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Abstract
Objective—Inflammation promotes epidermal wound healing but is considered detrimental to
recovery from CNS injury. Sick infants have increased levels of cytokines in their CSF that
correlate with poor neurological outcome. In this study we investigated the role of
neuroinflammation and more specifically, IL-6, in the amplification of subventricular zone (SVZ)
and subgranular zone (SGZ) neural precursors after neonatal brain injury.

Methods—Neonatal hypoxia/ischemia (H/I) was induced in P6 rat pups and IL-6 was quantified
with or without Indomethacin administration. Neural precursor responses were evaluated by
neurosphere assays as well as by stereological analyses. Studies were performed to determine how
IL-6 and LIF affect SVZ cell expansion, proliferation and self-renewal.

Results—Consistent with earlier studies, SVZ cells expanded after H/I. Contrary to our
expectations, Indomethacin significantly decreased both the initial reactive increase in these
precursors as well as their ability to self-renew. By contrast, Indomethacin increased proliferation
in the SGZ and lateral SVZ. Indomethacin diminished the accumulation of microglia/macrophages
and IL-6 production after H/I. In vitro IL-6 enhanced neurosphere growth, self-renewal and
tripotentiality and was more effective than LIF in promoting self-renewal. Enhanced precursor
self-renewal also was obtained using PGE2, which is downstream of cyclooxygenase-2 and a
target of Indomethacin.

Interpretation—These data implicate neuroinflammation and in particular IL-6 as a positive
effector of primitive neural precursor expansion after neonatal brain injury. These findings have
important clinical implications, as Indomethacin and other anti-inflammatory agents are
administered to premature infants for a variety of reasons.
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Introduction
Inflammatory processes occur almost immediately after tissue damage to peripheral organs
and the central nervous system. While inflammation is ubiquitous its effect will differ
depending upon the location and type of injury. In wound healing inflammation is regarded
as necessary for repair1, 2 with IL-6 regarded as especially important3, 4. Thus, knocking out
IL-6 delays healing whereas increased levels accelerate wound repair5. By contrast,
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inflammation is viewed as detrimental to recovery from neurological injury.
Neuroinflammation has been implicated in Alzheimer’s disease, Parkinson’s disease, ALS,
Multiple Sclerosis, H/IV dementia, spinal cord injury and stroke with anti-inflammatory
drugs showing improved outcome6–11.

In the infant increased levels of cytokines in the brain and CSF correlate with poor
neurological outcomes12–16 and reducing inflammation and levels of pro-inflammatory
cytokines is known to decrease the severity of injury17–20. IL-6 is consistently and strongly
elevated in the neonatal CNS after injury15, 21–24. For instance, Ellison et al., 2005 found
that IL-6 was elevated 8 fold in the CSF of preterm infants who exhibited abnormalities on
their MRIs, whereas TNFα was increased 3 fold 22. Savman et al. (1998) found that IL-6
was significantly elevated to 250 pg/mL in the CSF of asphyxiated infants23. Elevated levels
of IL-6 have also been reported in animal models of developmental brain damage 25. Recent
evidence has implicated a functional polymorphism in the IL-6 gene as a risk factor in
cerebral palsy, which is associated with perinatal brain injury26, 27.

Studies on the specific role of IL-6 in CNS pathogenesis have produced mixed results,
supporting the view that the effects of IL-6 are dose and context dependent. Mice
overexpressing IL-6 develop severe neurologic syndromes that included ataxia, seizure and
tremor, and as well as profound astrogliosis and microgliosis. Hippocampal neurons in these
mice possess abnormal dendrites and the animals develop a progressive learning
impairment28. On the other hand, adult IL-6 null mice sustain more severe traumatic and
excitotoxic injuries29, 30.

Only a few studies have evaluated the role of IL-6 in CNS regeneration. Monje et al. (2003)
and Hoehn et al (2005) demonstrated that LPS induced inflammation decreased the
proliferation of precursors in the hippocampal SGZ, depressing hippocampal
neurogenesis 31, 32. They correlated this decrease with increased activated microglia and
IL-6 and found that injecting Indomethacin, a non-specific anti-inflammatory drug, reversed
the effects on the precursors in the hippocampus and the cerebral cortex. Co-culturing
hippocampal progenitors with microglial cells activated by LPS, or exposing them to
microglial-conditioned medium (CM) altered survival and differentiation31, 33, 34. Using
transgenic techniques Vallieres et al showed that long term exposure to IL-6 decreased
overall neurogenesis by 63% in the hippocampal dentate gyrus35. These studies have
strengthened the prevailing view that depressing inflammation will decrease the severity of
damage and promote repair.

