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ABSTRACT

Autonomic dysfunction has been observed in Alzheimer's disease (AD); however, the effects of genes involved in
AD on the peripheral nervous system are not well understood. Previous studies have shown that presenilin-1
(PSEN1), the catalytic subunit of the gamma secretase (y-secretase) complex, mutations in which are associ-
ated with familial AD function, regulates dendritic growth in hippocampal neurons. In this study, we examined
whether the y-secretase pathway also influences dendritic growth in primary sympathetic neurons. Using
immunoblotting and immunocytochemistry, molecules of the y-secretase complex, PSEN1, PSEN2, PEN2,
nicastrin and APH1a, were detected in sympathetic neurons dissociated from embryonic (E20/21) rat sympa-
thetic ganglia. Addition of bone morphogenetic protein-7 (BMP-7), which induces dendrites in these neurons, did
not alter expression or localization of y-secretase complex proteins. BMP-7-induced dendritic growth was
inhibited by siRNA knockdown of PSEN1 and by three y-secretase inhibitors, y-secretase inhibitor IX (DAPT), LY-
411575 and BMS-299897. These effects were specific to dendrites and concentration-dependent and did not alter
early downstream pathways of BMP signaling. In summary, our results indicate that y-secretase activity enhances
BMP-7 induced dendritic growth in sympathetic neurons. These findings provide insight into the normal cellular
role of the y-secretase complex in sympathetic neurons.

1. Introduction

Alzheimer's disease is characterized by the accumulation of neuro-
fibrillary tangles and plaques in the brain (Hane et al., 2017; Tanzi et al.,
2001). Two major mutations associated with familial Alzheimer's dis-
ease are dominant loss of function mutations in presenilin 1 (PSEN1) and
presenilin 2 (PSEN2), both of which are proteins in the y-secretase
complex (Haass and de Strooper, 1999; Tanzi et al., 2001; Zoltowska and
Berezovska, 2017). y-Secretase is a large complex consisting of four core
proteins: presenilin (PSEN1 or PSEN2), which is the catalytic subunit,
nicastrin (NCT), anterior pharynx defective-1 (APH-1) and presenilin
enhancer-2 (PEN2) (Carroll and Li, 2016; Francis et al., 2002; Gu et al.,
2004; Li et al., 2014; Zhang et al., 2014). This complex is involved in
proteolysis of over 90 proteins within the transmembrane domain,
including amyloid precursor protein (APP), Notch, Ephrins, Cadherins
and p75NTR (Carroll and Li, 2016; Haapasalo and Kovacs, 2011; Wolfe,

2002; Zhang et al., 2014). Many of the substrates of y-secretase have
been implicated in various aspects of neuronal development including
neurite outgrowth, synaptogenesis, dendritic growth and neuronal sur-
vival (Haapasalo and Kovacs, 2011).

Three lines of evidence suggest a potential role of the y-secretase
complex in dendritogenesis in the central nervous system: (1) PSEN1 is
known to be localized to the somatodendritic compartment in human
neuronal cell lines and rat central neurons, suggesting that it might have
a role in dendritogenesis (Busciglio et al., 1997; Cook et al., 1996); (2)
PSEN knockout mice show loss of dendritic arbor and spine density in
cortical and hippocampal neurons (Lee and Aoki, 2012; Saura et al.,
2004); and (3) a recent study showed that y-secretase inhibition resulted
in an APP-dependent increase in axo-dendritic sprouting in cortical
neurons (Deyts et al., 2016).

Emerging data suggest that autonomic dysfunction, especially
impairment of the sympathetic nervous system, is observed during early

Abbreviations: BMP, bone morphogenetic proteins; TGF-p, transforming growth factor-beta; SCG, superior cervical ganglia; NGF, nerve growth factor; GAPDH,

glyceraldehyde phosphate dehydrogenase; y-secretase, gamma secretase.
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stages of Alzheimer's disease and may contribute to disease pathology
(Engelhardt and Laks, 2008; Femminella et al., 2014; Issac et al., 2017;
Jensen-Dahm et al., 2015). Currently, there is limited knowledge of the
role of the y-secretase complex in the sympathetic nervous system. One
study has shown that activation of p75"'} following y-secretase cleav-
age in PC12 cells and postnatal superior cervical ganglia neurons reg-
ulates cell survival downstream of nerve growth factor signaling
(Bengoechea et al., 2009). Another study demonstrated that treatment
with a y-secretase inhibitor increased the accumulation of gangliosides
at neuritic terminals, suggesting that this complex may be important for
neuronal membrane structure (Oikawa et al., 2012). Understanding the
normal cellular roles of genes involved in Alzheimer's disease patho-
genesis in the peripheral nervous system would provide further insight
into the biology of Alzheimer's disease. The goal of this study is to
explore the contribution of the y-secretase pathway to dendritogenesis
in the sympathetic nervous system.

Previous studies have shown that members of the bone morphoge-
netic protein (BMP) family are positive regulators of dendritic growth in
central and peripheral neurons (Angley et al., 2003; Esquenazi et al.,
2002; Granholm et al., 1999; Gratacos et al., 2008; Guo et al., 1998;
Hocking et al., 2008; le Roux et al., 1999; Lein et al., 1995; Majdazari
et al., 2013; Withers et al., 2000). BMPs have been shown to mediate
their effects on dendritic growth through binding to their cognate re-
ceptors (BMPRs), which then leads to the activation and nuclear trans-
location of SMAD proteins to activate transcription (Angley et al., 2003;
Garred et al., 2011; Guo et al., 1998; Massagué and Chen, 2000). Studies
have shown that interactions between BMP signaling and other signaling
pathways such as cytokine signaling, retinoic acid signaling and free
radical mediated pathways help shape the dendritic arbor in peripheral
neurons (reviewed in Chandrasekaran and Lein, 2018). Interestingly,
increased expression of BMP-6 and BMP-4 have been observed in the
brains of Alzheimer's disease patients, and in mouse models of Alz-
heimer's disease (Crews et al., 2010; Li et al., 2008). However, the po-
tential interactions between y-secretase and the BMP signaling pathway
to regulate dendritogenesis in sympathetic neurons are not understood.

Therefore, in this study, we test the hypothesis that y-secretase ac-
tivity modulates BMP-induced dendritic growth in sympathetic neurons.
Our data show that members of the y-secretase complex are expressed in
peripheral neurons and inhibition of y-secretase activity significantly
decreases BMP-7-induced dendritic growth in sympathetic neurons in
vitro.

