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The neuregulins (NRGs) are a family of alternatively spliced factors that play important roles in nervous system
development and disease. In motor neurons, NRG1 expression is regulated by activity and neurotrophic factors,
however, little is known about what controls isoform-specific transcription. Herewe show that NRG1 expression
in the chick embryo increases inmotor neurons that have extended their axons and that limb bud ablation before
motor axon outgrowth prevents this induction, suggesting a trophic role from the developing limb. Consistently,
NRG1 induction after limb bud ablation can be rescued by adding back the neurotrophic factors BDNF and GDNF.
Mechanistically, BDNF induces a rapid and transient increase in type I and type IIINRG1mRNAs that peak at 4 h in
rat embryonic ventral spinal cord cultures. Blocking MAPK or PI3K signaling or blocking transcription with Acti-
nomycin D blocks BDNF inducedNRG1 gene induction. BDNF had no effect onmRNAdegradation, suggesting that
transcriptional activation rather thanmessage stability is important. Furthermore, BDNF activates a reporter con-
struct that includes 700 bpupstreamof the type INRG1 start site. Protein synthesis is also required for type INRG1
mRNA transcription as cycloheximide produced a super-induction of type I, but not type IIINRG1mRNA, possibly
through a mechanism involving sustained activation of MAPK and PI3K. These results reveal the existence of
highly responsive, transient transcriptional regulatory mechanisms that differentially modulate NRG1 isoform
expression as a function of extracellular and intracellular signaling cascades and mediated by neurotrophic fac-
tors and axon–target interactions.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Proper function of the nervous system requires orchestrated com-
munication between neurons and many other cell types. Some of this
communication occurs through the regulated release of growth and dif-
ferentiation factors such as NRG1. Alternative splicing produces both
membrane-bound and secreted forms of NRG1 (Falls, 2003; Mei and
Xiong, 2008) that have been shown to be important in many aspects
of nervous system and cardiac development and linked to peripheral
nerve injury, heart failure, schizophrenia, multiple sclerosis, and cancer.
All NRG1 splice forms share anEGF-like domain necessary and sufficient
to activate hetero- and homo-dimeric combinations of ErbB2, ErbB3,
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and ErbB4 receptors (Esper et al., 2006). NRG1–ErbB signaling has
been implicated in regulating Schwann cell survival, growth, differenti-
ation, and myelination (Nave and Salzer, 2006; Ma et al., 2011), for
modulating the expression of acetylcholine receptors at the neuromus-
cular junction (NMJ) (Li et al., 2004; Schmidt et al., 2011; Ngo et al.,
2012), and inducing muscle spindle differentiation (Hippenmeyer
et al., 2002).

Much of how different NRG1 isoforms are spatially segregated is due
to alternative splicing (Falls, 2003; Mei and Xiong, 2008). Most are pro-
duced as transmembrane precursors processed through proteolytic
cleavage (Kalinowski et al., 2010; La Marca et al., 2011; Luo et al.,
2011). Cleavage of type I and type II NRG1 isoforms sheds their extracel-
lular domains producing biologically active soluble forms with an N-
terminal, heparin-binding domain (HBD) used for selective cellular
targeting to heparan sulfate proteoglycan (HSPG) rich cell surfaces
(Loeb et al., 1999; Pankonin et al., 2005; Ma et al., 2009, 2011). Type
III NRG1 isoforms have a hydrophobic cysteine-rich domain (CRD)
keeping them membrane-tethered and enabling signaling through
cell–cell contact (Wang et al., 2001).
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The regulatorymechanisms that produce various NRG1 isoforms are
not well understood, however, in schizophrenia transcriptional regula-
tion of specific isoforms has been implicated (Stefansson et al., 2002).
We have shown that NRG1 expression can bemediated by neurotrophic
factors, providing a positive feedback loop with nearby cells (Esper
et al., 2006; Ma et al., 2011). At the NMJ, muscle targets produce neuro-
trophic factors, including BDNF and GDNF (Henderson et al., 1993,
1994) that induce NRG1 mRNA and protein expression (Loeb and
Fischbach, 1997) and promote the rapid release of soluble NRG1 from
sensory and motor neuron axons in a dose- and time-dependent man-
ner (Esper and Loeb, 2004, 2009). Here, we provide evidence that
target-derived neurotrophic factors promote both type I and type III
NRG1 expression in developing chickmotor neurons in ovo and inmam-
malian cultured motor neurons. Mechanistically, the effects of BDNF on
NRG1 transcription are rapid and transient and require both intracellu-
lar signaling cascades and ongoing protein synthesis. These studies are
important for understanding the bidirectional communication between
motor neurons and muscle targets during development and in patho-
logical conditions.

