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Abstract

Astrocyte-derived ciliary neurotrophic factor (CNTF) promotes adult subventricular zone (SVZ2)
neurogenesis. We found that focal adhesion kinase (FAK) and JNK, but not ERK or P38, repress
CNTF in vitro. Here, we defined the FAK-JNK pathway and its regulation of CNTF in mice, and
the related leukemia inhibitory factor (LIF) and interleukin-6 (IL-6), which promote stem cell
renewal at the expense of neurogenesis. Intrastriatal injection of FAK inhibitor, FAK14, in adult
male C57BL/6 mice reduced pJNK and increased CNTF expression in the SVZ-containing
periventricular region. Injection of a JINK inhibitor increased CNTF without affecting LIF and
IL-6, and increased SVZ proliferation and neuroblast formation. The JNK inhibitor had no effect
in CNTF-/- mice, suggesting that JNK inhibits SVZ neurogenesis by repressing CNTF. Inducible
deletion of FAK in astrocytes increased SVZ CNTF and neurogenesis, but not LIF and IL-6.
Intrastriatal injection of inhibitors suggested that P38 reduces LIF and IL-6 expression, whereas
ERK induces CNTF and LIF. Intrastriatal FAK inhibition increased LIF, possibly through ERK,
and IL-6 through another pathway that does not involve P38. Systemic injection of FAK14 also
inhibited INK while increasing CNTF, but did not affect P38 and ERK activation, or LIF and IL-6
expression. Importantly, systemic FAK14 increased SVZ neurogenesis in wildtype C57BL/6 and
CNTF+/+ mice, but not in CNTF-/- littermates, indicating that it acts by upregulating CNTF.
These data show a surprising differential regulation of related cytokines and identify the FAK-
JNK-CNTF pathway as a specific target in astrocytes to promote neurogenesis and possibly
neuroprotection in neurological disorders.
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Introduction

The adult mammalian SVZ, including that of humans, continues to produce new neurons
(Ernst et al. 2014; Hagg 2009; Ming and Song 2011; Ponti et al. 2013a). Some SVZ
astrocytes are neural stem cells that generate rapidly proliferating progenitors which
differentiate into neuroblasts (Doetsch et al. 1999; Gotz et al. 2015; Platel et al. 2009; Ponti
et al. 2013a; Ponti et al. 2013b). The adult SVZ has densely packed astrocytes (Shen et al.
2008; Tavazoie et al. 2008; Yang et al. 2008) which produce CNTF to promote neurogenesis
(Carroll et al. 1993; Emsley and Hagg 2003; Yang et al. 2008), possibly through
upregulation of fibroblast growth factor 2 (FGF2) (Kang et al. 2013), which stimulates
progenitor production (Kuhn et al. 1997). Stimulating endogenous neurogenesis might be a
good therapeutic strategy for neuronal cell replacement. CNTF also has neuroprotective
actions in various neurological disease models (Hagg and Varon 1993; Kang et al. 2012).
CNTF is almost exclusively expressed in the nervous system, and is produced by astrocytes
in the brain (Dallner et al. 2002; Stockli et al. 1989) and is enriched in the SVZ (Yang et al.
2008). In the naive brain, CNTF is produced at very low levels and rapidly increases after
injury (Ip et al. 1993; Kang et al. 2012) but not much is known about mechanisms that
regulate cytokines such as CNTF. Understanding the mechanisms that regulate CNTF
compared to other cytokines would help to develop specific pharmacological therapeutic
strategies to address the low CNS bioavailability and serious side effects of systemic
administration of CNTF protein (Thoenen and Sendtner 2002). We previously identified a
novel inhibitory pathway consisting of integrins and downstream FAK and JNK using
cultured C6 astroglioma cells (Keasey et al. 2013). Pharmacological inhibition of FAK or
JNK induced CNTF in vitro. In mice, intrastriatal or systemic FAK inhibition increased
CNTF and SVZ neurogenesis. Integrin receptors also can activate other MAP kinases
through FAK, including ERK and p38 MAP kinase (Giancotti and Ruoslahti 1999; Hunter
and Eckhart 2004; Staquicini et al. 2009). To identify pharmacological targets that might be
more selective than FAK, we here determined the roles of JNK, P38 and ERK in regulating
CNTF and neurogenesis in the adult mouse SVZ.
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CNTF belongs to a cytokine family that activates the gp130 receptor, including LIF and IL-6
(Zigmond 2011). LIF promotes stem cell self-renewal (Gregg and Weiss 2005; Pitman et al.
2004; Shimazaki et al. 2001) at the expense of neuroblast formation (neurogenesis) in the
SVZ (Bauer and Patterson 2006). IL-6 inhibits progenitor proliferation and neuronal
differentiation (Bowen et al. 2011; Covey et al. 2011). LIF and IL-6 seem to initially inhibit
the CNTF-mediated increase in neurogenesis that occurs after an ischemic stroke in mice
(Kang et al. 2013). The mechanisms that regulate LIF and IL-6 in the SVZ are unknown.
Identifying such intracellular signaling pathways may help to therapeutically modulate their
expression in the CNS in disorders characterized by excessive inflammation. Our previous
study showed that FAK inhibition reduced LIF and IL-6 expression in cultured C6 cells
(Keasey et al. 2018). Here, we determined whether JNK, P38 and ERK downstream from
FAK might regulate LIF and IL-6.

Materials and methods

Animals

A total of 243 mice were used. Adult male C57BL/6 (8—10 weeks old, JAX Stock 000664)
were purchased from Jackson Laboratory. Heterozygous CNTF knockout mice (Emsley and
Hagg 2003; Kang et al. 2013; Valenzuela et al. 2003; Yang et al. 2008) were bred to produce
F1 sex-matched littermates for experiments. CNTF breeders were originally obtained from
Regeneron Pharmaceuticals and were on a C57BL/6 x 129Sv background. We have
backcrossed them 7 times into the JAX C57BL/6 line. In these mice, a lacZ gene was
inserted in the deleted CNTF locus so that CNTF expression can be indirectly assessed by -
galactosidase protein expression (Kang et al. 2012; Valenzuela et al. 2003; Yang et al. 2008).
We use heterozygous CNTF+/— mice for such reporter studies to retain CNTF expression.
They respond to stroke, which promotes neurogenesis through CNTF, in the same way as the
wildtype CNTF+/+ mice (Kang et al. 2013). Mice with floxed alleles of FAK (B6;129X1-
PtkAMILIMmucd, RRID:MMRRC_009967-UCD, N3 generation C57BL/6NHsd
background) were purchased from MMRRC at the University of California at Davis. Glial
fibrillary acid protein (GFAP)-cre mice expressing tamoxifen-inducible Cre recombinase
specifically in GFAP-positive astrocytes (B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J, JAX Stock
012849, C57BL/6 background and backcrossed for at least 8 generations) were from the
Jackson Laboratory. After cross-breeding, GFAP-cre heterozygous FAK-flox offspring were
backcrossed with FAK-flox mice to obtained homozygous FAK-flox mice with GFAP-cre
(FAKT/TL.GFAPCTe, conditional knockout mice) and control FAK-flox littermates (FAK /.
To induce Cre recombinase-mediated excision of LoxP sites, FAK/fl.GFAPCr® mice (8-10
weeks old) were injected with tamoxifen twice a day with the first injection between 9 and
10 am and the second injection between 3 and 4 pm (i.p., 100 mg/kg) each day for 5 days.
Experiments were performed 14 days after the last injection. FAKT/f controls were treated
the same way. Tamoxifen (T5648, Sigma-Aldrich) was dissolved in sunflower oil (20
mg/ml) at 37 °C overnight and stored at 4 °C in the dark for up to 7 days (Kim et al. 2014).
Genotyping of tail snips was performed according to the protocols provided by the suppliers.
Both male and female mice at 8-12 weeks old were used in the experiments and no sex
difference was detected in our experiments. All mice were housed in accordance with the
Association for the Assessment and Accreditation of Laboratory Animal Care (AALAC)
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with food and water available ad libitum, and maintained on a 12 h light:12 h dark on/off
cycle. All procedures were approved by the East Tennessee State University Committee on
Animal Care which is in compliance with the NIH Guide on Care and Use of Animals.

Drug treatments: i.p. and intrastriatal stereotaxic injections, 5-bromo-2’-deoxyuridine
(BrdU) labeling

Adult C57BL/6, or CNTF+/+ and their CNTF-/- littermates were injected once a day with
phosphate-buffered saline (PBS) or FAK inhibitor 14, FAK14 (i.p., 3 mg/kg, Tocris
Bioscience, #3414), for 3 days. Two hours after the last injection, they were anesthetized
with Avertin (i.p., 400 mg 2, 2, 2-tribromoethanol in 20 ml of 2% 2-methyl-2-butanol in
saline per gram body weight, Sigma-Aldrich, T48402). The brain was dissected and cut in
the coronal plane into 2 mm slices using single sided razor blades and a mouse coronal brain
slicer (World Precision Instruments, Inc). A 0.5 mm wide strip of the periventricular region,
which includes the SVZ and part of the medial striatum, from the genu of the corpus
callosum to the anterior commissure decussation was dissected out, flash frozen in liquid
nitrogen, and stored at =80 °C for mRNA and protein analysis. In order to label proliferating
cells in the SVZ in the FAK14 experiments, mice received daily BrdU (i.p., 50 mg/kg,
Sigma-Aldrich, B5002) or 5-ethynyl-2’-deoxyuridine (EdU, i.p., 50 mg/kg, Molecular
Probes, C10337) injections 4 h following the FAK14 injections and perfused with ice cold
PBS and 4% PFA 2 h after last BrdU or EdU injection. For the BrdU pulse-chase study to
identify neural stem cell proliferation, mice received daily PBS or FAK14 followed by BrdU
4 h later, for 3 days. After another 20 days, mice were processed for histology. For FAK
conditional knockout mice, 14 days after the last tamoxifen injection, fresh SVZ tissue was
collected or BrdU was given for 3 days and these mice processed for histology.

