° NAT/O

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

(<
A 5 Author Manuscript
P repSS

Published in final edited form as:
J Neurochern. 2008 December ; 107(5): 1436-1447. doi:10.1111/j.1471-4159.2008.05708.x.

Rit Signhaling Contributes to Interferon-y-Induced Dendritic
Retraction via p38 MAP Kinase Activation

Douglas A. Andres?, Geng-Xian Shil, Donald Bruun?2, Chris Barnhart?, and Pamela J. Lein?

1Department of Molecular and Cellular Biochemistry, University of Kentucky College of Medicine,
Lexington, KY 40536

°Center for Research on Occupational and Environmental Toxicology, Oregon Health & Science
University, Portland, OR 97239

Abstract

The proinflammatory cytokine interferon-y (IFNy) alters neuronal connectivity via selective
regressive effects on dendrites but the signaling pathways that mediate this effect are poorly
understood. We recently demonstrated that signaling by Rit, a member of the Ras family of
GTPases, modulates dendritic growth in primary cultures of sympathetic and hippocampal
neurons. In this study we investigated a role for Rit signaling in IFNy-induced dendritic retraction.
Expression of a dominant negative Rit mutant inhibited IFNy-induced dendritic retraction in
cultured embryonic rat sympathetic and hippocampal neurons. In pheochromacytoma cells and
hippocampal neurons, IFNy caused rapid Rit activation as indicated by increased GTP binding to
Rit. Silencing of Rit by RNA interference suppressed IFNy-elicited activation of p38 MAP kinase
in pheochromacytoma cells, and pharmacological inhibition of p38 MAP kinase significantly
attenuated the dendrite-inhibiting effects of IFNy in cultured sympathetic and hippocampal
neurons without altering STAT1 activation. These observations identify Rit as a downstream
target of IFNy and suggest that a novel IFNy-Rit-p38 signaling pathway contributes to dendritic
retraction and may, therefore, represent a potential therapeutic target in diseases with a significant
neuroinflammatory component.
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Dendritic retraction is critical for synaptic refinement during neurodevelopment and
experience-dependent synaptic remodeling (Purves et al. 1986; Lichtman and Colman
2000). However, excessive or inappropriate dendritic retraction is thought to contribute to
the functional deficits associated with trauma (Yawo 1987; Brannstrom et al. 1992),
neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease (Patt et al. 1991,
Coleman and Yao 2003) and neurodevelopmental disorders including Down’s syndrome,
schizophrenia and autism spectrum disorders (Takashima et al. 1989; McGlashan and
Hoffman 2000; Zoghbi 2003). Despite its physiologic and pathologic importance, the
molecular mechanisms that regulate dendritic retraction remain poorly characterized (Miller
and Kaplan 2003; Goldberg 2004; Parrish et al. 2007). While growth factor deprivation
(Yawo 1987; Purves et al. 1988; Gorski et al. 2003) and decreased neuronal activity (Miller
and Kaplan 2003; Lohmann and Wong 2005) have been associated with dendritic retraction,
the identification of specific ligands that inhibit dendritic growth and/or promote dendritic
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retraction suggests that dendritic pruning is not just a default process but may also be
triggered by active signaling mechanisms. Ligands shown to cause regressive dendritic
events include corticosteroids (McEwen 2001; Joels et al. 2007), excitatory amino acids
such as glutamate (Mattson 1988; Monnerie and Le Roux 2007), the neuropeptides pituitary
adenylate cyclase-activating polypeptide (PACAP) and vasoactive intestinal peptide
(Drahushuk et al. 2002) and proinflammatory cytokines (Guo et al. 1999; Morikawa et al.
2000; Kim et al. 2002; Gilmore et al. 2004). With respect to proinflammatory cytokines, we
have shown that interferon-y (IFNy) inhibits dendritic growth and triggers dendritic
retraction in cultured sympathetic and hippocampal neurons without compromising cell
viability or altering axonal morphology (Kim et al. 2002), suggesting that IFNy exerts direct
regressive effects on a restricted subcellular compartment of neurons.

The key signaling events that regulate IFNy effects on dendritic morphology are only
partially understood. We previously demonstrated that IFNy stimulates the phosphorylation
and nuclear translocation of signal transducer and activator of transcription 1 (STAT1) in
cultured sympathetic neurons and that the inhibitory effects of IFNy on BMP-induced
dendritic growth are significantly attenuated but not completely blocked by expression of
dominant negative (dn) STAT1 (Kim et al. 2002). These findings are consistent with recent
studies indicating that while the canonical JAK-STAT signaling pathway is most closely
associated with IFNy signaling, the coordinated activation of multiple distinct signaling
cascades is required to generate appropriate cellular responses to IFNy and related cytokines
(Platanias 2005). However, signaling cascades that function in addition to STAT1 activation
to mediate the regressive effects IFNy on dendritic morphology have yet to be identified.