The SVZ is the largest reservoir of somatic stem cells in the brain and it expands in response
to CNS injuries36–39. This regenerative response persists after injury37, 40, 41. There is a
doubling of tripotential stem/progenitor cells within the SVZ 36 that precedes the production
of new neocortical and striatal neurons37, 39, 42. While the SVZ expands we do not fully
understand the mechanisms that mediate this increase. Previously we found that LIF, a
member of the IL-6 family of cytokines, increases in the SVZ after H/I and promotes the
expansion and proliferation of neural stem/progenitors (NSPs)43 but the role of IL-6 itself
has not been evaluated. Therefore, the aim of the studies reported here was to examine the
effect of neuroinflammation, and more specifically, the role of IL-6, in the expansion of
neural precursors in the SVZ and SGZ after a neonatal brain injury.

Methods and Materials
Neonatal Hypoxia/Ischemia and drug administration

All experiments were performed in accordance with research guidelines set forth by the
IACUC committee of the New Jersey Medical School. Cerebral H/I was produced in 6-day-
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old rats (day of birth = P0) by cauterizing the right common carotid artery followed by
systemic hypoxia (pups were exposed to 80 minutes of humidified 8% O2/92% N2) as
described previously44. Hypoxic-ischemic or control pups were injected with either 2.5mg/
kg Indomethacin (Sigma, St. Louis, MO) or vehicle (1% EtOH/PBS) intraperitoneally
immediately following H/I and then once every 12 hours for 2 days. Intraperitoneal
injections of 5′-bromo-2′-deoxyuridine (BrdU) (50mg/kg, Sigma), were administered once
at 3 days of recovery from H/I. Rats were perfused 4 h later. This short interval is sufficient
for BrdU to incorporate into cells in S-phase but too brief for migration to occur 45, 46.

Immunohistochemistry
Animals were deeply anesthetized, perfused with 4% paraformaldehyde, and the brains
cryoprotected. Immunofluorescent staining was performed on 20μm cryostat sections. The
following antibodies were used: anti-BrdU (rat monoclonal, 1:30, Accurate, Westbury, NY);
anti-GFAP (rabbit polyclonal, 1:500, Dako, Carpinteria, CA); anti-IBA-1 (1:200 Wako, Tx).
Secondary antibodies against the appropriate species were incubated for 2 h at RT (Jackson,
West Grove, PA). DAPI (Sigma, 1 μg/ml) was used for 15 min. to counterstain nuclei.

Microscopy
Images of fluorescently immunolabeled sections were acquired using an Olympus AX70
microscope and imaged using a Photometrics cooled charged coupled device camera
(Tucson, AZ) interfaced with IP Lab scientific imaging software (Scanalytics Fairfax, VA).
Cell counts for BrdU+ cells in the medial SVZ, the mediolateral SVZ and the SGZ were
obtained using the Cavalieri and optical dissector methods. We defined the medial zone as
the highly dense region that extends approximately 20μm from the lateral ventricle. The
mediolateral region extends from approximately 20μm to 200 μm from the lateral ventricle.
The SGZ was defined as the region between the granular cell layer and the hilus (CA4 layer)
of the hippocampus. The Cavalieri method was used to measure the total reference volume
(Vref) and the number of BrdU+ cells per unit volume of the regions of interest. Neuronal
density was measured using the optical dissector method.

Protein Isolation and IL-6 ELISA
SVZs were micro-dissected from control, H/I, Indomethacin treated H/I and Vehicle treated
H/I rat pups and placed into ice cold PBS containing protease inhibitor cocktail, PSMF,
sodium orthovanadate and sodium fluoride (Sigma). Samples were homogenized, sonicated
and then centrifuged at 15,000 rpm at 4°C for 15 minutes. The protein concentration of each
lysate was measured using a BCA assay (Pierce, Rockford, IL) prior to storage at −80°C.

