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Abstract
Neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease and the
process of aging in humans are associated with changes in the neuronal morphology, specifically
the retraction of dendrites. The purpose of this research study was to investigate the role of
reactive oxygen species (ROS) in sympathetic neurons and to determine whether ROS are
primarily harmful or beneficial to dendritic growth. ROS are types of free radicals found in
cells, and they include molecules such as hydrogen peroxide, hydroxyl, and superoxide radicals.
In large quantities, ROS can cause damage to DNA and kill cells, but recent research has shown
that ROS production is necessary for non-cytotoxic and/or host defense functions. In this study,
we first examined the effects of the antioxidants diphenylene iodinium (DPI) and
nordihydroguaiaretic acid (NGA) on BMP-7 induced dendritic growth in cultures of sympathetic
neurons from 21 day old rat embryos. MitoSOX Red and MitoTracker Green FM stains were
then used to measure the superoxide concentration in BMP-7 treated neurons directly.

In

addition, since ROS are known to be produced during cellular respiration, we tested the amount
and rate of oxygen consumption in neurons treated with BMP-7 using the Seahorse XF24
Analyzer. Our data suggest that ROS are produced in BMP-7 treated sympathetic neurons and
are important to dendritic growth at low physiologic levels. Furthermore, different antioxidants
can inhibit BMP-7 induced dendritic growth, indicating that though antioxidants are important
for protective effects against excess ROS production, high levels of antioxidants may have undue
damage to neurons in the form of decreased dendrite number and decreased dendritic arbor.
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Introduction
Many neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease
and the process of aging in humans are associated with changes in the neuronal morphology.
Most of the studies on changes in neurons during these diseases have focused on axonal loss and
cell death. However, it is clear that the process of aging and neurodegeneration is associated
with retraction of dendrites. Therefore, understanding the process of dendritic growth and
retraction is important for a better knowledge of neuronal development and injury.
A family of proteins called bone morphogenetic proteins (BMP) is known to specifically
induce dendritic growth in different types of neurons in the central and peripheral nervous
systems. First named for their ability to induce bone formation, BMPs are secreted signaling
molecules of the TGF-β super family and have been shown to affect key developmental
processes in the central and peripheral nervous systems important effects in early embryonic
development of many organs (Hogan, 1996). BMP-7 was the first protein found to initiate
dendritic growth in sympathetic neurons (Lein et al., 1995), and it belongs to the 60A subgroup,
which also contains BMP-5, BMP-6/Vr-1, BMP-8a/OP-2, BMP-8b, and Drosophila 60A
(Massague, 2000). This subgroup is specifically known to stimulate dendritic growth in cultured
sympathetic neurons from adult or perinatal ganglia, regardless of axonal growth.
The primary signal transduction pathway of BMP-7 induced dendritic growth involves
the translocation of members of the Smad protein family from the cytoplasm to the nucleus (Guo
et al., 2000). BMPs are known to cause the phosphorylation of Smad1 and Smad4, and the
nuclear translocation of the Smad1/Smad4 and Smad4/Smad5 complexes. This phosphorylation
and following nuclear translocation of Smads is thought to be necessary for BMP signaling and
dendritic growth (Heldin et al., 1997, Guo et al., 2000).
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Though BMPs are needed for induction of dendritic growth, BMPs do not solely
determine how many dendrites a neuron puts out. Sympathetic neurons in vivo are seen to have
more complexity in terms of the number of their dendrites and the size of their dendritic arbor
than the same neurons grown on a culture dish.