2. Results

2.1. Axon–target interactions regulate NRG1 mRNA expression

We have previously observed that NRG1 protein and mRNA in-
creases in spinal motor neurons following their birth and migration
towards the lateral portion of the developing spinal cord in chicken
Fig. 1. NRG1 expression is maximal in motor neurons that have extended their axons.
(A) Stage 18 embryonic chicken spinal cord was double-labeled with antibodies against
NRG1 (green) and the motor neuron marker Islet-1/2 (red). Motor neurons that had ex-
tended their axons in the lateral spinal cord had the highest level of NRG1 protein expres-
sion. Higher power views are shown in (B). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
embryos (Loeb et al., 1999). Using the homeodomain motor neuron
marker Islet-1/2, NRG1 protein expression is seen to be highest in
thosemotor neurons that have completed their migration and have ex-
tended their axons into the surrounding mesoderm (Fig. 1). These ob-
servations suggest that factors provided to outgrowing axons promote
NRG1 expression. In order to test for this, unilateral hind limb bud abla-
tionwas performed in ovo at E2.5, prior to axon outgrowth into the limb
bud (Tosney and Landmesser, 1985) (Fig. 2A, B).With thismodel,motor
axons spiral into a ball in the absence of a target to innervate. After limb
bud ablation, but before the period of programmed cell death at E6,
NRG1 mRNA levels did not increase on the ablated side as they do on
the control side in the lateral portion of the lateral motor column
(LMCL) that normally innervate the dorsal limb bud (Fig. 2C, D). The
weakly positive Islet-1/2 marker is used to label the LMCL, which
shows no reduction of motor neuron numbers even after ablation
(data not shown). This marker was used for double labeling radioactive
in situ experiments in Fig. 2C showing decreased mRNA levels in the
LMCL on the side of the limb ablation (Fig. 2D). Consistently, quantita-
tive RT-PCR (qPCR) using isoform-specific primers showed reduced ex-
pression of both type I/II (HBD) and type III (CRD)NRG1, suggesting that
axon target interactions are important to induce both of these major
NRG1 isoform classes (Fig. 2E).

2.2. Neurotrophic factors can restore NRG1 mRNA expression in motor
neurons lacking targets

A lack of neurotrophic support is one possible explanation for the
failure of NRG1 mRNA induction following limb bud ablation. Develop-
ing muscles provide a range of neurotrophic factors that support
motor neuron survival and neuromuscular junction development
(Levi-Montalcini and Calissano, 1979; Henderson et al., 1993, 1994).
These factors have distinct expression profiles at different developmen-
tal stages. Therefore, we askedwhether exogenous BDNF, GDNF, or NGF
could rescue NRG1mRNA expression after unilateral limb ablation. This
was determined by measuring the ratio of NRG1 mRNA levels in the
LMCL on the operated versus control sides of the spinal cord at E6 with
or without addition of these factors at E4 (Fig. 3A). While both BDNF
and GDNF maintained normal NRG1 mRNA levels in motor neurons
that lack targets, NGF failed to rescue expression (Fig. 3A, B). This is con-
sistent with their known presence during development and known
actions, since both BDNF and GDNF receptors have been shown to be
expressed in developing motor neurons (Henderson et al., 1993;
Homma et al., 2003), and muscle- and Schwann cell-derived BDNF
and GDNF have been shown to be potent survival factors formotor neu-
rons (Yan et al., 1992; Henderson et al., 1994), whereas NGF and its re-
ceptors have little effect on motor system development (Funakoshi
et al., 1993; Ip et al., 2001).

2.3. Type I and type III NRG1 mRNAs are rapidly and transiently upregulated
by neurotrophic factors in mammalian motor neuron cultures

To address further the mechanism by which neurotrophic factors
regulate NRG1 mRNA expression, we utilized an established, rat em-
bryonic ventral spinal cord culture system in which we have previ-
ously shown rapid (within 4 h) effects of BDNF and GDNF on NRG1
mRNA levels (Loeb et al., 1999). Using isoform-specific qPCR, we
found type I NRG1 mRNA was induced by both BDNF and GDNF,
whereas type III NRG1 mRNA was induced to a smaller extent only
by BDNF (Fig. 4A). No significant change was observed for type II
NRG1 mRNA. Type I NRG1 mRNA peaked at 4 h, but declined rapidly
by 6 h, and then returned to baseline 8 h after BDNF application,
whereas type III NRG1 was also induced at 4 h, it did not return to
baseline until 8 h (Fig. 4B). This difference in kinetics was seen con-
sistently for both type I and type III NRG1 isoforms (n = 3–6). The
demonstration that both type I and type III, but not type II, NRG1
mRNA levels are rapidly and transiently induced with BDNF



