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Abstract
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The purpose of this study was to investigate the ability of astrocyte-derived factors to influence
neural progenitor cell differentiation. We previously demonstrated that rat adult hippocampal
progenitor cells (AHPCs) immunoreactive for the neuronal marker, class III β-tubulin (TUJ1)
were significantly increased in the presence of astrocyte-derived soluble factors under non-contact
co-culture conditions. Using whole cell patch clamp analysis, we observed that the co-cultured
AHPCs displayed two prominent voltage-gated conductances - tetraethyl ammonium (TEA)sensitive outward currents and fast transient inward currents. The outward and inward current
densities of the co-cultured AHPCs were approximately 2.5-fold and 1.7-fold greater, respectively,
than those of cells cultured alone. These results suggest that astrocyte-derived soluble factors
induce neuronal commitment of AHPCs. To further investigate the activity of a candidate
neurogenic factor on AHPC differentiation, we cultured AHPCs in the presence or absence of
purified rat recombinant interleukin-6 (IL-6). We also confirmed that the astrocytes used in this
study produced IL-6 by ELISA and RT-qPCR. When AHPCs were cultured with IL-6 for 6-7
days, the TUJ1-immunoreactive AHPCs and the average length of TUJ1-immunoreactive neurites
were significantly increased, compared to the cells cultured without IL-6. Moreover, IL-6
increased the inward current density to a comparable extent as did co-culture with astrocytes, with
no significant differences in the outward current density, apparent resting potential, or cell
capacitance. These results suggest that astrocyte-derived IL-6 may facilitate AHPC neuronal
differentiation. Our findings have important implications for understanding injury-induced
neurogenesis and developing cell-based therapeutic strategies using neural progenitors.
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The cytokine interleukin-6 (IL-6) is best known as a regulator of hematopoiesis(Eglitis and
Mezey 1997). In addition, IL-6 is found in the nervous system and in conjunction with its
receptor complex can trigger cellular responses mediating inflammation, neurogenesis,
gliogenesis, cell growth and survival, and myelination/demyelination(Gadient and Otten
1997; Gruol and Nelson 1997; Van Snick 1990; Van Wagoner and Benveniste 1999). In the
brain, IL-6 is normally expressed at relatively low levels(Gadient and Otten 1997).
However, during progression of inflammation or brain injury, IL-6 protein levels are
elevated in the cerebral spinal fluid and brain homogenates(Gruol and Nelson 1997; Van
Wagoner and Benveniste 1999). Chronic over-expression of IL-6 in transgenic mice caused
neuroanatomical and neurophysiological alterations reminiscent of various neurological
diseases(Campbell et al. 1993; Gruol and Nelson 1997; Vallieres et al. 2002). Interestingly,
neurotrophins (NTs) such as nerve growth factor (NGF), are co-expressed with IL-6 at sites
of nerve injury(Otten et al. 2000). IL-6 in combination with its specific receptor, IL-6R, has
been reported to regulate a local supply of NTs that are critical for neuronal survival and
protection(Gadient and Otten 1994; Gadient and Otten 1997; Otten et al. 2000). These
reports suggest that IL-6 expression is up-regulated under diverse pathological and
physiological conditions in the CNS, and also contributes to the production and function of
NTs at the injured site of the CNS.
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Astrocytes are an important source of IL-6 in the CNS(Gruol and Nelson 1997) and the
expression levels vary for different brain regions. Barkho et al. (2006) demonstrated that
astrocytes originating from neurogenic regions (newborn hippocampus, adult hippocampus,
and newborn spinal cord) compared with cells from non-neurogenic regions (adult spinal
cord astrocytes and adult skin fibroblasts) displayed different gene expression
profiles(Barkho et al. 2006; Song et al. 2002). IL-6 mRNA was expressed at relatively
higher levels in newborn hippocampal astrocytes than in non-neurogenic astrocytes.
Furthermore, when adult hippocampus-derived neural progenitor cells were cultured in the
presence of IL-6, neuronal promoter activity and neuronal marker-immunoreactivity were
increased(Barkho et al. 2006). Our previous results confirmed that neuronal differentiation
of adult hippocampal progenitor cells (AHPCs) was enhanced by soluble factors derived
from neonatal astrocytes(Oh et al. 2009; Recknor et al. 2006). However, it was not known if
astrocyte-derived IL-6 influenced NPC differentiation into functional neurons.
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In the present study, we tested the hypothesis that IL-6 produced from neurogenic astrocytes
is a key regulator in our culture system that stimulates functional differentiation of AHPCs
to a neuronal fate. Using immunocytochemical analysis and whole-cell recording, in the
presence of exogenous IL-6, we observed that (1) neuronal marker expression was
increased, (2) the average length of neurites from neuronal-restricted AHPCs was increased
and (3) voltage-gated inward current density was increased with no significant differences in
voltage-gated outward current density, apparent resting membrane potential or cell
capacitance. These results demonstrate that astrocyte-derived IL-6 enhances neuronal
differentiation of AHPCs.