Rit belongs to a subgroup of Ras-related GTPases (Reuther and Der 2000). Originally
cloned from mouse (Lee et al. 1996) and human (Shao et al. 1999) retina, Rit has
subsequently been detected in embryonic, postnatal and adult brain (Lee et al. 1996; Wes et
al. 1996) and in primary cultures of rat sympathetic and hippocampal neurons (Spencer et al.
2002; Lein et al. 2007). Like other Ras GTPases, Rit interactions with downstream effector
proteins require GTP binding, and Rit activity is modulated by external cues that influence
the relative ratio of GTP- versus GDP-bound Rit (Reuther and Der 2000). Downstream
targets of Rit identified thus far include Ras-responsive promoter elements (Shao et al.
1999), Ral GTPase (Shao and Andres 2000) and both ERK and p38 MAP kinase signaling
pathways (Shi and Andres 2005). External cues that modulate GTP loading of Rit include
nerve growth factor (NGF) (Shi and Andres 2005), PACAP38 (Shi et al. 2006), and bone
morphogenetic protein 7 (BMP7) (Lein et al. 2007). Interestingly, NGF, PACAP38, and
BMP7 (Higgins et al. 1997; McAllister 2000) as well as many of the known downstream
targets of Rit (Huber et al. 2003; Miller and Kaplan 2003; Goldberg 2004; Lalli and Hall
2005) are implicated in controlling axonal and dendritic growth, suggesting that Rit
signaling contributes to the regulation of neuronal cell shape. In support of this hypothesis,
we recently demonstrated that expression of a constitutively active (ca) Rit mutant promoted
axonal but inhibited dendritic growth whereas a dnRit mutant inhibited axonal but enhanced
dendritic growth in cultured sympathetic and hippocampal neurons (Lein et al. 2007). While
a role for Rit signaling in dendritic retraction was not investigated in this previous study, the
observation that caRit phenocopied the inhibitory effects of IFNy on BMP-induced dendritic
growth suggested the possibility that Rit activation contributes to IFNy-induced dendritic
retraction. In this study, we tested this novel hypothesis by determining whether: 1) IFNy
increases Rit GTP loading in neural cells; 2) modulating Rit signaling interferes with IFNy-
induced dendritic retraction in cultured embryonic rat sympathetic and hippocampal
neurons; and 3) Rit-dependent regulation of STAT1, ERK1/2 or p38 MAP kinase signaling
cascades influence IFNy-induced dendritic retraction. Our observations suggest that a novel
Rit-p38 MAP kinase signaling cascade operates in parallel with STAT1 signaling to mediate
IFNy effects on neuronal connectivity.
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Materials and Methods

Materials

The construction and characterization of recombinant adenovirus vectors that express either
3XFlag-wildtype (WT) or green fluorescent protein (Ad-GFP) or co-express GFP and either
constitutively active Rit?79 (Ad-caRit) or dominant negative Rit33°N (Ad-dnRit) have been
previously described (Spencer et al. 2002; Shi and Andres 2005; Lein P et al. 2007).
Recombinant rat IFNy was obtained from PeproTech (Rocky Hill, NJ) and recombinant
human bone morphogenetic protein-7 (BMP7) was generously provided by Curis
(Cambridge, MA). The p38 MAP kinase inhibitor 4-(4-Fluorophenyl)-2-(4-methylsulfinyl
phenyl)-5-(4-pyridyl) 1H-imidazole commonly known as SB203508 was purchased from
Promega (Madison, WI) and prepared as a 1000x stock in DMSO before diluting directly
into tissue culture medium to yield final concentrations of 10 uM. Previous studies have
demonstrated that DMSO at 1:1000 does not alter hippocampal (Howard et al. 2003; Lein et
al. 2007) or sympathetic (Howard et al. 2005; Lein et al. 2007) morphogenesis and does not
inhibit caRit effects on neurite outgrowth of PC6 (Spencer et al. 2002) or SH-SY5Y (Hynds
et al. 2003) cells.

Tissue culture, infection and transfection

Sympathetic neurons were dissociated from the superior cervical ganglia (SCG) of perinatal
Holtzman rats (Harlan Sprague-Dawley, Rockford, IL) as previously described (Higgins et
al. 1991). Cells were plated onto poly-D-lysine (100 pg/ml, Sigma, St. Louis, MO) coated
glass coverslips and maintained in a serum-free medium containing f-NGF (100 ng/ml,
Harlan Bioproducts, Indianapolis, IN). The antimitotic cytosine-p-D-arabinoside (1 puM,
Sigma) was added to the medium of all cultures for 48 h beginning 24 h after plating to
eliminate all non-neuronal cells. Dendritic growth was induced in sympathetic cultures by
adding BMP7 (50 ng/ml) to the culture medium (Lein et al. 1995). Hippocampal neurons
were dissociated from the hippocampi of embryonic (E18) Holtzman rats using previously
described methods (Howard et al. 2003). Dissociated cells were plated onto glass coverslips
precoated with poly-D-lysine (100 pg/ml; Sigma) and laminin (6 pg/ml; Invitrogen, San
Diego, CA) and maintained in serum-free Neurobasal medium with B27 supplements
(Invitrogen). To study the effects of Rit on dendritic growth and retraction, sympathetic or
hippocampal neuronal cultures were infected with adenoviral vectors expressing GFP alone
or co-expressing GFP and dnRit in the absence or presence of IFNy. Sympathetic neurons
were infected 5 days after initiating treatment with BMP7. Hippocampal neurons were
infected with adenoviral vectors 4 days after plating. Infection efficiencies ranged from 20
to 30%.

The PC6 strain of the pheochromacytoma 12 (PC12) cell line was the generous gift of Dr. T.
Vanaman (University of Kentucky, Lexington, KY). The cells were maintained in DMEM
(Invitrogen) containing 10% (v/v) heat-inactivated FBS (HyClone, Salt Lake City, UT), 5%
(v/v) heat-inactivated horse donor serum (Invitrogen), 100 pg/ml streptomycin, and 100
unit/ml penicillin at 37°C in a humidified atmosphere of 5% CO5,. PC6 cells were
transfected with Effectene (Qiagen, Valencia, CA) as previously described (Shi and Andres
2005).