Fig. 2.Motor neurons that fail to contact their targets express lowerNRG1mRNA levels. (A) Removal of the apical ectodermal ridge at E2.5 results in a unilateral limbless chicken embryo at
E6. (B) Sections through the lumbar level showmotor axons (RT-97, red) expressing NRG1 (1310, green) rolled into a ball (arrow), while contralateral axons innervate the limb normally.
(C) NRG1mRNA levels were quantified using a double-labeling with immunofluorescence using islet-1/2 antibodies followed by radioactive in situ hybridization with a pan-NRG1 probe.
In situhybridization signalswere quantified from the LMCL (ROI determinedbyweaker Islet-1/2 immunoreactivity in themost lateral part of the ventral horn) and the ratio ofNRG1mRNA
expression on the operated/control side for each embryo was determined from E4–E6. (D) Limb bud ablation led to reduced NRG1 levels the LMCL at E5 and E6 (n= 3 each stage). (E) In
order to determinewhichNRG1 isoformswere responsible for this reduction, control and ablated sides of the ventral lumbar spinal cordwere isolated and HBD-NRG1 (type I/II) and CRD-
NRG1 (type III) were quantified qPCR (n= 10) after normalization to GAPDH for each animal. Both of these showed reducedmRNA levels on the ablated side. *p b 0.05, paired two-tailed
Student t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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stimulation, but with distinct temporal profiles, suggest both com-
mon and unique regulatory mechanisms.
2.4. TrkB, MAPK and PI3K signaling are required for BDNF-induced NRG1
expression

To explore the signaling pathways involved in the regulation of type
I and type III NRG1 mRNA by BDNF, we pretreated cultured cells with
specific inhibitors prior to BDNF application. BDNF binds to either the
TrkB tyrosine kinase or the low-affinity nerve growth factor receptor
p75 and is known to lead to the activation of mitogen-activated protein
kinase (MAPK), phosphatidylinositol-3 kinase (PI3K) and phospholi-
pase C-γ (PLC-γ) (Segal, 2003). Inhibition of TrkB activation by K-
252a blocked type I and type III NRG1 mRNA induction by BDNF at 4 h
(Fig. 5A, B). Furthermore, inhibition of either MAPK by the MEK inhibi-
tor PD98059 or U0126, or PI3K by LY294002 or Wortmannin, blocked
NRG1 mRNA induction by BDNF (Fig. 5C, D). These findings suggest
that TrkB, MAPK, and PI3K signaling pathways are all involved in type
I and type III NRG1 mRNA induction.
2.5. BDNF-induced NRG1 induction requires new transcription

The increase in mRNA levels could have resulted from either an
increased rate of transcription, mRNA stabilization, or both. To
distinguish between these, we measured mRNA levels after BDNF-
treatment in the presence or absence of the transcription inhibitor
Actinomycin D (ActD). Pretreatment with ActD for 30 min
completely prevented NRG1mRNA induction by BDNF, demonstrat-
ing that ongoing gene transcription is necessary for BDNF-evoked
type I and type III NRG1 mRNA upregulation (Fig. 6A). To address
whether the turnover rate of NRG1 mRNA is altered by BDNF,
cultures were treated with ActD in the presence and absence of
BDNF and mRNA levels were measured as a function of time. Inter-
estingly, type I NRG1mRNAwas relatively short-lived, with half-life
of about 1 h, whereas type III NRG1 mRNA was more stable, with
twice the half-life of about 2 h (Fig. 6B). Since the presence or ab-
sence of BDNF had no clear effects on the turnover ratio of either
type I or type III NRG1 mRNA, these findings suggest the most im-
portant effect of BDNF is on transcriptional activation rather than
on mRNA stability.



Fig. 3. NRG1 expression can be rescued by BDNF or GDNF after limb bud ablation.
(A) Representative images are shown of in situ hybridizations from the ventral spinal
cords of limb-bud ablated chick embryos treated with Saline, BDNF, GDNF, or NGF using
a pan-NRG1 probe. (B) Quantitative analysis using the ratio of NRG1 in operated/control
sides showed that BDNF and GDNF, but not NGF, rescued the decrease of NRG1 mRNA
on the ablated side. Data are reported as the mean ± SEM of n = 10, 17, 3, 5, for Control,
BDNF, GDNF, NGF, respectively, *p b 0.05, **p b 0.01, one-way ANOVA followed byDunnett
post hoc test by comparison to control.

