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Abstract

Previous studies have shown that transplanted enteric glia enhance axonal regeneration, reduce
tissue damage, and promote functional recovery following spinal cord injury. However, the
mechanisms by which enteric glia mediate these beneficial effects are unknown. Neurotrophic
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factors can promote neuronal differentiation, survival and neurite extension. We hypothesized that
enteric glia may exert their protective effects against spinal cord injury partially through the secretion
of neurotrophic factors. In the present study, we demonstrated that primary enteric glia cells release
nerve growth factor, brain-derived neurotrophic factor and glial cell line-derived neurotrophic factor
over time with their concentrations reaching approximately 250, 100 and 50 pg/mL of culture
medium respectively after 48 hours. The biological relevance of this secretion was assessed by
incubating dissociated dorsal root ganglion neuronal cultures in enteric glia-conditioned medium
with and/or without neutralizing antibodies to each of these proteins and evaluating the differences
in neurite growth. We discovered that conditioned medium enhances neurite outgrowth in dorsal
root ganglion neurons. Even though there was no detectable amount of neurotrophin-3 secretion
using ELISA analysis, the neurite outgrowth effect can be attenuated by the antibody-mediated
neutralization of each of the aforementioned neurotrophic factors. Therefore, enteric glia secrete
nerve growth factor, brain-derived neurotrophic factor, glial cell line-derived neurotrophic factor and
neurotrophin-3 into their surrounding environment in concentrations that can cause a biological
effect.
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Research Highlights

(1) Primary enteric glia release nerve growth factor, brain-derived neurotrophic factor and glial cell
line-derived neurotrophic factor into culture medium.

(2) Enteric glia stimulate neurite branching of dorsal root ganglion neurons.

(3) The beneficial effect of enteric glia on neurite of dorsal root ganglion neurons is, in part,
regulated by the release of neurotrophic factors including nerve growth factor, brain-derived
neurotrophic factor and glial cell line-derived neurotrophic factor, and neurotrophin-3.

(4) This study provides new insight and a foundation for further study on mechanisms by which
enteric glia exert their beneficial effects in vitro and in vivo.
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Abbreviations

ENS, enteric nervous system; EG, enteric glia; CNS, central nervous system; DRG, dorsal root
ganglion; NGF, nerve growth factor; BDNF, brain-derived neurotrophic factor; NT-3, neurotrophin-3;
Trk, tropomyosin-related kinase; GDNF, glial cell line-derived neurotrophic factor; MPZ, myelin

protein zero

INTRODUCTION

The enteric nervous system (ENS) is a series of
interconnected plexuses that exists between muscle
layers throughout the gastrointestinal tract. It is
considered to be the largest and most complex
component of the peripheral nervous system™. The ENS
is composed of two major populations: enteric neurons
and enteric glia (EG) cells. Since EG play a very
important role in the maintenance of tissue integrity and
the modulation of neuronal activities in the
gastrointestinal tract’*® and share morphological,
structural and functional properties with astrocytes of the
central nervous system (CNS)"™ as well as sharing
some properties with olfactory ensheathing glia™*?, they
are a particularly interesting source of material for
transplantation into the injured CNS. Furthermore, EG
are theoretically available in large quantities and can be
obtained from the patient’s own intestine.

Some investigators have transplanted myenteric plexus
into the brain and spinal cord. They found that the
myenteric plexus not only integrated into the CNS, but
also attracted host axons to sprout and grow into the
graft™**!. Following this study, our group examined the
potential of purified EG to promote ingrowth of transected
dorsal root ganglion (DRG) axons into the rat spinal
cord™®. EG transplantation to the site of truncation
promoted DRG growth deep into the spinal cord.
Importantly, this growth was shown to result in the
recovery of a previously lost reflex dependent on DRG
innervation*”!, We have reported that EG accelerated the
blood-brain barrier formation after transplantation into the
spinal cord™. Moreover, we have also reported that EG
transplantation into the injured rat spinal cord resulted in
reduced lesion cavity size and improved functional
outcome™®. However, the mechanism by which EG exert
these beneficial effects is not known.