Intrastriatal injections were performed as previously described (Kang et al. 2012). Briefly,
anesthetized mice were mounted into a Kopf stereotaxic apparatus with two ear bars and a
tooth bar set at 0 mm. A burr hole was drilled at coordinates +1 mm rostrocaudal and 1.5
mm lateral from Bregma. A 10 ul Hamilton syringe was loaded with one of the inhibitors
and held by a Model 5000 Microinjection unit (David Kopf Instruments) and lowered to 3.5
mm dorsoventral from the dura into the middle of striatum. After 2 min, 1 pl of test drug was
injected over a 3 min period followed by a 2 min pause to prevent backflow. Mice were
injected on both sides. One side was used for MRNA analysis and the other side was used
for protein analysis. The injected drugs included PBS, vehicle specific to various drugs
(0.05-5% DMSO), FAK14 (1 ug/ul, Tocris Bioscience, #3414, (Cabrita et al. 2011; Keasey
et al. 2013)), SP600125 (JNK inhibitor, 10 ug/ul, Sigma-Aldrich, S5567, (Guan et al.
2006)), SB203580 (P38 MAP kinase inhibitor, 10 pg/ul, Sigma-Aldrich, S8037, (Ma et al.
2011)) or U0126 (ERK inhibitor, 10 pg/ul, Tocris Bioscience, #1144, (Maddahi and
Edvinsson 2010)). The activity and specificity of these drugs has been documented in the
cited references. The periventricular region including SVZ and medial striatum was
collected at 4 or 24 h, flash frozen in liquid nitrogen and stored at —80 °C until mRNA and
protein extraction analyses. To label proliferating cells following intrastriatal injection of
JNK inhibitor or P38 inhibitor, mice were injected with BrdU (i.p., 144 mg/kg) at 21, 24 and
27 h and perfused with ice-cold PBS and 4% PFA at 48 h (Jia and Hegg 2012; Jia and Hegg
2015).
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Immunohistochemistry

Cell counts

Coronal brain sections (30 um) were washed with PBS, permeabilized with 0.3% triton
x-100, incubated with 0.3% hydrogen peroxide for 30 min at room temperature to quench
endogenous peroxidases, and blocked with 10% normal donkey serum. Tissue sections were
then incubated with 2 M HCI for 30 min at 65 °C to denature DNA before applying BrdU
primary antibody (rat anti-BrdU, 1:1000, Abcam ab6326, Clone BU1/75 (ICR1), Research
Resource Identifier (RRID) http://antibodyregistry.org: RRID: AB_305426, (Hagimoto et al.
2017)) overnight at 4 °C as described previously (Jia and Hegg 2015). Biotinylated donkey
anti-rat 19gG (1:200, Vector Laboratory, PK6104), avidin-biotin complex conjugated with
peroxidase (1:50, Vector Laboratory, PK6104) and a 3,3’-diaminobenzidine (DAB) reaction
(\Vector Laboratory, SK4100) were used to visualize BrdU immunostaining. EdU-positive
cells were visualized by Click-IT EDU Alex Fluor 488 image Kit (ThermoFisher Scientific,
C10337). For doublecortin (DCX) and B-gal CNTF reporter staining, brain sections were
washed with PBS, permeabilized with 0.3% triton x-100, blocked with 10% bovine serum
albumin and then incubated with goat anti-DCX (1:500, Santa Cruz Biotechnology,
SC-8066, RRID: AB_2088494, (Farrar et al. 2005)), or mouse anti- 3-gal (1:500, Promega,
Z378A, RRID: AB 2313752 (Kang et al. 2012; Yang et al. 2008)) antibody overnight at

4 °C. Immunostaining was detected by incubation for 1 h in Alex Fluor 594-conjugated
donkey anti-goat or mouse (1:200, Molecular Probe, Cat# A11080 or A11005) secondary
antibody solution. The nuclei were counterstained with DAPI (Molecular Probes,
Cat#H1399). Immunoreactivity was visualized on a Leica TCS SP8 confocal laser scanning
microscope. Antibody specificity was further tested by using isotype specific purified 1gG
instead of primary antibody, and by omitting the primary or secondary antibody. No
immunoreactivity was observed in any of the controls.

Every sixth 30 pm thick coronal section stained for BrdU through the SVZ along the
rostrocaudal axis was used to perform unbiased and stereological analysis of BrdU-positive
nuclei in the SVZ (total 6 sections per brain). The analysis was performed blinded to the
treatments as described previously (Baker et al. 2004; Kang et al. 2013) using an optical
fractionator stereological method (Stereologer, System Planning and Analysis, Alexandria,
VA) and a motorized Leica DMIRE2 microscope. The reference space for the SVZ was
defined as a 50 um wide strip of the entire lateral wall of lateral ventricle, and, in the
rostrocaudal axis, from the genu of the corpus callosum up to the decussation of the anterior
commissure (Baker et al. 2004; Baker et al. 2005). For the pulse-chase study, the total
numbers of BrdU-positive nuclei in the SVZ were counted on both sides due to the low
numbers of cells. The number of DCX-positive neuroblasts was counted independently by
two persons blinded to the treatments within the most populated dorsolateral part of SVZ
with an area size of 640 pm x 480 um. DCX-positive cells were identified by DAPI-labeled
nuclei in four sections at 180 um distances along the rostrocaudal axis of the SVZ. The
optical density of B-gal in the dorsolateral part of the SVZ was measured (4 sections/brain,
spaced 180 um apart) with an area size of 640 um x 480 pm using LAS X software (Leica
Microsystems). The optical density of p-gal in the cortex dorsal to the corpus callosum was
measured using the same set of sections with an area size of 640 um x 480 um.
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Western blotting

RT-gPCR

The SVZ was homogenized by sonication in 100 pl RIPA buffer supplemented with protease
and phosphatase inhibitors. The concentration of protein in the homogenate was measured
using a bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, #23228).
Homogenates were resolved by electrophoresis and transferred to a PVDF membrane. After
incubation with blocking buffer containing 0.1% Tween-20 and 5% non-fat milk, the
membranes were probed overnight at 4 °C with the following phospho-specific antibodies.
The following antibodies were all from Cell Signaling (Danvers, MA): rabbit anti-pFAK
(1:1000, #3283S, RRID AB_2173659), rabbit anti-pJNK (1:1000, #9251, RRID
AB_331659), rabbit anti-pP38 MAP kinase (1:1000, #4511, RRID AB_2139682) and rabbit
anti-pERK (1:2000, #9106, RRID AB_331768). Mouse anti-CNTF (1:500, MAB338, clone
4-68, Millipore, Temecula, CA, RRID AB_2083064) was from Millipore (Temecula, CA)
(Keasey et al. 2013). After washing with wash buffer containing 0.1% Tween-20, the
membranes were incubated with HRP-labeled secondary antibody (1:1000, Cell signaling).
Immunoreactive proteins were detected with ECL and imaged using the Odyssey® Fc
Imaging System (LI-COR Biotechnology). The membranes were then stripped with
Restore™ plus western blot stripping buffer (Thermo Scientific, #21059), re-blocked with
blocking buffer and re-probed with the following primary antibodies against total protein, all
from Cell Signaling ((Danvers, MA): rabbit anti-FAK (1:1000, #3285, RRID
AB_10829239), rabbit anti-JNK (1:1000, #9252, RRID AB_2250373), rabbit anti-P38 MAP
kinase (1:1000, #9212, RRID AB_330713), rabbit anti-ERK antibody (1:2000, #9102, RRID
AB_330744) or rabbit anti-a tubulin (1:2000, #2125, RRID AB_2619646) overnight at 4 °C
followed by HRP-labeled secondary antibody (1:1000). Protein expression was quantified
via Image Studio Lite Ver 5.0 (LI-COR Biotechnology). The optical density of phospho-
protein was normalized to total protein and then the data was presented as percentage or fold
of the average of PBS or vehicle mice. The optical density of CNTF was normalized to a-
tubulin.

RT-gPCR was performed as described previously (Kang et al. 2013). Briefly, total RNA
from SVZ was isolated using RNeasy Mini Kit (Qiagen, Valencia, CA) according to
manufacturer’s protocol. Total RNA (1 ug) was reverse transcribed in a 25 ul reaction using
random primers and MMLV-reverse transcriptase (Promega). g°PCR was performed using
Tagman Gene Expression Master Mix Kit (Applied Biosystems) with specific primers
(Applied Biosystems), mouse GAPDH (4352932E), LIF (Mm00434762_g1), IL-6
(Mm00446190_m1), CNTF (Mm00446373_m1) and Ki67 (Mm01278608_m1) and
QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems). All reactions were
performed in triplicate. The numbers of cycles for all genes were subtracted from GAPDH.
Data were analyzed according to AACt and expressed as fold changes compared to control
PBS or vehicle mice using 272ACt method.

Statistical analyses.

Data are presented as mean + SEM. Statistical analyses were performed using GraphPad
Prism (version 7). A value of p <0.05 was considered to be statistically significant. A one-
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way ANOVA with Bonferroni post hoc multiple comparisons was applied when there were
three or more groups with testing for one factor. A two-way ANOVA with post hoc Tukey
multiple comparisons was used when the groups were four or more and there were two
factors to be tested, such as genotypes and treatments. If only two groups were compared, a
Student’s t-test was used.