Materials and Methods
Cell culture
All animal procedures were conducted in accordance with and had the approval of the Iowa
State University Committee on Animal Care. Astrocytes were isolated from cerebral cortices
and hippocampi of postnatal day two Sprague-Dawley rat brains as described
previously(Recknor et al. 2004). Adult hippocampal progenitor cells (AHPCs from F. Gage,
Salk Institute, La Jolla, CA), isolated from the brains of adult Fischer 344 rats and infected
J Neurosci Res. Author manuscript; available in PMC 2011 October 1.
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with retrovirus to express enhanced green fluorescent protein (GFP)(Gage et al. 1995; Ray
et al. 1995) were maintained as described previously(Oh et al. 2009) (for details, see
Supplementary Materials and Methods online).
Astrocyte-AHPC co-culture
Transwell® inserts (Corning, Inc., Corning, NY) were used to establish co-cultures of
astrocytes and AHPCs growing together in the absence of physical contact (referred to as
non-contact co-culture, NCCC) as described previously(Oh et al. 2009) (for details, see
Supplementary Materials and Methods online).
IL-6 treatment
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To examine the effect of IL-6 on AHPC differentiation, purified rat recombinant IL-6 (20
ng/ml; R&D Systems) and/or neutralizing antibody against IL-6 (anti-IL-6) produced in goat
(10 ng/ml; R&D Systems) were added to the culture media. A concentration-response
analysis was performed to determine optimal concentrations of purified IL-6
(Supplementary Figure 1). Based on this analysis and from the literature(Barkho et al. 2006;
Hakkoum et al. 2007), an IL-6 concentration of 20 ng/ml was used in this study. The antiIL-6 neutralizing antibody was tested at various concentrations (10, 100 and 1000 ng/ml in
NCCCs of astrocyte-AHPC; 10 and 1000 ng/ml in AHPC alone cultures with 20 ng/ml of
purified IL-6). There were no significant effects of these concentrations of blocking
antibody on the percentages of TUJ1- or RIP-immunoreactive AHPCs (see
‘Immunocytochemistry’ section below) when the cells were cultured with the antibody in
the absence of IL-6 (data not shown). Thus, the anti-IL-6 neutralizing antibody was used at
10 ng/ml in this study. As a control for the neutralizing antibody, a purified preimmune goat
immunoglobulin G (goat IgG; Sigma-Aldrich) was used at the same concentration.
Immunocytochemistry
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AHPCs cultured on laminin-coated substrates were processed for immunocytochemistry
according to standard protocols described previously(Oh et al. 2009). Fixed AHPCs were
labeled with antibodies against phenotypic markers, class III β-tubulin (TUJ1, mouse
monoclonal IgG; R&D Systems), receptor interacting protein (RIP in concentrated form
supplied by vendor, mouse monoclonal IgG; Developmental Studies Hybridoma Bank) and
glial fibrillary acidic protein (GFAP, mouse monoclonal IgG; Lab Vision Corp., Fremont,
CA) Biotinylated donkey anti-mouse secondary antibody and Cy3-conjuated streptavidin
(Jackson ImmunoResearch, West Grove, PA) were used for visualizing the primary antibody
labeling. Nuclei were counterstained with 1 μM 4′, 6-diamidino-2-phenylindole, dilactate
(DAPI). Preparations were then mounted onto microscope slides using GelMount antifade
mounting medium (Biomeda Corp., Foster City, CA) (for details, see Supplementary
Materials and Methods online).
Neurite outgrowth assay
AHPCs were cultured in the absence or presence of purified IL-6 at different concentrations
(from 0.00001 to 100 ng/ml; Figure 3 C) for 6 days. After fixation, cultured AHPCs were
immunolabeled for TUJ1 and imaged using a 40X objective. From the images, 17 to 22
TUJ1-immunoreactive AHPCs per condition were analyzed for the length of neurites
emanating from the cell body using ImageJ, image processing and analysis program
(developed at the National Institutes of Health, http://rsbweb.nih.gov/ij/) (for details, see
Supplementary Materials and Methods online).
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AHPCs were plated on a laminin-coated polystyrene substrate that was attached to the
bottom of a recording chamber made of a 25-mm circular coverglass (Cat # 12-545-102,
Fisher Scientific) with an attached silicone O-ring (Cat # 9396K22, McMaster Carr Supply,
Atlanta, GA). After the cells were cultured in the recording chamber for a designated culture
period, the chamber with cells was placed on the stage of a Nikon Diaphot inverted
microscope (Tokyo, Japan). The cultures were bathed in an external solution containing (in
mM): 145 NaCl, 3 KCl, 10 HEPES, 8 glucose, 2 MgCl2, 3 CaCl2 (pH 7.4, adjusted with
NaOH). Patch pipettes were pulled from thick-walled borosilicate glass capillaries (Cat #
PG52165-4, World Precision Instrument, Inc., Sarasota, FL) and fire-polished to resistances
of 3 - 5 MΩ when filled with internal solution containing (in mM): 136.5 K-gluconate, 17.5
KCl, 9 NaCl, 10 HEPES, 8 glucose, 0.2 EGTA and 1 MgCl2 (pH 7.2, adjusted with KOH).
For the cultures maintained in the presence of basic fibroblast growth factor (bFGF), cells
were randomly chosen for recording. For the cells cultured under differentiation condition,
cells that possessed neuronal-like morphology typical of TUJ1-immunoreactive cells were
selected(Ray et al. 1993; Sah et al. 1997).
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Conventional whole cell recording was performed at room temperature using an Axopatch
200B patch clamp amplifier (Molecular Devices, Sunnyvale, CA) and IT-16 interface
(Instrutech, Inc.) or an EPC9 (HEKA Instruments, Inc., Bellmore, NY). Current was filtered
at 1 kHz and digitized at 5 kHz. Stimulation and acquisition were controlled with PULSE
software (v8.78, HEKA Instruments, Inc.).
A liquid junction potential of 14.3 mV was estimated using JPCalc software (P. H. Barry,
University of New South Wales). Membrane voltages were corrected after the experiment
by subtraction of the liquid junction potential; the apparent resting potential was estimated
10 min after break-in to the whole cell mode as the zero current potential during currentclamp recording and corrected for the liquid junction potential. Ionic currents were
measured by application of 100 ms depolarizing steps in 10 mV increments from the holding
potential (VH) of -100 mV. The interpulse interval was 5 s. Current densities were calculated
by normalizing the peak currents to the membrane capacitance (Cm). Input resistance (Rin)
was estimated from the reciprocal of the slope of voltage ramps at subthreshold potentials in
the whole cell mode; because the values of Rin estimated this way were similar to seal
resistances, we could only place a lower limit on the true Rin.
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Pharmacological blockade of inward and outward currents was performed with 300 nM
tetrodotoxin (TTX; Sigma-Aldrich) for voltage-gated sodium (Na+) channels, or 5 mM
tetraethylammonium (TEA; Sigma-Aldrich) for voltage-gated potassium (K+) channels,
respectively.
Statistical analysis
Statistical analysis was performed using GraphPad PRISM (ver. 3.0). All tests were twotailed tests and p-values less than an alpha of 0.05 were considered significantly different.