Neurotrophic factors are secreted proteins that are
implicated in neuronal growth, differentiation, survival
and plasticity®?". Many of these homodimeric disulfide-
linked secreted proteins, including nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF) and
neurotrophin-3 (NT-3), bind and signal through the
tropomyosin-related kinase (Trk) tyrosine receptor
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kinases. NGF was first characterized as a substance
able to stimulate robust neurite and neural growth in
mouse sympathetic ganglia®? and has been shown to
potently stimulate neurite extension in dissociated and
intact DRG neurons®®*?*, EG have been shown to
increase NGF secretion in response to co-culture with
inflammatory mediators'®. BDNF was initially purified
from pig brain® and was shown to support embryonic
chick neurons in culture. More recently, BDNF has been
shown to play significant roles in neuronal recovery after
damage in the peripheral nervous system®”), notably in
sensory neurons. Another member of the neurotrophin
family, NT-3, was initially discovered by virtue of its
homology to both NGF and BDNF?¢%!. |t has been
shown to enhance axonal regrowth into the CNS after
dorsal root crush®. Glial cell line-derived neurotrophic
factor (GDNF) has been shown to be of great importance
in the development of the ENS as well as the renal
system and portions of the sensory ganglia®**. Further,
it has been shown to affect neuronal recovery and
myelination after spinal cord injury®®* and enhance
neurite outgrowth in damaged peripheral nerves®.
Therefore, we hypothesized that EG mediated their
neurorestorative effects at least partially through the
secretion of neurotrophic factors. In the present study,
we tested whether EG secrete NGF, BDNF, GDNF or
NT-3, and the biological relevance of this secretion, by
incubating dissociated DRG neuronal cultures in
EG-conditioned medium with and/or without the addition
of neutralizing antibodies to each of these proteins, and
evaluated any difference in neurite growth.

RESULTS

Confirmation of glial cell identity

Extracted cells (Figure 1) showed positive glial fibrillary
acidic protein (GFAP) reactivity (Figure 1A) with no
discernable myelin protein zero (MPZ) staining detected
(Figure 1B) and very little background staining (Figure
1B). In the gut, the presence of GFAP, concomitant with
the absence of MPZ, is considered to be indicative of
EGP ® %% |t was concluded that EG were successfully
extracted and the cultures consisted entirely of GFAP
labeled cells, which is consistent with our previous
reports!*® '8 % Cells from this extraction were used to
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generate EG-conditioned medium.

Figure 1 Images under a confocal microscope showing
immunohistochemical staining of the intermediate filament
and glial fibrillary acidic protein (GFAP) in isolated enteric
glia.

(A) and (B) are images of detected fluorescence at
560-610 nm with a laser excitation at 594 nm. The
secondary antibody in all cases was to rabbit IgG and was
incubated with cells at 1:2 000 for 1 hour, in the dark. The
primary antibody was: (A) rabbit anti-GFAP, 1:500; (B)
rabbit anti-myelin protein zero, 1:100.

Staining (red, labeled GFAP) in (A) is mostly apparent on
cytoskeletal elements surrounding the nucleus and
throughout the cytoplasm. While microscope settings are
maintained during imaging of (B), no fluorescence is
visible excluding a slight signal in the lower left quadrant of
(B). Scale bars: 30 um for both A and B.

Effect of EG-conditioned medium on dissociated
DRG neurons

In culture, dissociated DRG neurons appeared as cells
with roughly spherical cell bodies and widely varying
numbers of comparatively long processes. In general,
EG-conditioned medium seemed to increase both
average neurite length and branching in large DRG
neurons (Figures 2D, E). Neurites were generally shorter
and underwent less branching in neurons cultured in
neurobasal medium. In large neurons, EG-conditioned
medium (+CDN) significantly increased neurite count
relative to that seen in control (supplemented neurobasal
medium [-CDN]) both at day 1 (P < 0.001) and at day 3
(P < 0.001; Figure 2F). In small neurons, EG-conditioned
medium increased neurite count in a similar fashion (P <
0.001; Figures 2A-C).

EG release NGF, BDNF and GDNF

EG cells cultured in vitro release NGF, BDNF and GDNF
under controlled conditions, with their respective
concentrations reaching 250, 96.4 and 53.8 pg/mL of
culture medium respectively after 48 hours (Figure 3).
There was no detectable release of NT-3 from cultured
EG cells (data not shown). No neurotrophic factors were
detectable in the groups with culture medium only (data
not shown).
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Figure 2 Examples of small (A, B, C) and large dorsal
root ganglion (DRG) neurons (D, E, F) demonstrating the
effects of incubation with enteric glia-conditioned
medium.

