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Empowering sonic hedgehog to rescue
brain cells after ischemic stroke

Ischemic stroke occurs when blood supply to the brain is
interrupted. This can cause irreversible injury to the cen-
tral nervous system (CNS) tissue. Each year in the United
States almost 800,000 people experience a new or recur-
rent stroke. 15% of stroke patients die shortly after insult
and only 10% recover completely, leaving the majority
of surviving stroke patients with disabilities. Tissue-type
plasminogen activator (tPA) is the only available therapy
for stroke but its clinical use is limited because of associ-
ated danger of intracranial hemorrhage. Therefore, there
is an emergent need for stroke therapeutics that are safe
and effective when administered at a later time point after
insult.

There are two main targets for stroke therapy: 1) neuro-
protection, to prevent degeneration of damaged tissue in
the early events (within hours and days) and/or 2) regen-
eration, to promote repair of lost tissue at later events (of
days, weeks and months).

Recently, we found that targeting the developmental
pathway sonic hedgehog (Shh) with small-molecule Pur-
morphamine (PUR), administered at 6 hours after middle
cerebral artery occlusion (MCAO), an animal model of
ischemic stroke, proved beneficial in reducing the infarct
area, improving neurological outcome and promoting re-
generation (Chechneva et al., 2014).

Shh is a morphogen that plays a fundamental role in
CNS development. Binding of Shh to its receptor Patched
releases the inhibition of G-protein coupled receptor
Smoothened (SMO) to allow the translocation of Gli
transcription factors from the cytoplasm into the nucleus.
Gli proteins contain zinc-finger DNA binding domains
and are key regulators of Shh signaling transduction. Shh
can also act through a non-canonical pathway by passing
Gli-mediated transcription.

In the healthy adult CNS, Shh of neuronal origin re-
duces astrocyte reactivity and controls proliferation of
neural progenitors. Shh expressed by endothelial cells and
astrocytes can influence the integrity of the BBB (Garcia
et al., 2010; Alvarez et al., 2011; Sirko et al., 2013; Chech-
neva et al., 2014). Thus, in the adult CNS, Shh acts as an
intercellular communicator and its cellular origin might
be a decisive regulatory factor. In response to CNS injury,
Shh signaling is activated (Sims et al., 2009; Chechneva
et al., 2014). Within hours after insult, Shh expression
in neurons increases (Sims et al., 2009; Chechneva et al.,
2014). The degree of Shh activation depends on the se-
verity of tissue damage and increased Shh signaling early
after brain injury promotes endogenous neuroprotective
mechanisms. We found a transient increase of Shh mRNA
levels in the ipsilateral and contralateral cortex at 9 hours
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after ischemic stroke (Figure 1). An increase of neuronal
Shh might impede glial cell activation and the initiation
of an inflammatory response. In addition, we observed
a reduction of glial fibrillary acidic protein, a marker of
astrocyte reactivity, in the ischemic area at the early hours
after stroke. This mechanism could prove crucial for cell
survival. As a readout of Shh signaling activation, Glil
was upregulated in the ipsilateral cortex during longer
periods of time, from 9 to 24 hours after stroke. None-
theless, endogenous activation of Shh signaling proved
not sufficient to protect CNS tissue after ischemic injury
(Huang et al., 2013; Chechneva et al., 2014). Administra-
tion of recombinant Shh, however, was shown to reduce
oxidative stress and apoptotic cell death, to ameliorate
brain edema and to diminish permeability of the BBB, re-
sulting in a decrease of infarct area and an improvement
of neurological outcome (Bambakidis et al., 2012; Huang
et al., 2013; Xia et al., 2013). Shh signaling activation has
been implicated in increased neural progenitor prolif-
eration and induced angiogenesis after treatment with
recombinant Shh or a mixture of neurotrophic peptides
(Bambakidis et al., 2012; Huang et al., 2013; Xia et al.,
2013; Zhang et al., 2013). Hence, an increasing number of
evidence demonstrates a beneficial effect of Shh therapy
in stroke, indicating that the reiteration of a developmen-
tal pathway in the adult brain confers neuroprotection
against brain injury associated with cerebral ischemia and
promotes regeneration.