Flat bottom 96 well plates (Nunc, Maxisorp immunoplates) were coated overnight with anti-
IL-6 antibody at 4° C (R & D Systems, Minneapolis, MN). Wells were washed, blocked and
incubated with either dilutions of rmIL-6 or samples overnight at 4° C. The next day wells
were washed and biotinylated anti-IL-6 antibody (R & D Systems) added for 2 hours at
37°C followed by washes and then incubation with AP-conjugated Streptavidin for 1 hour at
37°C. Wells were incubated with p-nitrophenyl phosphate (Pierce) in substrate buffer for 90
minutes at 37°C. The plate was read at 405 nm on a plate reader (Thermo, Waltham, MA)
and the data analyzed.

Neurosphere Experiments
Neurospheres were prepared from normal Wistar pups (P2-7) as previously described36.
After 6–7 days primary neurospheres were collected and passaged to form secondary
neurospheres. Secondary neurospheres were cultured in a chemically defined medium
(ProN) supplemented to 20 ng/mL EGF and 10 ng/ml FGF-2. rmIL-6 and rrLIF were used at
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5 ng/mL (R & D Systems). Indomethacin (Sigma) was dissolved in ethanol and used at 2
μg/mL. NS398 (Sigma) was used at 3 μg/mL. Dimethyl PGE2 (Cayman Chemicals) was
used at 5 μg/mL. Cells were propagated for 6 days prior to analysis.

A neurosphere was defined as a free-floating, cohesive cluster that was at least 30 μm in
diameter, although the vast majority of neurospheres (>98%) were substantially larger than
this. Plates were gently shaken before counting each well to ensure an even distribution of
spheres. 5 random 4X fields were counted per well and at least 3 wells evaluated per group.
The frequency of sphere-forming cells was calculated from the average number of spheres
per field, the area of the field and the area of the well.

Quantitative real-time PCR analysis
Total RNA was isolated from the SVZs after 1, 2, 3, and 4 days of recovery from H/I, as
described previously36. Primers for quantitative real-time polymerase chain reaction (Q-
PCR) were purchased from Invitrogen (La Jolla, CA) or Applied Biosystems (Foster City,
CA). Analysis was performed using an ABI Prism 7700 Sequence Detection System
(Applied Biosystems). The relative amount of message was normalized to the level of 18S
ribosomal RNA. Fold-changes in gene expression relative to a housekeeping gene were
obtained using the Relative Expression Software Tool (REST) for groupwise comparison
and statistical analysis of relative expression results in real-time PCR47.

Statistical analysis
The results obtained from the qPCR analysis were analyzed using the REST program47 as
noted above. The REST program utilizes pair-wise fixed reallocation randomized testing to
determine if there is a significant change in the expression of the target gene. This test is
considered more flexible than non-parametric tests and does not suffer from the same
reduction of power as parametric tests. Results from the other experiments were analyzed
for statistical significance using a t test or by ANOVA, and all error bars represented SEMs.
Post-hoc analysis was applied to evaluate inter-group differences. Comparisons were
interpreted as significant when associated with p<0.05.

Results
IL-6 but not CNTF mRNA increases after neonatal H/I

It has been shown that the LIFR/gp130 receptor heterodimer maintains embryonic and adult
neural stem cells in vitro48, supporting the hypothesis that ligands for this complex might
stimulate the increase in NSPs observed during recovery from H/I. To assess levels of IL-6
after H/I we microdissected SVZs from the ipsilateral (ILH) and contralateral hemispheres
(CLH) of H/I animals at intervals of recovery spanning from 24 hours to 4 days. Using
qPCR we observed a significant increase in IL-6 mRNA relative to 18S in the ILH
compared to the CLH (Figure 1A). At 24 and 48 hours of recovery IL-6 was induced 11.5
and 15 fold respectively (Figure 1A, n= 6, *, + p < 0.05). At 72 hours IL-6 expression
returned to control levels and remained unchanged at 4 days of recovery (Figure 1A, p >
0.05).