Fig. 4. Differential regulation of NRG1 isoformmRNA levels by neurotrophic factors in rat
embryonic ventral spinal cord cultures. (A) Disassociated E15 rat embryonic ventral spinal
cords were cultured for three days and then treated with and without BDNF (100 ng/ml)
or GDNF (100 ng/ml) for 4 h. BDNF and GDNF induced type I greater than type III, but not
type II NRG1 mRNA using isoform-specific qPCR. (B) A time course revealed that BDNF
(100 ng/ml) induces type I NRG1 mRNA maximally and transiently at 4 h. Type III is in-
duced less at 4 h, but stays up longer than type I. Type II was unaffected by BDNF. Data re-
ported are the mean ± SEM of three to six independent experiments. *p b 0.05,
***p b 0.001, one-way ANOVA followed byDunnett post hoc test by comparison to the con-
trol group (A), and 0 h (B) for each isoform.
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Given the importance of transcription, we next investigated the ef-
fects of BDNF on the 5′ cis-elements upstream to type I and type III
NRG1 transcripts in rat embryonic ventral spinal cord cultures. Firefly
luciferase constructs were prepared containing the 5′ promoter regions
flanking the transcription start sites for rat type I (−649 to +5) and
type III (−1343 to +31) NRG1 (Fig. 7A). Each of these constructs was
co-electroporated with the control vector pRL-TK in order to normalize
the NRG1 induced luciferase activity with Renilla luciferase activity.
After 24 h, BDNF induced the type I promoter-driven luciferase. While
the type-III promoter luciferase activity was induced with the same
trend, it did not reach statistical significance (Fig. 7B). These findings
suggest that cis-acting elements contribute to type I NRG1 transcription
induced by BDNF.

2.6. Protein synthesis is required to maintain type I NRG1 mRNA
transcription

The transient nature of NRG1 mRNA induction by BDNF could have
important biological implications. Exactly how NRG1 transcription is
precisely shut off after 4–6 h after BDNF exposure was assessed using
the protein synthesis inhibitor cycloheximide (CHX) in rat embryonic
ventral spinal cord cultures with and without BDNF treatment.



Fig. 5. Trk receptor, MEK, and PI3K inhibitors block the effects of BDNF on NRG1mRNA. Rat embryonic ventral spinal cord cultures were exposed to K-252a (200 nM) (A, B) or PD98059
(10 μM), U0126 (10 μM), LY294002 (50 μM), orWortmannin (200 nM) (C, D) for 30min prior to adding BDNF (100 ng/ml) for 4 h. The inhibitor pretreatment resulted in the abrogation of
BDNF induction on both type I and type III NRG1 compared to the diluents alone (no inhibitor). Data are reported as themean± SEM of at least three independent experiments, *p b 0.05,
**p b 0.01, ***p b 0.001, ns not-significant, two-way ANOVA followed by Bonferroni post hoc test by comparison to control.
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Remarkably, CHX treatment prevented the downregulation of type I
NRG1 after 4 h of BDNF treatment, and instead led to an almost 10-fold
‘superinduction’ (Fig. 8A). Even in the absence of BDNF treatment, CHX
produced a steady increase of type I NRG1 mRNA. In contrast, CHX had
no effect on type III NRG1 expression (Fig. 8B).

This superinduction of type I NRG1 could either be due to increased
gene transcription or reduced degradation. However, the kinetics of
type INRG1mRNA stability was unchanged in the presence of CHX, sug-
gesting that the effect on protein synthesis is also related to increased
transcription (Fig. 8C). Given the requirement for both MAPK and PI3K
signaling from Fig. 5, we asked whether CHX affected the activation of
MAPK and PI3K signaling after BDNF stimulation in the presence and
absence of CHX (Fig. 8D). In contrast to a rapid, transient induction of
pERK, p38, and pAKT (peaked at 30 min), BDNF treatment in the pres-
ence of CHX produced a more sustained, long-term activation of all of
these signaling intermediates with the greatest effect on pERK. These
results suggest that protein synthesis is required to downregulate
long-term signaling effects of BDNF, with the greatest effect on MAPK
signaling. These results also show additional differences in the tran-
scriptional regulatory mechanisms between type I and type III NRG1
forms, since there was no effect of blocking protein synthesis on type
III forms.