In our study, we used an agonist of the SMO receptor,
PUR, and found that the neuroprotective effect of PUR
administered intravenously at 6 hours after ischemic
stroke was associated with a reduction of apoptotic cell
death, indicated by a decrease of pro-apoptotic factors
caspase-3, Bad and Bax. Surprisingly, PUR did not alter
the ischemia-induced level of inflammatory mediators
tumor necrosis factor alpha (TNF-a), interleukin-1 beta
(IL-1P) or interleukin-6 (IL-6), brain-derived neuro-
trophic factor (BDNF), nerve growth factor (NGF) or vas-
cular endothelial growth factor (VEGF) or Shh signaling
molecules (Shh, Ptchl, Smo, Gli2 or Glil), but increased
the expression of tPA in ischemic neurons at 3 hours af-
ter treatment. tPA deploys multiple mechanisms with a
broad range of effects depending on its concentration and
targeted cell type, and has been linked to synaptic plastici-
ty, excitotoxicity, blood brain barrier (BBB) breakdown,
and cell fate determination. We found that increased tPA
expression in ischemic neurons after treatment with SMO
agonist PUR was associated with reduced apoptotic cell
death, indicating a previously undescribed connection
of tPA with neuronal survival after ischemic injury. Ad-
ministration of the thrombolytic agent tPA, currently the
only FDA-approved treatment available for sudden onset
ischemic stroke, is limited to a narrow therapeutic time
window due to risk of exacerbated bleeding. Interest-
ingly, treatment with PUR decreased BBB permeability,
giving additional credit to the targeting of Shh signaling
with PUR as an alternative approach to tPA treatment for
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delayed stroke therapy. Treatment with PUR might induce
just the right amount of tPA required for neuroprotection
or tPA of neuronal origin possesses an effect different to
tPA administered exogenously. Further understanding of
the detailed mechanism of PUR-induced tPA expression
in neurons early after stroke and the role of neuronal tPA
in the regulation of BBB integrity by PUR are required.
To evaluate the impact of neuronal tPA expression on
PUR-induced neuroprotection, the effect of PUR in the
presence of tPA inhibitors needs to be evaluated. As a
small molecule compound, PUR has advantages in the
ease of administration, it is considerably less expensive
and has a longer shelf-life compared to Shh protein itself.
Thus, PUR indeed could qualify for novel therapeutic
use in the treatment of ischemic stroke with a potentially
broader therapeutic time window than tPA.

After an initial activation early after stroke, Shh signal-
ing is downregulated but a second increase of its activity
is detected around day 7 in association with glial scar
formation and neural progenitor proliferation (Figure 1)
(Sims et al., 2009; Chechneva et al., 2014). The glial scar
isolates damaged area with a high degree of inflammation
from the healthy CNS environment. But it also represents
a physical barrier that restricts axonal outgrowth and
cell migration, limiting regeneration of lost tissue. In
addition, the inflammatory milieu present in the infarct
area does not support the survival of newly generated
neurons. Reactive astrocytes of the glial scar exhibit a
hypertrophic morphology, a high proliferation rate and
Shh expression. Shh provides an autocrine regulation to
astrocytes by promoting their proliferation, reactivity and
stem cell properties (Sirko et al., 2013; Chechneva et al,,
2014). It appears that neuronal loss results in the loss in
regulatory signals, such as Shh of neuronal origin, and
that a compensatory mechanism for this loss manifests
in the overexpression of Shh by reactive astrocytes that in
turn stimulates their proliferation and further increases
Shh expression.

In our study, a second treatment with PUR was admin-
istered at 4 days after stroke to examine its effect on re-
generation. The evaluation of brain tissue at 14 days after
insult revealed a reduction of reactive astrogliosis and in-
flammation in PUR-treated animals. We also observed an
increase of newly generated neurons and synaptogenesis
in the peri-infarct and infarct area and neovascularization
in the infarcted zone. It has been shown that bone mar-
row stromal cells transplanted intravenously for 7 days
daily after MCAO increased tPA expression in neurons
and astrocytes present in the ischemic boundary zone at
14 days after insult. The increase of tPA was regulated by
Shh signaling and associated with an increase of markers
for synaptic plasticity and functional improvement in
mice (Ding et al., 2013). Whether treatment with PUR is
providing missing regulatory signals to balance the system
and how much tPA might be involved in the regulatory
mechanism at this time point are questions that require
further investigations.