(A) and (B) are differential interference contrast (DIC)
images of single, dissociated small DRG neurons, and
(D) and (E) are images of single dissociated large DRG
neurons under a Nikon Eclipse 80i microscope.

(A) and (D) show typical neurons that had been cultured
in neural basal medium. (B) and (E) show neurons that
were cultured in enteric glia-conditioned medium. (C)
and (F) show average neurite counts (+ SEM) in DRG
neurons (C, small; F, large) plotted against time.

Squares (+CDN) represent counts taken from DRG
neurons incubated in enteric glia-conditioned medium,
whereas diamonds (—CDN) represent counts taken from
DRG neurons incubated in standard, unconditioned
neurobasal medium. P < 0.001, vs. —-CDN. Neurite
counts were analyzed using the Mann-Whitney U test
with the Bonferroni correction applied. Scale bars: 30 um
for all of the images.

Role of neurotrophic factors in effect of EG-
conditioned medium

In both small and large neurons, the addition of anti-NGF
neutralizing antibody to EG-conditioned medium resulted
in a lowered neurite count compared with that seen in the
controls without the added anti-NGF antibody (P < 0.01
at days 1 and 3, Figures 4(1)A and 4(1)B). Interestingly,
the addition of anti-NGF neutralizing antibody to
neurobasal medium also resulted in a significantly lower
neurite count compared with that seen in neurons
cultured in pure neurobasal medium for small neurons
(Figure 4(1)A, P <0.01 at days 1 and 3), but not for large
neurons (Figure 4(1)B).

Neutralizing antibody to BDNF had no effect on neurite
count in small DRG neurons cultured in either
conditioned or unconditioned medium, nor did the
antibody affect neurite count relative to baseline in the
unconditioned medium (Figure 4(2)A).
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Figure 3 Enzyme-linked immunosorbent assay (ELISA) analysis of neurotrophic

300 factor release of enteric glia (EG) cells.
250 EG cells were maintained in a standard culture medium containing 10% fetal bovine
—. serum for 24 hours. Medium was changed to one with 2% fetal bovine serum, cells
8 were cultured continually for another 48 hours, and then medium was removed and
.g 1504 examined for neurotrophic factor concentration by ELISA.
:.Ej 100+ EG cells released NGF, BDNF and GDNF under controlled conditions, with their
§ 50 4 respective concentrations reaching 250, 96.4 and 53.8 pg/mL respectively. All bars
o | | represent mean + SEM of five independent experiments.
NGF BDNF GDNF NGF: Nerve growth factor; BDNF: brain-derived neurotrophic factor; GDNF: glial cell
line-derived neurotrophic factor.
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Figure 4 Effect of neutralization of (1) NGF, (2) BDNF, (3) GDNF and (4) NT-3 on neurite counts in either (A) small or (B)
large dissociated DRG neurons incubated with or without EG-conditioned medium.

DRG: Dorsal root ganglion; EG: enteric glia; NGF: nerve growth factor; BDNF: brain-derived neurotrophic factor; GDNF:
glial cell line-derived neurotrophic factor; NT-3: neurotrophin-3.

(A) Average neurite counts (+ SEM) in small DRG neurons plotted over time. (B) Average neurite counts (+ SEM) in large
DRG neurons plotted over time. Diamonds (-CDN/+aB) represent counts taken from DRG neurons incubated in standard
neurobasal medium with neutralizing antibodies. Crosses (~CDN/-aB) represent counts taken from DRG neurons
incubated in standard neurobasal medium without neutralizing antibodies. Triangles (+CDN/+aB) represent counts taken
from DRG neurons incubated in EG-conditioned medium with neutralizing antibodies. Squares (+CDN/-aB) represent
counts taken from DRG neurons incubated in EG-conditioned medium without antibodies.

(1) In both small and large neurons, the addition of anti-NGF neutralizing antibody to EG-conditioned medium resulted in a
lowered neurite count compared with that seen in control (°P < 0.01 at days 1 and 3).

(2) Neutralizing antibody to BDNF had no effect on neurite count in small DRG neurons cultured in either conditioned or
unconditioned medium, nor did the antibody affect neurite count relative to baseline (A). The antibody had a markedly
different effect in large DRG neurons. Neurite count in neurons cultured in conditioned medium was significantly higher than
those cultured in conditioned medium with antibody on both day 1 (°P < 0.001) and day 3 (°P < 0.01) (B).

