour reverse light-dark cycle and provided
with food and water ad libitum. Rats were anesthetized with a ketamine/xylazine mixture
(100mg/kg, intraperitoneal). Body temperature was maintained using a 37°C re-circulating
water pad. Transient middle cerebral artery occlusion (tMCAO) was produced for 90 minutes
using the external carotid artery insertion method as described previously (Longa, et al.,
1989). Briefly, the left common carotid artery was exposed through a midline incision, and the
internal and external carotid arteries separated. A 3.0 nylon monofilament with tip rounded by
heat was placed in the external carotid artery and advanced through the internal carotid artery
until resistance was felt. The monofilament was left in place for 90 minutes and then removed
under anesthesia. Animals were observed until they recovered from anesthesia. This protocol
produced infarcts involving the striatum and cortex with a mortality rate of approximately 30%.

BrdU labeling
The thymidine analog, bromodeoxyuridine (BrdU, Roche, Indianapolis, IN) was used to label
cells in S-phase (Miller and Nowakowski, 1988). Rats received twice daily intraperitoneal (i.p.)
injections of BrdU (50mg/kg in sterile PBS, 6 hours apart) on days 5–11 after tMCAO. This
timing was chosen based on previous studies showing that SVZ proliferation peaks
approximately one week after stroke (Parent, et al., 2002b, Zhang, et al., 2001) and to limit
labeling of the earlier post-injury glial response.

MRI
All animals received T2-weighted MRIs on days 7 and 59 post-tMCAO. T2-weighted MRIs
were performed using a 7.0 tesla, 18.3 cm horizontal bore magnet as previously described
(Chenevert, et al., 1997, Kim, et al., 1995, Moffat, et al., 2006). Serial coronal slices were
acquired at 1.5 mm intervals through the rostro-caudal extent of the brain, resulting in 13 slices/
animal. Animals were randomly assigned to treatment groups using day 7 MRI. To keep infarct
size consistent between groups, we excluded animals with greater than 88% or less than 65%
residual hemispheric volume at the level of the striatum (ipsilateral/contralateral hemisphere
volume × 100).

Treatment
On day 7 post tMCAO, animals were randomly assigned to one of four treatment groups:
combined RA-enriched diet and environmental enrichment (RA/EE), RA-enriched diet and
standard environment (RA/SE), normal diet and environmental enrichment (NML/EE) or
control with normal diet and SE (NML/SE). Day 7 was chosen as this time point is near the
peak of stroke-induced SVZ neurogenesis (Parent et al., 2002b). Animals in the RA groups
received the RA-enriched diet on days 7–41 post tMCAO to prolong proliferation and enhance
survival of newly generated neuroblasts. Animals survived an additional 20 days to ensure that
any cells that incorporated BrdU on days 5–11 after tMCAO and differentiated into neurons
likely would be fully integrated if they persisted for the subsequent 7–8 weeks. We chose to
stop RA treatment on day 41 after tMCAO (a 5-wk course) because longer durations or higher
doses of RA treatment caused adverse hindlimb motor effects. Animals in the EE groups were
placed into monkey cages containing an assortment of tunnels, ropes and wire mesh for
climbing, chew toys, hidden snacks, and a number of other rodent toys during their dark cycle
on days 8–27 post tMCAO to promote functional recovery and enhance survival of newly
generated neurons. Animals were rotated through 4 different monkey cages, each with a unique
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set-up. Unlike previous studies, EE rats were not housed continuously in EE cages, but instead
were introduced to the EE cages on a gradual basis (1 hr/day for 2 days, 2 hr/day for 2 days, 3
hr/day for remainder) and housed there for a maximum of 3 hours/day. This protocol was
chosen to more closely mimic the intermittent nature of human rehabilitative therapy.