Microglial activation is decreased by Indomethacin
Several studies have shown that H/I injury activates microglia and we observed microglial
accumulation in the SVZ after H/I. To assess whether inhibiting neuroinflammation would
reduce the number of microglia in the SVZ we administered Indomethacin immediately after
H/I and for the first 2 days of recovery. The abundance of microglia in either vehicle or
2.5mg/kg Indomethacin (H/I Indo) was compared to controls. We found strong microgliosis
in the H/I Vehicle both within the infarct and SVZ compared to controls, but there were
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fewer microglia in the H/I Indo group (Figure 1B, C, Supplemental Figure 1A, *, **, + p <
0.05). Staining for IBA-1 and IL-6 showed IL-6 production by IBA-1 positive microglia
(Figure 1B, inset). We also observed a significant increase in GFAP staining intensity in the
H/I groups that was decreased by Indomethacin. (Supplemental Figure 1B, *, **p < 0.05).
To determine whether H/I was sufficient to activate microglia, we exposed cultured
microglia to hypoxic/hypoglycemic conditions and found that this stimulus significantly
induce IL-6 mRNA expression (Supplemental Figure 1C, *, **p < 0.05).

Indomethacin decreases the levels of IL-6 protein in the SVZ after H/I
To determine whether reducing inflammation with Indomethacin would reduce IL-6 protein
levels we microdissected SVZs from experimental and control animals at 3 days of recovery
and analyzed IL-6 levels by ELISA. In H/I and H/I Vehicle animals IL-6 protein increased
compared to CTL and administering Indomethacin returned IL-6 levels to control (Figure
1D, ** p < 0.05).

A greater number of neurospheres are formed after the addition of IL-6
The clonal neurosphere assay is an important method for quantifying numbers of NSPs in
the brain. Adding IL-6 to the media increased the number of secondary neurospheres by ~2
fold (Figure 2A, p < 0.05). These neurospheres were also significantly larger than control
(Figure 2B, p < 0.05). When continuously maintained in IL-6 over passages there were
significantly more tertiary and quaternary neurospheres than control (Figure 2C, p < 0.05).
Furthermore, IL-6 more effectively maintained NSPs than LIF. When secondary
neurospheres were differentiated to measure potentiality, NSPs, maintained in IL-6
produced more tri-lineage colonies (Figure 2D, p < 0.05). These results show that IL-6 can
serve as a signal to expand NSPs.

Indomethacin directly inhibits the stimulating effects of IL-6 on self-renewal
To determine whether Indomethacin attenuates the stimulating effects of IL-6 directly or
indirectly, neurospheres were cultured in the presence of IL-6 and their differentiation
potential was measured. The addition of Indomethacin completely antagonized the
expansion of tripotential NSPs and even reduced their number to below control (Fig 2D). To
determine whether these effects were due to activation of Cox 1 or Cox 2 NSPs were
stimulated with IL-6 in the presence of either Indomethacin or NS398 (Cox 2 inhibitor).
Quantitative analyses revealed that the addition of either Indomethacin or NS398 completely
inhibited the ability of IL-6 to promote NSPs expansion and reduced the percentage of
tripotential colonies (Figure 2E, p < 0.05). Culturing neurospheres in 5 μg/mL dimethyl
prostaglandin E2 (dmPGE2) increased neurosphere number similar to that observed with
IL-6 (Figure 2F).

Indomethacin inhibits neural stem/progenitor cell expansion after hypoxia/ischemia
To assess whether treating neonatal pups with Indomethacin would inhibit NSP expansion
after H/I we isolated SVZs from CTL Vehicle, CTL Indomethacin, H/I Vehicle and H/I
Indomethacin treated animals and assayed the number of primary neurospheres formed.
Quantitative analyses revealed that administering Indomethacin for the first two days of
recovery after H/I significantly decreased the number of neurospheres formed (Figure 3A, p
< 0.05). To determine whether this difference was due to a change in the number of NSPs or
their responsiveness to growth factors we passaged the primary neurospheres to create
secondary neurospheres. The number of secondary neurospheres was increased in the H/I
Vehicle group when compared to the other groups (Figure 3B, p < 0.05).
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As the neurosphere assay is a retrospective analysis we injected a single pulse of BrdU on
day 3 of recovery, 4 h prior to sacrifice, to analyze proliferation of precursors in the medial
aspect of the SVZ and progenitors in the more lateral aspect. There was a significant
decrease in the number of BrdU+ cells in the medial aspect of the SVZ of H/I Indomethacin
group compared to H/I Vehicle animals (Figure 3C; 3E–H, p < 0.05). Studies suggest that
the ependymal cell layer contains a subset of neural stem cells, and previously we had
documented proliferation in both the ependymal cell; however, we had not quantified the
relative numbers of proliferating ependymal cells 36, 49. At 3 days of recovery, the number
of BrdU+ cells in the ependymal cell layer did not change after H/I and actually decreased in
the H/I Indomethacin group compared to CTL and H/I Vehicle animals (Figure 3D, p <
0.05).