3. Discussion

3.1. A reciprocal axon–target feedback loop mediated by NRG1 and neuro-
trophic factors

Both neuron-derived NRG1 and target-derived neurotrophic factors
have been implicated to be important in neuromuscular system devel-
opment. The functions of these mediators rely not only on the dynamic
distribution of their receptors, but also on the temporal and spatial ex-
pression profile of the ligands. This diversity allows a multi-directional
crosstalk between cells that can be both temporally and spatially
restricted, depending on the need biologically. Here we have focused
on the extracellular signaling mechanisms that underlie axon–target
interactions in the developing spinal cord and limb bud. We show that
axon–target interactions promote NRG1 expression in spinal motor
neurons and that this effect can be replicated by target-derived neuro-
trophic factors, such as BDNF and GDNF. In vitro, we show that BDNF
induces a rapid, yet transient upregulation of NRG1 mRNA that works
through new transcription and is mediated by TrkB–MAPK and TrkB–
PI3k signaling pathways as well as by distinct 5′ regulatory cis-
elements. Both MAPK and PI3k signaling pathways have been shown
to be activated by GDNF in different circumstances as well (Airaksinen
and Saarma, 2002). The rapid (4 h) nature of the induction may be im-
portant to increase transcription in only those axons that make proper
contact with their target. The transient nature of the induction (sharply
falls after 4 h) requires protein synthesis and is associated with a rapid
shut down of the TrkB signaling cascades. Biologically, this could be im-
portant to limit NRG1 expression in axons that do not have sustained
contact with their destined targets. For secreted (type I) forms of
NRG1, in addition to these transcriptional mechanisms, we have previ-
ously shown that BDNF can work postranslationally to promote the
local release of NRG1 from axons via a mechanism that requires protein
kinase C-δ (Esper and Loeb, 2004, 2009).

In addition to survival, target-derived neurotrophic factors have
been implicated in supporting motor neuron function by eliciting tran-
scriptional and translational changes (Chowdary et al., 2012). In the
present study, deprivation of target-derived neurotrophic factors by
unilateral removal of developing limb buds prior to the period of pro-
grammed cell death did not lead to programmed cell death, but did
lead to changes in two out of the three major spliced forms of NRG1.
How neurotrophic factor signaling in axons is relayed to motor neuron
nuclei is not entirely clear, but has been extensively studied (Segal,
2003; Zweifel et al., 2005). Neurotrophic factor signaling pathways
can also differ depending on the cellular localization of their receptors
(Chowdary et al., 2012). For example, retrograde NGF–TrkA signaling



Fig. 6.BDNFpromotes transcription but has no effect onmRNA stability. (A) Rat embryon-
ic ventral spinal cords were treated with or without Actinomycin D (ActD, 2 μg/ml) for
30 min before BDNF (100 ng/ml) stimulation, and harvested at 4 h. (B) A time course of
NRG1 decay with or without BDNF/ActD shows that BDNF does not change the rate of
mRNA degradation rate for both type I and type III isoforms. Decay curves were fitted to
a single-phase decay curve to calculate a t1/2 = 62 min (R2 = 0.93) for type I with ActD
and t1/2 = 67 min (R2 = 0.92) for ActD + BDNF. In contrast, type III NRG1 had a t1/2 =
120min (R2= 0.92) for ActD and t1/2= 111min (R2= 0.85) for ActD+ BDNF treatment.
Data are reported as the mean ± SEM of at least three independent experiments.

Fig. 7. The 5′-flanking region of type I NRG1 is sufficient for BDNF induction of transcrip-
tion. (A) 5′ promoter regions for type I and type III NRG1were cloned into a luciferase re-
porter plasmid as indicated. (B) Disassociated rat embryonic ventral spinal cords were
electroporated with either each construct together with the pRL-TK control vector. 12 h
after electroporation, cells were treatedwith orwithout BDNF (100 ng/ml) for 24 h before
luciferase activity was measured. BDNF treatment induced the type I promoter-driven lu-
ciferase activity significantly, whereas there was only a non-significant increase using the
type III promoter. Transcriptional activities were shown by fold change compared to con-
trol, after normalization for transfection efficiency by the activity of Renilla luciferase. Data
are reported as themean± SEM of at least six biological replicates, **p b 0.01, paired two-
tailed Student t-test.
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on axons results in Erk5 activation to mediate NGF pro-survival signal-
ing in dorsal root ganglion cells, while activation of TrkA in the cell bod-
ies of these neurons uses Erk1/2 activation (Watson et al., 2001). It has
been reported that Akt can bephosphorylated by PDK1 at threonine 308
(Thr308) in the activation loop of the kinase and mTORC2 complex at
serine 473 (Ser473) in the hydrophobicmotif in different circumstances
(Vanhaesebroeck and Alessi, 2000; Sarbassov et al., 2005). Thus, future
studies could explore the activation dynamics of different phosphoryla-
tion sites within Akt signaling pathway upon BDNF. Another level of
complexity is that there are a number of seemingly redundant neuro-
trophic factors that can converge on common pathways. Here, we
found that both BDNF and GDNF could rescue NRG1 expression after
limb bud ablation while NGF failed. While this is consistent with the
expression of profiles of their receptors, the crosstalk and downstream
differences in signaling pathways from each factor adds additional com-
plexity to this communication ‘language.’ We chose to focus on BDNF
because of a lack of specific GDNF-Ret inhibitors, and because the effect
of BDNF was much greater than GDNF in vitro.
3.2. The complexity of NRG1 gene structure and isoform-specific expression