Intracerebral FAK inhibition reduces JNK activation which increases neurogenesis in the
adult mouse SVZ through CNTF

We previously showed that FAK and JNK repress CNTF expression in vitro astroglioma C6
cells (Keasey et al. 2013). Here, male C57BL/6 mice were injected with the FAK inhibitor
FAK14 into the striatum (Fig. 1A). After 24 h, phosphorylation of FAK (pFAK) in the
periventricular region containing the SVZ was reduced by 42% (Fig. 1B,D) and
phosphorylation of INK (pJNK) was decreased by 25% (Fig. 1C,E) compared to PBS
injections. In the same mice, CNTF mRNA was increased by 53% (Fig. 1F), which is
consistent with our previous study (Keasey et al. 2013). CNTF levels were not different
between naive mice and those injected with PBS at 24 h (Supplemental Fig 1), suggesting
that the intracerebral injection itself did not contribute to the increase in CNTF levels after
FAK14. These data suggest that the FAK-IJNK pathway represses CNTF expression in the
adult mouse SVZ and surrounding tissue.

Intrastriatal injection of the JNK inhibitor, SP600125, significantly reduced pJNK in the
periventricular region of C57BL/6 mice at 4 h (10 pg, Fig. 2A,B). At 24 h, the level of pJNK
had returned to control levels (Fig. 2C,D). In concert, SP600125 increased CNTF mRNA
and protein expression, but not LIF and IL-6 mRNA expression, in the periventricular region
at 4 h (Fig. 2E-G). This suggests that JINK has specificity in regulating CNTF compared to
these related cytokines. Next, we tested whether the increase in CNTF caused by JNK
inhibition would promote SVZ neurogenesis. Intrastriatal inhibition of INK by SP600125 in
C57BL/6 mice increased Ki67 mRNA expression at 4 h in the periventricular region
compared to vehicle, indicating increased proliferation (Fig. 3A; the same mice as in Fig.
2E,F). To determine whether CNTF mediates the increased cell proliferation of INK
inhibition, CNTF+/+ and CNTF-/- littermate mice received three i.p. injections of BrdU at
21, 24 and 27h following intrastriatal injection of SP600125. At 48 h, SP600125 had caused
a 65% increase in BrdU-positive nuclei in the SVZ of CNTF+/+ mice compared to vehicle,
as counted and calculated by unbiased stereology for the total number within the entire SVZ
(28,472 + 2,217 vs. 46,966 * 4,143, Fig. 3B-D). There were no BrdU-positive nuclei in the
neighboring medial striatum. Further, SP600125 increased the number of DCX-positive
neuroblasts in the SVZ of CNTF+/+ mice two-fold compared to vehicle (85 £ 10 vs. 167
+17 per section, Fig. 3E,F). SP600125 failed to change the number of BrdU-positive nuclei
(27,608 * 3,859 vs. 30,440 + 6,275, Fig. 3C,D) and DCX-positive neuroblasts (73 + 9 vs. 64
+ 15, Fig. 3E,F) in the SVZ of CNTF-/- mice. The numbers of proliferating BrdU-positive
nuclei and DCX-positive neuroblasts in the SVZ of CNTF+/+ and CNTF-/- mice treated
with vehicle were not significantly different (28,472 + 2,217 vs. 27,608 + 3,859 total, and 85
+ 10 vs. 73 + 9 per section, respectively). This suggests that the lack of a response to the
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JNK inhibitor treatment in the CNTF-/- mice was not due to different baseline levels of
neurogenesis. Taken together, these data indicate that JNK plays an important and very
specific role in regulating SVZ neurogenesis exclusively via repressing CNTF.

Astrocyte-specific genetic deletion of FAK increases CNTF and neurogenesis

To confirm the role of astrocytic FAK in inhibiting CNTF expression in the SVZ and
periventricular region, we generated mice with tamoxifen-inducible conditional deletion of
FAK in GFAP-positive astrocytes (Mori et al. 2006). The GFAP-cre-mediated deletion of
FAK in the periventricular region was shown by the presence of the expected 327 bp
recombined locus (Fig. 4A) in a PCR of DNA isolated from the periventricular region in
FAKM/T.GEAPCTe but not FAK/fl mice, using genotyping primers (Beggs et al. 2003).
However, a substantial amount of FAK-flox allele remained present in the FAK/fl.GFAPCre
mice, which is consistent with the relatively low abundance of GFAP-positive astrocytes in
the collected tissue, including medial striatum and SVZ, compared to the more humerous
other cell types (Capilla-Gonzalez et al. 2014; Doetsch et al. 1997). This cre-lox system also
has a moderate efficiency in the striatum and periventricular region (Chow et al. 2008;
Hirrlinger et al. 2006). Two weeks after a 5 day tamoxifen treatment, FAK/f-GFAPC® mice
had increased expression of CNTF (Fig. 4B) in the periventricular region (Fig. 4B) and more
BrdU-positive nuclei (Fig. 4C) in the SVZ compared to control FAK/fl mice. This indicates
that deletion of FAK in astrocytes increases CNTF and enhances SVZ proliferation. The
levels of LIF and IL-6 were not affected by the conditional FAK knockout. These data
suggest that FAK14 inhibitor-induced LIF and IL-6 may be from other cell types, and that
the astrocytic FAK-JNK pathway is a specific target to increase neurogenesis.

Differential regulation of LIF and IL-6 by intracerebral inhibitors of FAK, P38 and ERK

We continued to test whether intracerebral FAK inhibition regulates cytokine expression
through other MAP kinase pathways, including P38 and ERK, which are also activated by
integrins and downstream FAK (Giancotti and Ruoslahti 1999; Hunter and Eckhart 2004;
Staquicini et al. 2009). Intrastriatal injection of FAK14 activated P38 MAP kinase and ERK
as seen by increased phosphorylation of P38 (pP38, Fig. 5A,B) and ERK (pERK, Fig. 5C,D)
in periventricular region extracts. FAK14 also increased CNTF (1.5 fold), LIF (6.5 fold) and
IL-6 (35.8 fold) MRNA expression in the same mice (Fig. 5E). Compared to naive tissues,
intracerebral injection of PBS did not affect CNTF, and only modestly increased IL-6 (1.8
fold) and LIF (2 fold) in the periventricular region (Supplemental Fig. 1). This suggests that
the results from the injection experiments closely represent endogenous mechanisms in the
naive SVZ and not those caused by the minor striatal injury of the injection needle.

Next, intrastriatal injection of the P38 inhibitor, SB203580, into C57BL/6 mice reduced the
level of pP38 in the periventricular region at 24 h but not 4 h (Fig. 6A,B). In the same 24 h
mice, LIF and IL-6, but not CNTF, mRNA expression was increased (Fig. 6C). The
apparently discrepant finding that FAK14 increased LIF and IL-6 despite activating P38
(Fig. 5A,B) suggests that there is a stimulatory FAK pathway which intersects downstream
of P38. Intrastriatal inhibition of P38 did not alter Ki67 mRNA expression in the
periventricular region at 24 h (Fig. 6D) or the number of BrdU-positive nuclei in the SVZ of
another set of C57BL/6 mice at 48 h (Fig. 6E,F). Together, these data suggest that
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intracerebral inhibition of P38 does not increase neurogenesis, perhaps because it increases
LIF and IL-6, while not affecting CNTF expression. The ERK inhibitor, U0126, injected
into the striatum of C57BL/6 mice decreased the level of pERK in the periventricular region
at 4 h, which returned to control levels at 24 h (Fig. 7A,B). ERK inhibition reduced
expression of CNTF and LIF mRNA in the periventricular region, without altering I1L-6
mRNA (Fig. 7C), and slightly reduced Ki67 expression (Fig. 7D). Taken together the data so
far show a remarkable differential regulation by FAK, JNK, P38 and ERK of these three
closely related gp130-activating cytokines.

Systemic FAK inhibitor treatment selectively inhibits JNK and increases CNTF

We had previously shown that systemic injection of FAK14 stimulated CNTF expression
and SVZ neurogenesis (Keasey et al. 2013). Therefore, we determined whether systemic
FAK14 treatment would affect the FAK-MAPK signaling pathways and cytokine expression
in the same way as the intrastriatal injections. C57BL/6 mice received 3 daily i.p. injections
of PBS or FAK14 and cytokine levels in the periventricular region were measured 2 h after
the last injection (50 h after the first). Systemic FAK14 decreased pFAK (Fig. 8A,C) and
increased CNTF protein (Fig. 8B,D) and mRNA expression (Fig. 8E). Localization of the -
gal reporter in CNTF heterozygous mice, in which a lacZ gene was inserted in the deleted
CNTF locus, revealed that CNTF expression was enriched predominantly in the SVZ of PBS
injected mice (Kang et al. 2012; Valenzuela et al. 2003; Yang et al. 2008). FAK14 treatment
increased CNTF expression in astrocytes of several other brain regions, including the
neighboring striatum and corpus callosum white matter (Fig. 8F,F’), and overlaying cortex
(Fig. 8G,G’). In the SVZ (Fig. 8H) and cortex (Fig. 81), FAK14 caused a 4 or 6 fold increase
in B-gal expression compared to PBS. This suggests that systemic FAK14 promotes CNTF
expression throughout the CNS with potential implications as a therapeutic beyond SVZ
neurogenesis. Systemic FAK14 treatment reduced pJNK in the periventricular region (Fig.
8J,K) but did not alter pP38 (Fig. 8L,M) or pERK (Fig. 8N,0). Expression of LIF (Fig. 8P)
and IL-6 (Fig. 8Q) mRNA was not affected. This suggests that systemic FAK14 selectively
promotes CNTF expression and acts specifically through inhibition of INK (see also Fig.
3C-F).