Behavioral Testing
Animals underwent a set of sensorimotor tests on day 6 post-tMCAO to determine initial
deficits, and the battery was repeated on days 28 and 60 post-tMCAO to measure recovery
over time. The same animals were imaged by MRI on days 7 and 59 after tMCAO. All
behavioral testing was performed during the dark cycle. Hind-limb deficits were measured on
the tapered, ledged beam test as previously described (Zhao, et al., 2005). The number of
ipsilateral and contralateral hindlimb “foot faults” was counted on 4 video-recorded trials/
animal/time point. Forelimb asymmetry was assessed using the cylinder test as well as
vibrissae-evoked placing (Schallert, et al., 2000, Schallert, et al., 2002). For the cylinder test,
animals were placed into a plexiglass cylinder and all trials were video-recorded via an angled
mirror for blinded analysis. The number of ipsilateral, contralateral, and bilateral forepaw wall
contacts for weight support or shifting was counted and the percent use of the affected limb
calculated using the formula: [(ipsilateral/total)−(contralateral/total)] × 100% (Woodlee, et al.,
2005). Animals underwent 10 trials/side/time point of vibrissae-evoked placing and the number
of placings was recorded.

Histopathology
On day 61 post-tMCAO, animals were deeply anesthetized with sodium pentobarbital and
perfusion-fixed with saline followed by 4% paraformaldehyde (PFA). Brains were removed
and post-fixed in 4% PFA overnight, cryoprotected in 30% sucrose, then frozen in powdered
dry ice. Coronal serial sections were cut at 40 µm on a cryostat, collected into tris, then
transferred into cryoprotectant and stored at −20°C. To confirm lesion severity from MRI
analyses, 4 striatal level sections/animal were mounted onto slides, Nissl-stained using cresyl
violet, and bilateral hemisphere, striatal and SVZ areas measured using Image J (see below).

Immunohistochemistry
Diaminobenzidine immunohistochemistry was performed with antibodies to doublecortin
(DCx) and BrdU using previously published protocols (Parent, et al., 2002b, Plane, et al.,
2004). For BrdU staining, sections were rinsed in Tris, denatured in 2N HCl at 37°C for 30
min, neutralized in 0.1M boric acid for 10 min, rinsed, blocked with 10% normal horse serum
(Invitrogen, Carlsbad, CA), and incubated overnight at 4°C with anti-BrdU antibody (1:1000
dilution; mouse monoclonal, Roche Applied Science, Indianapolis, IN). Sections were rinsed,
incubated in secondary antibody (1:200 biotinylated horse anti-mouse IgG, Vector Labs) for
1 hour, rinsed, signal amplified with Vector ABC kit, developed with stable diaminobenzidine
(Invitrogen), mounted onto slides, dehydrated and cleared in ethanol and xylenes, and
coverslipped using Permount (Sigma). DCx immunostaining followed a similar protocol
except that sections were put into 1% H2O2 for 30 min instead of 2N HCl and boric acid.
Sections were blocked with normal horse or goat serum and incubated either in goat anti-DCx
(1:2000, overnight, Santa Cruz) or rabbit anti-DCx antibody (1:1000 for 2 nights, (Parent, et
al., 2002b); biotinylated horse anti-goat or goat anti-rabbit IgG secondary antibodies were used.
For single label immunofluorescence, sections were washed with Tris-Buffered Saline (TBS),
blocked in goat serum, then incubated in anti-Ki67 (1:1000 rabbit, Vector Labs) or anti-PSA-
NCAM (1:500 mouse IgM, Chemicon) overnight at 4°C. Sections were washed in TBS,
incubated in goat anti-rabbit Alexa 488 or 594, or goat anti-mouse IgM Alexa 488 (1:800,
Invitrogen) at room temperature for 1.5 hours. Sections were washed, mounted onto slides and
allowed to dry, then coverslipped with an anti-fade medium (Pro-Long, Invitrogen). Double-
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label immunofluorescence staining was performed as previously described to identify dividing
SVZ neuroblasts or newly formed striatal neurons (Parent, et al., 2002b, Plane, et al., 2004).
Sections were stained with primary antibodies to Ki67 (1:1000) and PSA-NCAM (1:500), or
to BrdU (1:250 rat, Accurate Chemical) and NeuN (1:1000, mouse monoclonal, Chemicon),
followed by incubation in species- and isotype-appropriate Alexa 488 and 594 secondary
antibodies.