Morphological analyses

Cultures were fixed with 4% paraformaldehyde and dual labeled using polyclonal antibodies
that react with GFP (Molecular Probes, Eugene, OR) and monoclonal antibodies (mAb) that
react with the dendrite-selective cytoskeletal protein microtubule-associated protein 2
(MAP2, SMI-52; Sternberger Immunocytochemicals, Baltimore, MD). Neuronal
morphology was digitized in neurons immunopositive for both GFP and MAP-2 using
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SPOT imaging software (Diagnostic Instruments, Sterling Heights, MI) as previously
described (Lein et al. 2007).

Western blot analyses

Cultured hippocampal neurons (4 days in vitro) were either infected with Ad-GFP or Ad-
caRit for 16 h or treated with IFNy (30 ng/ml) in the absence or presence of SB203580 (10
M) for 30 min, then lysed in buffer A (20 mM Tris, pH 7.6, 250 mM NaCl, 2.5 mM
EDTA, 3 mM EGTA, 20 mM, B-glycerol phosphate, 1 mM vanadate, 50 mM KF and 1x
protease inhibitor mixture from Calbiochem, San Diego, CA). Lysates were centrifuged at
15,000 x g for 10 min and the protein concentration of the supernatant determined using the
Bradford assay (BioRad, Hercules, CA). Equal amounts of protein from each lysate were
separated by SDS-PAGE (7%), transferred to PVDF membranes and reacted with antibodies
that recognize both phosphorylated and non-phosphorylated STAT1 (Cell Signaling
Technology, Beverly, MA) or with mAb that specifically recognizes STAT1 phosphorylated
at Ser 727 (pSTATL, Cell Signaling Technology). Blots were also probed using antibodies
specific for a—tubulin (Sigma). To visualize antigen-antibody complexes, blots were reacted
with Infrared Dye-conjugated secondary antibodies (Rockland Immunochemicals,
Gilbertsville, PA), and bands quantified using the Odyssey infrared imaging system (LI-
COR Biosciences, Lincoln, NE). To determine the requirement of Rit in IFNy-mediated
signaling, PC6 cells were transfected with either a rat Rit specific small hairpin RNA
interference construct pSuper-Neo/GFP-shRit208 (shRit208) or a scrambled siRNA
construct (shCTR) lacking a specific target in the rat genome as control (1.5 pg) (Shi and
Andres, 2005), and the transfected cells enriched by G418 (400 ug/ml) selection for 48 h
before being subjected to starvation with serum-free DMEM medium for 5 h. The cells were
subsequently stimulated with IFNy (50 ng/ml) and lysed with kinase lysis buffer [Hepes (pH
7.4), 20 mM; NaCl, 150 mM; KF, 50 mM; B-glycerol phosphate, 50 mM; EGTA (pH 8.0), 2
mM; NagVQy, 2 mM; Triton X-100, 1%; glycerol, 10% and 1x protease inhibitor cocktail
(Calbiochem)]. The detergent-soluble fraction was then resolved by SDS-PAGE. The
phosphorylation levels of ERK1/2 and p38 MAPK were analyzed by immunoblotting with
phospho-specific ERK1/2 and p38 MAPK antibodies (Cell Signaling), while cellular actin
levels served as a loading control.

Rit-GTP precipitation assays

GST fusion proteins containing the Rit binding domain of RGL3 (residues 610-709) were
expressed and purified, and Rit activation was assessed as previously described (Shi and
Andres 2005). Briefly, PC6 cells seeded in 6-well plates were transfected with 1 pg of
3xFlag-Rit-WT and incubated for an additional 36 h to allow maximal gene expression.
Cells were then grown in serum-free DMEM for an additional 5 h. Hippocampal neurons
were transfected with 3xFlag-Rit-WT at the time of plating using the Amaxa nucleofection
system as instructed by the manufacturer (Amaxa Biosystems, Gaithersburg, MD) as
previously described (Lein et al. 2007). Cultures were maintained in Neurobasal medium
supplemented with B27 for 72 h prior to treatment. Cell monolayers were washed once in
ice-cold PBS and lysed in GST-pull down assay buffer (20 mM HEPES, pH 7.4, 250 mM
NaCl, 50 mM KF, 50 mM B-glycerolphosphate, 1% Triton X-100, 10% glycerol, and 1x
protease cocktail) with sonication on ice. GST resin (10 pg of the appropriate fusion protein/
20 ul glutathione beads) was added to Rit expressing cell lysates (200 pg total protein) in a
total volume of 1 ml, incubated with rotation for 1 h at 4°C, and the resin recovered by
centrifugation at 1,000 x g for 5 min at 4°C. The GST-RGL3-RBD pellets were washed
once with GST-pull down buffer, twice with GST-pull down buffer supplemented to 500
mM NaCl, and twice again with GST-pull down buffer. Bound GTP-Rit was detected by
immunoblot analysis using anti-Flag monoclonal antibody. To determine the effect of IFNy
on Rit activation, PC6 cells and hippocampal neurons expressing 3xFlag-Rit-WT were
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stimulated with recombinant human IFNy at the times and concentrations indicated in the
figure legend.