Systemic FAK inhibitor treatment increases SVZ neurogenesis through CNTF

In a separate experiment, C57BI/6 mice received i.p. injections of PBS or FAK14 followed
by daily BrdU injections for 3 days to label proliferating cells and analyzed 2 h after the last
injection. Systemic FAK14 increased the number of BrdU-positive nuclei (Fig. 9A,B) in the
SVZ compared to systemic PBS. Next, we determined whether FAK14-induced
neurogenesis is mediated by CNTF, by treating CNTF+/+ and CNTF-/- littermate mice the
same way. In a separate experiment, such mice were injected with another labeled
nucleotide, EdU, instead of BrdU. The systemic FAK14 treatment increased the total
numbers of both BrdU-positive (Fig. 9C,D, 164,510 + 11,972 vs. 240,563 + 10,656) and
EdU-positive (151,558 + 26,889 vs. 250,913 * 8,641, Fig. 9E) nuclei in the SVZ of CNTF
+/+ mice, compared to PBS. The greater numbers compared to the data in Fig. 3 results from
the longer period over which BrdU was injected (3 vs. 1 d) and the shorter time since the last
injection 2 vs. 21 h). In CNTF-/- mice, FAK14 did not alter the numbers of BrdU-positive
nuclei (121,832 + 26,585 vs. 153,991 + 13,675) or EdU-positive nuclei (159,287 + 26,978
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vs. 180,063 * 17,449) in the SVZ (Fig. 9C-E). In the same experiments, FAK14
significantly increased DCX-positive neuroblasts in the SVZ of CNTF+/+ (120 + 6 vs. 182
+ 15, per section) but not CNTF-/- mice (114 = 22 vs. 102 + 17) (Fig. 9F,G). The numbers
of BrdU-, EdU- and DCX-positive cells in the SVZ of CNTF+/+ and CNTF-/- mice
injected with PBS were not significantly different, suggesting that the lack of a response to
FAK14 in the CNTF-/- mice was not due to different levels in baseline neurogenesis.
Together, these data indicate that systemic FAK inhibition induces SVZ neurogenesis
entirely through upregulation of CNTF. Systemic FAK inhibition increased neurogenesis by
45% compared to the 30% increase in the astrocyte FAK null mice. Although the difference
was not statistically significant, it is possible that the efficiency of the FAK inhibitor is
greater than the cre-lox recombination.

Lastly, we tested whether FAK14-induced CNTF might regulate neurogenesis by affecting
slowly proliferating neural stem cells in the SVZ, by using a BrdU pulse-chase method.
CNTF+/+ and CNTF-/- mice were injected daily for 3 days with PBS or FAK14 followed 4
h later by BrdU. This was followed by a 20 day wash-out period to allow BrdU-incorporated
neuroblasts to migrate away from the SVZ. The BrdU-retaining cells in the SVZ represent
slowly proliferating cells, such as stem cells, and post-mitotic cells (Doetsch et al. 1999; Hsu
2015). FAK14 treatment did not alter the number of BrdU-retaining cells in the SVZ of
either CNTF+/+ or CNTF-/- mice (Fig. 9H). However, CNTF-/- mice had only
approximately half as many BrdU-retaining cells. This suggests that acute FAK14 treatment
increases neurogenesis by promoting C-cell or neuroblast proliferation through CNTF. It
also suggests that chronic basal levels of CNTF helps to maintain slowly proliferating cells,
such as neural stem cells, and post-mitotic cells in the SVZ.

Discussion

The main findings of this study are 1) the unique role of FAK-JNK signaling, compared to
other MAPKSs, in repressing CNTF expression and neurogenesis in the SVZ of adult mice,
2) the surprising differential signaling pathways that regulate the highly related cytokines
LIF and IL-6, and 3) the specific role of FAK in the astrocyte in the production of these
cytokines which play key roles in regulating SVZ neurogenesis.

FAK-JNK pathway inhibition uniquely increases CNTF expression in the SVZ

Intratriatal FAK inhibition with FAK14 increased CNTF expression in the SVZ, as
previously seen with PF573228 (Keasey et al. 2013), another specific FAK inhibitor (Keasey
et al. 2018). Intrastriatal FAK14 decreased JNK but increased P38 and ERK activation,
suggesting some specificity of pathway regulation downstream of FAK. Moreover,
intrastriatal INK, but not P38 or ERK inhibition increased CNTF expression, consistent with
C6 astroglioma cells (Keasey et al. 2013). The finding that systemic FAK14 increases CNTF
expression but only affected pJNK and not P38 or ERK, also supports the specific role of
JNK (Fig. 10). FAK-JNK-mediated repression of CNTF is unique compared to other
cytokines, since intrastriatal INK inhibition or systemic FAK14 did not affect LIF and IL-6
expression. The different effects of intrastriatal and systemic FAK inhibition on P38, ERK,
and the related expression of LIF and IL-6 is potentially due to differential access of FAK14
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to different cell types or cell structures. In the SVZ, CNTF is expressed by astrocytes that
form densely packed end-feet around the microvasculature (Shen et al. 2008; Tavazoie et al.
2008; Yang et al. 2008). Thus, whereas intrastriatal FAK14 has access to astrocytes,
microglia and neurons which all can produce LIF and IL-6 (Banner et al. 1997; Erta et al.
2012; Lau and Yu 2001; Schlaepfer et al. 2007; Van Wagoner and Benveniste 1999; Van
Wagoner et al. 1999), systemic injection may primarily deliver FAK14 to astrocytes through
their end-feet.

The unique role of astrocytic FAK in regulating SVZ CNTF is supported by the inducible
conditional astrocyte-FAK knockout mice. LIF and IL-6 were not affected in these mice,
suggesting that intrastriatal FAK14 increased their expression in cell types which remain to
be identified. We have not detected LIF and IL-6 immunostaining in naive mice, possibly
due to very low protein levels (4.0 pg/ml, 0.8 pg/ml, unpublished results), consistent with no
in situ hybridization signal for mMRNA (Allen Brain Atlas). IL-6 and LIF staining is present
in reactive astrocytes and microglia after brain injury (Block et al. 2000; Orzylowska et al.
1999; Suzuki et al. 2000; Suzuki et al. 2009), and we have seen the same after stroke in
mice.

The FAK-JNK pathway represses CNTF transcription through pS727-STAT3 (Keasey et al.
2013). STAT3 may play a dual role because CNTF transcription is stimulated through the
gp130-JAK-STAT3 pathway, involving pY705-STAT3 (Kang et al. 2012; Keasey et al. 2013;
Shuto et al. 2001). Integrin-FAK-S727-STAT3 signaling also promotes mitochondrial
function (Boengler et al. 2010; Boengler et al. 2013; Szczepanek et al. 2011; Visavadiya et
al. 2016; Wegrzyn et al. 2009). FAK-mediated integrin signaling maintains normal blood
brain barrier function (del Zoppo and Milner 2006). It remains to be determined whether
FAK-JNK pathway inhibition affects mitochondrial or blood brain barrier function in vivo.
Systemic FAK14 did not induce any obvious deficits in mice and is well tolerated in clinical
trials for cancer. INK might be a better target than FAK because it can be pro-apoptotic
(Dhanasekaran and Reddy 2017) but systemic JNK inhibition remains to be tested.

Systemic FAK inhibition in p-gal CNTF reporter heterozygous mice, had increased CNTF
expression in areas neighboring the SVZ, including striatum and the white matter of the
corpus callosum, and overlying cortex. This may be relevant to rescuing striatal neurons in
Huntington’s disease and oligodendrocytes in multiple sclerosis, respectively, given CNTF’s
trophic effects in animal models (Huang and Dreyfus 2016; Ramaswamy and Kordower
2012).

FAK and JNK inhibition enhance SVZ neurogenesis through CNTF

Systemic FAK and intrastriatal INK inhibition increased SVZ neurogenesis entirely through
CNTF, as shown by increased numbers of BrdU labeled nuclei and neuroblasts in CNTF+/+,
but not in CNTF-/-, littermates. The astrocyte-specific deletion of FAK increased CNTF
expression and SVZ neurogenesis, again revealing the specificity of the astrocyte FAK-JNK-
CNTF pathway.

Our data suggest that promoting neurogenesis requires increased CNTF without concomitant
increases in LIF and/or IL-6, which are known to reduce neuroblast formation by promoting
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stem cell self-renewal. (Bauer and Patterson 2006; Bowen et al. 2011; Covey et al. 2011,
Gregg and Weiss 2005; Pitman et al. 2004; Shimazaki et al. 2001). Thus, the P38 inhibitor,
which increased LIF and IL-6, but not CNTF, did not increase neurogenesis. In contrast,
systemic FAK14, intrastriatal INK inhibitor and astrocytic knockout of FAK increased
CNTF and promoted neurogenesis, but did not affect LIF or IL-6. This is consistent with
CNTF-mediated increased neurogenesis after stroke only when IL-6 expression drops to
normal levels (Kang et al. 2013). The current pulse-chase experiment suggests that acute
induction of CNTF by FAK14 did not affect neural stem cell proliferation. This indicates
that FAK14-increased CNTF acts on progenitor cells, possibly through FGF2, as we have
proposed (Kang et al. 2013).

The pulse-chase BrdU data from CNTF-/- mice also suggest that chronic basal levels of
CNTF promotes neural stem cell proliferation in the SVZ. These cells can respond to CNTF
because CNTFa receptors in the SVZ are exclusively expressed in GFAP-positive cells
(Emsley and Hagg 2003), including the much sparser neural stem cells (Doetsch et al. 1999;
Emsley and Hagg 2003; Ponti et al. 2013a; Ponti et al. 2013b). In fact, CNTF together with
EGF stimulates SVVZ neural stem cell self-renewal through up-regulation of notch 1 in vitro
and in vivo (Chojnacki et al. 2003). It remains to be determined how long-term FAK and
JNK inhibitor treatments that induce CNTF would affect neural stem cells.