Quantitative Analyses
MRIs were converted to tiff files and imported into NIH Image J for analysis. All images were
auto-adjusted for brightness/contrast and intact striatal or hemispheric area measured at the
level of the striatum (3 images/animal/timepoint). Residual striatal or hemispheric tissue was
outlined and area measured using the freehand tool; stroke volume was calculated as area ×
slice thickness × number of slices. Area measurements were also obtained from Nissl stained
striatal sections (n=4/animal) to confirm MRI findings. Unbiased stereology was performed
on every 12th section (n=5 sections) to count striatal BrdU+ cells. Striatal areas were outlined
at low magnification and BrdU-positive cells were counted at 100× using the optical
fractionator technique (StereoInvestigator; (Plane, et al., 2004, West, et al., 1996). Peri-infarct
BrdU labeling was quantified at the level of the anterior striatum in 3 sections/animal. Images
of the dorsal and ventral striatum adjacent to the infarct, nearest the level of the dorsal and
ventral lateral ventricle, respectively, were captured without knowledge of experimental group
using a SPOT-RT digital camera at 40× magnification and all BrdU-positive cells within these
fixed areas were counted. DCx immunoreactivity was quantified in the SVZ in 4 equidistant
anterior striatal sections/animal. DCx-positive SVZ area and density measurements were
obtained using Image J from 10× images of the dorsolateral SVZ. Ki67-positive cells were
counted in the lateral SVZ of 3 equidistant striatal sections/animal in 20× images of the lateral
ventricle. Immunofluorescence double labeling and confocal microscopy (Zeiss LSM 510)
were used to assess co-localization of immunofluorescence for double labeling and to quantify
BrdU+ or BrdU/NeuN+ cells (3–6 63× fields/animal). All analyses were performed in a blinded
manner.

Statistics
Analysis of variance (ANOVA) with post-hoc t-tests were used to compare differences between
treatments for all quantitative analyses. Results were presented as means ± standard error of
the mean (SEM) and considered significant when p≤0.05.

Results
RA treatment preserves hemisphere volume after stroke

RA is a key regulator of neurogenesis in the postnatal and adult SVZ-OB pathway (Haskell
and LaMantia, 2005, Wang, et al., 2005). Because RA stimulates SVZ neurogenesis and EE
increases the survival of adult-born neurons in the dentate gyrus, we sought to determine if
RA-treatment combined with EE would promote adult SVZ neurogenesis and functional
recovery after stroke. To evaluate lesion severity, assign animals to treatment groups, and
assess long-term effects of treatment on stroke volume, rats received serial MRIs on days 7
and 59 after tMCAO. Animals were randomly assigned to treatment groups or excluded from
the study based on day 7 MRI results. All animals had similar lesion sizes on day 7, prior to
treatment (Figure1A–D, E). They underwent repeat MRI on day 59 post-tMCAO to compare
treatment effects on stroke volume. Animals that received an RA-enriched diet had more
residual hemisphere tissue than those on a standard diet (Figure 1A’–D’, E, p<0.05 RA/EE vs.
NML/EE, RA/SE vs. NML/EE or NML/SE). RA-treated animals also had less decline in
hemispheric volume over time [(d59−d7)/d7] compared with controls (Figure 1F, p<0.05 RA/
EE vs. NML/EE, RA/SE vs. NML/EE or NML/SE). Animals that received both RA and EE
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also lost significantly less striatal volume over time compared with untreated animals (Figure
1G, p=0.03). These differences could potentially be confounded by differences in nutrition or
food consumption due to the RA-enriched diet. However, animals were weighed periodically
and there was no difference in weight between animals on normal diet vs. RA-enriched diet
(data not shown). We similarly compared day 7 and day 59 MRIs for hemispheric minus striatal
volume, a representation mainly of cortical volume at these forebrain levels, and found no
significant difference between treatment groups and controls (p>0.10, ANOVA with Dunnett’s
post-hoc test). Thus, retinoic acid decreases post-stroke tissue loss assessed by MRI in an area
of the rodent brain, the striatum, where stroke-induced neurogenesis is known to occur.

RA treatment increases SVZ neurogenesis and alters neuroblast migration 61 days after
stroke

To determine whether our interventions stimulated SVZ neurogenesis as a potential
explanation for the preservation of tissue after stroke, we first used Ki67, an endogenous
proliferation marker, to assess SVZ cell proliferation 61 days after stroke. As expected, Ki67-
positive cells were present in the dorsolateral tail of the SVZ and along the lateral wall of the
lateral ventricle 61 days after stroke in the control group; however, rats that received both RA
and EE showed a strong trend toward greater numbers of Ki67-positive cells in the SVZ (Figure
2A–D, Figure 3A), although the difference was not statistically significant. We next examined
whether the increased cell proliferation was associated with an increase in SVZ neurogenesis.
Using DCx immunohistochemistry to identify SVZ neuroblasts, we found that the RA/EE-
treated group displayed increased SVZ DCx expression in an expanded SVZ (Figure 2E–H,
Figure 3B). The enlarged DCx-immunoreactive SVZ area led us to question whether the
increase was simply a result of the cells being more spread out. We therefore measured the
density of DCx immunostaining in the SVZ and found a significant increase in the density of
DCx-positive cells in the SVZ of RA/EE-treated rats compared with controls (Figure 3C,
p<0.05).