Results
Astrocyte-derived soluble factors enhance AHPC neuronal differentiation
Our previous results demonstrated that astrocyte-derived soluble factors induced neuronal
differentiation of AHPCs(Oh et al. 2009). When AHPCs were co-cultured with astrocytes
(isolated from neonatal rat brain, cerebral hemispheres) in the absence of physical contact
(referred to as non-contact co-culture, NCCC) using Transwell® inserts, neuronal
differentiation of AHPCs was significantly augmented compared to AHPCs cultured alone
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(without astrocytes) (Figure 1; 63.7% in NCCC vs. 13.1% in alone culture). To further
delineate the source of neurogenic activity, we isolated separately hippocampal and cortical
astrocytes. Immunocytochemical analysis revealed that under NCCC conditions, using either
hippocampal or cortical astrocytes, the percentage of TUJ1-immunoreactive (IR) AHPCs
was significantly higher compared to that when AHPCs were cultured alone (Figure 1). In
addition, the percentage of TUJ1-IR cells was significantly greater for AHPCs when cocultured with hippocampal astrocytes (NCCC with HC-Astro) than with cortical astrocytes
(NCCC with CTX-Astro) (Figure 1; 54.4% in NCCC with HC-Astro vs. 34.2% in NCCC
with CTX-Astro). These results suggest that the astrocyte-derived soluble factors induce
neuronal differentiation of AHPCs, which is consistent with our previous results(Oh et al.
2009). Moreover, on a cell per cell basis, hippocampal astrocytes appear to possess
significantly greater neurogenic activity, compared to cortical astrocytes.
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The astrocyte-derived factors appeared specific for inducing AHPC neuronal differentiation,
because no effect was observed on astroglial differentiation (Figure 1; RIP and GFAP
immunoreactivities). Under NCCC using astrocytes from whole cerebral hemispheres
(referred to as brain astrocytes, Brain-Astro), the percentage of oligodendrocytes (RIP-IR
AHPCs) was greater than when AHPCs were cultured alone (Figure 1; 26.8% in NCCC with
Brain-Astro vs. 13.0% in alone culture). However, under NCCC using either cortical
astrocytes or hippocampal astrocytes, there was no significant difference in RIP
immunoreactivity compared to the AHPCs cultured alone (Figure 1; 15.4% in NCCC with
HC-Astro vs. 19.1% in NCCC with CTX-Astro vs. 13.0% in alone culture). This result
demonstrates that the factors from cortical astrocytes or from hippocampal astrocytes have
little effect on oligodendrocytic differentiation of AHPCs. However, whole brain astrocytes
have a small incremental effect on oligodendrocytic differentiation of AHPCs.
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To examine whether the AHPCs with neuronal morphology possessed membrane
characteristics consistent with neuronal differentiation, patch clamp analysis in conventional
whole cell mode was performed. AHPCs were cultured in the absence or presence of the
astrocytes for 6-7 days or 9-10 days. AHPCs from both conditions had similar capacitance
(Cm) values (Table 1) and input resistance (Rin, ≥ 2 GΩ) (data not shown). The apparent
resting potential was more hyperpolarized under differentiation conditions compared to the
proliferation conditions (Table 1). AHPCs at 6-7 DIV in co-culture with brain-derived
astrocytes showed significantly greater current densities for both TEA-sensitive sustained
outward currents (voltage-gated K+ channel-mediated) and transient inward currents
(voltage-gated Na+ channel-mediated) in response to the voltage-step stimuli compared to
the AHPCs cultured alone (Figure 2 A2 and B2; Table 1). These results demonstrate that
astrocyte-derived neurogenic factors promoted neuronal differentiation with respect to the
electrical membrane properties of AHPCs, as well as in cell morphology.
IL-6 enhances neuronal differentiation of AHPCs
IL-6 has been suggested as a candidate astrocyte-derived factor that can induce AHPC
differentiation(Barkho et al. 2006). To investigate the molecular mechanism(s) by which
astrocytes promote neurogenesis, a neutralizing antibody against rat IL-6 (referred to as antiIL-6) was added to the AHPC cultures. As a control, equal concentrations of affinitypurified goat IgG were added to parallel cultures. Addition of anti-IL-6 to the hippocampal
NCCC resulted in a significant decrease in neuronal differentiation of the AHPCs
(percentage of TUJ1-IR AHPCs: 54.4% without anti-IL-6 vs. 27.7% with anti-IL-6) (Figure
3 A). In contrast, the blocking antibody had no effect on TUJ1 immunoreactivity in cortical
NCCC (34.2% without anti-IL-6 vs. 35.2% with anti-IL-6) (Figure 3 A). These results
suggest that IL-6 derived from neurogenic hippocampal astrocytes may play a critical role in
neuronal differentiation of AHPCs.
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To examine further whether IL-6 itself can directly influence AHPC differentiation, we
cultured AHPCs (alone, in the absence of astrocytes) with or without rat recombinant IL-6
for 6 days. Incubation with purified IL-6 specifically increased the percentage of TUJ1-IR
AHPCs (38.5% with IL-6 vs. 13.1% without IL-6) with no effect on the percentages of RIPor GFAP-IR AHPCs (RIP immunoreactivity: 13.6% with IL-6 vs. 13.0% without IL-6;
GFAP immunoreactivity: 1.5% with IL-6 vs. 1.6% without IL-6) (Figure 3 B). Moreover,
the IL-6-mediated augmentation of TUJ1 immunoreactivity was eliminated by addition of
anti-IL-6 neutralizing antibody (Figure 3 B). These results suggest that IL-6 is a key
molecule that can induce neuronal differentiation of AHPCs.
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In addition, IL-6 influences neurite outgrowth of AHPCs. When AHPCs were cultured in the
presence of various concentrations of purified IL-6, the average length of TUJ1-IR processes
extending from the soma of TUJ1-IR AHPCs was positively correlated with the
concentration of IL-6 (Figure 3 C). At concentrations greater than 1 ng/ml of IL-6, the
average process length per cell was significantly longer than that of the control cultures
(AHPCs alone with no IL-6). The average length of neurites analyzed from the cells cultured
in the presence of IL-6 was approximately 40 μm, which is comparable to the process length
of AHPCs co-cultured with enriched postnatal astrocytes as demonstrated previously(Oh et
al. 2009). However there was no significant difference observed in the total length of
processes per cell with increasing IL-6 concentrations (Supplementary Figure 2). These data
indicate that IL-6 increases the length of TUJ1-expressing neurites from AHPCs undergoing
neuronal differentiation.
To investigate the influence of IL-6 on electrical membrane properties, AHPCs were
cultured under differentiation conditions in the absence or presence of IL-6. The AHPCs
cultured in the presence of IL-6 showed significantly greater transient inward currents
compared to cells cultured in the absence of IL-6 (Figure 4; Table 2). In three out of three
IL-6-treated AHPCs for which it was tested, 300 nM TTX inhibited the transient inward
currents, which suggests mediation by TTX-sensitive Na+ channels. Augmentation of the
transient inward current in the AHPCs cultured in the presence of IL-6 was comparable to
that seen with the AHPCs co-cultured with astrocytes. The effect appears to be selective for
Na+ current, as no enhancement of a presumed K+ current (TEA-sensitive current) was
apparent (Table 2). The observed changes in Cm and apparent resting potential due to
exogenous IL-6 were statistically insignificant (Table 2). These results suggest that IL-6 can
facilitate expression of voltage-gated Na+ channels during AHPC differentiation into
neurons.
IL-6 is produced from the co-cultured astrocytes
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To quantify the amount of IL-6 protein secreted into the culture media, we performed
enzyme-linked immunosorbent assays (ELISA) (Supplementary Figure 3 A). These results
demonstrate that (a) the major source of IL-6 production in the non-contact co-culture
system was the astrocytes, rather than AHPCs, and (b) the IL-6 production capability of
astrocytes appeared to be independent of the AHPCs co-cultured with them. The expression
levels of IL-6, its specific receptor, IL-6Rα (transmembrane and soluble) and gp130 in
AHPCs and astrocytes were analyzed by RT-qPCR (Supplementary Figure 3 B, C) (for
details, see Supplementary Results and Discussion online).