P38 and ERK signaling differentially requlates CNTF, LIF and IL-6

Integrin signaling is known to activate FAK and downstream JNK, ERK and P38 MAP
kinases (Giancotti and Ruoslahti 1999; Hunter and Eckhart 2004; Staquicini et al. 2009).
Surprisingly, there were substantial differential effects of inhibiting these MAPKSs on the
expression of the highly related CNTF, LIF and IL-6. P38 inhibition increased LIF and IL-6,
but not CNTF, while ERK inhibition reduced CNTF and LIF, but not IL-6 (Fig. 10). LIF
expression in Schwann cells is increased by the cAMP-PKCB-ERK pathway (Matsuoka et
al. 1997; Nagamoto-Combs et al. 1999) and cAMP induces it in cultured astrocytes (Murphy
et al. 1995). However, ERK increases both LIF and CNTF (Fig. 10) and cCAMP decreases
CNTF expression in the SVZ (Yang et al., 2008), suggesting redundant signaling pathways
involved in fine-tuning cytokine expression in the SVZ. The finding that intrastriatal FAK
inhibition increases LIF would be most consistent with its activation of ERK, rather than
disinhibiting P38 (Fig. 10). The opposing effects of P38 and ERK on LIF expression in the
mouse periventricular region is consistent with their opposing effects on cultured neural
stem cell proliferation (Kim and Wong 2009). Also, P38 inhibition can rescue their
proliferation in the SVZ of ATM~-/- mice (Kim and Wong 2012). P38 and ERK also have
different roles on oligodendrocyte progenitor differentiation (Cui et al. 2014), and both ERK
and P38 are required for progenitor to pre-oligodendrocyte differentiation, but only P38 is
involved in immature oligodendrocyte differentiation. Here, intracerebral P38 inhibition did
not affect neurogenesis after 48 h, despite induction of LIF and IL-6, perhaps because the
effects on the neural stem cells require longer times to subsequently affect progenitor
proliferation. CNTF and IL-6 expression is downstream of STAT3 signaling (Keasey et al.
2013; Shuto et al. 2001; Sumimoto et al. 2006), suggesting that JNK, P38 and ERK are co-
regulators, consistent with their known role in STAT3 phosphorylation. However, it remains
to be determined how the differential signaling occurs.
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The finding that intrastriatal FAK inhibition increases IL-6 expression is in apparent
disagreement with a previous report that FAK mediates TNFa-induced IL-6 expression in
cultured cancer cells and fibroblasts (Schlaepfer et al., 2007). Moreover, FAK inhibition also
down-regulates IL-6 in C6 cells (Keasey et al. 2018). This raises the possibility that there are
major differences between proliferating and non-proliferating cells. In fact, systemic FAK
inhibition reduces stroke-induced IL-6 expression in adult mice (unpublished data), which
would be consistent with the proliferating astrocytes and microglia. The finding that
intrastriatal FAK inhibitor stimulates IL-6 expression and activates P38, whereas the P38
inhibitor also increased 1L-6 expression, suggests that there is another I1L-6 inhibiting
pathway(s) downstream from FAK (stippled line in Fig. 10).

Collectively, these results indicate that CNTF plays a key role in promoting SVZ
neurogenesis and is uniquely regulated by FAK-JNK signaling in astrocytes. JNK inhibition
represents a novel method for promoting adult SVZ neurogenesis. Our data also reveal
differential regulation mechanisms that may provide opportunities to individually regulate
these cytokines in glial cells as a potential therapeutic approach for a variety of neurological
disorders such as stroke, by increasing neurogenesis as well as neuronal and glial protection,
and/or reducing excessive detrimental inflammation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements:

This work was supported by NIH grant AG029493 and in part by NIH grant CO6RR0306551 and funds from the
Quillen College of Medicine at East Tennessee State University. We thank Hannah M. Malone, Richard Sante,
Benjamin Groves, Ben Reeves and the Molecular Core Facility and Microscopy Core Facility for their technical
support. Regeneron Pharmaceuticals is thanked for originally providing the CNTF knockout breeders for our
colony. C.J. M.P.K. and T.H. designed research; C.J. and C.L. performed the experiments, C.J. M.P.K. and T.H.
analyzed and interpreted the data, and wrote the paper.

REFERENCES

Baker SA, Baker KA, Hagg T. 2004 Dopaminergic nigrostriatal projections regulate neural precursor
proliferation in the adult mouse subventricular zone. Eur J Neurosci 20:575-9. [PubMed:
15233767]

Baker SA, Baker KA, Hagg T. 2005 D3 dopamine receptors do not regulate neurogenesis in the
subventricular zone of adult mice. Neurobiol Dis 18:523-7. [PubMed: 15755679]

Banner LR, Moayeri NN, Patterson PH. 1997 Leukemia inhibitory factor is expressed in astrocytes
following cortical brain injury. Exp Neurol 147:1-9. [PubMed: 9294397]

Bauer S, Patterson PH. 2006 Leukemia inhibitory factor promotes neural stem cell self-renewal in the
adult brain. J Neurosci 26:12089-99. [PubMed: 17108182]

Beggs HE, Schahin-Reed D, Zang K, Goebbels S, Nave KA, Gorski J, Jones KR, Sretavan D,
Reichardt LF. 2003 FAK deficiency in cells contributing to the basal lamina results in cortical
abnormalities resembling congenital muscular dystrophies. Neuron 40:501-14. [PubMed:
14642275]

Block F, Peters M, Nolden-Koch M. 2000 Expression of IL-6 in the ischemic penumbra. Neuroreport
11:963-7. [PubMed: 10790864]

Glia. Author manuscript; available in PMC 2019 November 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiaetal.

Page 14

Boengler K, Hilfiker-Kleiner D, Heusch G, Schulz R. 2010 Inhibition of permeability transition pore
opening by mitochondrial STAT3 and its role in myocardial ischemia/reperfusion. Basic Res Cardiol
105:771-85. [PubMed: 20960209]

Boengler K, Ungefug E, Heusch G, Schulz R. 2013 The STAT3 inhibitor stattic impairs cardiomyocyte
mitochondrial function through increased reactive oxygen species formation. Curr Pharm Des
19:6890-5. [PubMed: 23590160]

Bowen KK, Dempsey RJ, Vemuganti R. 2011 Adult interleukin-6 knockout mice show compromised
neurogenesis. Neuroreport 22:126-30. [PubMed: 21266900]

Cabrita MA, Jones LM, Quizi JL, Sabourin LA, McKay BC, Addison CL. 2011 Focal adhesion kinase

inhibitors are potent anti-angiogenic agents. Mol Oncol 5:517-26. [PubMed: 22075057]

Capilla-Gonzalez V, Cebrian-Silla A, Guerrero-Cazares H, Garcia-Verdugo JM, Quinones-Hinojosa A.
2014 Age-related changes in astrocytic and ependymal cells of the subventricular zone. Glia
62:790-803. [PubMed: 24677590]

Carroll P, Sendtner M, Meyer M, Thoenen H. 1993 Rat ciliary neurotrophic factor (CNTF): gene
structure and regulation of mMRNA levels in glial cell cultures. Glia 9:176-87. [PubMed: 8294148]

Chojnacki A, Shimazaki T, Gregg C, Weinmaster G, Weiss S. 2003 Glycoprotein 130 signaling
regulates Notchl expression and activation in the self-renewal of mammalian forebrain neural stem
cells. J Neurosci 23:1730-41. [PubMed: 12629177]

Chow LM, Zhang J, Baker SJ. 2008 Inducible Cre recombinase activity in mouse mature astrocytes
and adult neural precursor cells. Transgenic Res 17:919-28. [PubMed: 18483774]

Covey MV, Loporchio D, Buono KD, Levison SW. 2011 Opposite effect of inflammation on
subventricular zone versus hippocampal precursors in brain injury. Ann Neurol 70:616-26.
[PubMed: 21710624]

Cui QL, Fang J, Kennedy TE, Almazan G, Antel JP. 2014 Role of p38MAPK in S1P receptor-
mediated differentiation of human oligodendrocyte progenitors. Glia 62:1361-75. [PubMed:
24810969]

Dallner C, Woods AG, Deller T, Kirsch M, Hofmann HD. 2002 CNTF and CNTF receptor alpha are
constitutively expressed by astrocytes in the mouse brain. Glia 37:374-8. [PubMed: 11870876]

del Zoppo GJ, Milner R. 2006 Integrin-matrix interactions in the cerebral microvasculature.
Avrterioscler Thromb Vasc Biol 26:1966-75. [PubMed: 16778120]

Dhanasekaran DN, Reddy EP. 2017 JNK-signaling: A multiplexing hub in programmed cell death.
Genes Cancer 8:682—-694. [PubMed: 29234486]

Doetsch F, Caille I, Lim DA, Garcia-Verdugo JM, Alvarez-Buylla A. 1999 Subventricular zone
astrocytes are neural stem cells in the adult mammalian brain. Cell 97:703-16. [PubMed:
10380923]

Doetsch F, Garcia-Verdugo JM, Alvarez-Buylla A. 1997 Cellular composition and three-dimensional
organization of the subventricular germinal zone in the adult mammalian brain. J Neurosci
17:5046-61. [PubMed: 9185542]

Emsley JG, Hagg T. 2003 Endogenous and exogenous ciliary neurotrophic factor enhances forebrain
neurogenesis in adult mice. Exp Neurol 183:298-310. [PubMed: 14552871]

Ernst A, Alkass K, Bernard S, Salehpour M, Perl S, Tisdale J, Possnert G, Druid H, Frisen J. 2014
Neurogenesis in the striatum of the adult human brain. Cell 156:1072-83. [PubMed: 24561062]

Erta M, Quintana A, Hidalgo J. 2012 Interleukin-6, a major cytokine in the central nervous system. Int
J Biol Sci 8:1254-66. [PubMed: 23136554]

Farrar CE, Huang CS, Clarke SG, Houser CR. 2005 Increased cell proliferation and granule cell
number in the dentate gyrus of protein repair-deficient mice. J Comp Neurol 493:524-37.
[PubMed: 16304629]

Giancotti FG, Ruoslahti E. 1999 Integrin signaling. Science 285:1028-32. [PubMed: 10446041]

Gotz M, Sirko S, Beckers J, Irmler M. 2015 Reactive astrocytes as neural stem or progenitor cells: In
vivo lineage, In vitro potential, and Genome-wide expression analysis. Glia 63:1452-68.
[PubMed: 25965557]

Gregg C, Weiss S. 2005 CNTF/LIF/gp130 receptor complex signaling maintains a VVZ precursor
differentiation gradient in the developing ventral forebrain. Development 132:565-78. [PubMed:
15634701]

Glia. Author manuscript; available in PMC 2019 November 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiaetal.