Indomethacin increases the number of BrdU+ cells in the SGZ of the hippocampus and in
the mediolateral SVZ but does not confer neuroprotection

Previous studies have reported that Indomethacin increases BrdU+ cells in the SGZ of the
hippocampus during recovery from H/I and irradiation induced damage in adults. As our
studies were performed on neonates the differences in the results we observed could be due
to either age or regional differences. To rule out age related differences we quantified the
total number of BrdU+ cells in the SGZ of the hippocampus of H/I Vehicle vs. H/I
Indomethacin treated animals. We found more BrdU+ cells in the SGZ of the H/I
Indomethacin group compared to the H/I Vehicle group consistent with previous reports
(Figure 4A – C) (* p < 0.05). Quantifying the total number of BrdU+ cells in the
mediolateral SVZ revealed a similar result where the H/I Indomethacin treated animals had
more BrdU+ cells compared to the H/I Vehicle group (Figure 4D * p < 0.05). To evaluate
whether the decrease in NSPs observed was due to a decrease in the severity of H/I we
examined the brains of CTL Vehicle, Indo, H/I Vehicle and Indo 30 days after the last
injection of Indomethacin. A quantitative analysis of neocortical volume failed to reveal any
significant difference in the area of the H/I Indo cortices compared to the H/I Vehicle
cortices. Indomethacin had no effect on the neocortical volume of uninjured animals
(Supplemental figure 2).

Discussion
There is an unavoidably large cohort of infants who sustain developmental brain injuries
where intrauterine infection and hypoxemia are contributing factors. These injuries
contribute to a range of neurodevelopmental disorders that include cerebral palsy, attention
deficit and hyperactivity disorder, epilepsy and more subtle cognitive, emotional and motor
disorders 50,51. As reviewed in the Introduction, elevated levels of cytokines in the CSF
correlate with poor outcome and in animal models of developmental brain injuries
suppressing neuroinflammation is generally neuroprotective. Clinically the prophylactic use
of Indomethacin decreases intraventricular and periventricular hemorrhage52–57. Ment and
colleagues have reported favorable neurological outcomes subsequent to Indomethacin
treatment, predominantly in males, but a number of other studies have reported no
significant long-term improvement56–59. In light of the clinical use of Indomethacin and the
continued interest in anti-inflammatory therapies to prevent brain injury to infants, we were
interested in evaluating how suppressing neuroinflammation after neonatal hypoxic/
ischemic brain damage will affect the regenerative responses of the subventricular and
subgranular zones.

Here we report that IL-6 mRNA and protein increase significantly during the acute recovery
interval from H/I and by immunofluorescence, IL-6 co-localized to microglia/macrophages
within the SVZ. Goings et al. (2006) reported that while IL-6 was produced in the SVZ by
microglia, aspiration lesions of the cortex didn’t induce an increase in SVZ IL-6 levels60.
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However, those studies were performed in mice, whereas ours were performed in rats; and
in parallel studies that we have performed in neonatal mice, IL-6 is more rapidly increased
and decreased in mice vs. rats. Consistent with earlier studies, neural stem/progenitors
proliferated in the SVZ after H/I. But, contrary to our expectations, administering
Indomethacin significantly decreased both the initial reactive increase in these precursors as
well as their ability to self-renew. Furthermore, there were reduced numbers of proliferating
cells in the neural stem cell niche of the SVZ after Indomethacin treatment following H/I.
By contrast, Indomethacin increased proliferation in the SGZ during recovery from injury.
Supporting an important role for microglial produced IL-6, Indomethacin diminished the
accumulation of microglia/macrophages and IL-6 production in the SVZ after H/I, and IL-6
enhanced neurosphere growth, self-renewal and tripotentiality in vitro. Consistent with a
direct effect of IL-6 on SVZ precursors, Indomethacin and NS398 blocked the IL-6 induced
increase in neurospheres in vitro. Altogether, our results indicate that some inflammatory
modulators, like IL-6, may be necessary for neural stem/progenitor cell amplification.