This suggests that other molecules are

interacting with the BMP pathway to influence dendritic growth. Studies have shown that
cytokines, interferons, neurotrophic factors, and retinoic acid can alter BMP induced dendritic
growth in sympathetic neurons. In this study, we are exploring another class of molecules,
namely, reactive oxygen species, for their effects on dendritic growth.
Reactive oxygen species (ROS) are types of free radicals found in cells, and they include
molecules such as hydrogen peroxide, hydroxyl, and superoxide radicals. They are formed
primarily in response to injury and inflammatory cytokines, in complexes I and III of the
mitochondrial electron transport chain of cellular respiration, and by NADPH oxidases at the
plasma and endomembranes (Meier et al., 2001, Mandal et al., 2011). In large quantities, ROS
can cause damage to DNA and kill cells. Phagocytic immune cells have long been known to
activate NADPH oxidase complexes to produce ROS, which in turn have cytotoxic effects on
any pathogen the immune cell might engulf (Veal et al., 2007). However, recent evidence has
shown that NADPH oxidases are not found solely in phagocytic immune cells, suggesting that
ROS production is necessary for non-cytotoxic and/or host defense functions in other cell types.
These functions include cell signaling, hormone biosynthesis, oxygen sensing, extra-cellular
matrix cross linking, and fertilization as well as contributing to pathways downstream from
growth factors (Geiszt et al, 2004, Schreck et al., 1991). This led to the question of whether or
not ROS were important for modulating BMP induced dendritic growth.
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The purpose of this research study is to investigate the role of reactive oxygen species in
sympathetic neurons and to determine whether ROS are primarily harmful or beneficial to
dendritic growth.

Our data suggest that ROS are produced in BMP-7 treated sympathetic

neurons and are important to dendritic growth at low physiologic levels. Furthermore, different
antioxidants can inhibit BMP-7 induced dendritic growth, indicating that though they
antioxidants are important for protective effects against excess ROS production, high levels of
antioxidants may have undue damage to neurons in the form of decreased dendrite number and
decreased dendritic arbor.

Materials and Methods

Materials

BMP-7 was obtained from Creative Biomolecules. NGA (nordihydroguaiaretic acid) and
DPI (diphenylene iodinium) were obtained from Sigma.

MAP2 monoclonal antibody was

obtained from Sternberger Monoclonals. The Phospho-Smad-1 antibody was obtained from
Millipore. The MitoSOX Red mitochondrial superoxide indicator (M36008) and MitoTracker
Green FM (M-7514) stains, Alexa Fluor secondary fluorescent dyes, and DMEM and F12 base
media were purchased from Invitrogen. DMEM and F12 base media were also purchased from
Gibco. 2,4-dinitrophenol (DNP) was obtained from Sigma.

Tissue Culture
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Sympathetic neurons were dissociated from the superior cervical ganglia (SCG) of E21
perinatal rats according to previously described methods (Higgins, 1991). Cells were plated on
glass coverslips pretreated with poly-D-lysine (BD Biosciences, 100 µg/ml) and treated with
cytosine-β-D arabinoside (Ara-C) at 1 µM for 48 hours. Cultures were maintained in a 1:1 F12
and DMEM media containing 0.5 mg/ml BSA, 5.5 µg/ml transferin, 38.7 nM selenium, 1.4 mM
L-glutamine, 10 µg/ml insulin, and 0.1 µg/ml NGF.

Morphological Analyses

Dendritic growth was assessed in neuronal cultures immunostained with an antibody
against MAP2 protein, a microtubule associated protein predominantly present in dendrites (Lein
et al 1995). In this process, neuronal cultures were fixed in 4% paraformaldehyde for 10 min,
permeablized with 0.1% triton X – 100 in PBS for 5 min, blocked with 5% BSA for 20 min, and
then incubated with MAP2 as the primary antibody (1:5000 dilution in 5% BSA) overnight at
4ºC. Antigens were then visualized using a fluorescent secondary antibody (1:1000 dilution in
5% BSA). Dendritic length and dendritic arbor were quantified using the Image J and SPOT
image analysis systems. The dendritic arbor of a cell was specifically quantified by summing the
lengths of all the dendrites and dendrite branches of the cell.
Cellular distribution of Smad1 was visualized by microscopy after cultures had been
immunostained as in the process described above, save with Phospho-Smad-1 (1:100 dilution in
5% BSA), a rabbit polyclonal antibody directed against Smad1 as the primary antibody.