The human NRG1 gene is one of the longest and complex genes in
the genome that is located on chromosome 8p12 and spans over
1 M bp. Recent studies from the ENCODE project have shown regions
within this gene that have DNase hypersensitivity implicating the pres-
ence of cis-regulatory elements (Rosenbloom et al., 2013). One of the
highest DNase-sensitive clusters is located−1–3 kb to the transcription
start site of type I NRG1. Consistently, this enrichment region has high
density of H3K27Ac and H3K4Me3 histones and transcriptional factor
binding sites, determined by ChIP-seq analysis. All of these markers
suggest that the ~4–5 kb DNA fragment might be important regulatory
regions for type I NRG1 expression (Rosenbloom et al., 2013). Consis-
tently, we showed that BDNF can induce transcription of a portion of
this cis-element. It would beworthwhile to investigate if this region, es-
pecially the regionwithin the first intron that has not been analyzed be-
fore (Frensing et al., 2008; Liu et al., 2011), is responsible for the binding
of regulatory factors induced by neurotrophic factors signaling.

Alternative splicing produces a daunting array of NRG1 proteins that
have been actively investigated over the years (Falls, 2003). In this study
we focused on 3major protein forms that have been shown to have im-
portant differences in how and where they signal. For example, type I
and type II forms both produce secreted proteins that have heparin-
binding domains, but type II has an additional N-terminal Kringle do-
main of unclear function. Despite the similarity, we found that BDNF
had no effect on type II NRG1 transcription, but affected both type I
and type III. Type III NRG1 isoforms are unique in that they have a sec-
ond membrane-spanning region thought to activate its receptors
through direct cell–cell interactions (Wang et al., 2001).While BDNF in-
duced both type I and type III NRG1 forms by 4 h, therewere differences



Fig. 8. Protein synthesis is required for the downregulating NRG1mRNA after BDNF-induced stimulation. (A) Rat embryonic ventral spinal cord cultures were pretreatedwith or without
cycloheximide (CHX, 20 μg/ml) for 30min before BDNF (100ng/ml) stimulation. Type INRG1mRNA levelswere elevated significantly by CHX alone and super-inducedwith both CHX and
BDNF. (B) CHX had no clear effect on type III NRG1 expression. (C)While CHX alone led to increasedmRNA levels, CHX+ActDwith or without BDNF had no effect on the rate of decay of
type INRG1mRNA.Data are reported as themean±SEMof at least three independent experiments. *p b 0.05, **p b 0.01, ***p b 0.001, two-wayANOVA followed by Bonferroni post hoc test
by comparison to 0 h. (D) CHX prevented the normal reduction in ERK, p38 and AKT signaling after BDNF treatment of rat embryonic ventral spinal cord cultures.
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in both themagnitude of the effect and the kinetics. Type IIINRG1 induc-
tion by BDNFwas lower, but stayed turned on longer (over 6 h) andwas
more slowly degraded than type I NRG1. In addition, the BDNF effect on
the 5′ cis-regulatory type III elements was less strong than for type I
NRG1 at different time points (data not shown), suggesting the require-
ment of additional regulatory regions or additionalmechanisms. A func-
tional interaction between these two promoters also cannot be ruled
out. Finally, the mechanism requiring protein synthesis that shuts off
type I NRG1 expression does not occur for type III forms as cyclohexi-
mide had no effect on type III NRG1. Taken together, each splice form
has transcriptional and postranscriptional regulatory machinery that
can fine-tune its expression leading to a dynamic, spatially and tempo-
rally unique pattern of NRG1 signaling in motor neurons. The distinct
regulatory patterns of neurotrophic factors exert their differential
effects on different isoforms of NRG1 provide a level of precision and
complexity. This is because modes of function of the isoforms are com-
plementary, with diffusion and binding to HSPGs for type I versus cell–
cell contact for type III; and because their respective targets can be
different.

3.3. Wider roles for NRG1–BDNF reciprocal signaling in the nervous system

NRG1, neurotrophic factors, and their respective receptor systems
have all been shown to play critical roles in many aspects of nervous
system development and in disease. For example, both signaling path-
ways are involved in long-term potentiation (LTP) in the hippocampus,
however, studies have shown opposite effect with BDNF facilitating and
NRG1 suppressing LTP (Patterson et al., 1996; Huang et al., 2000; Chen
et al., 2010). The expression of BDNF and NRG1 are tightly regulated
by neuronal activity both at the neuromuscular junction (Loeb et al.,
2002) and in the CNS (Flavell and Greenberg, 2008; Liu et al., 2011).
However, the link between these two signaling pathways in the CNS
has not been investigated. Thus, similar regulatory machinery might
exist in the CNS as we have found peripherally here. Models of epilepsy
have also been used to show activity dependence. Activity-dependent
transcription of BDNF has been shown to promote epileptogenesis (He
et al., 2004) and NRG1 mRNA increases in the hippocampus after a sin-
gle electrical stimulation-induced seizure (Tan et al., 2012). Finally,
NRG1 has recently been implicated in models of chronic pain after
nerve injury (Calvo et al., 2010) and in both human tissues and an ani-
malmodel of ALS through activation ofmicroglia (Song et al., 2012). Un-
derstanding extracellular signaling through neurotrophic factors aswell
as the intracellular signaling cascades that promote NRG1 expression
could therefore be used to develop therapeutic targets for these
disorders.