(3) The effect of GDNF antibody on small and large DRG neurons cultured in EG-conditioned medium was not fully clear
until three days after baseline count, at which time there was a significant difference (small: °P < 0.05; large: °P < 0.01) in
neurite counts of the EG-conditioned medium treatment groups.

(4) In small neurons, anti-NT-3 neutralizing antibody had no significant effect on neurite count in neurons cultured in
EG-conditioned medium (A). In large neurons, it resulted in a decrease in the absolute neurite count (°P < 0.01; B) by day 3.

Neurite counts were analyzed with the Kruskal-Wallis test to determine whether at least two groups at the same time point
were different. When it was determined that at least two groups were different, pairwise comparisons were conducted using
the Mann-Whitney U test with the Bonferroni correction applied.
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The antibody had a markedly different effect in large
DRG neurons. At day 1, the neurite count in neurons
cultured in conditioned medium with antibody was
significantly (P < 0.001) lower than those cultured in
conditioned medium alone (Figure 4(2)B), but was not
significantly different from that of neurons cultured in
unconditioned medium with or without antibody. By day 3,
the neurite count in neurons cultured in conditioned
medium without antibody was significantly (P < 0.01)
greater than that seen in neurons cultured in conditioned
medium with antibody and was also significantly (P <
0.01) greater than that seen in neurons cultured in
neurobasal medium with or without antibody to BDNF
(Figure 4(2)B).

The effect of anti-GDNF neutralizing antibody on small
DRG neurons cultured in EG-conditioned medium was
not fully clear until 3 days after the baseline count
(Figure 4(3)A), at which time there was a significant

(P < 0.05) difference in neurite counts between groups.
The effect of anti-GDNF neutralizing antibody on large
DRG neurons was also only apparent at day 3

(Figure 4(3)B), where the neurite count in neurons
bathed in conditioned medium without antibody was
significantly different (P < 0.01) from the group
incubated in conditioned medium with the antibody.
Anti-GDNF neutralizing antibody had no significant
effect on the neurite count in neurons cultured in
neurobasal medium (day 3, Figure 4(3)A).

Anti-NT-3 neutralizing antibody had no significant effect
on neurite counts at day 1 in both small and large
neurons cultured in either EG-conditioned or
neurobasal medium (Figures 4(4)A and B). By day 3,
there was still no effect of the neutralizing antibody on
neurite counts in small neurons cultured in both
conditioned and unconditioned medium (Figure 4(4)A).
However, anti-NT-3 antibody had a more pronounced
effect in large neurons, where its addition resulted in a
decrease in the absolute neurite count on neurons
cultured in EG-conditioned medium (P < 0.01; Figure
4(4)B) by day 3, but resulted in an increase in absolute
neurite count (P < 0.05; Figure 4(4)B) in neurons cultured
in unconditioned medium by day 3.

DISCUSSION

In summary, it is a novel finding that EG-conditioned
medium was able to enhance neurite growth from
dissociated DRG neurons, and this is the first study to
demonstrate that EG cells from primary culture release
not only NGF and GDNF, but also BDNF, with their
respective concentrations reaching 250, 96.4 and

53.8 pg/mL. Although NT-3 release could not be detected
using ELISA, there is biologically relevant activity as
shown by the NT-3 neutralization assay. By the end of
the experiment, we showed that neutralizing any of either
NGF, BDNF, GDNF or NT-3 resulted in a lowered neurite
count in both large and small neurons cultured in the
conditioned medium.

It was hypothesized that EG would secrete each of NGF,
BDNF, NT-3 and GDNF into their environment. Given the
information regarding neurotrophic factor expression in
DRG neurons discussed above, it was anticipated that
neutralization of NGF, GDNF, BDNF or NT-3 would
primarily affect the neurite counts of small neurons in the
cases of NGF or GDNF neutralization, and large neurons
when BDNF or NT-3 were blocked. It was interesting to
note that neutralization of NGF resulted in a lowered
neurite count even in control neurons. The addition of
anti-NGF to DRG cultures without conditioned medium
caused an even greater reduction in neurite outgrowth
than in those treated with antibody and conditioned
medium. Since cultures were kept in a defined medium
that contained no NGF, we can attribute the expression
and secretion of NGF to the cells within the culture. Low
levels of NGF secretion by the DRG culture would be
consistent with the findings of Lee et al !, who found
strong NGF immunoreactivity in axotomized and intact
DRG neurons. NGF might have been secreted by the
neurons themselves, although, as mentioned, only
relatively low levels of NGF secretion have been found in
DRG neurons. NGF might also have been secreted in
the culture by Schwann cells™*! that had not been fully
eliminated by the pre-plating step: total elimination of all
glial contaminants would have necessitated the use of
various toxins to eliminate dividing cells, which might
have altered neuronal behavior and survival in culture*?.
Moreover, Madduri et al ** reported that axonal
branching of DRG was strongly promoted by adding NGF
even at the very low concentration of 0.01 ng/mL