Seahorse XF24 Analyzer
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The Seahorse XF24 Analyzer was used as per manufacturer’s instructions to measure the
oxygen consumption rate (OCR) of sympathetic neurons from E21 rat pups. Prior to being run
in the machine, the neurons were incubated in unbuffered DMEM media with 5 mM glucose and
2 mM L-glutamine for 1 hour at 37º C, and during the run 60 µM of 2,4-dinitrophenol (DNP)
were injected. DNP is an electron transport chain uncoupler, allowing the neurons to consume
oxygen without strict regulation.

Results

Antioxidants inhibit BMP-7 induced dendritic growth

Sympathetic neurons from the superior cervical ganglia of 21 day rat embryos were
cultured in the absence of serum and other nonneuronal cells such as glia. As it has been
previously observed (Bruckenstein and Higgins, 1988), it was seen that sympathetic neurons did
not extend dendrites under these conditions. Dendritic growth was observed when the neurons
were treated with a maximal concentration of BMP-7 (50 ng/ml) for between 3 and 5 days,
between which BMP-7 induced dendritic growth is very similar. The neurons were then treated
with various concentrations of two antioxidants, diphenylene iodinium (DPI) and
nordihydroguaiaretic acid (NGA). DPI in an irreversible inhibitor of NADPH oxidase, and NGA
helps to upregulate cellular mechanisms for neutralizing free radicals. Lower concentrations of
DPI than NGA were used due to DPI having a lower effective concentration than NGA.
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Sympathetic neurons grown in control media have round cell bodies and do not extend
dendrites, as seen in Figure 1A. Partial axonal staining was seen on the control neurons, for
axons can be distinguished from dendrites do their uniform thickness and lack of tapering.
Neurons grown in the presence of BMP-7, however, extend many dendrites. The cell bodies of
BMP-7 treated cells tend to be less round and more triangular than controls, and the dendrites
exhibit a large degree of branching, as seen in Figures 1B. When the neurons were treated with
antioxidants in addition to BMP-7, the number of dendrites was seen to decrease relative to the
BMP-7 treated cells. DPI added in addition to BMP-7 caused dendrite number to decrease and
the dendrites to visibly become shorter in comparison to the BMP-7 neurons (Figure 1D). When
treated with various concentrations of NGA, the dendrite number dropped as well relative to
BMP-7 treated neurons (Figure C).
The dendrite number and size of dendritic arbor put out by each neuron treatment group
was then quantified.

Measuring the dendritic arbor gives a more complete picture of the

morphology of the neuron and how the morphology of the neuron changes under different
conditions, which the dendrite number alone cannot give. The dendritic arbor takes into account
not only dendrite number, but dendrite length and branching.
Treatment of sympathetic neurons with DPI plus BMP-7 shows a dose dependent drop in
the number of dendrites put out and the dendritic arbor size in comparison to neurons treated
with BMP-7 (Figure 2A). Neurons treated with DPI plus BMP-7 had significant dramatic
decreases in dendrite number compared to BMP cells when the DPI concentration increased
above 30 nM (A). At concentrations of 30 nM, 100 nM, 300 nM, and 1 µM of DPI the dendrite
numbers were only 76%, 26%, 16%, and 13% respectively compared to the neurons treated with
BMP-7 alone (Figure 2C). Concerning dendritic arbor, neurons treated with DPI at 30 nM plus
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BMP-7 and 1 µM plus BMP-7 had a much smaller arbor when compared to BMP-7 cells (Figure
2B), the arbors being 56% and 41% respectively of that of BMP-7 treated neurons (Figure 2D).
This indicates that while the dendrites of DPI treated cells might numerically be similar to BMP7 treated cells, they are morphologically much different, being shorter with less branching.
Neurons treated with NGA plus BMP-7 also show a dose dependent drop in the number
of dendrites and the dendritic arbor size. NGA treated neurons had fewer dendrites per neuron
compared to BMP-7 treated neurons (Figure 3A), though the drop in number of dendrites was
not as seen with DPI plus BMP-7. At concentration of 1 µM, 10 µM, and 100 µM of NGA the
dendrite numbers were 95%, 87%, and 76% respectively compared to the neurons treated with
BMP-7 alone, the last two percentages being statistically significant (Figure 3C). However, the
dendritic arbor sizes of NGA treated neurons were a much smaller percentage of the BMP-7
dendritic arbors. Though NGA 100 µM treated neurons had a dendrite number 76% of the
dendrite number seen in BMP-7 treated cells, the dendritic arbor was only 29% of the dendritic
arbor of the BMP-7 treated neurons. This is a more dramatic drop, indicating that while
dendrites in NGA (100 µM) plus BMP-7 cells might numerically be similar to BMP-7 treated
cells, they are morphologically much different, being shorter with less branching. This trend of a
greater percentage drop in dendritic arbor size compared to dendrite number was seen in all
concentrations of NGA.
In addition, sympathetic neurons were treated with a combination of DPI, NGA, and
BMP-7 to determine if the collective effects of the antioxidants caused a greater decrease in
dendrite number and dendritic arbor size compared to the neurons treated with one antioxidant
and BMP-7. DPI and NGA together plus BMP-7 (Figure 4E) did not appear to alter the number
or length of dendrites qualitatively compared to equivalent concentrations of DPI plus BMP-7
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(Figure 4D) and NGA plus BMP-7 (Figure 4C), though the dendrite number and length appeared
to be different from BMP-7 treated cells.