Statistical analyses

Results

Within each experiment, 30-50 neurons from 2-3 coverslips were analyzed per
experimental condition. Experiments were repeated in cultures from at least three separate
dissections. Data are presented as the mean + SEM. Statistical significance was assessed by
Student’s t test or one-way ANOVA. If ANOVA indicated significant effects at p < 0.05,
differences between groups were determined by Tukey’s post hoc test.

Rit signaling contributes to the regressive dendritic effects of IFNy in sympathetic neurons

Sympathetic neurons extend only axons when cultured in the absence of non-neuronal cells
in serum-free medium containing optimal NGF, but the addition of BMP7 causes them to
also form dendrites (Lein et al. 1995). In earlier studies we demonstrated that when added
simultaneously with BMP7, IFNy inhibits BMP-induced dendritic growth, and when added
to cultures previously exposed to BMP7, IFNy induces dendritic retraction in sympathetic
neurons (Kim et al. 2002). We employed the latter exposure paradigm to test the hypothesis
that Rit activation contributes to IFNy-induced dendritic retraction. Sympathetic neurons
were initially treated with BMP7 (50 ng/ml) for 5 days to induce dendritic growth and then
infected with adenovirus expressing GFP alone (Ad-GFP) or co-expressing GFP and
dominant negative Rit33°N (Ad-dnRit). Infection with these recombinant viruses does not
adversely influence cell viability in cultured sympathetic neurons and that expression of Ad-
dnRit does not potentiate BMP-induced dendritic growth at the maximally effective BMP
concentration of 50 ng/ml (Lein et al. 2007). IFNy (30 ng/ml) was added to a subset of
cultures immediately following infection, and dendritic growth was analyzed 3 days post-
infection. IFNy caused dendritic retraction in neurons infected with the control vector Ad-
GFP (Fig 1A), which was evident as a significant decrease in the percentage of neurons with
dendrites (Fig 1B), the number of dendrites per neuron (Fig 1C) and the total dendritic
length per neuron (Fig 1D) in the IFNy-treated Ad-GFP neurons relative to Ad-GFP neurons
not exposed to IFNy. The expression of dnRit significantly inhibited IFNy-induced dendritic
retraction (Fig 1) as evidenced by an almost complete blockade of the regressive effects of
IFNy on the percentage of dendrite bearing neurons (Fig 1B) and dendrite number per
neuron (Fig 1C) and a significant attenuation of IFNy-induced decreases in total dendritic
length per neuron (Fig 1D).

Rit signaling inhibits IFNy-induced dendritic retraction in hippocampal neurons

To determine whether Rit signaling also contributes to the regressive effects of IFNy on
dendritic growth in CNS neurons, we examined the effects of expressing dnRit on IFNy-
induced dendritic retraction in cultured hippocampal neurons. These neurons differ from
sympathetic neurons in that they form dendrites in culture in the absence of exogenous
BMPs (Higgins et al. 1997). Hippocampal neurons were infected 4 days after plating with
Ad-GFP or Ad-dnRit. IFNy (30 ng/ml) added to a subset of cultures immediately following
infection and dendritic morphology analyzed 3 days post-infection. These experimental
manipulations do not adversely impact cell viability in cultured hippocampal neurons (Lein
et al. 2007). Exposure to IFNy reduced hippocampal dendritic growth in Ad-GFP cultures
(Fig 2) causing an approximate 50% reduction in the number of dendrites (Fig 2B) and a
greater than 60% decrease in total dendritic length (Fig 2C). Expression of dnRit, however,
blocked the inhibitory effect of IFNy on dendritic outgrowth (Fig 2A), as evidenced by a
significant attenuation of IFNy-mediated decreases in the number (Fig 2B) and total length
(Fig 2C) of dendrites.

J Neurochem. Author manuscript; available in PMC 2010 April 21.
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IFNy activates Rit in PC6 cells and in hippocampal neurons

To further support the hypothesis that IFNy signaling triggers dendritic retraction in part by
activating Rit, we next determined whether IFNy increases the levels of GTP-bound Rit. Rit-
GTP loading assays are technically difficult in primary cultures of sympathetic neurons
because of low levels of endogenous Rit protein and low infection/transfection efficiencies.
Pheochromacytoma cells are often used as models of sympathetic neurons for biochemical
studies, thus, we performed Rit-GTP pull-down assays using PC6 cells expressing 3xFlag-
Rit-WT as described previously (Shi and Andres 2005; Lein et al. 2007). Serum-starved PC6
cells contained barely detectable levels of GTP-bound Rit but stimulation with IFNy resulted
in a time- and concentration-dependent increase in the level of GTP-Rit while Rit protein
levels remained constant (Fig 3A). Activation of Rit was rapid, with GTP-Rit detected
within 5 min following stimulation, and remained elevated for more than 60 min. Rit-GTP
pull-down assays were repeated using hippocampal neurons transfected with the 3xFlag-Rit-
WT construct using nucleofection at plating which resulted in 60-80% transfection
efficiency. These analyses revealed that treatment with IFNy (50 ng/ml for 60 min) also
significantly increased cellular levels of GTP-Rit in cultured hippocampal neurons (Fig 3B,
C).