2. Materials and methods
2.1. Materials

Recombinant human bone morphogenetic proteins (BMPs) were
generously provided by Curis (Cambridge, MA, USA). y-Secretase in-
hibitors LY-411575, y-secretase inhibitor IX (DAPT) and BMS-2998987
were purchased from Millipore-Sigma, (St. Louis, MO). PSEN1 siRNA
(sc-36312, Santa Cruz Biotechnology (Dallas, TX) contains a mixture of
three 19-25 bp sequences that bind the target mRNA). Scrambled con-
trol siRNA (sc-37007) was also obtained from Santa Cruz Biotechnology.
Other tissue culture media components and gel electrophoresis supplies
were purchased from Life Technologies (Grand Island, NY).

2.2. Animals

All procedures involving animals were done in accordance with the
Institutional Review Board of the University of California, Davis (Davis,
CA) or Saint Mary's College of California (Moraga, CA) and were in
compliance with the NIH guidelines for animal care and use. Timed-
pregnant Sprague Dawley rats purchased from Charles River Labora-
tories (Hollister, CA) were housed in temperature controlled (22 + 2 °C)
plastic cages on a 12 h light-dark cycle. Food and water were provided
ad libitum. Pregnant rats were humanely euthanized using carbon
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dioxide prior to removal of the E21 pups from the uterine and amniotic
sacs for dissection of the superior cervical ganglia; no experimental
manipulation occurred prior to euthanasia. PO pups were euthanized
using carbon dioxide, prior to the removal of the superior cervical
ganglia.

2.3. Culturing sympathetic neurons

Sympathetic neurons were dissociated from the SCG of embryonic
(E20/21/P0) Sprague-Dawley rat pups according to previously
described protocols (Ghogha et al., 2012; Holt et al., 2020). Cells were
plated onto 24-well plates with or without glass coverslips (Ted Pella,
Redding, CA) pretreated with 100 pg/mL of poly-p-lysine (BD Bio-
sciences, San Jose, CA). Cultures were maintained in serum-free media
(50:50 v/v DMEM:F12, Thermo Fisher Scientific, Waltham, MA) con-
taining p-nerve growth factor (NGF, 100 ng/mL, Harlan Laboratories,
Indianapolis, IN), bovine serum albumin (BSA, 500 pg/mL, Millipore-
Sigma, Burlington, MA), bovine insulin (10 pg/mL, Thermo Fisher Sci-
entific, Waltham, MA) and human transferrin (10 pg/mL, Thermo Fisher
Scientific, Waltham, MA) at 35 °C in a humidified chamber containing 5
% CO3. To eliminate non-neuronal cells, cultures were treated with
cytosine-p-p-arabinofuranoside (Ara-C, 2 pM, Millipore-Sigma, St. Louis,
MO) for 48 h beginning 1 d after plating. The neuronal cell cultures were
then subjected to experimental treatments as described below.

2.4. Transfection of sympathetic neurons with PSEN1 siRNA

Following the elimination of non-neuronal cells, cultured embryonic
sympathetic neurons were transfected with 60 pmol of Scrambled con-
trol siRNA or 60 pmol of PSEN1 siRNA using Lipofectamine® RNAIMAX
siRNA Transfection Reagent (Thermo Fisher Scientific, Waltham, MA)
per the manufacturer's instructions modified such that cultures were
incubated with the transfection mixture for only 6-7 h. As an additional
control, a subset of cultures was similarly exposed to transfection re-
agent without the addition of any siRNA. After the incubation period,
cells were rinsed and maintained in serum-free medium (described
above) overnight. The following day, the transfected neurons were
treated with growth medium in the absence or presence of BMP-7 (50
ng/mL) for 5 d to induce dendritic growth. The cultures were then fixed
and immunostained for morphological analyses as described below. The
knockdown of PSEN1 protein following transfection was examined by
immunocytochemistry using three different PSEN1 antibodies [PSEN1
antibody (EP2000Y 1:500, Abcam), D39D1 (1:1000, Cell Signaling
Technology) and D10 (1:250, Thermo Fisher Scientific)] visualized by
indirect immunofluorescence. Immunostained neurons were imaged
using a Leica Stellaris confocal microscope. The laser settings (intensity
and gain) were maintained at constant values between the different
conditions to allow comparison between the levels of PSEN1 protein in
neurons treated with control siRNA vs. PSEN1 siRNA.

2.5. Morphological analyses

To quantify dendritic growth, neurons were fixed with 4 % para-
formaldehyde, immunostained using an antibody against microtubule
associated protein 2 (SMI-52, MAP-2; 1:5000, Millipore, Billerica, MA),
which specifically labels the cell body and dendrites, and visualized
using immunofluorescence (Ghogha et al., 2012). The fluorescent im-
ages were acquired using the Nikon Eclipse E400 fluorescence micro-
scope and SPOT camera. Dendritic morphology was quantified in
digitized images of neurons immunopositive for MAP-2 using Image J
(version 1.48, NIH).

To quantify axonal growth, neurons were fixed with 4 % para-
formaldehyde, immunostained using an antibody against the phos-
phorylated forms of M and H neurofilaments (SMI-31, 1:1000,
BioLegend, San Diego CA) which labels cell bodies and axons and
visualized using immunofluorescence. Images were acquired using the
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ImageXpress Micro XL high-content imaging system (Molecular Devices,
Sunnyvale, CA, USA) with 10x magnification, and automated image
analysis was performed using MetaXpress software (Molecular Devices,
versions 5.3 and 6.2, RRID:SCR_016654). Quality control was run on all
images; those that were not in focus were discarded. BMP-7 or C2 con-
trols were run with each data set to determine thresholds for analysis. 4
to 19 images were randomly taken at 10x from each of the 3-4 cover-
slips per treatment.