The increase in DCx expression in the neurogenic SVZ strongly suggested that RA/EE
treatment increased numbers after stroke. To provide additional evidence of increased
neurogenesis, we immunostained SVZ sections for another neuroblast marker, PSA-NCAM,
and found that SVZ PSA-NCAM expression similarly was increased 61 days after focal
ischemia in the RA/EE group (Figure 4A–D). Double labeling for Ki-67 and PSA-NCAM
showed that some of the PSA-NCAM-immunoreactive cells continued to proliferate, further
supporting ongoing SVZ neurogenesis (Figure 4 E–E”). Together, these findings indicate that
combined RA and EE treatment increases SVZ neurogenesis in the chronic phase after stroke.

Previous studies showed that SVZ neuroblasts migrate to the injured striatum within the first
few weeks after stroke (Arvidsson, et al., 2002, Parent, et al., 2002b) and continue to do so
chronically (Thored, et al., 2006). To examine whether the prolonged increase in SVZ
neurogenesis after RA/EE treatment corresponded with increased striatal neurogenesis after
stroke, we injected adult rats with BrdU on days 5–11 after tMCAO and assessed BrdU labeling
on day 61 after tMCAO. Unbiased stereology was performed on BrdU-immunostained sections
to determine the number of cells generated after stroke that persisted in the ipsilateral striatum
61 days after tMCAO. There was no difference in the total number of striatal BrdU-positive
cells between groups (Table 1); however, more BrdU-labeled cells appeared close to the infarct
border in the three treatment groups (Figure 5A–E). This observation led us to quantify BrdU-
positive cell numbers in the peri-infarct area of the striatum. Images of the dorsal and ventral
peri-infarct striatal areas were captured and BrdU-immunoreactive cells counted for each area
(Figure 5A). We found, on average, more BrdU-positive cells in the peri-infarct regions in all
3 treatment groups (Figure 5B–E; Table 1: 1272±350 cells for RA/EE, 1146±239 for RA/SE,
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1276±253 for NML/EE) compared to controls (999±101 cells); however, the differences were
not statistically significant due to the large variability between animals (Table 1).

We next examined the location of migrating neuroblasts at 2 months after stroke. DCx
immunoreactivity was assessed in the peri-infarct region at the level of the dorsal striatum
(Figure 5F). We found that, compared to controls, more DCx-positive cells appeared in the
injured striatum of all three treatment groups (Figure 5G–J). DCx-positive neuroblasts were
dispersed throughout the injured striatum, but more neuroblasts were found closer to the infarct
in the three treatment groups, particularly in the RA/EE group than in controls (Figure 5G–J).
Together, these results suggest that RA and EE treatment promote migration of new cells to
the peri-infarct striatum.

Combined treatment with RA and EE increases striatal neurogenesis
To determine whether RA and EE treatment yielded more surviving striatal neurons generated
after stroke, double-labeling was performed for BrdU and NeuN or Map2 and confocal thin
optical z-slices collected from several locations in the ipsilateral striatum. Animals received
i.p. injections of BrdU on days 5–11 after MCAO to label proliferating cells and were killed
on day 61 post-tMCAO to assess the long-term survival of labeled cells. Rats that received
both RA and EE showed a 35% increase in the proportion of BrdU-labeled cells that co-
expressed NeuN in the striatum (21±5.7% ) 61 days after tMCAO (Table 1, Figure 6A–D)
compared with untreated animals (15.5±3.3% of BrdU+ were BrdU/NeuN double-labeled;
Table 1, Figure 6E–H). RA- or EE-alone did not increase the proportion of BrdU/NeuN double-
labeled cells in the injured striatum (15.7±2.5% and 15.6±2.9%, respectively). No BrdU/NeuN
double-labeled cells were found in peri-infarct cortical regions where many BrdU-positive,
presumably glial or endothelial, cells were located (data not shown).