The neurons treated with the aforementioned

combination did show a significant decrease in both dendrite number and dendritic arbor size
compared to neurons treated with BMP-7 alone, as seen in Figure 5. However, the decreases
were not statistically significant to the neurons treated with either DPI and BMP-7 or NGA and
BMP-7.

NGA does not affect the nuclear translocation of Smad proteins

The inhibition of dendritic growth by NGA and DPI suggested that there was an
interaction between BMP signaling pathway and the antioxidant pathways. Since BMPs
predominantly signal via nuclear translocation of Smad proteins (Guo et al. 2001), sympathetic
neurons were stained with a Phospho-Smad-1 antibody, which tags Smad1 protein. Neurons
exposed to control media showed Smad staining in the cytoplasm, with no staining in the
nucleus. This was similar to neurons treated with NGA alone at 100 µM as evidenced by the red
cytoplasmic staining and the dark, unstained nucleus of the cell (Figure 5A, B). Neurons treated
with NGA plus BMP-7, however, showed nuclear staining (Figure 5C), indicating that BMPmediated Smad1 translocation was unaffected by the presence of NGA.

Sympathetic neurons did not show increased ROS production in response to BMP-7

Treatment of sympathetic neurons with DPI or NGA along with dendritic growth factor
BMP-7 resulted in a net decrease of dendrite number and size of dendritic arbor.

The
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commonality between DPI and NGA is their inhibition of ROS.

To further support this

evidence, we examined the presence of ROS in BMP-7 treated neurons.
A direct way to measure the presence of ROS is through the MitoSOX Red stain, which
causes cells to fluoresce red in the presence of superoxides. MitoSOX Red is commonly used
for detection of superoxides at toxic levels.

The MitoSOX Red stain for the presence of

superoxides was used for sympathetic neurons which had been treated with control medium or a
maximal dose of BMP-7 for 2 hours and 2 days. MitoTracker Green FM was used to visualize
the mitochondria, which are major sites of superoxide production. A neuronal cell is producing
superoxides if the cell fluoresces green with MitoTracker Green FM and then also fluoresces red
with MitoSOX Red. If a neuronal cell is not producing superoxides, it should still fluoresce
green with MitoTracker Green FM but not fluoresce red with MitoSOX Red. At 2 hours, the
control cells show no production of superoxides (Figure 6A), while few BMP-7 treated neurons
show production of superoxides (Figure 6C). When the BMP-7 treatment time was extended to
2 days, the BMP-7 treated neurons (Figure 6G) looked similar to the control neurons (Figure
6E).