Page 15

Guan QH, Pei DS, Liu XM, Wang XT, Xu TL, Zhang GY. 2006 Neuroprotection against ischemic
brain injury by SP600125 via suppressing the extrinsic and intrinsic pathways of apoptosis. Brain
Res 1092:36-46. [PubMed: 16674927]

Hagg T. 2009 From neurotransmitters to neurotrophic factors to neurogenesis. Neuroscientist 15:20-7.
[PubMed: 19218228]

Hagg T, Varon S. 1993 Ciliary neurotrophic factor prevents degeneration of adult rat substantia nigra
dopaminergic neurons in vivo. Proc Natl Acad Sci U S A 90:6315-9. [PubMed: 8101002]

Hagimoto K, Takami S, Murakami F, Tanabe Y. 2017 Distinct migratory behaviors of striosome and
matrix cells underlying the mosaic formation in the developing striatum. J Comp Neurol 525:794—
817. [PubMed: 27532901]

Hirrlinger PG, Scheller A, Braun C, Hirrlinger J, Kirchhoff F. 2006 Temporal control of gene
recombination in astrocytes by transgenic expression of the tamoxifen-inducible DNA
recombinase variant CreERT2. Glia 54:11-20. [PubMed: 16575885]

Hsu YC. 2015 Theory and Practice of Lineage Tracing. Stem Cells 33:3197-204. [PubMed:
26284340]

Huang Y, Dreyfus CF. 2016 The role of growth factors as a therapeutic approach to demyelinating
disease. Exp Neurol 283:531-40. [PubMed: 27016070]

Hunter T, Eckhart W. 2004 The discovery of tyrosine phosphorylation: it’s all in the buffer! Cell
116:S35-9, 1 p following S48. [PubMed: 15055579]

Ip NY, Wiegand SJ, Morse J, Rudge JS. 1993 Injury-induced regulation of ciliary neurotrophic factor
mRNA in the adult rat brain. Eur J Neurosci 5:25-33. [PubMed: 8261087]

Jia C, Hegg CC. 2012 Neuropeptide Y and extracellular signal-regulated kinase mediate injury-
induced neuroregeneration in mouse olfactory epithelium. Mol Cell Neurosci 49:158-70.
[PubMed: 22154958]

Jia C, Hegg CC. 2015 Effect of IP3R3 and NPY on age-related declines in olfactory stem cell
proliferation. Neurobiol Aging 36:1045-56. [PubMed: 25482245]

Kang SS, Keasey MP, Arnold SA, Reid R, Geralds J, Hagg T. 2013 Endogenous CNTF mediates
stroke-induced adult CNS neurogenesis in mice. Neurobiol Dis 49:68-78. [PubMed: 22960105]

Kang SS, Keasey MP, Cai J, Hagg T. 2012 Loss of neuron-astroglial interaction rapidly induces
protective CNTF expression after stroke in mice. J Neurosci 32:9277-87. [PubMed: 22764235]

Keasey MP, Jia C, Pimentel LF, Sante RS, Lovins C, Hagg T. 2018 Blood vitronectin is a major
activator of LIF and IL-6 in the brain through integrin-FAK and uPAR signaling. J Cell Sci.

Keasey MP, Kang SS, Lovins C, Hagg T. 2013 Inhibition of a novel specific neuroglial integrin
signaling pathway increases STAT3-mediated CNTF expression. Cell Commun Signal 11:35.
[PubMed: 23693126]

Kim J, Wong PK. 2009 Loss of ATM impairs proliferation of neural stem cells through oxidative
stress-mediated p38 MAPK signaling. Stem Cells 27:1987-98. [PubMed: 19544430]

Kim J, Wong PK. 2012 Targeting p38 mitogen-activated protein kinase signaling restores
subventricular zone neural stem cells and corrects neuromotor deficits in Atm knockout mouse.
Stem Cells Transl Med 1:548-56. [PubMed: 23197859]

Kim JG, Suyama S, Koch M, Jin S, Argente-Arizon P, Argente J, Liu ZW, Zimmer MR, Jeong JK,
Szigeti-Buck K and others. 2014 Leptin signaling in astrocytes regulates hypothalamic neuronal
circuits and feeding. Nat Neurosci 17:908-10. [PubMed: 24880214]

Kuhn HG, Winkler J, Kempermann G, Thal LJ, Gage FH. 1997 Epidermal growth factor and fibroblast
growth factor-2 have different effects on neural progenitors in the adult rat brain. J Neurosci
17:5820-9. [PubMed: 9221780]

Lau LT, Yu AC. 2001 Astrocytes produce and release interleukin-1, interleukin-6, tumor necrosis
factor alpha and interferon-gamma following traumatic and metabolic injury. J Neurotrauma
18:351-9. [PubMed: 11284554]

Ma Q, Huang B, Khatibi N, Rolland W 2nd, Suzuki H, Zhang JH, Tang J. 2011 PDGFR-alpha
inhibition preserves blood-brain barrier after intracerebral hemorrhage. Ann Neurol 70:920-31.
[PubMed: 22190365]

Maddahi A, Edvinsson L. 2010 Cerebral ischemia induces microvascular pro-inflammatory cytokine
expression via the MEK/ERK pathway. J Neuroinflammation 7:14. [PubMed: 20187933]

Glia. Author manuscript; available in PMC 2019 November 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiaetal.

Page 16

Matsuoka I, Nakane A, Kurihara K. 1997 Induction of LIF-mRNA by TGF-beta 1 in Schwann cells.
Brain Res 776:170-80. [PubMed: 9439810]

Ming GL, Song H. 2011 Adult neurogenesis in the mammalian brain: significant answers and
significant questions. Neuron 70:687-702. [PubMed: 21609825]

Mori T, Tanaka K, Buffo A, Wurst W, Kuhn R, Gotz M. 2006 Inducible gene deletion in astroglia and
radial glia--a valuable tool for functional and lineage analysis. Glia 54:21-34. [PubMed:
16652340]

Morrens J, Van Den Broeck W, Kempermann G. 2012 Glial cells in adult neurogenesis. Glia 60:159—
74. [PubMed: 22076934]

Murphy GM Jr., Song Y, Ong E, Lee YL, Schmidt KG, Bocchini V, Eng LF. 1995 Leukemia inhibitory
factor mRNA is expressed in cortical astrocyte cultures but not in an immortalized microglial cell
line. Neurosci Lett 184:48-51. [PubMed: 7739804]

Nagamoto-Combs K, Vaccariello SA, Zigmond RE. 1999 The levels of leukemia inhibitory factor
mRNA in a Schwann cell line are regulated by multiple second messenger pathways. J Neurochem
72:1871-81. [PubMed: 10217263]

Orzylowska O, Oderfeld-Nowak B, Zaremba M, Januszewski S, Mossakowski M. 1999 Prolonged and
concomitant induction of astroglial immunoreactivity of interleukin-1beta and interleukin-6 in the
rat hippocampus after transient global ischemia. Neurosci Lett 263:72—6. [PubMed: 10218914]

Park CK, Ju WK, Hofmann HD, Kirsch M, Ki Kang J, Chun MH, Lee MY. 2000 Differential
regulation of ciliary neurotrophic factor and its receptor in the rat hippocampus following transient
global ischemia. Brain Res 861:345-53. [PubMed: 10760496]

Pitman M, Emery B, Binder M, Wang S, Butzkueven H, Kilpatrick TJ. 2004 LIF receptor signaling
modulates neural stem cell renewal. Mol Cell Neurosci 27:255-66. [PubMed: 15519241]

Platel JC, Gordon V, Heintz T, Bordey A. 2009 GFAP-GFP neural progenitors are antigenically
homogeneous and anchored in their enclosed mosaic niche. Glia 57:66—78. [PubMed: 18661547]

Ponti G, Obernier K, Alvarez-Buylla A. 2013a Lineage progression from stem cells to new neurons in
the adult brain ventricular-subventricular zone. Cell Cycle 12:1649-50. [PubMed: 23673324]

Ponti G, Obernier K, Guinto C, Jose L, Bonfanti L, Alvarez-Buylla A. 2013b Cell cycle and lineage
progression of neural progenitors in the ventricular-subventricular zones of adult mice. Proc Natl
Acad Sci U S A 110:E1045-54. [PubMed: 23431204]