2.6. Immunocytochemical localization of y-secretase complex and SMADs

To localize the y-secretase complex in sympathetic neurons, neuronal
cell cultures were treated in the presence or absence of BMP-7 (50 ng/
mL) for 5 d, fixed with 4 % paraformaldehyde and immunostained for
presenilin 1 (PSEN1), presenilin 2 (PSEN2), nicastrin, PEN2 or APH1a,
and visualized using indirect immunofluorescence. The following pri-
mary antibodies were used: rabbit anti-PSEN1 (EP2000Y, 1:500, Abcam,
Cambridge, MA), rabbit anti-PSEN2 (ab51249, 1:100, Abcam, Cam-
bridge, MA), rabbit anti-nicastrin (ab45425, 1:50, Abcam, Cambridge,
MA), mouse anti-PEN2 (1C12-G5, 1:10, Santa Cruz Biotechnology,
Dallas, TX) and rabbit anti-APH1a (ab12104, 1:50, Abcam, Cambridge,
MA). The cultures were co-stained with mouse anti-MAP-2 antibody
(SMI-52, 1:5000) to visualize dendrites. Alexa dye conjugated goat anti-
rabbit (1:1000, Thermo Fisher Scientific, Waltham, MA) and goat-anti-
mouse (1:1000, Thermo Fisher Scientific, Waltham, MA) were used as
the secondary antibodies. The antibodies have been previously used to
detect members of the y-secretase complex (D'Souza et al., 2015; Wang
et al., 2015; Zhang et al., 2018). The immunofluorescence was imaged
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using the Leica Stellaris 5 confocal microscope (Leica Microsystems,
Deerfield, IL).

To detect phospho-SMAD 1,5, neurons were treated on day in vitro
(DIV) 4-5 with BMP-7 (50 ng/mL) in the presence or absence of the
y-secretase inhibitors for 5 d. Subcellular distribution of SMAD1 was
assessed in cultures immunostained for phosphorylated SMAD 1,5
(41D10, 1:100 dilution, Cell Signaling Technology) and visualized using
indirect immunofluorescence as previously described (Kim et al., 2009).

2.7. Western blotting

SCG cultures treated in the presence or absence of 50 ng/mL BMP-7
for 5 d were lysed in buffer containing 20 mM HEPES (pH 7.4), 150 mM
sodium chloride, 1 % Triton X-100, 10 % glycerol, 2 mM EGTA and 1 x
Protease Inhibitor cocktail (Millipore, Billerica, MA). Lysates were
heated to 70 °C in 4x LDS sample buffer (Life Technologies, Grand Is-
land, NY) and centrifuged. Protein concentrations were determined
using Bradford Protein Assay and an equal amount of protein from each
condition was subjected to gel electrophoresis for 1.5 h at 200 V, in
accordance with the manufacturer's protocol (Thermo Fisher Scientific,
Waltham, MA). The proteins were transferred to a nitrocellulose mem-
brane (Thermo Fisher Scientific, Waltham, MA) at 11 V overnight in
4 °C. The membrane was blocked in 5 % dried nonfat milk powder
(Safeway) with 0.1 % TWEEN 20 in PBS for 1 h at room temperature on a
shaker. The following primary antibodies were used: rabbit anti-PSEN1
(EP2000Y, 1:500, Abcam, Cambridge, MA), rabbit anti-PSEN2 (1:100,
Abcam), rabbit anti-nicastrin (1:50, Abcam), mouse anti-PEN2 (1:10)
and rabbit anti-APH1a (1:50, Abcam), rabbit anti-PSEN1 CTF (D39D1,

Fig. 1. The components of the y-sec-
retase complex are expressed in pri-
mary rat sympathetic
Sympathetic neurons cultured from
E21 rat pups were grown in the
absence (labeled — Control) or pres-
ence of BMP-7 (50 ng/ml) (labeled
BMP-7) for 5 d, following elimination
of non-neuronal cells. Panels A-E show
representative images of the immuno-
cytochemical localization of five com-
ponents of the y-secretase complex,
PSEN1 (A), PSEN2 (B), NCT (C),
APHla (D), PEN2 (E) in red, staining
for microtubule associated-protein-2
(MAP2) to show the dendrites in
green (A-D) and the merge of the two
channels (A-D) to show colocalization
of the y-secretase complex with den-
drites. Immunoblotting was performed
to confirm the expression of PSEN1 (F),
PSEN2 (G) and NCT (H). C = control.
The white arrow in each panel points
to a dendrite. (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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Fig. 2. PSEN1 siRNA decreases dendritic growth in primary sympathetic neurons. Representative photomicrographs showing PSEN1 immunoreactivity in sympa-
thetic neurons treated with BMP-7 (50 ng/mL) without transfection (A), transfected with control siRNA (B, C) or transfected with PSEN1 siRNA (D-F). The images
were taken at constant exposure. Representative photomicrographs of MAP-2 immunoreactivity in primary sympathetic neurons subjected to the transfection
protocol in the absence of any siRNA (H) or in the presence of control (scrambled) siRNA (I) or PSEN1 siRNA (J) prior to BMP-7 treatment for 5 d. Control cultures (G)
were maintained in the absence of BMP-7. Dendritic growth was quantified with respect to the number of primary dendrites per neuron (K) and the total dendritic
length per neuron (L). Data are presented as the mean + SEM. The number of cells analyzed (N) is listed in the figure. Statistical significance was determined by one-
way ANOVA followed by Tukey's post hoc comparison test. *Significantly different at p < 0.05 compared to neurons treated with BMP-7 with control siRNA
transfection. **Significantly different at p < 0.05 compared to neurons treated with BMP-7 (no transfection).
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1:1000, Cell Signaling Technology), with HRP-conjugated goat anti-
rabbit IgG (1:1000, Chemicon, Waltham, MA) as the secondary anti-
body. GAPDH was used as a loading control and its protein levels were
assessed using a rabbit anti-GAPDH (14C10, 1:1000), Cell Signaling
Technology). The blots were then visualized using enhanced chem-
iluminescence (Sigma, St. Louis, MO) and imaged using ChemiDoc
XRS® (Bio-Rad Laboratories, Hercules, CA).

Axonal growth was assessed using western blotting with a mouse
monoclonal antibody against the phosphorylated forms of M and H
neurofilaments (SMI-31, 1:1000, Millipore, Billerica, MA), which are
selectively localized to axons (Lein et al., 2007). On DIV 4-5, SCG cul-
tures were treated for 5 d with control medium or medium supple-
mented with BMP-7 (50 ng/mL) in the absence or presence of one of the
two y-secretase inhibitors, DAPT (10 pM) or LY-411575 (10 pM). The
cultures were lysed and subjected to western blot analyses as described
above.