BMP-7 treatment leads to a change in metabolic oxygen consumption in neurons

Since MitoSOX is used as an indicator to measure ROS at high levels, it was possible
that the dye did not have the sensitivity to measure physiologic levels of ROS. Hence, an
indirect measure of ROS production was used to address if BMP treated cells may be producing
increased levels of ROS. Studies have shown that increase in metabolism leads to an increase in
the levels of ROS within the cells. Recent studies have correlated the increase in oxygen
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consumption rate measured using the Seahorse XF24 analyzer with increased ROS production
(Wen et al., 2011). Therefore, sympathetic neurons treated with BMP-7 were examined for an
increase in oxygen consumption, which is an indicator for increased metabolism. The results in
Figure 7 show that when sympathetic neurons were treated with a maximal dose of BMP-7, their
oxygen consumption rate and thus rate of metabolism increases compared to controls. Control
sympathetic neurons consumed oxygen at an average rate of 22 pMoles/min, whereas cells
treated with BMP 7 at 24 and 48 hours consumed oxygen at average rates of 39 and 48
pMoles/min respectively, indicating that BMP treated cells had a greater baseline metabolism
rate compared to control cells. Uncoupling the electron transport chain with DNP resulted in a
much greater increase in oxygen consumption with BMP-7 compared to controls. At 24 and 48
hours, the oxygen consumption rate of cells treated with BMP-7 jumped to 62 and 65
pMoles/min respectively, while the control neurons consumed oxygen at a lower average rate of
40 pMoles/min. BMP-7 treated cells were not significantly different from control cells following
a 30 min and 2 hour treatment with BMP-7, suggesting that the increase in metabolism was later
than Smad translocation to the nucleus. Given that ROS are byproducts of cellular respiration,
an increased rate of metabolism indicates that ROS production must be increased as well. This
provides an indirect evidence of ROS production in BMP treated neurons.
A different way to measure ROS production is by measuring cell metabolism, which
indirectly proves the presence of ROS. The results in Figure 7 show that when E21 sympathetic
neurons were treated with a maximal dose of BMP-7, their oxygen consumption rate and thus
rate of metabolism increases compared to controls. The BMP-7 treated cells were initially
consuming more oxygen than the controls, and when DNP was added between time
measurements 3 and 4, the BMP-7 cells continued to consume more oxygen compared to the
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controls. Given that ROS are byproducts of cellular respiration, an increased rate of metabolism
indicates that ROS production must be increased as well. This provides indirect evidence of
ROS production in BMP-7 treated neurons.