Ramaswamy S, Kordower JH. 2012 Gene therapy for Huntington’s disease. Neurobiol Dis 48:243-54.
[PubMed: 22222669]

Schlaepfer DD, Hou S, Lim ST, Tomar A, Yu H, Lim Y, Hanson DA, Uryu SA, Molina J, Mitra SK.
2007 Tumor necrosis factor-alpha stimulates focal adhesion kinase activity required for mitogen-
activated kinase-associated interleukin 6 expression. J Biol Chem 282:17450-9. [PubMed:
17438336]

Shen Q, Wang Y, Kokovay E, Lin G, Chuang SM, Goderie SK, Roysam B, Temple S. 2008 Adult SVZ
stem cells lie in a vascular niche: a quantitative analysis of niche cell-cell interactions. Cell Stem
Cell 3:289-300. [PubMed: 18786416]

Shimazaki T, Shingo T, Weiss S. 2001 The ciliary neurotrophic factor/leukemia inhibitory factor/gp130
receptor complex operates in the maintenance of mammalian forebrain neural stem cells. J
Neurosci 21:7642-53. [PubMed: 11567054]

Shuto T, Horie H, Hikawa N, Sango K, Tokashiki A, Murata H, Yamamoto I, Ishikawa Y. 2001 IL-6
up-regulates CNTF mRNA expression and enhances neurite regeneration. Neuroreport 12:1081-5.
[PubMed: 11303750]

Staquicini FI, Dias-Neto E, Li J, Snyder EY, Sidman RL, Pasqualini R, Arap W. 2009 Discovery of a
functional protein complex of netrin-4, laminin gammal chain, and integrin alpha6betal in mouse
neural stem cells. Proc Natl Acad Sci U S A 106:2903-8. [PubMed: 19193855]

Stockli KA, Lottspeich F, Sendtner M, Masiakowski P, Carroll P, Gotz R, Lindholm D, Thoenen H.
1989 Molecular cloning, expression and regional distribution of rat ciliary neurotrophic factor.
Nature 342:920-3. [PubMed: 2594085]

Sumimoto H, Imabayashi F, Iwata T, Kawakami Y. 2006 The BRAF-MAPK signaling pathway is
essential for cancer-immune evasion in human melanoma cells. J Exp Med 203:1651-6. [PubMed:
16801397]

Glia. Author manuscript; available in PMC 2019 November 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiaetal.

Page 17

Suzuki S, Tanaka K, Nogawa S, Ito D, Dembo T, Kosakai A, Fukuuchi Y. 2000 Immunohistochemical
detection of leukemia inhibitory factor after focal cerebral ischemia in rats. J Cereb Blood Flow
Metab 20:661-8. [PubMed: 10779010]

Suzuki S, Tanaka K, Suzuki N. 2009 Ambivalent aspects of interleukin-6 in cerebral ischemia:
inflammatory versus neurotrophic aspects. J Cereb Blood Flow Metab 29:464—-79. [PubMed:
19018268]

Szczepanek K, Chen Q, Derecka M, Salloum FN, Zhang Q, Szelag M, Cichy J, Kukreja RC, Dulak J,
Lesnefsky EJ and others. 2011 Mitochondrial-targeted Signal transducer and activator of
transcription 3 (STAT3) protects against ischemia-induced changes in the electron transport chain
and the generation of reactive oxygen species. J Biol Chem 286:29610-20. [PubMed: 21715323]

Tavazoie M, Van der Veken L, Silva-Vargas V, Louissaint M, Colonna L, Zaidi B, Garcia-Verdugo JM,
Doetsch F. 2008 A specialized vascular niche for adult neural stem cells. Cell Stem Cell 3:279-88.
[PubMed: 18786415]

Thoenen H, Sendtner M. 2002 Neurotrophins: from enthusiastic expectations through sobering
experiences to rational therapeutic approaches. Nat Neurosci 5 Suppl:1046-50. [PubMed:
12403983]

Valenzuela DM, Murphy AlJ, Frendewey D, Gale NW, Economides AN, Auerbach W, Poueymirou
WT, Adams NC, Rojas J, Yasenchak J and others. 2003 High-throughput engineering of the mouse
genome coupled with high-resolution expression analysis. Nat Biotechnol 21:652-9. [PubMed:
12730667]

Van Wagoner NJ, Benveniste EN. 1999 Interleukin-6 expression and regulation in astrocytes. J
Neuroimmunol 100:124-39. [PubMed: 10695723]

Van Wagoner NJ, Oh JW, Repovic P, Benveniste EN. 1999 Interleukin-6 (IL-6) production by
astrocytes: autocrine regulation by IL-6 and the soluble IL-6 receptor. J Neurosci 19:5236—44.
[PubMed: 10377335]

Visavadiya NP, Keasey MP, Razskazovskiy V, Banerjee K, Jia C, Lovins C, Wright GL, Hagg T. 2016
Integrin-FAK signaling rapidly and potently promotes mitochondrial function through STAT3. Cell
Commun Signal 14:32. [PubMed: 27978828]

Wegrzyn J, Potla R, Chwae YJ, Sepuri NB, Zhang Q, Koeck T, Derecka M, Szczepanek K, Szelag M,
Gornicka A and others. 2009 Function of mitochondrial Stat3 in cellular respiration. Science
323:793-7. [PubMed: 19131594]

Yang P, Arnold SA, Habas A, Hetman M, Hagg T. 2008 Ciliary neurotrophic factor mediates dopamine
D2 receptor-induced CNS neurogenesis in adult mice. J Neurosci 28:2231-41. [PubMed:
18305256]

Zigmond RE. 2011 gp130 cytokines are positive signals triggering changes in gene expression and
axon outgrowth in peripheral neurons following injury. Front Mol Neurosci 4:62. [PubMed:
22319466]

Glia. Author manuscript; available in PMC 2019 November 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jiaetal.

Page 18

Main points:

FAK-JNK signaling has a unique role in inhibiting CNTF expression in astrocytes and
CNTF-mediated neurogenesis of the adult mouse SVZ compared to the differential
regulation by FAK, P38 and ERK signaling of closely related anti-neurogenic LIF and
1L-6.
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Figure 1. Intrastriatal FAK inhibition reduces JNK phosphorylation and increases CNTF
expression in the adult mouse periventricular region.

A) Schematic showing the intrastriatal injection site (arrow) and collected tissue of
periventricular region containing the SVZ (0.5 mm gray area). AC=anterior commissure,
CC=corpus callosum, Ctx=cortex, LVV=Ilateral ventricle, STR=striatum. B) Intrastriatal
injection of the water soluble FAK inhibitor, FAK14 (1 pg/ul), reduced FAK activation in the
periventricular region of adult C57BL/6 mice at 24 h, as shown by reduced pFAK compared
to total FAK in representative western blots of individual mice. C) FAK14 injection also
reduced phosphorylation of INK (pJNK). D,E) Quantification by densitometry. F) FAK14
increased CNTF mRNA expression in the periventricular region in the same mice. Data are
mean + SEM, PBS, n=5 and FAK14, 5 mice, Student t test, * p<0.05, ** p<0.01.
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Figure 2. Intrastriatal INK inhibition increases CNTF without affecting LI1F and IL-6 expression
in the adult mouse periventricular region.

A,B) Intrastriatal injection of JNK inhibitor, SP600125, at 10 g, decreased phosphorylation
of INK in the periventricular region at 4 h compared to vehicle (veh) injections as shown by
reduced pJNK in representative western blots of individual mice and densitometry
quantification (n=7, 4, 4, 3 and 4 mice, One-way ANOVA followed by post hoc Bonferroni
multiple comparison tests, * p<0.05). C,D) At 24 h following intrastriatal injection of
SP600125, the levels of pJNK in the periventricular region returned to control levels as
shown by a representative blot and densitometry quantification (n=10, 5 and 5 mice, One-
way ANOVA followed by post hoc Bonferroni multiple comparison tests). The intrastriatal
JNK inhibition increased CNTF protein E,F) and mRNA G) at 4 h, while LIF and IL-6 G)
expression was not affected (n=10 veh and 5 SP600125, Student t test, ** p<0.01).
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Figure 3. Intrastriatal INK inhibition increases SVZ neurogenesisthrough CNTF.
A) Intrastriatal injection of the INK inhibitor, SP600125, increased the expression of the cell

proliferation marker Ki67 at 4 h in the periventricular region of the same C57BL/6 mice as
shown in Fig. 2E,F (n=10 vehicle (veh) and 5 SP600125, ** p<0.01, Student t test). B)
Schematic showing the location of the images taken from the dorsal (dSVZ) and ventral
(vSVZ) SVZ in C and E. AC=anterior commissure, CC=corpus callosum, Ctx=cortex,
LV=lateral ventricle. C) Representative images of BrdU immunostaining in the SVZ of
CNTF+/+ and CNTF-/- mice show that intrastriatal injection of JNK inhibitor increases cell
proliferation at 48 h in the SVZ of CNTF+/+ but not CNTF-/- littermate mice. BrdU was
given by i.p. injection at 21, 24 and 27 h following intrastriatal injection. STR=striatum.
SVZ. D) This was confirmed by unbiased stereological counts of the BrdU-positive nuclei in
the entire SVZ at 48 h. Data were calculated as a percentage of the group average of vehicle
injected CNTF+/+ mice (n=5 mice/group, two-way ANOVA followed by Tukey multiple
comparison tests, * p<0.05). E) Representative images of DCX immunostaining in the SVZ
show that intrastriatal injection of SP600125 increases neurogenesis at 48 h in the SVZ of
CNTF+/+ but not CNTF-/- mice. Images are from the dorsolateral SVZ. F) Quantification
of the DCX-positive neuroblasts in the SVZ at 48 h. Data were calculated as a percentage of
the group average of vehicle injected CNTF+/+ mice (Two-way ANOVA followed by Tukey
multiple comparison tests, * or # p<0.05).
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Figure 4. Inducible conditional knockout of FAK in GFAP-positive astrocytesincreases CNTF
and neurogenesisin the SVZ.