Rit does not stimulate STAT1 but is required for IFNy-mediated p38 activation

Many cellular responses to IFNy are mediated by activation of the Janus kinase (JAK)
pathway resulting in activation of STAT1, a central transcription regulator of cytokine
signaling (Farrar and Schreiber 1993; Bach et al. 1997; Schindler et al. 2007), and we
previously demonstrated that IFNy-induced dendrite retraction is partially mediated by
STATL1 activation (Kim et al. 2002). Of the various covalent modifications proposed to
modulate STAT1 activity, phosphorylation of STAT1 on Ser’27 is particularly important in
regulating transcriptional activity (Schindler et al. 2007); therefore, to determine whether Rit
signaling is involved in STAT1 activation, we examined whether expression of a
constitutively active RitQ79- mutant (Ad-caRit) (Spencer et al. 2002; Shi and Andres 2005;
Lein et al. 2007) increased Ser’2” phosphorylation of STAT1 in hippocampal neurons.
Although IFNy stimulation increased Ser’2” phosphorylation, expression of Ad-caRit failed
to stimulate STAT1 Ser’2” phosphorylation in primary cultures of hippocampal neurons (Fig
4A and 4B).

Since our previous studies demonstrated a role for ERK MAP kinase signaling in Rit-
mediated control of dendritic morphology (Lein et al. 2007), we next asked whether ERK
signaling was involved in IFNy-mediated dendritic retraction. Surprisingly, IFNy failed to
stimulate ERK activation in either PC6 cells (Fig 4C) or in cultured sympathetic neurons
(see supplemental data, Fig S1), as monitored by immunaoblotting with phosphospecific
ERKZ1/2 antibody. These data indicate that ERK1/2 signaling is not involved in this IFNy-
dependent signaling pathway.

The p38 mitogen-activated protein (MAP) kinase cascade plays particularly important roles
in IFNy signaling (Platanias 2005), and in PC6 cells, Rit is involved in p38 activation by
either NGF or PACAP38 (Shi and Andres 2005; Shi et al. 2006). Therefore, we asked
whether IFNy activated p38 and if so, whether Rit signaling was involved. For these studies
we used a Rit-targeted short hairpin interfering RNA vector (shRit208). We have previously
shown that in PC6 cells, shRit208 potently and selectively reduces Rit protein levels by
>80%, whereas a control short hairpin RNA with no predicted target in the rat genome
(shCTR) has no effect on Rit expression (Shi et al. 2006). Activation of p38 MAP kinase
following IFNy stimulation was monitored in shRit208 and shCTR transfected PC6 cells by
immunoblotting with phosphospecific antibodies for p38. In cells expressing ShCTR, IFNy-
induced p38 activation was detected within 5 min and remained elevated for 30 min (Fig 4C,
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lanes 2, 4, and 6). Rit silencing by expression of shRit208 potently inhibited p38 activation
(Fig. (4C, lanes 3, 5, and 7). Quantification of these data by densitometry confirmed that Rit
knockdown inhibited IFNy-induced p38 activation by >70% (data not shown).

IFNy-induced dendritic retraction is partially blocked by inhibition of p38 MAP kinase

signaling

The observation that Rit silencing disrupted IFNy-mediated p38 activation in PC6 cells
raised the question of whether p38 MAP kinase signaling was necessary for IFNy-induced
dendritic retraction. In previous studies, we have shown that exposure of sympathetic
neurons to SB203580 (10 uM), a p38 MAP kinase inhibitor, had no effect on BMP7-
induced dendritic growth (Kim et al. 2004). However, when sympathetic neurons pretreated
with BMP7 for 5 days to induce dendritic growth were exposed to IFNy (30 ng/ml) in the
presence of SB203580 (10 uM), inhibition of p38 MAP kinase signaling significantly
attenuated IFNy-induced dendritic retraction (Fig 5). SB203580 treatment almost completely
blocked IFNy effects on the percentage of neurons with dendrites (Fig 5A) and significantly
increased both the number of dendrites (Fig 5B) and total dendritic length (Fig 5C) per
neuron in cultures exposed to IFNy.

Pharmacological inhibition of p38 MAP kinase signaling also significantly attenuated the
dendrite-retracting activity of IFNy in hippocampal neurons (Fig 6). Total dendritic length
per neuron was increased in cultures exposed simultaneously to IFNy and SB203580 (10
M) relative to cultures exposed to IFNy alone regardless of whether IFNy was added to
neurons with relatively immature dendritic arbors (Fig 6A) or neurons with more established
dendritic arbors (Fig 6B). However, pharmacological inhibition of p38 MAP kinase cascade
signaling did not alter either STAT1 expression or IFNy-mediated STAT1 phosphorylation
in hippocampal neurons (Fig 7), supporting a STAT1-independent role for p38 MAP kinase
signaling in IFNy signaling.

Discussion

We recently identified Rit as a potential convergence point for BMP and NGF signaling
pathways involved in controlling axonal and dendritic growth (Lein et al. 2007). Herein, we
provide novel data identifying Rit as a signaling molecule involved in regulating IFNy-
induced dendritic retraction in primary cultures of sympathetic and hippocampal neurons.
Specifically we demonstrate that: 1) IFNy increases Rit GTP loading in PC6 cells and
hippocampal neurons (Fig 3); 2) expression of dnRit significantly attenuates IFNy-induced
dendritic retraction in both sympathetic (Fig 1) and hippocampal neurons (Fig 2); and 3) a
novel Rit-p38 signaling pathway contributes to IFNy effects on dendritic dynamics (Fig 4,
Fig 5 and Fig 6).