Discussion
The local microenvironment is crucial in regulating the survival, proliferation and
differentiation of NPCs(Conover and Notti 2008; Garcion et al. 2004; Soen et al. 2006; Watt
and Hogan 2000; Wurmser et al. 2004). In addition to the extracellular matrix (ECM),
astrocytes surrounding NPCs can provide various biological cues for regulating
J Neurosci Res. Author manuscript; available in PMC 2011 October 1.
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neurogenesis in vivo(Lim and Alvarez-Buylla 1999; Recknor et al. 2006; Song et al. 2002).
Our previous results demonstrated that astrocyte-derived soluble factors promote neuronal
differentiation of AHPCs, in combination with three-dimensional spatial control(Oh et al.
2009). In the present study, we identified a candidate molecule, IL-6, which specifically
induces neuronal differentiation of adult NPCs by demonstrating that (1) newborn
hippocampal astrocytes produced more IL-6 protein than non-neurogenic skin-derived
fibroblasts and (2) IL-6 treatment increased the fraction of TUJ1-immunoreactive cells.
These results support the earlier findings by Barkho and colleagues(Barkho et al. 2006).
Furthermore, in our study we reported for the first time electrophysiological properties of
AHPCs undergoing differentiation in the presence of IL-6. Our findings demonstrate that
IL-6 derived from neurogenic astrocytes promotes functional differentiation of AHPCs and
accelerates neurite outgrowth.
Astrocyte-derived IL-6 promoting neuronal differentiation of AHPCs
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Previously we demonstrated that the percentage of TUJ1-IR AHPCs was dramatically
increased when AHPCs were co-cultured with astrocytes compared to the cells cultured
alone(Oh et al. 2009). This result suggested that astrocyte-derived soluble factors enhance
neuronal differentiation of AHPCs. To identify the source of neurogenic activity of the
astrocytes, we separated the hippocampi, a neurogenic region of the brain, from the
surrounding cerebral cortex, thus generating two distinct populations of astrocytes. A
significantly higher percentage of AHPCs differentiated into neurons (TUJ1
immunoreactivity) when co-cultured with hippocampal astrocytes compared to those cocultured with cortical astrocytes. This suggests that the soluble factors derived from
hippocampal astrocytes are in part responsible for the increase in neuronal differentiation of
AHPCs, which agrees with the previous finding that astrocytes from adult hippocampus can
instruct the NPCs to adopt a neuronal fate(Song et al. 2002).
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The increased neuronal differentiation of AHPCs co-cultured with hippocampal astrocytes
was diminished in the presence of neutralizing antibody against IL-6. However, the
neutralizing antibody had no effect on the TUJ1 immunoreactivity of AHPCs co-cultured
with cortical astrocytes. These results might be explained by the combined action of
multiple factors produced by astrocytes and/or AHPCs. For example, hippocampal
astrocytes may produce additional neurogenic factors that promote neuronal differentiation
of AHPCs. Recently, metalloprotease-9, all-trans retinoic acid, Wnt3 and neurogenesin-1
were reported as factors derived from neurogenic astrocytes that can induce neuronal
differentiation of NPCs or oligodendrocyte fate-restricted progenitor cells(Barkho et al.
2008; Barkho et al. 2006; Gaughwin et al. 2006; Kornyei et al. 2007; Lie et al. 2005; Ueki et
al. 2003). Furthermore, cortical astrocytes appear to express developmental signals, such as
Notch, Noggin, sonic hedgehog and thrombospondin-1 which can participate in generating a
neurogenic microenvironment surrounding NPCs(Lu and Kipnis; Taupin 2006). Factors
derived from cortical astrocytes may also suppress neuronal differentiation of AHPCs. For
instance, insulin-like growth factor (IGF)-1 is known to be important for early neural
development as well as maintenance of the adult CNS (Russo et al. 2005). In the adult CNS,
IGF-1, which is expressed both in neurons and astrocytes, binds to IGF binding proteins
(IGFBPs) that are mainly produced by astrocytes(Chesik et al. 2007; Feldman et al. 1997;
Russo et al. 2005; Ye et al. 2004). IGFBP-6, in particular, was reported to be expressed at
much higher levels in non-neurogenic astrocytes than in neurogenic-astrocytes, so it is
thought to inhibit neuronal differentiation of NPCs(Barkho et al. 2006). Bone morphogenic
proteins (BMPs), having multiple roles in embryonic brain development, are also known to
influence glial and neuronal differentiation of NPCs(Gross et al. 1996; Taga and Fukuda
2005; Zhang and Li 2005). Therefore, the neurogenic effect of IL-6 released from cortical
astrocytes may be prevented by other cortical astrocyte-derived factors. Taken together,
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reduced neuronal differentiation by neutralizing antibody against IL-6 demonstrates that an
astrocyte-derived soluble factor, IL-6, is a critical soluble factor that can enhance neuronal
differentiation of AHPCs. Furthermore, astrocytes isolated from the hippocampal region, a
neurogenic niche, may be more potent in inducing neuronal differentiation of AHPCs than
the general astrocyte population.
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Direct application of IL-6 enhanced AHPC neuronal but not glial differentiation. Moreover,