2.8. Measurement of cell viability

After non-neuronal cells were eliminated, neuronal cell cultures
were treated for 5 d with control medium or medium supplemented with
BMP-7 (50 ng/mL) in the absence or presence of DAPT (30 pM), LY-
411575 (10 pM) or vehicle control (DMSO diluted 1:1000). Viability
was assessed by using the MTT assay to measure reducing capability.
Cultures were incubated with 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) at 500 pg/mL for 4 h at 37 °C.
The purple formazan was dissolved in 200 pL of DMSO and absorbance
was measured at 560 nm on a Tecan Infinite® F200 Spectrophotometer
(Tecan, Baldwin Park, CA). The experiment was performed on cultures
obtained from two independent dissections. The data for each biological
replicate was obtained from four technical replicates, and are expressed
as the mean + SEM. Statistically significant differences between treat-
ment groups were identified using one-way ANOVA with post hoc
Tukey's test at p < 0.05.

2.9. Statistical analysis

The dendritic growth, cell viability and western blot analyses were
performed on neurons obtained from at least two independent dissec-
tions. The number of primary dendrites and the total length of the
dendritic arbor per neuron are expressed as mean + standard error
(SEM), where the mean and standard error were calculated for each
condition from all independent experiments. For each biological repli-
cate, each condition was replicated in three wells. Approximately 30-50
neurons were counted per well/condition, resulting in around 90-150
cells/condition for each experiment. Statistical significance was deter-
mined using one-way ANOVA, followed by post hoc Tukey's test at P <
0.05.

For axonal growth measurements, statistical analyses were per-
formed using GraphPad Prism 9 software (San Diego, CA, USA, RRID:
SCR_002798) with n being a technical replicate and alpha set to 0.05.
Treatments were compared to control (BMP7) by an ANOVA with
correction for multiple comparisons, either parametric (if data passed
Shapiro-Wilk normality test) or nonparametric. Controls (BMP7) were
compared to vehicle (C2) by a non-parametric unpaired t-test.

3. Results

3.1. Primary sympathetic neurons express components of the y-secretase
complex

While previous studies have examined the expression of the y-sec-
retase complex components in the central nervous system (Busciglio
etal., 1997; Cook et al., 1996), the cellular localization of these proteins
in peripheral neurons is not known. Therefore, in this study, we exam-
ined the subcellular localization of the five main components of the
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y-secretase complex, presenilin (PSEN1 and PSEN 2), nicastrin, PEN2
and APH1a, using immunocytochemistry in control and BMP-7-treated
cultured sympathetic neurons dissociated from embryonic rat SCG.
Previous studies have shown that when grown in the absence of serum,
ganglionic glial cells or BMPs, rat sympathetic neurons extend only a
single axonal process; however, exposure of sympathetic neurons to
BMP-7 for 5 d triggers the extension of multiple dendrites (Lein et al.,
1995). We found that in sympathetic cultures grown in the absence of
BMP-7, all five components of the y-secretase complex were expressed in
the cell body of sympathetic neurons (Fig. 1). In control cultures,
expression for all five components was observed in the cell body and
axons (Fig. 1A-E). In neurons, treated with 50 ng/ml BMP-7, co-labeling
with antibody against microtubule associated protein (MAP2) confirmed
that PSEN1, PSEN2, NCT and APH1a were present in dendrites of these
neurons (Fig. 1A-D). PEN2 is also seen in the dendrites of BMP-7 treated
neurons (arrows) (Fig. 1E). Although nuclear staining was observed with
one of the PSEN1 antibodies — EP2000Y (data not shown), this staining
was not observed with other PSEN1 antibodies. Unlike other members of
the y-secretase complex, NCT showed a punctate expression in the cell
body and axons (Fig. 1C).

The presence of PSEN1, PSEN2 and NCT in control cultures was also
confirmed using immunoblotting. Lysates from both control and BMP-7
treated cultures showed bands of similar intensity detected for PSEN1
and PSEN2 (Fig. 1F, G). A rabbit polyclonal PSEN1 antibody (D39D1)
that recognizes the C-terminal region of PSEN1 showed multiple bands
for PSEN1, with one around 50 kDa, which corresponds to the full-
length protein, and a strong band around 20 kDa, corresponding to
the C-terminal fragment (CTF) of PSEN1, suggesting that PSEN1 cleav-
age was observed in sympathetic neurons (Fig. 1F). The presence of the
PSEN-1 CTF was confirmed by another monoclonal antibody against the
C-terminal loop region (Mab 5253 — data not shown). Similarly, the
PSEN2 antibody generated against the C-terminal region detected a
strong band around 20 kDa, similar in molecular weight to the C-ter-
minal fragment of PSEN2, and a weak band around 40-50 kDa, corre-
sponding to the molecular weight of full length PSEN2 protein (Fig. 1G).
Multiple bands were detected using the NCT antibody (Fig. 1H). The 90
kDa band disappeared following pre-incubation of the NCT antibody
with NCT protein (data not shown), confirming the presence of NCT in
control and BMP-7 treated cultures. However, we were unable to detect
bands for APHla and PEN2 in our lysates (data not shown). Despite
expression of PSEN1, PSEN2 and NCT in dendrites, there was no sig-
nificant quantitative difference in the expression levels of the three main
components of y-secretase in control versus BMP-7 treated neurons
following normalization with GAPDH expression in the same samples
(Fig. 1H).

3.2. Inhibition of the y-secretase complex using PSEN 1 siRNA inhibited
BMP-7-induced dendritic growth in sympathetic neurons

To test the hypothesis that the y-secretase complex influences BMP-
7-induced dendritic growth, we determined whether inhibition of this
complex altered BMP-7-induced dendritic growth in sympathetic neu-
rons isolated from E21 rat SCG neurons. In agreement with previous
studies (Bruckenstein and Higgins, 1988), sympathetic neurons did not
extend dendrites when cultured in defined medium in the absence of
serum. However, when exposed to BMP-7 at a maximally effective
concentration (50 ng/mL) for 5 d, these neurons extended multiple
dendrites (Fig. 2). Transfection of SCG neurons with PSEN1 siRNA
decreased cytoplasmic levels of PSEN1 protein in a subset of neurons but
did not eliminate PSEN1 expression (Fig. 2A-F). However, the expres-
sion of PSEN1 siRNA significantly decreased BMP-7-induced dendritic
growth (Fig. 2G-J) relative to neurons transfected with control siRNA.
This was evident as a decrease in the number of primary dendrites
extended per neuron, from approximately 3 dendrites per neuron in
BMP-7-treated neurons transfected with control scrambled siRNA to
approximately 2 dendrites per neuron in those transfected with PSEN1