Numerous Ras GTPases have been identified in regulating neuronal cell shape (Arendt et al.
2004; Gartner et al. 2004; Schwamborn and Puschel 2004; Jaworski et al. 2005; Kumar et al.
2005; Yoshimura et al. 2006), raising the possibility of off-target effects associated with the
use of dnRit (Feig 1999). However, only Rit and one other family member, Rap2, have been
implicated in signaling pathways that contribute to dendritic retraction. Similar to our
observations with caRit (Lein et al. 2007), expression of caRap2 was recently reported to
decrease the length and complexity of dendritic branches in cultured hippocampal neurons
(Fu et al. 2007); however, in contrast to caRit which significantly increased axonal length
and branching (Lein et al. 2007), caRap2 was reported to also decrease the length and
complexity of axonal branches (Fu et al. 2007). The different profile of morphogenic effects
triggered by Rit and Rap2 suggests differential activation of downstream effector pathways
and/or differences in subcellular distribution or duration of activation of the Ras GTPases
(Reuther and Der 2000).
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A critical question addressed in these studies was the identification of downstream effectors
of Rit signaling in IFNy-induced dendritic growth. Canonical IFNy signaling involves
activation of the JAK-STAT pathway, whose function is essential for transcriptional
activation of IFNy-sensitive genes (Platanias 2005). Our previous studies (Kim et al. 2002)
demonstrated that IFNy stimulates both phosphorylation and nuclear translocation of STAT1
and that expression of dnSTAT1 significantly attenuated IFNy-induced dendritic retraction.
Thus, a surprising finding of this study was that while Rit signaling contributed to IFNy-
induced dendritic retraction, Rit was not required for STAT1 phosphorylation (Fig 4).
Instead, Rit signaling was necessary for regulating p38 MAP kinase activation downstream
of IFNy (Fig 4), similar to our previous studies demonstrating the importance of Rit in NGF-
and PACAP38-mediated p38 activation (Shi and Andres 2005; Shi et al. 2006). The p38
mitogen-activated protein (MAP) kinase cascade is particularly important in both
transcription-dependent and transcription-independent IFNy signaling (Platanias 2005).
Interestingly, while inhibition of p38 MAP kinase signaling has been shown to suppress
IFNYy activated sequence (GAS)-controlled gene transcription (Uddin et al. 2000), recent
studies have established that p38 MAP kinases do not phosphorylate STAT1 in response to
IFNy (Kovarik et al. 1999). Similarly, we observed that pharmacological inhibition of p38
MAP kinase signaling did not block IFNy-mediated phosphorylation of STAT1 in
hippocampal neurons (Fig 7). When considered in light of the rapid kinetics of Rit activation
by IFNy (Fig 3), which are consistent with an IFNy receptor-initiated signaling pathway
directly modulating Rit activity as we previously reported for NGF activation of Rit via
TrkA signaling (Shi and Andres 2005), these data suggest that a novel IFNy-Rit-p38 MAP
kinase signaling pathway functions in parallel with canonical IFNy-JAK-STAT signaling in
neuronal cells.

The functional relevance of Rit activation of p38 MAP kinase signaling in mediating IFNy
effects on dendritic morphology is suggested by our observation that pharmacological
inhibition of p38 MAP kinase significantly attenuated IFNy-induced dendritic retraction in
both sympathetic (Fig 5) and hippocampal (Fig 6) neurons. Because IFNy is not usually
detected in the brain (Traugott and Lebon 1988;Fabry et al. 1994), the physiologic
significance of Rit-p38 MAP kinase signaling is not clear. However, our previous report that
Rit is involved in p38 activation by PACAP38 (Shi et al. 2006) coupled with evidence
demonstrating that PACAP38 inhibits BMP-induced dendritic growth in cultured
sympathetic neurons (Drahushuk et al. 2002) certainly suggests this possibility. Our data do,
however, support a critical role for Rit-p38 MAP kinase signaling in mediating the
regressive effects of IFNy on neuronal connectivity and further suggest a molecular
mechanism by which IFNy inhibits the dendrite promoting activity of BMP7 (Kim et al.
2002).

The finding that IFNy-dependent signaling did not result in ERK activation (Fig 4 and Fig
S1) was unexpected since earlier studies had shown that Rit functions downstream of BMP
and NGF to promote axonal growth but inhibit dendritic growth via activation of the ERK
MAP kinase cascade (Lein et al. 2007). The organization of higher-order molecular
complexes by scaffolding proteins is one mechanism known to confer specificity to MAP
kinase signaling (Morrison and Davis 2003;Kolch 2005). The ability of Rit to promote
distinct MAP kinase pathway activation, even within the same cell, reinforces the notion that
unique signaling complexes may be involved in specifying Rit-mediated downstream
signaling in response to unique external cues. The nature of the molecular machinery that
couples Rit to p38 in IFNy-stimulated neurons remains to be characterized.

Additional downstream signaling molecules likely to mediate the effects of Rit signaling on
dendritic retraction include the Rho GTPases, which regulate actin and microtubule
dynamics (Miller and Kaplan 2003; Van Aelst and Cline 2004). The effects of Rit signaling
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on dendritic retraction are most closely mimicked by RhoA (Govek et al. 2005), suggesting
functional crosstalk between Rit and RhoA signaling pathways. While activated Rit has not
been shown to stimulate Rho GTPase activity, there is evidence that the related Rin GTPase
can modulate the activity of RhoA and other Rho family GTPases (Hoshino et al. 2005). In
addition, the Par3/Par6 polarity complex is known to regulate dendritic spine morphogenesis
through the spatially and temporally regulated activation of Rho family GTPases by
recruitment of specific guanine nucleotide exchange factors (GEFs) or GTPase-activating
proteins (GAPs) (Zhang and Macara 2006, 2008). Rit is known to associate with the PAR-3/
Par-6 polarity complex (Hoshino et al. 2005; Rudolph et al. 2007), and modulation of Par
complex activity may provide a unique mechanism for controlling the spatiotemporal
regulation of Rho family GTPases. Future studies are needed to determine whether Rit
signaling regulates Rho GTPase function, and whether the Par3/Par6 complex or p38 MAP
kinase signaling pathways are required.