IL-6-mediated neuronal differentiation was neutralized by anti-IL-6 function-blocking
antibody. This result suggests that AHPCs are capable of responding with neuronal
differentiation to exogenous IL-6. RIP immunoreactivity of AHPCs under co-culture
conditions tended to be slightly higher compared to that of AHPCs cultured alone. This
result is not surprising because numerous soluble factors derived from the astrocytes may
influence NPC fate specification during CNS development or inflammation
response(Martino and Pluchino 2006; Taupin 2008). For example, sonic hedgehog secreted
from reactive astrocytes can induce NPCs to differentiate into oligodendrocytes as well as
neurons(Martino and Pluchino 2006). Platelet-derived growth factor produced by astrocytes
has been known to stimulate the proliferation of oligodendrocyte precursors in the CNS(Abe
2000; Martino and Pluchino 2006). Interestingly, oligodendrocyte differentiation (assessed
by RIP immunoreactivity) from AHPCs co-cultured with astrocytes from the whole cerebral
hemispheres (including the hippocampus) was significantly higher than that under control
conditions (AHPCs cultured alone). However, under co-culture conditions with either
cortical or hippocampal astrocytes, the RIP immunoreactivity was not significantly different
compared to that under control conditions. Region-specific factors may be produced only
from the cortical or hippocampal astrocytes that potentially promote oligodendrocyte
differentiation of AHPCs. The oligodendrocyte differentiation-promoting activity of those
factors may be reinforced by juxtacrine or paracrine stimulation when the cortical and
hippocampal astrocytes are in close proximity.
Neurite extension in the presence of IL-6
IL-6 application specifically influenced TUJ1 immunoreactivity of AHPCs in a
concentration-dependent manner, with no effect on RIP immunoreactivity. Above 1 ng/ml of
IL-6, the percentage of TUJ1-IR AHPCs appeared to have reached saturation. In addition,
the average length of processes extended from the TUJ1-IR AHPCs was significantly longer
than that for the cells in the control condition (0 ng/ml of IL-6), although neither the average
number of processes per cell (Supplementary Table 1) nor the total length of processes
(Supplementary Figure 2) was significantly different.
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Marz et al. (1999) reported that the application of the IL-6/IL-6R fusion protein (covalently
linked by an intermediate peptide(Fischer et al. 1997)) increased expression levels of
neurotrophins (NTs) in brain-derived astrocytes(Marz et al. 1999). Both hippocampal and
cortical astrocytes express NGF at high levels following IL-6 treatment(Marz et al. 1999).
NGF can suppress the activation of STAT3 which itself inhibits neurite outgrowth of PC12
cells(Ihara et al. 1997). Moreover, hippocampal and cortical astrocytes exclusively express
NT-3 and NT-4/5, respectively(Marz et al. 1999). NT-3 facilitates neuronal differentiation
and neurite outgrowth of mouse NPCs through the MAPK-ERK pathway(Lim et al. 2007).
Thus, the astrocyte-derived IL-6 may stimulate neurogenic astrocytes that express IL-6R to
produce NTs, such as NGF and NT-3. Such NTs might then inhibit STAT3 activation and
induce ERK activation following MAPKK activation. Therefore, the IL-6 released from the
astrocytes may be a key molecule that influences neuronal differentiation and neurite
outgrowth of AHPCs.
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For whole cell patch clamp analysis, only cells possessing a neuronal morphology were
selected for recording. In this analysis, we examined resting potential, capacitance and
current density. AHPCs cultured in the absence or presence of IL-6 showed similar apparent
resting potentials, −79 ~ −82 mV on average. Schmidt-Hieber et al. (2004) reported that the
resting membrane potentials for PSA-NCAM-expressing newborn hippocampal granule
cells were about −75 mV which was similar to that for PSA-NCAM immunonegative
mature cells (about −81 mV)(Schmidt-Hieber et al. 2004). Resting potentials of AHPCs
cultured under differentiation condition for 1 week were comparable to the values for the
granule cells in the hippocampus. AHPCs cultured without or with IL-6 also showed similar
membrane capacitance values in the range of 10 ~ 15 pF. These values are comparable to
those reported for rat hippocampus-derived NPCs cultured for less than 2 weeks in vitro
with various factors(Sah et al. 1997). Considering that cell capacitance is proportional to cell
surface area, more mature dentate granule cells extending longer dendrites, as expected,
have greater cell capacitance than do their immature counterparts(Schmidt-Hieber et al.
2004; van Praag et al. 2002). In brain slices, 4 week-old hippocampal neurons displaying
complex morphologies with highly branched dendritic arborizations exhibit 3.5-times higher
capacitance values(van Praag et al. 2002) than do AHPCs cultured for 6 days. From our
result TUJ1-IR AHPCs cultured for 6 days in the presence of exogenous IL-6 displayed a
total length of presumed axonal processes per cell of approximately 150 μm regardless of
IL-6 concentrations. This insignificant difference in the total length of processes between
cells cultured without and with IL-6 is consistent with the result of no significant difference
in cell capacitance values between the two conditions.