Injuries to the brain stimulate a reactive increase in the size of the SVZ, number of
tripotential NSPs and neuron production36, 37, 39, 61. We previously showed that LIF is
induced within the SVZ with the same time course as we show here for IL-6 and that in
vitro, LIF promotes NSC self-renewal. Similar in vitro effects have been reported for the
related cytokine CNTF62. Both CNTF and LIF are members of the IL-6 superfamily and
they have been shown to regulate NSC homeostasis via the LIFR/gp130 receptor
heterodimer through the induction of Notch48. Compared to LIF, IL-6, which stimulates
cells through a gp130 homodimer, more effectively promoted NSC self-renewal (data not
shown). The related cytokine CT-1 is neuroprotective63, however, we have previously
shown that CT-1 is not elevated after neonatal H/I43.

There is evidence to suggest that inflammation creates an inhospitable environment for
precursor proliferation and neurogenesis in the adult brain64. A number of studies have
evaluated the effect of Minocycline on adult neural precursor responses to inflammation and
to stroke 65, 66 while other studies evaluated the effects of Indomethacin 31, 32. They all
reported that anti-inflammatory compounds enhanced the proliferation of precursors in both
the hippocampal SGZ and the forebrain SVZ, thus they concluded that neuroinflammation
suppresses CNS regeneration. One study however has reported a decrease in BrdU+ cells in
the SVZ following Minocycline administration after focal cerebral ischemia67. This, coupled
with our results reveals a more complex response by neural precursors to
neuroinflammation. One might conclude that neuroinflammation differentially affects
neonatal vs. adult neural stem/progenitors, but this explanation is not tenable as we also
found that Indomethacin increased the proliferation of precursors in the neonatal SGZ and in
lateral aspects of the SVZ. Thus, it is not likely that the differences in our conclusions are
due to differential responses of neonatal vs. adult neural precursors to neuroinflammation.
Rather it is more likely that neuroinflammation, and more specifically, IL-6, exerts different
effects on stem cells vs. progenitors.

Seaburg and Van der Kooy (2002) and Bull and Bartlett (2005) reported that the precursors
in the hippocampus are lineage restricted progenitors and not stem cells68, 69. Furthermore,
their data indicated that there are two discrete populations of progenitors in the SGZ, one
giving rise to neurons while the other gives rise to glial cells. Monje et al 31 reported that
neuroinflammation inhibited hippocampal neurogenesis and that IL-6 reduced neurogenesis
in vitro. We observed a similar effect on the neonatal SGZ precursor responses to H/I.
However, we report that Indomethacin reduces the proliferation of cells in the most medial
aspect of the SVZ after injury, which numerous studies have shown is where the NSCs
reside. We also report that IL-6 promotes neural stem cell self-renewal more effectively than
LIF, and that in vivo Indomethacin directly abrogates NSP expansion, as measured by the
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neurosphere self-renewal and differentiation. Supporting the conclusion that
neuroinflammation inhibits the proliferation of progenitors, we observed increased
proliferation of precursors in the more lateral regions of the SVZ with Indomethacin
administration after neonatal H/I, and we also observed increased proliferation in the
neonatal SGZ with Indomethacin treatment. We cannot however, discount another
interpretation of our data which is that the neural stem cells of the SVZ respond positively to
neuroinflammation whereas the neural stem cells of the hippocampal SGZ respond
negatively.