(10 pg/mL) and the optimal dose for maximum neurite
outgrowth was 1-10 ng/mL when NGF alone was added
to the DRG neurons. It is worth noting that high doses of
NGF delayed nerve regeneration by retarding the
production of growth associated protein 43 in the early
phase after axotomy!*?.

In the present study, the neutralizing NGF antibody did
not have an obvious effect in the first 24 hours. This
might be explained by the fact that both Shen et al** and
Li et al “* found TrkA expression to be substantially
downregulated the first week after injury in vivo. Since
extraction from the rat and plating to culture dishes
involves both axotomization and cutting of the dendritic
processes of DRG neurons, it could be inferred that a

2169



Hansebout CR, et al. / Neural Regeneration Research. 2012;7(28):2165-2175.

similar reaction to injury takes place in cultured neurons.
This would partially mitigate the effect of NGF on these
neurons shortly after injury (both studies did show a
gradual upregulation of TrkA in DRG neurons to nearly
normal levels 1-2 weeks after injury). Furthermore,
Madduri et al ** also found that NGF tended to increase
neurite branching, rather than neurite length. Since the
method used to evaluate neurite growth in this study
included only primary and secondary neurites, this
prominent effect of NGF on dorsal root neurons (that of
giving rise to many intertwining branches) might have
been missed. We will include those intertwining branches
and the length of the neurite branching in our future
study.

Interestingly, a different picture emerges when examining
the effect of conditioned medium on large DRG neurons.
Neutralizing NGF innate to the culture had no effect on
neurite counts in the control group (medium only), but it
did inhibit the increased neurite counts in the EG-
conditioned medium group. As stated above, studies
discussing TrkA expression in injured DRG normally
show prominent downregulation of the receptor. However,
this diminished expression is stated as a proportion of all
neurons in the ganglion. TrkA is predominantly found on
small- and medium-sized neurons*®; however, in the
present study, the large neurons responded with equally
reduced neurite outgrowth in the presence of anti-NGF
as the small neurons suggesting that TrkA is expressed
equally in these two populations in culture. Further study
to evaluate the TrkA expression will be done in future
experimentation.

As stated previously, TrkB, the BDNF receptor, tends to
be expressed in larger-sized DRG neurons, although its
expression is not as specific as, for example, that of
TrkC"". The results obtained in this study show that
neutralizing BDNF has little effect on neurite counts in
small neurons, in either conditioned or unconditioned
medium. Eliminating BDNF from the solution did,
however, result in a pronounced reduction of neurite
growth in large neurons, which is consistent with the
original hypothesis of this study.

Neutralizing GDNF significantly reduced neurite count in
both large and small DRG neurons. GDNF signals
through the ret receptor tyrosine kinase; GDNF activation
of ret is mediated by GFRa1%?". Though GFRa1
expression is normally confined to small DRG neurons™¥,
its expression is highly upregulated in both large and
small DRG neurons after injury®*®. Given that GDNF was
shown®to especially enhance neurite elongation in
culture, this might, particularly in large neurons, have
contributed to its effects being noted, as neurites were
defined here as being at least one cell body diameter in
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length.