Discussion

Our data indicate that antioxidants can inhibit BMP-7 induced dendritic growth in a dose
dependent manner, suggesting that ROS act as intermediates in the signaling cascade that
ultimately leads to dendritic growth. This inhibitory effect by antioxidants was dendrite specific.
The antioxidants DPI and NGA caused a dose dependent decrease in BMP-7 induced dendrite
and dendritic arbor growth. DPI was a stronger dendritic growth inhibitor compared to NGA,
and this is expected to be due to the functions of the antioxidants. DPI is an irreversible inhibitor
of NADPH oxidase, one of the primary production pathways for ROS. NGA upregulates cellular
mechanisms for neutralizing radicals. Blocking ROS production from the start with DPI appears
to be a more effective way at inhibiting BMP-7 function than eliminating ROS with NGA once
they have already been generated. So while NGA can neutralize ROS, it cannot directly prevent
their production. Future studies with other classes of common antioxidants—such as Vitamins C
and E—will indicate if all types of antioxidants have similar effects to those shown by DPI and
NGA is this study as well as give a more complete picture about how BMP-7 induced dendritic
growth is regulated
While the average number of dendrites and the average size of the dendritic arbor in
BMP-7 treated neurons varied between different experiments (Figures 2 and 3), the same general
trends were seen. The average number of dendrites and the average size of the dendritic arbor
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were always lower in neurons that had been treated with antioxidants plus BMP-7 compared to
neurons treated with BMP-7 alone. As well, the dendrite number and dendritic arbor size
decreased as the antioxidant concentration increased. Variability in the number of dendrites and
size of dendritic arbor induced to grow by BMP-7 can be due to factors such as cell plate density,
maturity of rat pups upon dissection, and intrinsic differences between superior cervical ganglia
in individual rat pups.
The idea behind the DPI and NGA combination study was that in blocking both a major
source of production and source of neutralization of ROS, BMP-7 induced dendritic growth
would be inhibited to a much greater extent than just by DPI and NGA alone. Neurons treated
with a combination of DPI, NGA, and BMP-7 did have significantly lower dendrite numbers and
dendritic arbor sizes compared to BMP-7 treated neurons. However, the two antioxidants did not
appear to have a significant effect on dendritic growth compared to neurons treated with DPI
plus BMP-7 and NGA plus BMP-7, suggesting that the two antioxidants do not have a great
synergistic effect.
BMPs are known to cause the phosphorylation of Smad1 and Smad4 and the nuclear
translocation of the Smad1/Smad4 and Smad4/Smad5 complexes. This phosphorylation and
following nuclear translocation is thought to be necessary for BMP signaling and dendritic
growth (Heldin et al., 1997, Guo et al., 2000). Sympathetic neurons treated with control media
or the antioxidant NGA alone did not show Smad1 nuclear translocation and did not extend any
dendrites, while neurons treated with NGA plus BMP-7 did show Smad1 nuclear translocation
and did extend dendrites (Figure 5). The fact that NGA did not block Smad1 translocation in
BMP-7 treated cells indicates that NGA’s negative effects on the BMP-7 pathway occur further
downstream from the site of Smad1 translocation.
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Sympathetic neurons were stained with MitoSOX Red and MitoTracker Green FM in
order to directly determine if ROS were being produced in the form of superoxides when BMP-7
was present. After 2 hours, the control neurons did not show any superoxide production. The
BMP-7 treated neurons showed superoxide production, but in a low number of cells (Figures 6C
and 6D). This low superoxide production is likely related to the timing of the translocation of
Smad1—when sympathetic neurons are treated with BMP-7, it takes up to two hours for Smad1
to translocate to the nucleus, and then up to 24 hours for the neurons to start putting out their first
dendrites (Guo et al., 2000). Only when Smad1 has translocated to the nucleus is BMP-7
induced dendritic growth seen.
After 2 days of BMP-7 treatment, however, the BMP-7 treated neurons looked similar to
the controls. There are number of possible reasons for the inability to detect ROS production in
sympathetic neurons. The first possibility is that the MitoSOX indicator was not sensitive to
detect physiologic levels of ROS. Most of the studies using this indicator examine ROS at toxic
levels. The other possibility is that the sympathetic neurons produce other types of reactive
species besides superoxide radicals. Since MitoSOX indicator only detects superoxide radicals,
the indicator would not be able to detect other radicals such as peroxide, hydroxyl and nitrous
oxide radicals. The third possibility is that the ROS production is transient to trigger a signaling
pathway, but is not present in the sympathetic neurons at the time point of measurement.
Though BMP treated neurons did not show an increase in ROS production, there was a
significant increase in oxygen consumption in BMP-7 treated neurons compared to control cells,
providing indirect evidence of ROS production. If BMP-7 treated neurons are putting out
processes and the cell body shape is becoming less round compared to controls (Figures 1A and
1B), the neurons should be ramping up their metabolism in order to grow. This requires an
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increase in oxygen consumption rate (OCR), and by extension and increase in ROS as electrons
move through the electron transport chain during cellular respiration. An OCR increase was
found to occur in BMP-7 treated cells when DNP was added to them, thus uncoupling complexes
in the electron transport chain (Figure 7). This is the first time that BMP-7 treated sympathetic
neurons have been shown to increase their metabolism.