It has been suggested that Indomethacin, by releasing the inhibitory effects of cytokines on
neuronogenesis will promote regeneration. However, preventing neural stem cell expansion
may negate the beneficial outcomes to be expected from Indomethacin as pertains to cell
replacement. Progenitors, by definition, possess limited self-renewal capacity, and it has
been shown that most neural progenitors can only divide 8 times70. If a progenitor divides
symmetrically 8 times, then 1 progenitor will make 256 cells. By contrast, if a stem cell
divides asymmetrically every 14 days, with each division producing one stem cell and one
progenitor, then 1 stem cell will produce 25 progenitors each year71. If each of those
progenitors produces 256 cells, then for each additional stem cell produced there will be
6500 new cells generated per year. Clearly conditions that permit or promote the expansion
of neural stem cells will promote regeneration more effectively than those that enhance
progenitor cell expansion.

North et al (2007) showed that hematopoietic stem cell maintenance required Cox-2 and that
dmPGE2 increased the numbers of hematopoietic stem cells in zebrafish and mice72. IL-6
has been shown to induce Cox-2 in microglia and Cox-2 will increase production of
prostaglandins73. In this study we show that Indomethacin, a non-specific Cox inhibitor, and
NS398, a specific Cox-2 inhibitor, prevented IL-6 from increasing the number of NSPs.
Furthermore, dmPGE2 increased the number of self-renewing neural precursors. These
results suggest that IL-6 is activating Cox-2 in neural precursors to catalyze the production
of a number of prostanoids including prostaglandin E2. But, IL-6 is likely activating several
pathways to induce NSP expansion, which are areas of investigation that we are actively
pursuing.

The findings from this study, that inflammation and more specifically IL-6 promote the
expansion of SVZ NSPs to increase the production of multipotent progenitors has important
implications for managing sick infants. Using anti-inflammatory compounds or other
techniques to suppress inflammation may alter the response of microglia and rob the
damaged brain of factors that are necessary to launch a robust endogenous repair
response 74, 75. Recently, Iosif et al reported that another pro-inflammatory cytokine, TNFα,
decreased neural precursor proliferation, and SVZ proliferation after stroke was increased in
mice lacking the TNF type 1 receptor76. Katakowski et al implicated tumor necrosis factor-
alpha-converting enzyme proteolysis77. Clearly further studies are needed to more fully
understand when neuroinflammation might be beneficial during recovery from ischemic
injuries and which cytokines (at specific concentrations) are promoting or inhibiting
regenerative processes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ANOVA Analysis of Variance