We did not observe a detectable level of NT-3 using
ELISA assays, which means that the level of NT-3 in the
EG-conditioned medium was lower than 15 pg/mL
according to the manufacturer’s instructions. We used a
NT-3-containing medium as a positive control to exclude
any possible technical problems with the assay we used.
Surprisingly, our study did show NT-3 antibodies
significantly reduced neurite outgrowth of large DRG
neurons. As previously discussed, one possible
explanation is that the potential synergic effects of
multiple neurotrophic factors on neurite outgrowth may
have reduced the amount of each growth factor required
for neurite outgrowth although more study is required to
determine the precise mechanism. TrkC, the high-affinity
NT-3 receptor, is the most consistently expressed
neurotrophic factor receptor in DRG, being found nearly
exclusively in large neurons®®. In large DRG neurons
cultured in EG-conditioned medium, neutralization of
NT-3 diminished neurite count, which is consistent with
known effects of NT-3 on neurite outgrowth in cells
expressing TrkC®*Y. The increase in neurite count seen
in neurons cultured in unconditioned medium with
anti-NT-3 neutralizing antibody might be caused through
the same effect noted in two earlier studies 2. It was
hypothesized in these articles that NT-3 might inhibit
NGF-mediated neurite extension by binding to P75 and
preventing it from acting as a co-receptor to NGF,
thereby reducing its ability to signal downstream.
Assuming this hypothesis holds in the scenario
encountered here, there must be an upregulation in TrkA
in at least some large DRG neurons.

In the present study, we found that the conditioned
medium contained multiple growth factors at
physiologically relevant levels. Previous studies have
also demonstrated that those neurotrophic factors have
synergistic effects on neuronal growth®®® ***_ Given that
each specific neutralization of NGF, BDNF, GDNF and
NT-3, in at least some of the populations of neurons
studied, had an inhibitory effect on branching of DRG
neurons cultured in conditioned medium, it can be
concluded that EG secrete each of these factors in
quantities that are sufficient to have a biologically
relevant effect in vitro. This secretion might, therefore, be
a mechanism by which they mediate their beneficial
effects in vivo. The present study provides new insight
and a foundation for further study on mechanisms
through which EG exert their beneficial effects in vitro
and in vivo.

The neurotrophic factors in the EG-conditioned medium
may act in a coordinated or sequential manner on the
neurite outgrowth. Therefore, further investigations are
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required to test the effects of those growth factors, alone
and in combination, on nerve branching and elongation,
growth kinetics and expression of their functional
receptors in order to elucidate the interactions and the
mechanisms supporting the enhanced neurite outgrowth
by those growth factors.

MATERIALS AND METHODS

Design
A parallel controlled in vitro experiment.

Time and setting

Experiments were performed at McMaster University,
Hamilton, Ontario, Canada from May 2009 to January
2011.

Materials

Thirty-five female Wistar rats, aged 6—16 weeks old,
weighing 200-300 g, were provided by the Animal Care
Facility of McMaster University, Canada. All experiments
were performed in accordance with the requirements of
the Animals for Research Act of Ontario, Canada and the
Guidelines of the Canadian Council on Animal Care.

Methods

Preparation of supplemented neurobasal medium
Neurobasal medium (21103-049), Hank’s balanced salt
solution (14025-092), B-27 supplement (17504-044),
Dulbecco's modified eagle's medium (DMEM)/F12 1:1
(11320-033), dispase (17105-041), L-glutamine
(25030149), penicillin/streptomycin (15140-122) and
antibiotic-antimycotic 100 x solution (15240-062),
dimethyl sulfoxide (11995), and 0.25% trypsin/
ethylenediamine tetraacetic acid (25200072) were
obtained from Gibco (New York, NY, USA). Fetal bovine
serum (F1051), poly-L-lysine (P4832), laminin (L2020),
collagenase (C9263), rat-tail collagen (type 1, C7661),
and N-acetylcysteine (A1965) were acquired from Sigma
(St. Louis, MO, USA). A cell strainer (352350) and tissue
culture inserts (353102, 1 um pore size) for 6-well culture
dishes were obtained from BD Falcon. Supplemented
neurobasal medium was freshly prepared every day and
consisted of 10 mL neurobasal medium, 200 pL B-27,
100 pL L-glutamine and 50 pL penicillin/streptomycin. No
neurotrophic factors were added to this supplemented
neurobasal/B-27 serum free medium.