NIH-PA Author Manuscript

Interestingly, the average length of TUJ1-IR processes for AHPCs cultured with IL-6 was
about 1.5-fold greater than that for cells in control condition without IL-6. However total
length of TUJ1-IR processes and the membrane capacitance were similar between the two
conditions. In the presence of IL-6, it is possible that some TUJ1-IR neurites that may be
presumptive axons were extended while others that were destined to become dendrites were
retracted compared to the control condition(Ferreira and Caceres 1992; Laferriere et al.
1997; Winckler 2007). This result suggests that IL-6 may be involved in neurite
specification during neuronal development. The remodeling of neurites during neuronal
polarization (formation of axons and dendrites) is an important aspect of neuronal
differentiation(Craig and Banker 1994; Da Silva et al. 2005). Axons can be distinguished
from the dendrites by the expression of distinct molecules, such as plasma membrane
ganglioside sialidase (PMGS) found in the axon of mature neurons(Da Silva et al. 2005) and
higher glycogen synthase kinase (GSK)-3β activity in dendrites than in axons of polarized
hippocampal neurons(Jiang et al. 2005). Immunocytochemically TUJ1 (class III β-tubulin)
is commonly used as an axonal marker(Joshi and Cleveland 1989; Lee et al. 1990). Our
result demonstrating longer average length of TUJ1-IR neurites of AHPCs cultured with
IL-6 than without IL-6, with no effect on total TUJ-IR neurite length, suggests that IL-6
presumably facilitated axonal specification. However it remains to be elucidated how IL-6
influences the selection of neurites to be remodeled in conjunction with microtubule
reorganization(Cao et al. 2006; Hakkoum et al. 2007; Zhang et al. 2007).
AHPCs differentiating along a neuronal path exhibited two kinds of macroscopic
conductances - sustained outward currents (sensitive to TEA, which blocks delayed
rectifying potassium channels) and transient inward currents. Our electrophysiological data
demonstrate that the presumed Na+ current density of AHPCs cultured in the presence of
IL-6 was 2-fold greater than that in the absence of IL-6, whereas there was no significant
difference in K+ current density between the two conditions; co-culture with astrocytes at
6-7 DIV, in contrast, significantly amplified K+ current density 2.5-fold and appeared to
increase Na+ current density 1.7-fold although this difference was not statistically
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significant. This result suggests that IL-6 application may selectively enhance expression of
voltage-gated Na+ currents and that other astrocyte products may enhance the K+ currents.
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During rapid current clamp recording, depolarizing current steps failed to trigger action
potentials, although slow regenerative events (maximal rate of depolarizing phase, < 12 V/s)
with modest amplitude were elicited. The maximal slope of the upswing is set by the Na+
current density, which was about 10-fold lower in AHPCs than in mature granule cells of the
dentate gyrus(van Praag et al. 2002), which are thought to arise from AHPCs in vivo.
Steady-state inactivation of the Na+ current is also sufficiently depolarized to limit
availability of Na+ current from the resting potential in some cells including glia(Barres et
al. 1989). Detailed biophysical and molecular characterization of Na+ channels induced by
IL-6 awaits further study.
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AHPCs are multipotent NPCs in the hippocampus thought to give rise to mainly granule
cells and possibly glial cells in the dentate gyrus(Gage et al. 1998; Namba et al. 2005). In
rodent hippocampi, NPCs expressing PSA-NCAM and GFP driven by a Nestin promoter
undergo biphasic changes in input resistance upon commitment and maturation along the
neuronal lineage; neural progenitors in the subgranular zone have a low Rin (< 100 MΩ),
restricted progenitors and immature granule cells a high Rin (~ 4 GΩ) and mature granule
cells a 20-fold lower Rin of ~ 200 MΩ(Overstreet-Wadiche and Westbrook 2006; SchmidtHieber et al. 2004). AHPCs cultured under proliferation or differentiation conditions,
without or with IL-6, had Rin values ≥ 2 GΩ. By this criterion AHPCs are consistent either
with cells that have committed to a neuronal lineage or with lineage-restricted progenitors.
AHPCs that have differentiated in response to IL-6 may also be at an ‘intermediate’ stage of
neuronal and glial differentiation (as bipotent ‘neuro-glial’ precursors). Past studies have
reported that O2A glial precursors(Barres et al. 1990), type-1 and type-2 astrocytes(Barres et
al. 1989) and immature hippocampal astrocytes(Sontheimer et al. 1991) express sodium
currents that are comparable to those in neurons. However, based on our
immunocytochemical results and the striking morphological differences between neuronal
and glial cells, it is unlikely that recordings were made from AHPCs differentiating into
astrocytes because only a few cells express GFAP in our culture system (< 2%) and their
morphology is clearly distinguishable from the other cell types. In addition, it is not likely
that the AHPCs examined in this study were oligodendrocytes because the capacitance that
is normally measured in oligodendrocytes is much greater than 10 pF(Barres et al. 1990).
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Soluble factors secreted from rat hippocampal astrocytes promoted neuronal differentiation
of multipotent AHPCs. Under non-contact co-culture conditions, the percentage of AHPCs
expressing a neuronal marker, TUJ1, was dramatically increased compared to that when
cultured alone without astrocytes. In addition to the neuronal morphology, AHPCs under
non-contact co-culture conditions developed membrane properties that are consistent with
those of differentiated neurons. When the AHPCs were cultured in the presence of
exogenous IL-6, a candidate for a neurogenic astrocyte-derived soluble factor, the
percentage of TUJ1-IR AHPCs was significantly greater than that in the absence of IL-6.
Moreover, AHPCs cultured with IL-6 developed a subset of neuronal-like membrane
properties at an early time point. These results suggest that IL-6 is an astrocyte-derived
cytokine that can induce neuronal differentiation of the AHPCs.