A significant difference was not

observed in neurons treated with BMP-7 for 24 hours or 48 hours, suggesting that at some time
after BMP-7 exposure the OCR and ROS production rate hits a plateau. Garred et al. (2011)
recently discovered that BMP-7 specifically regulates 56 unique genes at 6 hours and 185 unique
genes after 24 hours in sympathetic neurons. Among these genes, genes that are known to
correspond to metabolic functions were found to be significantly upregulated. Our results show
physiologically what Garred et al. (2011) indicate is happening genetically during BMP-7
induced dendritic growth.
Many neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease
are characterized by neuronal apoptosis induced by oxidative stress, which is believed to be
caused by overproduction of ROS (Zhao 2009). To counter the oxidative stress, antioxidants are
seen as potential treatments for these diseases due to their neuroprotective properties (Zhao 2009,
Simonyi et al., 2010). Though antioxidants such as vitamin E have not been found to benefit
Alzheimer’s or Parkinson’s patients (Brewer 2010, Thomas 2009), antioxidants such as Coenzyme Q10 found in the electron transport chain have shown promise in early clinical trials
(Thomas 2009).

Our data provide new insights into neuronal injury and treatment of

neurodegenerative disease.

BMPs are known to be protective against neuronal injury and

apoptosis (Yabe et al., 2002), and since ROS seem to be involved in BMP signaling they may be
part of cell protection mechanisms as well at low physiological levels. Though antioxidants are
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important for protective effects against excess ROS production, high levels of antioxidants may
have undue damage to neurons in the form of decreased dendrite number and decreased dendritic
arbor.
In summation, this study demonstrates that ROS at low physiologic levels are likely
nontoxic to sympathetic neurons and are involved in BMP-7 signaling. As well, the data suggest
that ROS are present during BMP-7 induced dendritic growth as sympathetic neurons increase
their metabolism.
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Figure 1: Antioxidants qualitatively reduce dendrite number in BMP-7 treated neurons

Cultures of sympathetic neurons from E21 rat pups were treated with BMP-7 (50 ng/ml)
(B), NGA at 100 µM plus BMP-7 (C), and DPI 1µM (D).

The cultures were then

immunostained with MAP2 antibody (1:1000 dilution in 5% BSA) and visualized by microscopy
under UV light with a secondary fluorescent antibody. All photographs were taken at 20 X
magnification. Neurons treated with various concentrations of NGA or DPI alone looked similar
to those treated with control media.
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Figure 2: Effect of DPI on BMP-7 induced dendritic growth

Cultures of sympathetic neurons from E21 rat pups were treated with either control
medium, BMP-7 (50 ng/ml), DPI (100 nM, 300 nM, 1 µM), or DPI plus BMP-7 for one day.
Since, DPI is an irreversible inhibitor it was removed from the medium by repeated rinsing with
the control medium. These neurons were then maintained in control medium or in BMP-7 (50
ng/ml) for additional 3 days. The neurons were then immunostained with the MAP2 antibody
against dendritic proteins, and the number of dendrites per cell was subsequently measured. The
changes in the number of dendrites/cell are shown in (A) and the changes to the dendritic arbor
are graphed in (B). The data are expressed as number of dendrites /cell (A, N ≈ 100) and
dendritic arbor size per cell (B, N ≈ 50). The average number of dendrites and average dendritic
arbor size were of the DPI treated neurons were also calculated as a percentage of the neurons
put out by a neuron treated with BMP-7 alone. (C) is the percentage of the neuron numbers and
(D) is the percentage of the dendritic arbor size. These graphs consolidate the data from (A) and
(B), and each data point percentage is relative to the BMP-7 group from the experiment it was
originally calculated from, since BMP-7 induced dendritic growth can vary among cultures.

*p≤0.05 by Student T-test as compared to cultures treated with BMP-7.
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Figure 3: Effect of NGA on BMP-7 induced dendritic growth

Cultures of sympathetic neurons from E21 rat pups were treated with either control
medium, BMP-7 (50 ng/ml), NGA (1 µM, 10 µM, 100 µM), or NGA plus BMP-7 for 5 days.
The cultures were then immunostained with MAP2 antibody and the number of dendrites per cell
was subsequently measured. The changes in the number of dendrites/cell are shown in (A) and
the changes to the dendritic arbor are graphed in (B). The data are expressed as number of
dendrites /cell (A, N ≈ 105) and dendritic arbor size per cell (B, N ≈ 50). The average number of
dendrites and average dendritic arbor size were of the NGA treated neurons were also calculated
as a percentage of the neurons put out by a neuron treated with BMP-7 alone (C). This graph
consolidate the data from (A) and (B), and each data point percentage is relative to the BMP-7
group from the experiment it was originally calculated from, since BMP-7 induced dendritic
growth can vary among cultures.