IFNy plays a critical role in viral clearance from the CNS (Binder and Griffin 2001) and
chronic viral infections, such as those associated with HIV infection, lead to long-term IFNy
upregulation (Fuchs et al. 1991; Fan et al. 1993). Such chronic infections are also associated
with dendritic atrophy (Masliah et al. 1997; Everall et al. 1999; Montgomery et al. 1999). It
is, therefore, possible that IFNy exerts dual effects in the response to viral infection: it
promotes clearance of virions but also contributes to pathology, particularly dementia, by
causing dendritic retraction. The potential dual nature of IFNy effects is further illustrated by
evidence suggesting that IFNy can promote neuronal cell survival (Chang et al. 1990) but
that elevated IFNy expression (Kristensson et al. 1994; Silverstein et al. 1997; Lau and Yu
2001; Li et al. 2001; Shi et al. 2005; Brown 2006) occurs coincident with dendritic retraction
(Sumner and Watson 1971; Purves 1975; Yawo 1987; Flood and Coleman 1990; Patt et al.
1991; Kudo et al. 1993; Park et al. 1996; Zoghbi 2003) in neurodegenerative diseases,
neurodevelopmental disorders and acute inflammatory reactions triggered by trauma, stroke
and axotomy. The identification of a novel Rit-p38 MAP kinase signaling pathway that
functions in parallel with the canonical JAK-STAT signaling pathway to mediate IFNy-
induced dendritic retraction suggests the potential for developing therapeutic approaches
that differentially influence these dual IFNy signaling pathways to enhance the beneficial
effects of IFNy while attenuating its adverse effects.
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Abbreviations used in text

BMP bone morphogenetic protein

ca constitutively active

dn dominant negative

HIV human immunodeficiency virus
IFNy interferon-y

JAK Janus activated kinase

MAP2 microtubule-associated protein 2
MAP Kinase mitogen activated protein kinase
NGF nerve growth factor
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PACAP pituitary adenylate cyclase-activating polypeptide
RNAI RNA interference

SCG superior cervical ganglia

STAT1 signal transducer and activator of transcription 1
WT wildtype
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Figure 1. Inhibiting Rit activation blocks IFNy-induced dendrite retraction in cultured
sympathetic neurons

(A) Fluorescence micrographs of sympathetic neurons immunostained for GFP and MAP2.
Sympathetic neurons were initially treated with BMP7 (50 ng/ml) for 5 days to induce
dendritic growth, and then infected with adenovirus expressing GFP alone (Ad-GFP) or co-
expressing GFP and dominant-negative RitS3°N (Ad-dnRit). IFNy (30 ng/ml) was added to a
subset of cultures immediately following infection. Cultures were fixed 3 days after
infection and immunostained for GFP and MAP2, a cytoskeletal protein localized to the
somatodendritic compartment. Sympathetic neurons infected with Ad-GFP and exposed to
BMP7 alone extended several MAP2 immunopositive processes. Addition of IFNy caused
dendritic retraction in neurons expressing Ad-GFP. Expression of dnRit significantly
attenuated dendrite retraction in cultures exposed to IFNy. Dendritic growth was quantified
in neuronal cells dual labeled for GFP and MAP2 with respect to the percentage of neurons
with dendrites (B), the number of dendrites per neuron (C) and the total length of the
dendritic arbor per neuron (D). Data are presented as the mean £ SEM (n > 80 neurons per
experimental group). * Significantly different from Ad-GFP neurons exposed to BMP7 at p
< 0.05; # significantly different from Ad-GFP neurons treated with BMP7 and IFNy at p <
0.05.
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Figure 2. Inhibiting Rit activation blocks IFNy-induced dendrite retraction in cultured
hippocampal neurons

(A) Fluorescence micrographs of GFP-positive hippocampal neurons immunostained for
MAP2 (MAP2 immunoreactivity is shown). Hippocampal neurons were infected with
adenovirus expressing GFP alone (Ad-GFP) or co-expressing GFP and dominant-negative
RitS35N (Ad-dnRit) 4 days after plating. IFNy (30 ng/ml) was added to a subset of cultures
immediately following infection. Cultures were fixed 3 days after infection and
immunostained for both GFP (green) and MAP2 (red). IFNy caused dendritic retraction in
hippocampal neurons infected with Ad-GFP. Expression of dnRit significantly inhibited the
dendrite retracting activity of IFNy. Dendritic growth was quantified in neuronal cells
immunopositive for both GFP and MAP2 with respect to the number of dendrites per neuron
(B) and the total length of the dendritic arbor per neuron (C). Data are presented as the mean
+ SEM (n > 80 neurons per experimental group). *Significantly different from Ad-GFP
neurons maintained in the absence of IFNy at p < 0.05; # significantly different from Ad-
GFP neurons treated with IFNy at p < 0.05.
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Figure 3. IFNy activates Rit in PC6 cells and in cultured hippocampal neurons