4. Materials and methods

4.1. Reagents

The following reagents were purchased from Sigma-Aldrich: K-252a
(K1639, dissolved in DMSO), PD98059 (P215, dissolved in DMSO),
LY294002 (L9908, dissolved in DMSO) and Wortmannin (W1628, dis-
solved in DMSO), Actinomycin D (A1410, dissolved in DMSO), Cyclo-
heximide solution (C4859). U0126 (#9903, dissolved in DMSO) was
obtained from Cell Signaling Technology.

4.2. Chick eggs, unilateral limb ablation and in ovo treatment

Fertilized chicken eggs were obtained fromMichigan State Universi-
ty Poultry Farms and incubated in a Kuhl rocking incubator at 50% hu-
midity. Limb buds were removed unilaterally on E2.5 and embryos
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were returned to the incubator until indicated times as previously
described (Tosney and Landmesser, 1985). Any unsuccessful ablations,
that did not yield an absent limb, were not used for the study. Recombi-
nant BDNF, GDNF (Amgen), or NGF (Life Technologies) was added
as described previously (Loeb et al., 2002; Ma et al., 2009). In brief,
1 μg/embryo/day of BDNF, GDNF or NGF were prepared in saline con-
taining 0.2% BSA, respectively and added onto the chorioallantoicmem-
brane for two consecutive days. Embryos were collected at indicated
times and processed for total RNA, or in situ hybridization combined
with immunofluorescence staining as described below. Staging of
chick embryos was determined according to Hamburger–Hamilton
(HH) stage series (Hamburger and Hamilton, 1951): E3 (stage 18–19);
E4 (stage 23–24); E5 (stage 26–27); E6 (stage 28–29).

4.3. Immunofluorescence staining and in situ hybridization

Embryos were fixed in 4% paraformaldehyde in PBS at 4 °C over-
night, washed in PBS, equilibrated in 30% sucrose, and sectioned into
20 μm sections. Neuregulin was labeled using 1310 antibodies against
the proNRG1 precursor cytoplasmic tail (Loeb et al., 1999). RT-97
(1:50) and Islet-1/2 (1:50) were obtained from Developmental Studies
Hybridoma Bank, University of Iowa, to label neurofilament and spinal
cord motor neurons, respectively. Sections were incubated with
antibodies in blocking solution (10% normal goat serum, 0.1% Triton
X-100 in PBS) overnight at 4 °C, followed by incubation with the corre-
sponding goat anti-mouse or anti-rabbit Alexa Fluor antibodies (1:500;
Life Technologies) for visualization. Radioactive in situ hybridization
was performed using 35S-labeled RNA probes as previously described
(Beaumont et al., 2012). In brief, sense and antisense 35S-labeled RNA
probes were generated from linearized full-length chicken proARIA
cDNA clones by in vitro transcription. Probes were purified on NuClean
R50 Sephadex columns (Shelton Scientific). Tissues were hybridized at
52 °C overnight, followed bywashing, and dehydrated in ethanol. Slides
were then dipped in photographic emulsion (Kodak NTB), dried, and
exposed for 7 days or longer at 4 °C.

4.4. Imaging and quantitative analysis

Digital imageswere captured using a Nikon Eclipse E600microscope
with a Princeton Instruments Micromax cooled CCD digital camera. Sig-
nal intensities were quantified using MetaMorph image analysis soft-
ware (Molecular Devices). Spinal cord lateral motor columns (lateral
portions) were defined using a double labeling immunofluorescence
and radioactive in situ hybridization protocol by first labeling the sec-
tions with Islet-1/2, showing a reduced signal in these regions (Jessell,
2000). In situ hybridizations were performed on the same sections. Re-
gions of interest (ROIs) were selected based on weaker Islet-1/2 signal
at themost lateral part of the ventral spinal cord. In situ signal intensity
was measured for each ROI and the ratios of operated/control sides
were calculated by dividing average gray value of operated side by the
counterpart of control side within the same section.