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

J Neurosci Res. Author manuscript; available in PMC 2011 October 1.

Oh et al.

Page 11

Acknowledgments
NIH-PA Author Manuscript

Financial support provided by the NIH (NIGMS RO1 GM072005-01), the Stem Cell Research Fund, and the
Department of Genetics, Development and Cell Biology at Iowa State University are gratefully acknowledged.
Authors would like to thank Dr. Fred H. Gage at the Salk Institute for the gift of AHPCs and S.K. Mallapragada,
M.L. Kohut, Y.J. Sim, C. Ciraci, R. Steele, A. Tentinger, R. Doyle and C.J. Jeon for technical assistance and
advice.

Abbreviation

NIH-PA Author Manuscript
NIH-PA Author Manuscript

AHPC

adult hippocampal progenitor cell

bFGF

basic fibroblast growth factor

Brain-Astro

astrocytes isolated from whole cerebral hemispheres of the brain

CCM

co-culture medium

CNS

central nervous system

CTX-Astro

astrocytes isolated from cortical region of the brain

DIV

days in vitro

GFAP

glial fibrillary acidic protein

HC-Astro

astrocytes isolated from hippocampal region of the brain

IL-6

interleukin-6

MEM

minimal essential medium

MMEM

modified MEM

NCCC

non-contact co-culture

NPC

neural progenitor cell

NGF

nerve growth factor

NT

neurotrophin

PSA-NCAM

polysialic acid neural cell adhesion molecule

RIP

receptor interacting protein

TEA

tetraethyl ammonium

TUJ1

class III β-tubulin

TTX

tetrodotoxin
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Differentiation of AHPCs under non-contact co-culture conditions (NCCC). AHPCs were
cultured under four different culture conditions: (1) AHPCs cultured alone without
astrocytes (AHPCs alone), (2) non-contact co-culture with astrocytes isolated from cerebral
hemispheres of neonatal rat brain (NCCC with Brain-Astro), (3) non-contact co-culture with
cortical astrocytes (NCCC with CTX-Astro) and (4) non-contact co-culture with
hippocampal astrocytes (NCCC with HC-Astro). Differentiation of AHPCs was
characterized using cell-type specific antibodies: TUJ1 for young neurons, RIP for
oligodendrocytes and GFAP for astrocytes. Values represent the average percentage of
AHPCs immunolabeled by each antibody. N (number of independent experiments) = 6 for
AHPCs alone and N = 3 for each NCCC. Error bars represent standard error of the mean
(SEM). Asterisks represent significant difference from the control culture of AHPCs alone (t
test; *, p < 0.05; **, p < 0.0001). TUJ1 immunoreactivity of AHPCs under all NCCC
conditions was significantly greater compared to AHPCs cultured alone. The average
percentage of TUJ1-IR AHPCs co-cultured with hippocampal astrocytes was significantly
greater than that of the AHPCs co-cultured with cortical astrocytes. The RIP-IR AHPCs
were significantly increased only when the AHPCs were co-cultured with Brain-Astro,
compared to the AHPCs cultured alone or co-cultured with either CTX-Astro or HC-Astro.
The percentage of GFAP-IR AHPCs did not vary significantly under these conditions.
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Figure 2.