Enriched environment may transiently improve functional recovery
Behavioral testing was performed on day 6 after tMCAO to determine baseline deficits and
was repeated on days 28 and 60 to assess functional improvements over time. All groups had
similar and severe behavioral deficits on day 6 after injury on all 3 sensorimotor tests and
showed some improvement in the cylinder and beam tests by day 28 (Figure 7A–B) but not in
the vibrissae-evoked placing test (Figure 7C). The EE-alone group appeared to show the most
improvement, however, and this trended toward significance on the cylinder test (Figure 7A,
repeated measures ANOVA, p=0.06). The enrichment was stopped on day 27 and the probable
beneficial effect was no longer apparent by day 60 (Figure 7A). This transient improvement
and subsequent loss is likely due to the halting of EE-treatment on day 27 but suggests that
short durations of EE transiently promote functional recovery. Of note, when higher doses of
RA were given to animals in pilot studies they often caused weakness of hindlimbs and, to a
lesser extent, forelimbs, suggesting the possibility of adverse RA effects that may have
obscured the detection of functional benefit.

Discussion
Retinoic acid influences patterning and neuronal differentiation in the developing brain
(Maden, 2007) and is an essential component of early neuronal differentiation and cell survival
in the adult mouse dentate gyrus (Jacobs, et al., 2006). Few studies have examined the effects
of retinoic acid in stroke-induced neurogenesis and no studies have evaluated the combined
effects of a pro-neurogenic factor and environmental enrichment on stroke-induced
neurogenesis and functional recovery. The goal of this study was to determine whether the
combined treatments improve both functional recovery and promote neurogenesis in the
striatum after tMCAO. We found that RA/EE treatment decreased the loss of brain tissue
months after stroke, predominantly in the striatum, increased neuroblast production in the SVZ
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and striatum, and likely influenced neuroblast migration to injury. This treatment, however,
did not lead to significant improvements in functional recovery.

Very few studies have examined changes in stroke size after tMCAO within animals. Using
MRI, we were able to compare initial stroke volume, prior to treatment, with stroke volume
after treatment in the same animal to more accurately determine beneficial or deleterious effects
of treatment. This led us to the novel finding that RA-treatment preserves brain tissue. Only
one previous study found that pre-treatment with 9-cis RA, but not all-trans RA, decreased
infarct size after MCAO (Harvey, et al., 2004); unlike our study, however, this work only
examined the acute phase of cerebral ischemia and not regeneration. In our study the brain
tissue preservation that resulted from RA-treatment was very unlikely to be a neuroprotective
effect given that the treatment was not started until 8 days after stroke, although we cannot
exclude an influence on very delayed cell death.

A number of potential explanations exist for the lack of a functional correlate to the tissue
preservation. We found that total brain volume was preserved (data not shown), as was
hemisphere volume at the level of the striatum. Striatal volume was also preserved, although
to a lesser extent than hemisphere volume, leading to the possibility that RA-treatment
preserved tissue in brain regions not involved in the sensorimotor tasks used to measure
functional recovery. Many animals had already sustained 25–30% damage by day 7 after
tMCAO so perhaps the strokes were too large and functional deficits too severe to see any
modest effects of RA on functional recovery. Timing and dosage of RA is also important, as
too much retinoic acid reduces cell proliferation in the mouse SVZ and dentate gyrus, reduces
hippocampal neurogenesis (Crandall, et al., 2004) and causes changes in bone density (Rohde
and DeLuca, 2003). In pilot studies, we observed a number of uninjured adult rats with impaired
hindlimb use when given higher doses or longer courses of RA, which recovered after removal
of the RA-enriched diet. These observations led us to cut the dosage in half and maintain
treatment for only 5 weeks for the current study, although 3 rats (out of 18) still displayed
transient ipsilesional limb impairments with the regimen we used.