EG extraction and culture
EG were extracted according to our previously described
method™®®. Briefly, the day before extraction, 3T3 mouse

embryonic fibroblasts (American Type Culture Collection,
CCL-92) were seeded to collagen-coated tissue culture
inserts at 4 x 10* cells/insert in DMEM with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. On
the day of extraction, rats were euthanized with
pentobarbital and segments of the small intestine were
removed, rinsed in PBS with antibiotics and scraped.
Segments were incubated in 6 U/mL dispase for 3
hours and then scraped to further dislodge the myenteric
plexus; segments were then discarded. The remaining
suspension was centrifuged, rinsed in N-acetylcysteine
to remove mucous, filtered to remove neuronal
contamination and finally plated to rat tail
collagen-coated wells of a 6-well plate. Inserts were
placed into wells containing the extracted suspension.
Insert and well were then filled with 3 mL DMEM/F12
supplemented with 20% FBS and 1% penicillin/
streptomycin. Medium and inserts were changed every
other day. When first plated in culture, EG are roughly
disc-shaped with a diameter of less than 20 pm. When
EG had grown in size so as to have a mean cell diameter
of greater than 20 um and took on an irregular but
usually elongated and somewhat fibroblast-like
morphology, serum concentration was lowered to 10%
FBS and inserts were no longer added to culture. EG
were then used immediately or frozen in DMEM/F12 with
10% FBS, 5% dimethyl sulfoxide and 1%
penicillin/streptomycin and stored in liquid nitrogen. For
cells kept in culture, medium was DMEM/F12 with 10%
FBS and 1% penicillin/streptomycin and was changed
every 2—3 days. Cells were subcultured using 0.25%
trypsin/ ethylenediamine tetraacetic acid. Five different
EG lines were generated and cells from passages 6-10
were used for experimental purposes.

Confirmation of EG identity

Cellular identity was confirmed by staining for GFAP and
MPZ using immunocytochemical staining technique® .
Cells were fixed in methanol for 5 minutes at —20°C.
Primary antibody was rabbit anti-rat GFAP (1:500;

Zymed 18-0036) or rabbit anti-myelin protein zero (1:100;
Abcam ab31851) in PBS containing 0.25% Triton-X-100
and 5% donkey serum. Secondary antibody was donkey
anti-rabbit-594 Alexa fluor (1:1 000; Invitrogen, Carlsbad,
CA, USA) in PBS with 5% donkey serum.

DRG extraction and culture

DRG from 3- to 16-week-old Wistar rats were cultured
and extracted according to a previous study™®. Briefly,
rats were deeply anesthetized with pentobarbital, and
dorsal portions of the vertebrae were removed. The
spinal cord was pushed aside and DRG from all levels of

2171



Hansebout CR, et al. / Neural Regeneration Research. 2012;7(28):2165-2175.

the spine were collected. DRG were desheathed and
then dissociated by a 2-hour incubation in a Hank’s
balanced salt solution containing 2.5 U/mL dispase/

200 U/mL collagenase followed by multiple triturations
with a bovine serum albumin-coated cotton-plugged
Pasteur pipette. Extracted cells were then centrifuged,
resuspended in supplemented neurobasal medium and
plated to a Petri dish for 3.5 hours to remove
non-neuronal cells: glial cells adhere to the dish surface
while neurons do not. Neurons were collected by
centrifugation at 2 000 x g for 4 minutes, counted and
seeded at 1 x 10* cells per well to poly-L-lysine and
laminin-coated wells of a 24-well plate in supplemented
neurobasal medium. For immunocytochemical
experiments, neurons were seeded at 5 x 10 cells per
poly-L-lysine and laminin-coated 34 mm glass
coverslip. Before experimentation, neurons were allowed
to acclimatize to culture conditions for 3 days. One half of
the medium in which the neurons were bathed was
removed and replaced with fresh neurobasal medium or
conditioned medium every other day.

Neurite counting

Dissociated DRG neurons were broadly divided into two
categories based on the size of their cell body. Neurons
whose cell body diameter along its longest axis was
greater than 30 um were classified as "large" (Figure 5B),
whereas those with cell bodies less than 30 um in
diameter were classified as "small" (Figure 5A). Separate
counts were made for large and small neurons. A neurite
was defined as a neuronal process that extended at least
one cell body diameter from a cell that also had a small
swelling—the growth cone-at its tip®”. Primary neurites,
those originating from the neuronal soma, as well as
secondary neurites, were included in the count. Ten to
twenty dissociated neurons per well were examined for
neurites, with each replicate group consisting of at least
three wells, and three different animals were used for
each group.

Generation of EG-conditioned medium

EG derived from Wistar rats were seeded to wells of a
6-well plate at 4 x 10* cells/well in DMEM/F12 (1:1)
supplemented with 10% FBS and 1% penicillin/
streptomycin. After 24 hours, cells were rinsed with PBS
and bathed in DMEM/F12 (1:1) containing 2% FBS and
1% penicillin/streptomycin. Twenty-four hours after that,
cells were again rinsed in PBS and bathed in
supplemented neurobasal medium. After 24 more hours,
the medium was considered to be conditioned and was
centrifuged (4 minutes at 2 000 x g) to remove any
particulates, then used immediately for the neurite
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outgrowth study.