rridsoftware:SCR_002798

K. Karunungan et al.

Control

BMP-7

Autonomic Neuroscience: Basic and Clinical 247 (2023) 103085

BMP-7 + DAPT
C

4 E 250
c EY
£ <
H S 200
£ 3 * 3
g N
£ £ 150 *
2 2
s 2 o
- © 100
2 £
S
-]
= 5 s
= =
4 K} -
0 I | 2 o —— N
BMP-7 50 ng/ml - - + + BMP-7 50 ng/ml - = + +
DAPT 10 uM = + o + DAPT 10 uM - + = +
N 397 200 424 246 N 144 90 411 188
F —(— No treatment G
—0— 50 ng/ml BMP-7
6 —e— DMSO —_ —(O— No treatment
c —4— DMSO +50ngmIBMP-7 | £ 500 —— 50 ng/ml BMP-7
e —=— DAPT = —e— DMSO
=] 5 —v— DAPT + 50 ng/m| BMP-7 | —4— DMSO + 50 ng/ml BMP-7
o S 400 —a— DAPT
= # 5 —v— DAPT + 50 ng/m| BMP-7
[ ] 5]
4 : 3 £
< — £ 300 i
c
g 3 § E 3 #
5 £ 200 3 * ks
. 2 =
o ©
a c
E 1 g 100
- -—
=z £
0 6 s ., R0 5 »- . ,
1 10 100 0 1 10 100
Concentration of DAPT (uM) Concentration of DAPT (uM)
—4— No treatment 600 1 #
—B— 50 ng/mL BMP-7 # z =
c —7— 10 pM DAPT (added on day 7)+ 50 ng/mL BMP-7 * 2 500 A— No treatment
g 5 —=— 50 ng/ml BMP-7 /i
g * ;:: 400 —— 10 uM DAPT (added on Day 7) + BMP-7 50 ng/ml
i =
5 i ? 300
2 - 8 *
o g * %
5 S 200 { +
5 5
3 3
E T 100 {
z [
0 - - - <
iz o 0 2 4 6 8 10 12
0 2 4 6 8 10 12
Time (days)
Time (days)

(caption on next page)



K. Karunungan et al. Autonomic Neuroscience: Basic and Clinical 247 (2023) 103085
Fig. 3. Pharmacologic inhibition of y-secretase using DAPT inhibited de novo BMP-7-induced dendritic growth in sympathetic neurons in a concentration dependent
manner and slowed further extension of pre-existing dendrites. Sympathetic neurons were treated with DAPT (10 pM) in the presence or absence of BMP-7 (50 ng/
mL) for 5 days and immunostained with an antibody against MAP-2 to visualize dendrites. Representative images of neurons treated with BMP-7 (50 ng/mL) in the
presence or absence of DAPT are shown in B and C with A showing a neuron grown in the absence of BMP-7 (50 ng/mL). Dendritic growth was quantified with
respect to the number of primary dendrites per neuron (D) and the total dendritic length per neuron (E). Concentration dependence was determined by treating E21
sympathetic neurons with 50 ng/ml BMP-7 in the presence or absence of DAPT (1-30 pM) for 5 days. The number of dendrites per cell (F) and the total dendritic
arbor (G) were quantified in cultures immunostained for MAP-2 to identify dendritic processes. Cultures treated with BMP-7 or control media were vehicle control for
1 pM DAPT, 3 uM DAPT, 10 pM DAPT treated cultures. Neurons treated with 1:1000 DMSO (with or without BMP-7) was the vehicle control for cultures treated with
30 uM DAPT. Data are presented as the mean + SEM. The number of cells analyzed (N) are listed in the figure for D and E, N = 60-150 cells per condition for F and G.
Statistical significance was determined using one-way ANOVA, followed by post hoc Tukey's test. *Significantly different at p < 0.05 versus BMP-7 treated neurons. **
indicates significantly different from cultures treated with DMSO (1:1000) + BMP-7 at p < 0.05. # indicates significantly different from the next lower concentration
at p < 0.05. (H, I) The effects on existing dendrites were measured by treating cultured sympathetic neurons with BMP-7 (50 ng/ml) for 7 days to induce dendritic
growth, then treating for an additional 5 days with BMP-7 alone or BMP-7 plus DAPT (10 pM). Cultures were immunostained for MAP-2 and the number of dendrites/
cell was quantified. Data are presented as the mean + SD (N = 90-180 cells per condition). Statistical significance was assessed using one-way ANOVA, followed by
Tukey's post hoc test. *Significantly different from cultures grown in the absence of BMP-7 at p < 0.05. #Significantly different from cultures treated with BMP-7 only
for 7 days at p < 0.05. **Significantly different from cultures receiving BMP-7 alone for 7 days at p < 0.05. +Significantly different from cultures receiving BMP-7 for

12 days at p < 0.05.

siRNA (Fig. 2K). There was a significant decrease in the total length of
the dendritic arbor per neuron between neurons treated with BMP-7 that
were treated with only Lipofectamine® RNAIMAX (no siRNA) and BMP-
7 treated neurons transfected with control scrambled siRNA, suggesting
that transfection with siRNA had a negative effect on total dendritic
length. However, there was no statistically significant decrease in the
total dendritic arbor between BMP-7-treated neurons transfected with
control scrambled siRNA and those transfected with PSEN1 (Fig. 2L).