NIH-PA Author Manuscript

Comparison of electrophysiological properties of AHPCs cultured alone or co-cultured with
neonatal astrocytes. AHPCs with neuronal-like morphologies were selected for whole cell
recording in voltage-clamp mode. (A) AHPCs cultured in the absence of astrocytes under
differentiation condition. (A1) A superimposed image of TUJ1-IR shown in red, GFP in
green and DAPI-stained nuclei in blue. (A2) A representative whole cell recording trace
showing sustained outward currents and small transient inward currents elicited by a family
of depolarizing voltage steps (inset, magnified inward currents). (B) AHPCs co-cultured
with astrocytes. (B1) A superimposed image of TUJ1-IR AHPCs. (B2) A representative
trace displaying sustained outward currents and substantial transient inward currents. Scale
bars in (A1) and (B1) represent 20 μm.
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Figure 3.
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Interleukin (IL)-6 enhances expression of neuronal marker protein in AHPCs. (A) Average
percentages (± SEM) of cell-type specific antibody labeling of AHPCs under three different
NCCCs in the presence of goat anti-IL-6 neutralizing antibody (Anti-IL-6) or non-specific
IgG produced from goat (goat IgG) as a control. Goat IgG was added at an equal
concentration of Anti-IL-6 added (10 ng/ml). With addition of Anti-IL-6 to the hippocampal
NCCC, TUJ1-IR AHPCs were significantly decreased (54.4% in control and 51.5% with
goat IgG vs. 27.7% with Anti-IL-6). The blocking antibody had no effect on TUJ1
immunoreactivity in cortical NCCC (34.2% in control and 34.4% with goat IgG vs. 35.2%
with Anti-IL-6). N (number of independent experimental sessions) = 3 for each co-culture
session. Asterisks represent statistical difference at p < 0.05. NS, no significant difference.
(B) Recombinant rat IL-6 (20 ng/ml) specifically induced neuronal differentiation of AHPCs
(increased percentage of TUJ1 immunoreactivity). N = 6. The double asterisks represent a
significant difference from the control culture (AHPCs alone) at p < 0.0001. The percentage
of TUJ-IR AHPCs was significantly greater when cultured in the presence of purified IL-6,
compared to that in the absence of IL-6 (38.5% with IL-6 vs. 13.1% without IL-6). Addition
of Anti-IL-6 blocking antibody dramatically reduced the percentage of TUJ1-IR AHPCs
when cultured with IL-6. (C) IL-6 enhanced primary neurite growth. AHPCs were cultured
under differentiation condition for 6 days in the presence of various concentrations of
purified IL-6 from 0 to 100 ng/ml (see ‘IL-6 treatment’ in ‘Methods and Materials’ section).
The average length of primary neurites emanating from a TUJ1-IR AHPC was measured.
From each condition of an experimental set, 17 to 23 TUJ1-IR AHPCs were analyzed. N = 3
independent experiments. Values are mean ± SEM. Asterisks indicate statistical difference (t
test; *, p < 0.05; **, p < 0.0001).
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Figure 4.
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IL-6 promotes the development of sodium currents in AHPCs undergoing differentiation.
AHPCs were cultured alone without astrocytes under differentiation condition in the absence
(A) or presence (B) of IL-6. AHPCs cultured in the presence of IL-6 developed membrane
properties consistent with those of functional neurons. The AHPCs possessing neuronal
morphologies were analyzed using whole cell patch clamping. (A) AHPCs cultured without
IL-6. (A1) A superimposed image of TUJ1-IR AHPCs shown in red, GFP in green and
DAPI-stained nuclei in blue. (A2) A representative family of traces showing TEA-sensitive
sustained outward currents and very small transient inward currents elicited by depolarizing
voltage steps (inset, magnified inward currents). (B) AHPCs cultured with IL-6. (B1) A
superimposed image of TUJ1-IR AHPCs. (B2) A representative traces showing TEAsensitive outward currents and larger TTX-sensitive, transient inward currents. (C) IV-plot
showing the relationship between stimulating voltage and current density. (Upper)
Recording showing TEA-sensitive outward currents (N = 5). (Lower) Recording showing
TTX-sensitive inward currents (N = 3). Scale bars in (A1) and (B1) represent 20 μm.
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Differentiation
(6-7 DIV)

Differentiation
(9-10 DIV)

22

Differentiation
(6-7 DIV)

14

N
(cells)

−85.8 ± 5.1

−79.6 ± 5.0

−71.1 ± 4.5

Apparent
RMP
(mV)

9.9 ± 1.0

9.9 ± 0.8

10.9 ± 0.7

12.6 ± 1.3

Cm
(pF)

92.2 ± 26.0 b

120.9 ± 18.1 a,c

47.6 ± 6.0 c

42.5 ± 7.9 a,b

Outward current
density #
(pA*/pF)

−17.0 ± 9.0 e

−10.9 ± 2.7 d

−6.6 ± 1.5

−3.7 ± 1.0 d,e

Inward current
density
(pA/pF)
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f
Statistically significant difference (p < 0.05, t test)

e
Statistically significant difference (p < 0.05, t test)

Statistically significant difference (p < 0.05, t test)

d

c
Statistically significant difference (p < 0.05, t test)

Statistically significant difference (p < 0.05, t test)

Statistically significant difference (p < 0.05, t test)

b

a

Maximum outward currents were measured at +60 mV-step depolarization for 100 milliseconds in voltage-clamp mode (holding potential, VH = −100mV).

Current densities were calculated by normalizing the peak currents to the membrane capacitance.

*

#

DIV, days in vitro; RMP, resting membrane potential; Cm, cell capacitance; mV, millivolt; pF, picofarad; pA, picoampere

AHPCs
in NCCC

AHPCs
alone

Proliferation
(3-4 DIV)

Culture condition

Passive membrane properties of AHPCs cultured alone or under non-contact co-culture conditions
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+ IL-6

− IL-6
21

22

N
(cells)

−82.1 ± 4.3

−79.6 ± 5.0

Apparent
RMP
(mV)

Statistically significant difference (p < 0.05, t test)

a

Differentiation
(6-7 DIV)

Culture condition

12.9 ± 1.8

10.9 ± 0.7

Cm
(pF)

47.8 ± 6.0

47.6 ± 6.0

Outward current
density
(pA/pF)

−13.1 ± 3.3 a

−6.6 ± 1.5 a

Inward current
density
(pA/pF)

Passive membrane properties of AHPCs cultured in the absence or presence of IL-6 (1 ng/ml)
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