GST pull-down assays using GST-RGL3-RBD agarose were performed with lysates
obtained from PC6 cells (A) or hippocampal neurons (B) expressing 3xFlag-Rit-WT. The
levels of GTP-bound Rit were determined by immunoblot analysis using anti-Flag
monoclonal antibody. (A) PC6 cells were serum starved for 5 h to reduce basal Rit-GTP
levels prior to stimulation with increasing concentrations of IFNy for 15 min or with IFNy at
50 ng/ml for 0, 5, 30 or 60 min. Note that Rit-GTP levels increase following exposure to
IFNYy in a time- and concentration-dependent manner. (B) Hippocampal neurons were
transfected with 3xFlag-Rit-WT at the time of plating, maintained in serum-free Neurobasal
medium supplemented with B27 for 72 h then either left untreated or exposed to IFNy at 50
ng/ml for 30 min. Rit is activated in hippocampal neurons treated with IFNy as illustrated in
a representative blot (B) and confirmed by densitometry (C) in which values obtained for
Rit-GTP are normalized to total Flag-Rit-WT values (data presented as the mean £ SEM, n
= 2 per experimental condition). In experiments using either PC6 cells or hippocampal
neurons, similar results were obtained in two separate experiments performed using two
different sets of cultures.
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Figure 4. Rit activates p38, but neither ERK1/2 nor STAT signaling

(A and B) Hippocampal neurons were infected with adenovirus expressing GFP alone (Ad-
GFP) or co-expressing GFP and constitutively active RitQ79L (Ad-caRit) 4 days after
plating. Cell lysates were collected 16 h post-infection and analyzed by immunaoblotting
using mAb that specifically recognize phosphorylated Ser’2” on STAT1 (pSTAT1) or
polyclonal antibodies that react with both phosphorylated and nonphosphorylated STAT1
(STATL). A representative Western blot (A) and corresponding densitometric analysis (B)
of pSTAT1 and total STAT1 indicate that treatment with IFNy but not expression of caRit
activates STAT1 as indicated by increased levels of pPSTATL1. Data are expressed as mean +
SEM (n=3 blots obtained in 3 separate experiments performed using cultures from 3
separate dissections). (C) IFNy activates p38 but not ERK1/2 in PC6 cells. PC6 cells were
transfected with either shCTR or shRit208 RNA. vectors and subjected to G418 selection for
48 h. Cells were then serum starved (serum-free DMEM, 5 h) prior to stimulation with IFNy
(50 ng/ml). Whole cell lysates were prepared and levels of activated p38 and ERK1/2
determined by phosphospecific immunoblotting. A representative Western blot for activated
p38 and ERK1/2 MAP kinase levels is shown. Anti-actin immunoblotting was used to
confirm equivalent protein loading. Note that IFNy fails to stimulate ERK MAP kinase
signaling in PC6 cells and that Rit silencing inhibits IFNy-mediated p38 activation.
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Figure 5. Pharmacological inhibition of p38 kinase attenuates IFNy-induced dendrite retraction
in cultured sympathetic neurons

Sympathetic neurons were pretreated with BMP7 (50 ng/ml) for 5 days to induce dendritic
growth. Subsequently, they were divided into 3 groups that were treated for an additional 3
days with: 1) BMP7 alone; 2) BMP7 and IFNy (30 ng/ml) or 3) BMP7 and IFNy in the
presence of the p38 kinase inhibitor SB203580 (10 uM). Dendritic growth was quantified in
neuronal cells immunopositive for MAP2 with respect to the percentage of neurons with
dendrites (A), the number of dendrites per neuron (B), and the total dendritic length per
neuron (C). Data are expressed as the mean + SEM (n > 80 neurons per experimental
group). *Significantly different from BMP7 alone at p < 0.05; # significantly different from
BMP7 and IFNy at p < 0.05.
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Figure 6. IFNy-induced dendrite retraction in cultured hippocampal neurons is significantly
attenuated by a p38 kinase inhibitor

Hippocampal neurons were treated for 3 days with IFNy (30 ng/ml) in the absence or
presence of the p38 kinase inhibitor SB203580 (10 uM). Treatments were initiated on either
day 4 in vitro to block initial stages of dendritic growth (A) or on day 7 in vitro to cause
retraction of existing dendrites (B). Cultures were fixed and immunostained for the dendritic
marker MAP2 and dendritic growth quantified with respect to the total dendritic length per
neuron. Data are expressed as the mean + SEM (n = 80 neurons per experimental group). *
Significantly different from BMP7 alone at p < 0.05; # significantly different from BMP7
and IFNy at p < 0.05.
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Figure 7. IFNy-mediated STAT activation does not require p38 signaling

On day 7 in vitro, hippocampal neurons were treated with IFNy (30 ng/ml) for 30 min in the
absence or presence of the p38 MAP kinase inhibitor, SB203580 (10 pM). Cell lysates were
analyzed by immunablotting using phosphospecific antibodies for STATL1. A representative
Western blot (top panel) and corresponding densitometric analysis (bottom panel) of STAT1
phosphorylated on Ser’2’ (pSTAT) and total (phosphorylated and non-phosphorylated)
STAT1 indicate that SB203580 does not block IFNy activation of STAT1. Data are
expressed as mean £ SEM (n=3 blots obtained in 3 separate experiments performed using
cultures from 3 separate dissections).
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