3.3. Pharmacological inhibition of the y-secretase complex with DAPT
(GSI IX) inhibited BMP-7 induced dendritic growth

Since PSEN1 siRNA did not completely eliminate PSEN1 function
and there was toxicity associated with transfection itself, we next
pharmacologically inhibited y-secretase activity using a known and well
characterized y-secretase inhibitor, DAPT (GSI IX) (Dovey et al., 2009;
Oikawa et al., 2012). There was a significant decrease in the number of
primary dendrites and the total dendritic arbor length in BMP-7-treated
neurons exposed to DAPT (10 pM) compared to dendritic growth in
BMP-7-treated neurons maintained in the absence of this inhibitor
(Fig. 3A-E). Furthermore, the effects of the DAPT on the number of
primary dendrites per neuron was concentration-dependent with a sta-
tistically significant decrease in the number of primary dendrites
observed with 1 pM DAPT and maximal inhibition observed at 10 uM.
Also, a significant decrease in the total length of the dendritic arbor was
observed in cultures exposed to 1 pM DAPT. DAPT exhibited a
concentration-dependent effect in BMP-7-exposed cultures with regards
to both dendrite number and dendrite length, with a statistically sig-
nificant decrease in total dendritic arbor length in those exposed to
DAPT at 3 pM and 10 pM relative to lower concentrations of DAPT
(Fig. 3F, G). Previous studies have shown that DMSO at 1:1000 dilution
did not have a significant effect on dendritic growth (Chandrasekaran
et al., 2000; Howard et al., 2005). Relative to neurons treated with BMP-
7 in the absence of any DMSO, concurrent treatment of neurons with
BMP-7 and DMSO at 1:1000 dilution (comparable to that in cultures
exposed to 30 pM DAPT did not have a significant effect on dendritic
numbers but significantly reduced the total length of the dendritic arbor
per neuron (Fig. 3G). However, treatment with 30 pM DAPT had a
significantly greater inhibitory effect on both dendritic number and
dendritic length than did treatment with DMSO at 1:1000 dilution
(Fig. 3F, G). In addition, exposing BMP-7-treated neurons after 7 days to
10 pM DAPT resulted in minimal further extension of dendrites and
caused a statistically significant decrease in the number of primary
dendrites compared to neurons in sister cultures exposed to BMP-7 for 7
days (Fig. 3H). Although the total dendritic arbor increased slightly
following treatment with DAPT and BMP-7 for an additional 5 d, the
overall dendritic arbor of these neurons was significantly lower than
neurons treated with BMP-7 alone for 12 d (Fig. 3I).

3.4. DAPT-mediated inhibition of dendritic growth is replicated by other
y-secretase inhibitors

To confirm that the inhibition of dendritic growth was due to effects
on y-secretase activity, dendritic growth effects were tested in the
presence of two additional pharmacological inhibitors of y-secretase,
LY-411575 (Wong et al.,, 2004) and BMS-299897 (Anderson et al.,
2005).

Similar to DAPT, there was a significant decrease in the number of
primary dendrites and the total dendritic arbor length in BMP-7-treated
neurons exposed to LY-411575 (1 pM) or BMS-299897 (10 nM)
compared to BMP-7-treated neurons maintained in the absence of these
inhibitors (Fig. 4A, B). In addition, the effects of LY-411575 on the
number of primary dendrites per neuron was concentration-dependent
with a statistically significant decrease in the number of primary den-
drites observed with 0.1 pM LY-411575 and maximal inhibition
observed at 10 pM (Fig. 4C). Although the treatment of sympathetic
neurons with increasing concentrations of BMS-299897 showed a trend
toward increased inhibition of number of dendrites and the total den-
dritic arbor length compared to neurons treated with BMP-7 alone, this
change was not always statistically significant compared to the next
lower concentration of BMS-299897 (Fig. 4E, F). In contrast to inhibi-
tion mediated by DAPT, the inhibition of total dendritic arbor by LY-
411575 (Fig. 4D) did not show concentration-dependence. DMSO, the
vehicle used to dissolve LY-411575, did not have a significant effect on
dendritic growth at a final dilution of 1:2000 (DMSO dilution in cultures
exposed to 10 pM LY-411575).

3.5. y-Secretase inhibitors have no effect on axonal growth or cellular
health

To determine whether y-secretase inhibitors selectively target den-
drites, we evaluated the effects of these inhibitors on axonal growth.
Axonal length and area of axonal coverage was measured in neurons
treated with the y-secretase inhibitors (10 pM DAPT, 1 pM LY-411575
and 3 pM BMS-299897) in the presence or absence of BMP-7 50 ng/ml
for 5 days and immunostained for phosphorylated neurofilaments. The
phosphorylated forms of neurofilaments are enriched in axons and their
expression levels can be used as an indicator of axonal growth (Guo
etal., 1998; Sternberger and Sternberger, 1983). There was no statistical
difference in the axonal length or area covered by axons between BMP-7
treated cultures and cultures treated with DAPT, LY-411575 or BMS
299897 in the presence or absence of BMP-7 (Fig. 5A-L). This was also
confirmed by immunoblotting for phosphorylated neurofilaments.
There was no significant effect of 10 pM DAPT (Fig. SM) or 10 pM LY-
411575 (data not shown) on the level of phosphorylated neurofila-
ments in BMP-7-treated cultures.

To ensure that the decrease in dendritic growth was not due to
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Fig. 4. Pharmacologic inhibition of y-secretase using LY-411575 or BMS-299897 decreases BMP-7-induced dendritic growth in sympathetic neurons. Sympathetic
neurons were treated with LY-411575 (1 pM) or BMS-299897 (10 nM) in the presence or absence of BMP-7 (50 ng/mL) for 5 days and immunostained with an
antibody against MAP-2 to visualize dendrites. Dendritic growth was quantified with respect to the number of primary dendrites per neuron (A) and the total
dendritic length per neuron (B). Data are presented as the mean = SEM. The number of cells analyzed (N) are listed in the figure. Statistical significance was
determined using one-way ANOVA, followed by post hoc Tukey's test. *Significantly different at p < 0.05 versus BMP-7 treated neurons. The concentration
dependence of this inhibition was assessed by treating E21 rat SCG with 50 ng/ml BMP-7 in the presence or absence of LY-411575 (0.1-10 pM) (C, D) or BMS-299897
(10 nM-3 pM) (E, F) for 5 days. The number of dendrites per cell and the total dendritic arbor were quantified in cultures immunostained for MAP-2 to identify
dendritic processes. Cultures treated with BMP-7 alone or control media were vehicle control for neurons treated with 0.1 pM LY-411575, 1 uM LY-411575 and all
concentrations of BMS-299897 treated cultures. Cultures were treated with DMSO at 1:2000 was the vehicle control for 10 pM LY-411575 treated cells. Statistical
significance was assessed using one-way ANOVA, followed by Tukey's post hoc test. (N = 200-500 per condition) * indicates significantly different from cultures
treated with BMP-7 only at p < 0.05. ** indicates significantly different from cultures treated with DMSO (1:1000) + BMP-7 at p < 0.05. # indicates significantly
different from the next lower concentration at p < 0.05.
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Sympathetic neurons cultured in the absence or presence of BMP-7 (50 ng/mL) were exposed to vehicle, one of the y-secretase inhibitors — DAPT (10 uM), LY-411575
(1 pM), or BMS-299897 (3 pM) - for 5 days, immunostained using an antibody against phosphorylated neurofilaments (phospho NF, SMI-31) and visualized by
immunofluorescence. (A-E) show the staining for phospho NF in green, with blue mask for the cells. (F-J) show the same cells as in A-E with a skeletonized mask
showing the axons that was used to measure axonal length and area. The quantitative comparison of axonal length and axonal area between the different conditions is
shown in (K) and (L) respectively. These data were collected from randomly taken 4-19 images at 10x from each of the 3-4 coverslips per treatment. For
immunoblotting, cultured sympathetic neurons were exposed to control media, BMP-7 (50 ng/ml), DAPT (10 pM) + BMP-7 (50 ng/ml) for 5 days, lysed and
immunoblotted using an antibody against phosphorylated neurofilament H (SMI-31). Immunoblots were probed for GAPDH as a loading control. (M) Representative
western blots probed for phosphorylated forms of NF-H (200 kDa), NF-M (160 kDa) and GAPDH (37 kDa). The experiment was repeated with lysates obtained from at