*p≤0.05 by Student T-test as compared to cultures treated with BMP-7.
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Figure 4: A combination of DPI and NGA qualitatively reduce dendrite number in BMP-7
treated neurons

Cultures of sympathetic neurons from E21 rat pups were treated with BMP-7 (50 ng/ml)
(B), NGA plus BMP-7 (10 µM) (C), DPI plus BMP-7 (30 nM) (D), and DPI and NGA plus
BMP-7 (E). The controls are seen in (A). The cultures were then immunostained with MAP2
antibody (1:1000 dilution in 5% BSA) and visualized by microscopy under UV light with a
secondary fluorescent antibody. All photographs were taken at 20 X magnification. Neurons
treated with various concentrations of DPI, NGA, and DPI plus NGA alone looked similar to
those treated with control media.
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Figure 5: Effect of a combination of NGA and DPI on BMP-7 induced dendritic growth

Cultures of sympathetic neurons from E21 rat pups were treated with either control
medium, BMP-7 (50 ng/ml), DPI (30 nM), NGA (10 µM), DPI plus NGA, or DPI and NGA and
BMP-7 all together for 3 days. The cultures were then immunostained with the MAP2 antibody,
and the number of dendrites per cell was subsequently measured. The changes in the number of
dendrites/cell are shown in (A) and the changes to the dendritic arbor are graphed in (B). The
data are expressed as number of dendrites per cell (A, N ≈ 36) and dendritic arbor size per cell
(B, N ≈ 35).

*p≤0.05 by Student T-test as compared to cultures treated with BMP-7.
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Figure 5: Smad1 translocation in neurons treated with BMP-7 and NGA

Cultures of sympathetic neurons from E21 rat pups were grown on media and then
treated with (A) control medium, (B) NGA (100 µM), or (C) NGA (100 µM) plus BMP-7 (50
ng/ml) for 2 hours and then immunostained with a rabbit antibody to Smad1. When seen at 20X
magnification, the control and NGA treated cells have staining in the cytoplasm while the
nucleus remains dark and unstained. The NGA plus BMP-7 cells have staining predominately in
the nucleus.
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Figure 6: MitoSOX Red mitochondrial superoxide indicator and MitoTracker Green FM
mitochondrial stain indicate that there is superoxide production in BMP-7 treated neurons

Cultures of sympathetic neurons form E21 rat pups were treated with control medium or
BMP-7 (50 ng/ml) for 2 hours or 2 days. The neurons were then stained with MitoSOX Red and
MitoTracker Green FM and imaged using an Olympus Confocal microscope at 20X
magnification. MitoSOX Red fluoresces red in the presence of superoxides, and MitoTracker
Green FM stains mitochondria with green fluorescence. (A) MitoSOX Red stain for control cells
at 2 hours (B) MitoTracker Green FM stain for control cells at 2 hours (C) MitoSOX Red stain
for BMP-7 treated cells at 2 hours (D) MitoTracker Green FM stain for BMP-7 treated cells at 2
hours (E) MitoSOX Red stain for control cells at 2 days (F) MitoTracker Green FM stain for
control cells at 2 days (G) MitoSOX Red stain for BMP-7 treated cells at 2 days (H) MitoTracker
Green FM stain for BMP-7 treated cells at 2 days.
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Figure 7: Seahorse XF24 Analyzer shows that neurons treated with BMP-7 have a larger
amount and higher rate of oxygen consumption than controls

Neurons were grown at high density on a 24-well plate and treated with control media or
BMP-7 (50 ng/ml) for either 24 or 48 hours. The oxygen consumption was analyzed in these
neurons using the XF24 Analyzer from Seahorse Biosciences. Following the third baseline
measurement, 60 µM DNP was injected into the wells and the remaining 3 measurements were
taken.
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