4.5. Primary rat embryonic ventral spinal cord cultures

Primary rat embryonic ventral spinal cord cultures were prepared as
described previously (Loeb and Fischbach, 1997). Briefly, ventral spinal
cordswere dissected fromembryos fromtimedpregnant SpragueDawley
rats (Harlan) using the ventral two-third of the spinal cords of embryonic
day15 (E15) rat embryos. Cellswere plated on laminin andpoly-D-lysine-
coated 24-well plates at density of 200,000 cells/cm2 in Leibovitz's L-15
Glutamax Medium supplemented with N-2 supplement, MEM vitamin
solution, penicillin/streptomycin (Life Technologies), 6 mM NaHCO3,
6 μg/ml chick E11 pectoral muscle extract, and 54 μg/ml imidazole.
Cultures were maintained at 37 °C with 5% CO2. At day in vitro 3 (DIV3),
cultures were treated with BDNF, GDNF, or NT-3 for indicated time pe-
riods. In some experiments, inhibitors were added 30 min before the
neurotrophic factors. At the end of treatments, cells were washed with
cold PBS and subjected to total RNA or protein extraction.

4.6. RNA isolation and qPCR

5- to 6-somite segments of lumbar spinal cords were harvested from
unilateral limb ablated chick embryos at E6 and then separated for RNA
extraction. Total RNA from both tissue and cell cultures were isolated
using RNeasy mini kit (Qiagen). Equal amounts of total RNAs were re-
verse transcribed using oligo(dT) by Superscript First-Strand Synthesis
System (Life Technologies). Chick IG-NRG1 and CRD-NRG1 transcripts
were detected as previously described (Ma et al., 2011). Rat type I and
type II NRG1were measured by Rn00580917_m1 and Rn01482172_m1,
respectively; type III NRG1 were detected by: forward primer, 5′-TCCT
AAACTTTCCACATCGACATC; reverse primer, 5′-TCTCATAAAGTGCGCG
GAG; and taqman probe, 6FAM-ACGACTGGGACCAGC. Rat GAPDH was
detected by Rn99999916_s1 for normalization (Life Technologies). Mes-
sage levels of NRG1 isoforms were normalized to GAPDH. qPCR data
were collected from at least three biological replicates, and ΔΔCt was
used for calculations.

4.7. Protein isolation and immunoblotting

Total protein from rat embryonic ventral spinal cord cultures was
extracted using RIPA lysis and extraction buffer containing 25 mM
Tris, pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1%
SDS, and Halt Protease and Phosphatase Inhibitor Cocktail (Thermo
Scientific). Equal amounts of protein samples were loaded for immuno-
blotting using antibodies from Cell Signaling Technology at the following
dilutions: Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (1:1000,
#4370), p44/42 MAPK (Erk1/2) (1:1000, #4695); Phospho-p38 MAPK
(Thr180/Tyr182) (1:1000, #4511), p38 MAPK (1:1000, #8690);
Phospho-Akt (Ser473) (1:1000, #4060), Akt (pan) (1:1000, #4685).
SuperSignalWest Pico Chemiluminescent Substrate (Thermo Scientific)
was used for signal detection. Blots were first probed with antibodies
against phospho-proteins and then striped for reprobing.

4.8. Dual luciferase reporter assay

5′flanking regions of type I and type IIINRG1swere amplified by PCR
from rat genomic DNA using the forward primer, 5′-TGCTTAGGAAGA
AGCTAGAGTGAGT, and the reverse primer, 5′-TCAGACATCTCGCCGA
AGATGA for type I; forward primer, 5′-TAAGAGTCCTGTGAGTGAAC,
and reverse primer, 5′-ATGTCTGGGGAATAAATCTC for type III. They
were subcloned into pGL3B vector, upstream to the firefly luciferase
gene, and verified by sequencing. Dissociated cells from rat embryonic
ventral spinal cord were cotransfected by electroporation (Neon Trans-
fection System, Life Technologies) with type I promoter-Luc or type III
promoter-Luc together with thymidine kinase promoter-Renilla lucifer-
ase reporter plasmid (pRL-TK) at ratio of 50:1. 12 h after transfection,
cells were treated with BDNF as indicated for 24 h before lysis. Lucifer-
ase activitieswere assayed usingDual-Luciferase Reporter Assay System
(Promega) by a Fluoroskan Ascent microplate luminometer (Thermo
Scientific). Firefly luciferase activitywasnormalized by Renilla luciferase
activity to eliminate sample variation.

4.9. Statistical analysis

A paired two-tailed Student t-test was used to calculate differences
between two groups. Statistical differences for multiple group compar-
isonswere calculated using a one-wayANOVA followed byDunnett post
hoc test. For comparisons ofmultiple groupswith different treatments, a
two-way ANOVA followed by Bonferroni post hoc test by comparison to
control was used. Normalized valueswere averaged and reported as the
mean ± SEM of at least three independent experiments. Statistical



81J. Wang et al. / Molecular and Cellular Neuroscience 68 (2015) 73–81
significance is presented as *p b 0.05, **p b 0.01, ***p b 0.001, ns not-
significant.
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