BrdU 5-bromo-2-deoxyuridine

CCA Common Carotid Artery

CLH Contralateral Hemisphere

CM Conditioned Media

CNTF Ciliary Neurotrophic Factor

dmPGE2 dimethyl Prostaglandin E2

EGF Epidermal Growth Factor

FGF Fibroblast Growth Factor

H/I Hypoxia/Ischemia

ILH Ipsilateral Hemisphere

IL-6 Interleukin-6

LPS Lipopolysaccharide

NSP Neural Stem/Progenitor Cell

NV Neuronal density

PGM Phosphate Buffered Saline with Glucose and Magnesium

qPCR Quantitative Real-time PCR

REST Relative Expression Software Tool

SGZ Subgranular Zone

SVZ Subventricular Zone

TNFα Tumor Necrosis Factor alpha

Vref Total reference volume
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Figure 1.
IL-6 production increases in the SVZ after injury but is decreased by treatment with
Indomethacin. Panel A shows the change in IL-6 mRNA expression over 4 days of recovery
after neonatal H/I. IL-6 mRNA in the ipsilateral SVZ was compared to the contralateral SVZ
by qPCR. There is a peak in expression 48h after H/I (n = 6 at all time points) (*, p < 0.05).
There is no significant increase in the expression of CNTF mRNA. Statistical significance
was determined using the REST program 47. Panels B and C depict IBA-1 staining for
microglia in the SVZ at 72 hours of recovery in the H/I Vehicle compared to H/I
Indomethacin treated animals. There was a decrease in IBA-1 staining in the H/I
Indomethacin treated SVZ. The inset in panel B depicts IL-6 (green) in an IBA-1+ (red)
microglial cell. Panel E shows the change in IL-6 protein level after 2 days of treatment with
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either Vehicle or Indomethacin. IL-6 protein was significantly elevated in the SVZ after H/I
compared to Control (* p < 0.05) and in the IL H/I Vehicle SVZ compared to CL H/I
Vehicle SVZ (+ p < 0.05). Indomethacin significantly decreased IL-6 levels in the H/I
Indomethacin SVZ compared to H/I SVZ and H/I Vehicle SVZ (**, ++ p < 0.05).
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Figure 2.
IL-6 enhances neural stem cell expansion/maintenance, which can be inhibited by COX
inhibitors. Primary neurospheres were dissociated and replated into either control media or
media supplemented with 5ng/mL of rmIL-6. The number (A) and size (B) of spheres was
quantified after 6 days. IL-6 increased the number of secondary neurospheres (*, p < 0.05)
and the spheres were also larger (*, p < 0.05). Panels B′ and B″ show representative
neurospheres cultured in standard medium or medium supplemented with IL-6. Panel C
depicts the average number of neurospheres obtained over multiple passages in medium
supplemented with either 5 ng/mL IL-6 or 5 ng/mL LIF. Only IL-6 increased the number of
neurospheres produced at each passage compared to control media (*, **, ***, p < 0.05).
Panel D summarizes results of cell differentiation assays after neurosphere growth in IL-6,
IL-6 + 2 μg/mL Indomethacin or control medium. A greater percentage of the spheres
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grown in 5ng/mL of IL-6 were tripotential compared to Control, which was completely
antagonized by Indomethacin. In Panel E, primary neurospheres were dissociated and
replated into either control media, media supplemented with 5ng/mL of IL-6, media
supplemented with 5ng/mL of IL-6 and 2 μg/mL Indomethacin (non specific COX
inhibitor), or media supplemented with 5 ng/mL of IL-6 and 3 μg/mL NS398 (Cox 2
inhibitor) for 6 days. Both Indomethacin and NS398 antagonized the IL-6 stimulated
increase in neurosphere expansion/maintenance (* p < 0.05). Panel F depicts effects of 5ng/
mL of IL-6, or medium supplemented with 0.5 μM of dmPGE2 for 6 days. Both IL-6 and
dmPGE2 increased the number of secondary neurospheres.
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Figure 3.
Indomethacin antagonizes NSP amplification of after H/I. Animals were separated into
treatment groups and the neurosphere assay was performed at 3 days of recovery. Panel A
depicts the number of primary neurospheres obtained. Panel B depicts the number of
secondary spheres obtained. Cumulatively, these data indicate that Indomethacin decreases
the number of NSPs rather than changing their responsiveness to growth factors (* p < 0.05).
Another cohort of animals received BrdU at 3 days of recovery, 4 hours prior to sacrifice.
Panel C depicts the number of BrdU+ cells in the medial SVZ across treatment groups.
There was 3-fold increase in BrdU labeled cells in H/I Vehicle treatment when compared to
Controls (** p < 0.05) and this increase was reduced with Indomethacin treatment.
However, there were more proliferating cells in the Indomethacin treated animals compared
to Controls (* p < 0.05). Panel D depicts the number of BrdU+ cells in the ependymal cell
layer of SVZ across treatment groups. There was 2-fold decrease in BrdU labeled cells in H/
I Indo treatment when compared to Controls (* p < 0.05) and to H/I Vehicle treatment (** p
< 0.05). Panels E–H show representative images of BrdU+/GFAP+ staining in the SVZ of
Vehicle, Indomethacin, H/I Vehicle, and H/I Indomethacin treated animals. Scale bar
represents 20 μm.

Covey et al. Page 18

Ann Neurol. Author manuscript; available in PMC 2012 December 14.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 4.
Indomethacin increases the number of proliferating precursors in the SGZ of the
hippocampus and the lateral aspect of the SVZ. Stereological counting methods were used to
quantify the number of BrdU+ cells in the SGZs and SVZs of control and injured brains.
Panels A and B show representative images of the BrdU+ cells (red) in the SGZ of H/I
Vehicle and H/I Indomethacin, respectively. Sections were also stained for GFAP (green)
and for DAPI (blue). Scale bar represent 20 μm. Panel C depicts the average # of BrdU+
cells/SGZ. As illustrated, Indomethacin increased the number of BrdU+ cells in the SGZ
after H/I compared to H/I Vehicle (* p < 0.05). Panel D depicts the average # of BrdU+
cells/lateral SVZ. Indomethacin increased the number of BrdU+ cells in the lateral SVZ
after H/I compared to H/I Vehicle (* p < 0.05).
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