Figure 5 Differential interference contrast micrographs of
small (A) and large (B) dissociated dorsal root ganglion
neurons.

Small neurons were defined as having a cell body whose
longest diameter was less than 30 um; large neurons had
a cell body whose longest diameter was at least 30 um.
The neuron in (A) has extended six primary neurons, four
of which have branched, with only three giving rise to
secondary neurites that are longer than a cell body
diameter. The “count” for this particular neuron would,
therefore, be nine.

In the neuron featured in (B), eight primary neurites are
visible (as indicated by stars), but none of them has
branches that are longer than a cell body diameter.
Therefore, the “count” for this particular neuron is eight.
Counted neurites are marked with stars, and branch points
are marked with arrows. Scale bar: 20 um for both A and B.

Determination of the release of neurotrophic factors
NGF, NT-3, BDNF and GDNF by EG using ELISA

In a separate study, EG that had been isolated and
grown to confluence were trypsinized. After trypsinization,
EG cells were plated at a concentration of 4 x 10*
cells/well in 6-well plates. The cells were grown in 3 mL
of DMEM with 10% FBS and 1% penicillin/streptomycin
for 24 hours. The cells were then washed in PBS (pH 7.4)
and re-suspended in 2 mL of the basal medium for

48 hours. Subsequently, the cells were centrifuged and
the growth factors were measured in the supernatant
using commercially available ELISA kits for NGF, BDNF,
NT-3 and GDNF (Promega, Madison, WI, USA) using the
protocols described by the manufacturer. It was only the
EG that were initially incubated in FBS, and they were
rinsed multiple times with PBS before final incubation in
NBA + B27. This comprised the base of the “conditioned”
medium. The unconditioned medium (NBA + B27 only)
served as a control medium.

Growth factors biological relevance test by
neutralizing antibodies

The goal of these experiments was to determine whether
EG secreted any NGF, BDNF, GDNF or NT-3 into their
culture medium by capitalizing on the antibody-antigen
interaction. By definition, a neutralizing antibody will bind
to and abolish the biological activity of the protein to
which it adheres. We tested whether incubation with a
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neutralizing antibody to one of the aforementioned
neurotrophic factors would affect neurite number in DRG
neurons cultured in either supplemented neurobasal
medium or EG-conditioned medium. Neurons were
permitted to acclimatize to culture conditions for 3 days.
On the third day in culture, a baseline neurite count was
made and culture medium was replaced with either
EG-conditioned medium (CDN) or fresh supplemented
neurobasal medium (NBA + B27 only). Neutralizing
antibodies to one of either the NGF (R&D Systems
AF-556-NA, 1 ug/mL), BDNF (Millipore AB1513,

2.5 ug/mL), GDNF (R&D Systems AF-212-NA, 1 pug/mL)
or NT-3 (Chemicon Intl. AB1780SP, 2 pg/mL)
concentrations were prepared as directed by the
manufacturer's instructions. In accordance with the
experimental design, some groups of cells received
corresponding antibodies for neutralization according to
procedures previously described®®”. The remaining
groups that did not receive antibodies served as controls.
For instance, to assess for the presence of GDNF in
conditioned medium, we used anti-GDNF antibody. A

similar process was carried out for NGF, BDNF and NT-3.

The end result was multiple replicates of four wells, one
well containing EG-conditioned medium without antibody,
another with EG-conditioned medium with antibody, a
third with supplemented neurobasal medium without
antibody and the fourth containing supplemented
neurobasal medium with antibody. In these experiments,
neurites were counted 1 day and again 3 days after the
baseline count.

Statistical analysis

Neurite counts were collected from four separate groups
(with and/or without conditioned medium, with and/or
without antibody) and analyzed with the Kruskal-Wallis
test to determine whether at least two groups at the
same time point were different. When it was determined
that at least two groups were different, pairwise
comparisons were completed using the Mann-Whitney U
test with the Bonferroni correction applied when
necessary. Analyses were performed with SPSS
Advanced Statistics17.0 (IBM, Markham, ON, Canada).
Data were expressed as mean + SEM, and P < 0.05 was
considered statistically significant.
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