Another possibility is that the adult-born neurons did not effectively integrate after stroke. Such
integration is likely necessary to restore function and has not yet been unequivocally
demonstrated for stroke-induced striatal neurogenesis. However, following small focal cortical
infarcts a combination of epidermal growth factor and erythropoietin delivered
intraventricularly one week after injury enhanced SVZ cell proliferation, neuronal migration,
cortical tissue generation and functional benefit (Kolb, et al., 2007). Removal of the new tissue
reversed, though not immediately, the functional benefit. Regimens that initiate RA or EE
treatment at later timepoints or for longer durations at lower doses also should be explored for
their potential to improve the survival and integration of striatal neurons generated after stroke.

We found increased SVZ neurogenesis 61 days after tMCAO in RA/EE-treated rats, as shown
by Ki67, DCx and PSA-NCAM immunolabeling. Most studies assessed cell proliferation more
acutely after injury and found increased neurogenesis in the SVZ in the first few weeks after
MCAO (Arvidsson, et al., 2002, Jin, et al., 2001, Parent, et al., 2002b, Zhang, et al., 2001),
although a persistent increase in basal stroke-induced neurogenesis has been reported by one
group (Thored, et al., 2006). Our data suggest that RA further increases SVZ neurogenesis in
the chronic stages after stroke. Contrary to our findings, a recent study found that RA-treatment
after photothrombotic stroke decreased BrdU and DCx in the SVZ (Jung, et al., 2007). This
study assessed only acute (7 days after injury) proliferation effects, which may be one reason
for the disparities with our findings. Further, they used photothrombosis to induce cerebral
infarction, resulting in an isolated cortical infarct which differs from the tMCAO model in
which rats have both striatal and cortical injury, and this larger injury may influence SVZ
neurogenesis in different ways (Kolb, et al., 2007). Additionally, i.p. injections of RA were
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administered for the first week after stroke, which differs substantially from our 5 week
treatment of diet-enriched RA which began one week after tMCAO.

Our data also suggested that RA/EE treatment increased striatal neuroblast numbers and
promoted new cells to migrate farther from the SVZ. Numerous DCx-positive neuroblasts and
BrdU-positive cells were located near the infarct border in RA/EE treated rats, whereas these
cells tended to be located closer to the dorsolateral tail of the SVZ in untreated rats. Previously
our lab found that RA influenced the migration of SVZ neuroblasts in the SVZ-olfactory bulb
pathway of the early postnatal brain (Wang, et al., 2005), and the results from this study suggest
that RA and EE may promote the migration of newly formed SVZ cells towards the injured
striatum or promote their survival near the infarct border. RA/EE treatment also appeared to
increase striatal neurogenesis after tMCAO, as shown by an increase in the number of BrdU/
NeuN double-labeled cells. This slight increase in new neuron survival may be a future
therapeutic target to enhance neurogenesis. As shown in this study, increased neurogenesis
does not necessarily mean improved function, as we saw no significant behavioral recovery in
RA/EE-treated animals compared with untreated rats. In order to determine if neurogenesis is
in fact necessary for functional recovery, further studies in which neurogenesis is eliminated
or reversibly inhibited are needed. One would expect to see behavioral outcomes worsened by
blocking neurogenesis if it is in fact important for functional recovery.

Most studies that evaluate the effects of EE on neurogenesis continuously house the animals
in EE and have focused on the dentate gyrus, finding that EE enhances DG cell survival. We
found that the short duration of EE used in this study seems to provide a transient improvement
in sensorimotor function. Using only up to a maximum of 3 hours of EE per day, we saw a
trend toward improvement in forelimb placing at the end of the treatment period. This
improvement was lost, however, when the animals were tested again one month after “therapy”
halted, suggesting that perhaps short durations of EE over a longer period of time may result
in prolonged functional recovery. Similar results were found in a recent study with mice
evaluating the effects of environmental enrichment for 3 hr/day for 2 weeks after MCAO
(Nygren and Wieloch, 2005). Interestingly, mice that were housed in continuous EE showed
improved motor function but also had increased mortality; mice housed in EE for 3 hrs/day for
2 weeks, and then in standard cages for 2 weeks showed a loss of the motor function that they
had recovered. These investigators also found that 4 weeks of 3 hr/day EE produced more long-
lasting functional recovery. These results support our findings and the notion that a longer
treatment period of short duration EE may provide substantial functional recovery. Despite
this potential recovery, EE alone did not yield an increase in post-stroke neurogenesis,
suggesting a dissociation between these two processes similar to that found for hippocampal-
dependent memory effects of EE (Meshi, et al., 2006). Other studies that evaluated the effects
of EE on post-stroke neurogenesis found conflicting effects. After cortical stroke and EE, BrdU
and Ki67 labeling increased bilaterally in the rat SVZ (Komitova, et al., 2005) and BrdU
incorporation increased in the peri-infarct cortex although double-labeling revealed that most
of these cells were glia (Komitova, et al., 2006). Another study from the same group found
that post-stroke EE increased BrdU and DCx labeling in the SVZ 5 weeks after stroke
(Komitova, et al., 2005), while others found that striatal lesioning induced by quinolinic acid
or 6-hydroxydopamine plus EE increased striatal DCx expression and enhanced neuroblast
migration into the striatum (Urakawa, et al., 2007). In mice, EE increased SVZ progenitor
numbers after stroke (Hicks, et al., 2007, Nygren, et al., 2006) but decreased the migration of
DCx-positive cells into the striatum (Nygren, et al., 2006). Together with our results, these
studies suggest that species, type of injury, and duration of EE differentially regulate SVZ and
striatal neurogenesis.