The origin of neuroblasts found in the ischemic area in
both vehicle and PUR-treated animals at 14 days after in-
sult remains unclear. In both groups, we observed chains
of neuroblasts migrating from the subventricular (SVZ)
zone toward the ischemic cortex along blood vessels.
However, a recent report showed that reactive astrocytes
expressing Shh after invasive injury possess the properties
of neural progenitors when isolated and propagated in vi-
tro (Sirko et al., 2013). Treatment with PUR increased the
number of newly generated neurons in the ischemic area.
PUR might promote the migration of cells from the SVZ,
and/or have a direct effect on astroglial neural progenitor
proliferation and differentiation and/or sustain neuro-
blasts survival by controlling the inflammatory micro-
environment. Analysis at multiple time points to address
these questions as well as integration of more treatment
paradigms are required to further elucidate the role of
Shh signaling in CNS regeneration.

Shh activity in the adult brain may lead to tumorigen-
esis. To address the concern of cancer risk, we did not
observe evidence of tumor formation in mice treated
with PUR. Moreover, PUR did not significantly increase
the level of ischemia-induced Glil, a Shh target gene of
tumorigenic potential, giving credit to the compound’s
safety profile and translational potential. Whether Glil
activation by PUR was masked by an endogenously in-
creased activity of Shh signaling after ischemic stroke or
PUR acted through non-canonical pathways needs to be
further evaluated.

Given the novel protective effect of PUR on ischemic
brain injury, it is imperative to rapidly move this exciting
research to the clinic. An important issue to investigate is
the long-term regenerative benefit of PUR, especially the
effect on oligodendrocytes and white matter. It would be
interesting to evaluate the benefit of PUR on oligoden-
drocytes and whether this can presage a long-term deficit
in myelin at the injured site. Additionally, more time
points post-injury are needed to define optimal timing
of PUR administration to achieve its regenerative effect.
Another important issue is the need to more comprehen-
sively evaluate PUR’s safety profile. For example, we have
not studied the effect of acute activation of the Shh path-
way on heart physiology, and we have not investigated the
in vivo metabolism of PUR. Although the liver can poten-
tially remove a large fraction of it, an important concern
is whether PUR induces arrhythmias. We have not re-
corded electrocardiograms on animals injected with PUR,
but we have not observed any unexplained behaviors after
administration of PUR.

Taken together, our results represent an important con-
ceptual advance. By revealing a previously unrecognized
role of the Shh developmental signaling pathway in neu-
roprotection and regeneration via a novel tPA-mediated
mechanism that leads to functional recovery in the adult
brain after cerebral ischemia, the present study provides
new insights into mechanisms and treatments of target-
ing Shh signaling in neuroprotection and regeneration
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Figure 1 Neuroprotective and regenerative effects of PUR after ischemic stroke.

Cells in the core of the ischemic region die shortly from necrosis during stroke. Cells in the ischemic boundary zone, the penumbra, undergo de-
layed apoptotic cell death. Cell injury causes activation of microglia, breakdown of the BBB and infiltration of peripheral immune cells into the
brain parenchyma resulting in inflammation. Once cell degeneration is diminished and debris of dead cells cleared, regenerative mechanisms are
initiated. Astrocytes proliferate and form glial scar, and proliferation of neural progenitors is increased, followed by neovascularization, neuroblast
migration into the ischemic area and formation of new synaptic connections. Early after stroke, neurons upregulate Shh expression. During the
regenerative phase, reactive astrocytes are the main source of Shh expression. A small molecule agonist of the Shh receptor Smoothened, PUR,
administered at 6 hours (h) and 4 days (d) after ischemic stroke, reduces apoptosis through a tPA-dependent mechanism in ischemic neurons and
decreases permeability of BBB. The regenerative effect of PUR is associated with a reduction of astrogliosis, an increase of neuronal and synaptic
markers and neovascularization. BBB: Blood-brain barrier; PUR: purmorphamine; tPA: tissue plasminogen activator.

after stroke. Our study thus identifies a novel pharmaco-
logical approach for post-ischemic stroke treatment with
a potentially efficacious and safe new small-molecule Shh
agonist.
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