least two independent dissections.

cellular toxicity, general cell health was assessed using the MTT assay,
which is a measure of metabolic rate (Kim et al., 2009; van Meerloo
et al., 2011). Our data confirmed previous observations that the absor-
bance of MTT was higher in BMP-7 treated cells compared to control
cells (Chandrasekaran et al., 2015). However, the absorbance values
were comparable between BMP-7-treated cultures in the absence or
presence of maximum concentrations of DAPT, LY-411575 and BMS-
299897 (Fig. 6).

3.6. BMP-induced SMAD nuclear translocation is not altered by
y-secretase inhibitors

Transcriptional regulation by the BMP signaling pathway is medi-
ated by transcription factors known as SMADs. The binding of BMPs to
BMP receptors results in the phosphorylation of SMAD1 and SMADS5.
These SMADs then complex with SMAD4, and the SMAD1/5 and SMAD4
complex translocates to the nucleus to regulate gene expression (Mas-
sagué and Chen, 2000). To determine whether the interactions between
the y-secretase and BMP signaling pathways occur during the early
stages of BMP-7 signaling, the effect of y-secretase inhibitors on nuclear
translocation of phosphorylated SMADs was examined. In neuronal cell
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Fig. 6. y-Secretase inhibitors do not significantly affect cellular health.

The effect of y-secretase inhibitors on cell viability was measured using the MTT
assay. Sympathetic neurons were treated with BMP-7 (50 ng/ml) in the absence
or presence of either DMSO (vehicle control), DAPT (30 pM), LY-411575 (10
pM) or BMS-299897 (3 pM). Absorbance values at 570 nm are expressed as %
absorbance in control cultures. Data are from three independent experiments
expressed as the mean + SEM. The number of cultures analyzed (N) are listed in
the figure. As determined by one-way ANOVA (p < 0.05), there were no sta-
tistically significant differences between neurons treated under the
various conditions.

cultures grown in the absence of BMP-7, phosphorylated SMADs were
localized in the cytoplasm in 100 % of the neurons. In contrast, in cul-
tures treated with BMP-7 (50 ng/mL) for 5 d, phospho-SMAD 1,5
immunoreactivity is predominantly localized to the nucleus in all neu-
rons, and this nuclear localization was not altered by treatment with
DAPT (10 pM) (Fig. 7). Similar results were obtained with LY-411575
(data not shown).
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4. Discussion

Previous studies have examined the expression of the y-secretase
complex components in the central nervous system (Busciglio et al.,
1997; Cook et al., 1996) and have shown that y-secretase function is
necessary for triggering apoptosis in postnatal rat sympathetic neurons
(Kenchappa et al.,, 2006). Our data extend these observations by
providing the first characterization of the subcellular localization of the
four core members of the y-secretase complex in primary sympathetic
neurons. Documentation of the expression of the integral members of
the complex, PSEN1/PSEN2, nicastrin, PEN2 and APHla, in the cyto-
plasm of sympathetic neurons provides strong evidence for the assembly
and activity of the complex in these cells. Interestingly, nicastrin
exhibited a punctate staining in our neuronal cultures, suggesting syn-
aptic localization of this protein. Previous studies have shown that
nicastrin is necessary for both short-term and long-term synaptic plas-
ticity in hippocampal neurons (Lee et al., 2014). Further studies are
necessary to examine whether nicastrin has a similar function in pe-
ripheral neurons.

The y-secretase complex has been shown to be involved in neurite
outgrowth in central neurons, predominantly affecting axonal growth
and dendritic spine development (Bittner et al., 2009; Carroll and Li,
2016; Duncan et al., 2018). Our study extends these observations to
dendritic growth in peripheral neurons. However, unlike a previous
study in which the inhibition of y-secretase promoted dendritic
outgrowth in cortical neurons (Deyts et al., 2016), we found that inhi-
bition of the y-secretase complex significantly decreased BMP-7-induced
dendritic growth in sympathetic neurons. Also, unlike observations of
central neurons, where inhibition of y-secretase promoted axonal
growth, treatment with y-secretase inhibitors did not change the
expression of phosphorylated neurofilaments, a marker for axonal
growth, in sympathetic neurons, suggesting that the effects are pre-
dominantly on dendritic morphogenesis. These observations suggest a
different role for this enzyme complex in peripheral neurons compared
to central neurons. Interestingly, nicastrin and APHla show strong
expression in axons, while other components of the y-secretase complex
are expressed at low levels or are not detected in sympathetic axons. This
observation suggests that some of the components play additional roles

Fig. 7. DAPT did not affect BMP-induced nuclear
translocation of phosphorylated SMADs. Sympathetic
neurons were treated with BMP-7 (50 ng/mL) in the
absence or presence of DAPT (10 pM) for 5 days and
then immunostained for phosphorylated SMAD 1 and
SMAD 5. Negative control cultures were maintained
in the absence of BMP-7. (A-C) Representative images
of P-SMAD 1,5 immunoreactivity in cells from each
treatment group. (D) The percentage of neurons with
nuclear staining for P-SMAD 1,5 was determined from
100 neurons in each condition. Statistical significance
was assessed using one-way ANOVA, followed by post
hoc Tukey's test. *Significantly different from nega-
tive control cultures not exposed to BMP-7 at p <
0.05.
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in axonal growth and development in sympathetic neurons. Further
studies are necessary to determine whether the y-secretase complex or
specific components of the complex regulate aspects of axonal growth in
sympathetic neurons. Our study also showed that although DAPT did not
cause significant retraction of existing dendrites, it prevents further
addition of dendrites, evidenced as only a minimal increase in dendritic
extension in the presence of BMP-7, suggesting that the use of y-secre-
tase inhibitors may prevent dendritic remodeling in peripheral neurons.