Few neurons typically survive long-term after stroke (Arvidsson, et al., 2002, Parent, et al.,
2002b) and these data suggest that the combination of RA and EE may provide a first step in
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promoting their survival. Future studies are needed to determine the most beneficial timing
and dose of RA-treatment, such as whether a lower dose or longer delay prior to RA treatment
may provide similar increases in neurogenesis without potential deleterious effects. Similarly,
more work is required to determine if a longer timeframe of short-duration EE treatment,
possibly including a tapering-off of the treatment, would be more beneficial to cell survival
and functional recovery after stroke.
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Figure 1. RA preserved hemisphere volume after stroke
All animals had T2-weighted MRIs on day 7 (A–D) and day 59 (A'–D') after tMCAO and were
assigned to treatment groups based on day 7 stroke volume (≥65% normal signal volume vs.
intact hemisphere). All groups had similar stroke volumes prior to treatment (E). Rats that
received an RA-enriched diet had more residual hemisphere volume at day 59 after MCAO
compared with those on a normal diet (E, *p<0.05 vs NML/EE, +p<0.05 vs. NML/SE) as well
as a smaller change in hemisphere volume over time (F, *p<0.05 vs NML/EE, +p<0.05 vs.
NML/SE). Rats that received an RA-enriched diet and environmental enrichment maintained
more striatal volume over time compared with normal controls (G, +p<0.05). All values are
expressed as volume (mm3) ± SEM.
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Figure 2. RA/EE increased SVZ cell proliferation at 61d post-stroke
Ki67 labeling was performed to identify proliferating cells at the time of sacrifice. All animals
had Ki67+ cells present in the dorsolateral tail of the SVZ as well as along the lateral wall of
the lateral ventricle. Animals that received the RA-enriched diet combined with EE had the
most Ki67+ cells present in the lateral SVZ (A) and animals that received only the RA-enriched
diet also displayed increased Ki67-immunoreactivity (B) compared with EE-only (C) and
untreated rats (D). The enlarged SVZ contains numerous DCx+ neuroblasts and increased DCx
immunoreactivity in RA/EE (E), RA alone (F) and EE alone (G), groups compared to controls
(H) 61 days after MCAO. LV=lateral ventricle, shown at right-hand side in all panels. Scale
bars: 50µm in A, 100 µm in E.
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Figure 3. Quantification of increased SVZ neurogenesis at 61d post-stroke
RA/EE-treatment increased the average number of Ki67+ cells/section in the lateral portion of
the SVZ (A) compared with controls. The RA/EE group also showed a significantly larger
DCx+ dorsolateral SVZ area compared to EE-alone or untreated rats (B, *p=0.02). The
enlarged DCx+ SVZ of rats in the RA/EE group also contained significantly more densely
packed neuroblasts than that of the EE alone group or controls (C, *p<0.05).
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Figure 4. SVZ PSA-NCAM expression and neuroblast proliferation after stroke
Immunostaining for PSA-NCAM at 61 days after focal ischemia showed enhanced PSA-
NCAM immunoreactivity maximally in the RA/EE group (D) and to a lesser extent the RA
alone (RA/SE) group (C) compared to EE alone (B) or normal diet and no enrichment (NML/
SE) control groups (A). Asterisks denote the lateral ventricle. Panels E–E” show double
labeling for Ki67 (E) and PSA-NCAM (E’) in a rat from the RA/EE group. Arrows denote
double-labeled cells. Scale bar: 75 µm for A–D; 25 µm for E–E”.
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Figure 5. RA/EE increased striatal peri-infarct BrdU and DCx
Rats were injected with BrdU on days 5–11 after tMCAO. Analysis of peri-infarct BrdU was
performed as described in the methods section. BrdU+ cells in the peri-infarct striatum were