A) PCR of DNA isolated from the periventricular region of adult Wildtype (WT), FAK/fl
and FAKTfl.GFAPCr mice treated with tamoxifen, using genotyping primers showed an
expected 1.4 kb wildtype allele in wildtype mice, the expected 1.6 kb FAK-flox allele in
FAK /M and FAKT/.GFAPC™® mice and an expected 327 bp recombined locus only in
FAKTlLGEAPCT® mice. The conditional knockdown of FAK in GFAP+ astrocytes increased
CNTF mRNA B) in the periventricular region and BrdU-positive nuclei C) in the SVZ (n=8
and 7 mice for mRNA analysis, N=9 and 7 mice for BrdU analysis, Student t test, * p<0.05,
*% n<0.01).
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Figure5. Intrastriatal FAK inhibition activates P38 and ERK and increased LIF and IL-6
expression in the adult mouse periventricular region.

Intrastriatal injection of FAK14 increased phosphorylation of P38 A,B) and ERK C,D) in
the periventricular region of adult C57BL/6 mice at 24 h compared to control PBS
injections, as shown by increased pP38 and pERK in representative western blots of
individual mice (A,C) and densitometry quantification (B,D, n=5 and 5 mice). E) In the
same mice, FAK14 increased CNTF (same data as in Fig. 1F), LIF and IL-6 mRNA
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expression in the periventricular region (Note the different scale for the IL-6 values; Student
t test, *, **, *** gr **** n<(.05, 0.01, 0.001 or 0.0001).
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Figure®6. Intrastriatal P38 inhibition increases L1 F and I L-6 expression without affecting
neurogenesisin the adult mouse SVZ.

Intrastriatal injection of the P38 inhibitor, SB203580, reduced phosphorylation of P38 in the
periventricular region of adult C57BL/6 mice at 24 h compared to injection of control
vehicle, as shown by reduced pP38 in a representative western blot of individual mice (A)
and densitometry quantification (B, n=9, 5 and 5 mice, one-way ANOVA followed by
Bonferroni multiple comparison tests, * p<0.05). C) In the same mice, P38 inhibition
increased LIF and IL-6 expression at 24 h, without altering CNTF, in the periventricular
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region (Student t test, * or ** p<0.05 or 0.01). D) Intrastriatal P38 inhibition did not change
expression of Ki67, a marker for cell proliferation, in the same mice as C. E) Quantification
of the BrdU-positive nuclei in the entire SVZ using unbiased stereology shows that
intrastriatal P38 inhibition does not affect cell proliferation in the SVZ at 48 h. Data were
calculated as a percentage of the group average of Veh (n=5 and 5 mice, Student t test). F)
Representative images of BrdU immunostaining in the SVZ of C57BL/6 mice at 48 h
following intrastriatal injection. CC= corpus callosum, LV=lateral ventricle, STR=striatum.
Images i-ii are from dorsal SVZ and images i’-ii’ from the ventral SVZ.
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Figure7. Intrastriatal ERK inhibition decreases CNTF, LIF and cell proliferation in the adult
mouse SVZ.

A,B) Intrastriatal injection of the ERK inhibitor, U0126 (10 ug), reduced activation of ERK
in the periventricular region of C57BL/6 mice at 4 h, but not 24 h, as shown by decreased
pPERK in a representative western blot of individual mice (A) and densitometry
quantification (B, n=9, 5 and 5 mice, one-way ANOVA followed by Bonferroni multiple
comparison tests, ** p<0.01). C) Intrastriatal injection of U0126 reduced CNTF and LIF, but
not IL-6, expression in the periventricular region of the same mice at 4 h (student t test, ***
p<0.001). D) Intrastriatal ERK inhibition reduced SVZ cell proliferation measured by Ki67

1duosnuepy Joyiny 1duosnuely Joyiny

1duosnue Joyiny

at 4 h (same extracts as in C, student t test, * p<0.05).
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Figure 8. Systemic FAK inhibition reduces pJNK and increases CNTF expression in adult mouse
periventricular region.

A,C) Systemic i.p. injection of FAK14 for 3 days in C57BL/6 mice reduced phosphorylation
of FAK in the periventricular region at 2 h following last injection as shown by a
representative western blot of individual mice (A) and densitometry quantification (C, n=6
and 6 mice, Student t test, * p<0.05). Systemic FAK14 treatment also increased CNTF
protein B,D) and mRNA E) expression in the periventricular region of the same mice. F,G)
Representative images of p-gal immunostaining in the SVZ and cortex of heterozygous
CNTF+/- mice with a lacZ gene inserted in one of the deleted CNTF loci, at 2 h following 3
days of systemic treatment with PBS or FAK14. FAK14 treatment increased p-galactosidase
expression in the SVZ, striatum (STR), corpus callosum (CC) and overlaying cortex. The
black boxes in the half brain insets indicate the location of the SVZ and cortex images.
LV=lateral ventricle, * blood vessel. The white boxes indicate the localization of the higher
magnification images in F” and G’. FAK14 increased 4 fold of $-gal expression in the
periventricular region (H) and 6 fold in the cortex (I) compared to PBS (n=5 and 4 For
FAK14 and PBS group, Student t test, ** p<0.01). Three days of systemic FAK inhibition
also reduced pJNK (J,K) but did not affect phosphorylation of P38 L,M) and ERK (N,O), or
expression of LIF (P) and I1L-6 (Q) in the periventricular region at 2 h following last
systemic treatment (n=6 mice/group, same mice as in A-D, Student t test, * p<0.05).
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Figure 9. Systemic FAK inhibition increases SVZ neurogenesisthrough CNTF.
A) Representative images of BrdU immunostaining in the SVZ of C57BL/6 mice show that

3 days of systemic FAK14 treatment leads to an increase in cell proliferation at 6 h
following last systemic treatment. BrdU was given 4 h after PBS or FAK14 each day and
tissue collection was 2 h following last BrdU injection. LV=lateral ventricle. Images Ai-Aii
are from dorsal SVZ and images Ai’-Aii’ from the corresponding ventral SVZ. B)
Quantification of the BrdU-positive nuclei in the SVZ using unbiased stereology. Data were
calculated as a percentage of the group average of PBS (n=6 and 5, Student t test, * p<0.05).
C) BrdU immunostaining in the SVZ of CNTF+/+ and CNTF-/- mice at 6 h following 3
days of systemic treatment with PBS or FAK14. BrdU was given 4 h after PBS or FAK14
each day and tissue collection was 2 h following last BrdU injection. Images Ci-Ciiii are
from dorsal SVZ and images Ci’-Ciiii’ from the corresponding ventral SVZ. LV=lateral
ventricle. D) Quantification shows that FAK14 increases the number of BrdU-positive cells
in the SVZ of CNTF+/+, but not CNTF-/-, littermate mice. There was no significant
difference between PBS and FAK14 in the numbers of BrdU-positive cells in the SVZ of
CNTF-/- mice. Data were calculated as a percentage of the group average of PBS in the
CNTF+/+ mice (n=8, 3, 4 and 5 mice/group, Two-way ANOVA followed by Tukey multiple
comparison tests, * or # p<0.05). E) In a separate experiment, FAK14 increased the number
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of EdU-positive nuclei in the SVZ of CNTF+/+, but not CNTF-/-, littermates at 6 h
following 3 days of systemic treatment with PBS or FAK14 (n=4, 4, 3 and 3 mice/group,
Two-way ANOVA followed by Tukey multiple comparison tests, * P<0.05). F)
Representative images of DCX immunostaining in the SVZ of CNTF+/+ and CNTF-/-
mice show that 3 days of systemic FAK inhibition increases the number of neuroblasts in the
SVZ of CNTF+/+, but not CNTF-/- mice at 6 h following last systemic treatment.
LV=lateral ventricle. Images are from dorsal SVZ with most populated neuroblasts. Nuclei
were stained with DAPI (blue) and neuroblasts for DCX (red). G) Quantification of the
DCX-positive cells in the SVZ. Data were calculated as a percentage of the group average of
PBS in CNTF+/+ mice (same mice as in D, two-way ANOVA followed by Tukey multiple
comparison tests, * or # p<0.05). H) Systemic FAK14 treatment did not affect slowly
proliferating cells, such as neural stem cells and post-mitotic cells in the SVZ, as measured
by a BrdU pulse-chase method. BrdU was given 4 h after PBS or FAK14 each day and tissue
collection was 20 days following last BrdU injection. CNTF-/- mice had fewer BrdU-
retaining nuclei irrespective of the treatment (n=3, 3, 3 and 4 mice, Two-way ANOVA
followed by Tukey multiple comparison tests, ** p<0.01).
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Figure 10. Summary of differential regulation of CNTF, LIF and IL-6 by MAPK in the

periventricular region of adult mouse brain

FAK represses CNTF expression specifically through JNK. Inhibition of FAK or JINK
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increases SVZ neurogenesis through CNTF. FAK also inhibits P38 and ERK signaling in the
SVZ. ERK activates LIF and CNTF expression, while P38 reduces LIF and IL-6 expression.
FAK inhibits CNTF expression via JNK activation. FAK inhibits LIF expression, possibly
by inhibiting ERK. FAK inhibits IL-6 expression through unknown pathway(s) (stippled

line). CNTF promotes and LIF and IL-6 counteract SVZ neuroblast formation, i.e.,

neurogenesis.
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