Although the inhibition of the y-secretase pathway significantly
decreased BMP-7-induced dendritic growth, neither genetic nor phar-
macologic methods of inhibition completely blocked BMP-induced
dendritic growth. One possible explanation of this observation is that
there are multiple signaling pathways that interact with BMP-7 signaling
to determine the final shape of the dendritic arbor. In support of this
hypothesis, studies have shown interactions between BMP signaling and
signaling by reactive oxygen species (ROS), cytokines, and growth fac-
tors modulate dendritogenesis (Chandrasekaran et al., 2015; Guo et al.,
1997; Kim et al., 2002, 2009). Moreover, BMP-7 signaling has been
shown to activate numerous genes during the induction of dendritic
growth in sympathetic neurons (Garred et al., 2011). Since many of
these genes are most likely not inhibited by y-secretase inhibitors, the
activity of these genes could be contributing to the dendritic growth
observed in the cultures treated with y-secretase inhibitors. In agree-
ment with this, our results showed that BMP-induced nuclear trans-
location of SMADs was unaffected by pharmacologic inhibition of the
y-secretase signaling pathway, suggesting that early steps in the BMP-7
signaling pathway were unaffected by the presence of y-secretase
inhibitors.

Previous studies have shown that the y-secretase complex cleaves
over 90 proteins within the transmembrane domain, including APP,
Notch and p75NTR (Haapasalo and Kovacs, 2011). Although there are
numerous studies documenting the role of APP in neuronal develop-
ment, intracellular transport, and synaptogenesis in central neurons, the
function of APP and its cleavage products in peripheral neurons is not
well understood (Puig and Combs, 2013; van der Kant and Goldstein,
2015; Zhang et al., 2021). A recent study showed that APP was highly
expressed in sympathetic neurons cultured from postnatal mouse SCG
and was necessary for the modulation of alpha-adrenergic receptor ac-
tivity in these neurons (Zhang et al., 2017). Also, overexpression of
BMP-4 in the hippocampus and different neuronal cell lines was found to
increase expression of APP (Zhang et al., 2021), suggesting an interplay
between BMP signaling and y-secretase signaling in APP signaling in the
nervous system. Interestingly, one of the y-secretase inhibitors used in
this study — BMS-299897 — has been shown to be 15-fold more selective
for inhibition of APP cleavage than Notch (Barten et al., 2004). Our
findings show that the dendrite number and total length of the dendritic
arbor induced by BMP-7 were significantly decreased at concentrations
of BMS-299897 that had been shown to inhibit APP processing, sug-
gesting that activation of APP may be important for dendritic growth
regulation in sympathetic neurons. Additional studies are necessary to
examine whether cleavage of APP is inhibited by the inhibitors in
sympathetic neurons and whether APP signaling is important for den-
dritic growth regulation in these neurons.

Two other targets of y-secretase, Notch and p75~ %, have been shown
to interact with the BMP-7 signaling pathway. Notch and BMP signaling
pathways are known to interact in the development of limbs, nervous
system and other organ systems during embryonic development (Siebel
and Lendahl, 2017; Ye and Fortini, 1999). In embryonic sympathetic
neurons, Jagged, a ligand for Notch signaling, is upregulated by BMP-7
during dendritic growth initiation (Garred et al., 2011), suggesting the
possibility of an interaction between BMP-7 and Notch signaling during
BMP-induced dendritic growth. This also suggests that BMP and y-sec-
retase pathway may be working synergistically to activate the Notch
pathway in sympathetic neurons with y-secretase pathway activating
Notch receptor and BMP signaling increasing the expression of the
Jagged. Similarly, activation of p75N R following y-secretase cleavage
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has been observed in PC12 cells and postnatal superior cervical ganglia
neurons. Expression of p75™ * is upregulated by BMP-7 and is necessary
for BMP-7-induced dendritic growth in sympathetic neurons (Courter
et al., 2016; Kenchappa et al., 2006; Sykes et al., 2012). Additional
studies are necessary to determine whether the transcriptional regula-
tion mediated by the intracellular domain of p75" X released following
y-secretase cleavage is necessary for its dendritic growth promoting ef-
fects. Future studies will provide better characterization of the y-secre-
tase targets and their interaction with BMP-7 signaling during the initial
stages of dendritic growth in peripheral neurons. Additional studies will
also examine the synergistic relationship between BMP signaling and
y-secretase signaling in regulating these targets in sympathetic neurons.

Impairment of the autonomic nervous system has been observed in
patients with Alzheimer's disease with symptoms of autonomic
dysfunction including dizziness, syncope, changes in blood pressure and
heart rate being closely correlated with cognitive changes during disease
progression (Engelhardt and Laks, 2008; Femminella et al., 2014; Jen-
sen-Dahm et al., 2015). Recent studies have also shown that the p-am-
yloid protein can induce neurotoxicity and reduce neurite outgrowth
which can be ameliorated by expression of p75 '™ in sympathetic
neurons of Alzheimer's disease mice models (Bengoechea et al., 2009;
Shu et al., 2015). Our data on the role of y-secretase in sympathetic
neurons provides additional evidence for the importance of this pathway
in the peripheral nervous system. In addition, our data showed positive
interactions between the BMP signaling and y-secretase pathway in
sympathetic neurons. Previous studies have shown an increase in the
expression of BMP-6 in the brains of Alzheimer's disease patients and of
APP transgenic mice (Crews et al., 2010). Further studies will help un-
ravel the interplay between these two signaling pathways and their
importance in autonomic changes observed during Alzheimer's disease
progression.

5. Conclusions

In summary, our data demonstrate that members of the y-secretase
complex are expressed in sympathetic neurons cultured from embryonic
rat SCG, and that inhibition of this complex significantly decreased
BMP-7-induced dendritic growth in the absence of effects on axonal
growth or general cell health. Furthermore, our data suggest the
involvement of APP and potentially other y-secretase targets in regu-
lating dendritic growth in these neurons. Collectively, these data pro-
vide evidence that y-secretase signaling enhances BMP-7-induced
dendritic growth in sympathetic neurons.
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