counted in dorsal and ventral areas as shown (A). BrdU+ cells appeared more numerous within
the peri-infarct region of RA/EE (B), RA/SE (C) and NML/EE (D) rats compared with
untreated rats (E). The distribution of DCx expression in the injured striatum differs as well.
The image in F is from a representative RA/EE rat, showing DCx expression extending from
the dorsolateral tail of the SVZ, laterally to the infarct border and deep into the ventral striatum.
DCx+ neuroblasts appear more dense and farther from the ventricle in the lesioned striatum in
RA/EE (G) and RA/SE (H) than in NML/EE (I) or untreated rats (J). *denotes infarct border.
Scale bar in A = 400 µm, in B = 100µm.
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Figure 6. RA/EE enhanced the formation of new neurons in the injured striatum
Rats were injected with BrdU on days 5–11 and killed 61 days after tMCAO. Double-label
immunofluorescence staining for BrdU and NeuN identified new neurons born during this time
of peak proliferation after tMCAO. There was a distinct border between BrdU+ cells and
healthy neurons in the injured striatum of most rats, regardless of treatment, making it difficult
to locate double-labeled cells (A, E). The injured striatum of RA/EE rats contained the most
BrdU/NeuN double-labeled cells (arrows, B–D). Of note, very few BrdU/NeuN double-labeled
cells were strongly BrdU+, rather most contained strong NeuN (C) and lighter BrdU
immunoreactivity (B,D), suggesting that these cells divided numerous times. Similarly,
untreated rats typically displayed strong NeuN staining (G) with more diluted BrdU (F) in the
same cell (H, arrow), however, fewer double-labeled cells were found in these animals. Scale
bar in A = 150µm, in I = 25µm.
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Figure 7. EE transiently improves functional recovery after tMCAO
Rats were behavior tested 6 days after tMCAO to establish baseline deficits and again on days
28 and 60 after tMCAO to assess recovery. Forelimb asymmetry was assessed using the
cylinder test and vibrissae-evoked placing while hindlimb asymmetry was assessed on the
ledged, tapered beam. All rats displayed similar deficits on day 6 in the cylinder test (A, black
bars) and beam test (B, black bars). Normal behavior in uninjured rats is 0. However, only a
few animals had successful placing and in only about 10% of all trials in the vibrissae-evoked
placing test (C, black bars). By day 28, all groups showed some improvement on the cylinder
test (A, gray bars) but only the NML/EE group trended toward improvement (+p=0.06 vs.
NML/SE). All groups except RA/SE showed some improvement on the beam test but none
were significantly different (B, gray bars). RA/SE showed no improvement on the beam test
(B, gray bars) but showed a slight but insignificant improvement on the vibrissae-evoked
placing test (C, gray bars) while other groups showed no improvement on this test. By day 60,
all groups except NML/EE displayed similar deficits on the cylinder test as were seen on day
28 (A, white bars). Interestingly, the NML/EE group had more severe deficits on the cylinder
test at day 60 than at day 28 (A, white bars), suggesting that the improvements seen during the
course of treatment were lost one month after treatment halted. All groups remained the same
on day 60 as they were on day 28 in the beam test (B, white bars) and vibrissae-evoked placing
(C, white bars).
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Table 1

Striatal BrdU-positive cell analysis. All values are ± SEM. % BrdU/NeuN= (#BrdU/NeuN+/total BrdU+) × 100.

BrdU
Stereology

Total Peri-
infarct BrdU

% BrdU/
NeuN

RA/EE 711648±114529 1272.13±350.74 20.97±3.57

RA/SE 669720±132478 1146.75±239.37 15.72±2.47

NML/EE 651623±57937 1276.33±253.13 15.63±2.87

NML/SE 632630±97387 999.00±101.19 15.10±2.90
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