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Abstract

Neurological disorders in ruminants have an important impact on veterinary health, but very
few host-specific in vitro models have been established to study diseases affecting the
nervous system. Here we describe a primary neuronal dorsal root ganglia (DRG) culture
derived from calves after being conventionally slaughtered for food consumption. The study
focuses on the in vitro characterization of bovine DRG cell populations by immunofluores-
cence analysis. The effects of various growth factors on neuron viability, neurite outgrowth
and arborisation were evaluated by morphological analysis. Bovine DRG neurons are able
to survive for more than 4 weeks in culture. GF supplementation is not required for neuronal
survival and neurite outgrowth. However, exogenously added growth factors promote neur-
ite outgrowth. DRG cultures from regularly slaughtered calves represent a promising and
sustainable host specific model for the investigation of pain and neurological diseases in
bovines.

Introduction

Dorsal root ganglia (DRG), or spinal ganglia are isolated nodular thickenings of the dorsal
spinal nerve roots, which contain somas of afferent sensory neurons carrying nociceptive,
mechanoceptive and thermoceptive signals from the periphery to the central nervous system
(CNS). These neurons are of pseudo-unipolar type, and their somas are tightly insulated by
satellite cells [1-3].

Due to their easy identification and isolation, DRG cultures are widely used to study molec-
ular mechanisms of neuropathic and inflammatory pain and to evaluate pharmacological and
toxic effects of substances on neuronal survival and growth [4-7]. Furthermore, DRG cultures
are used as models for neurite outgrowth and synapse formation during development and for
studies on post-injury axonal regeneration [7-9]. Recent studies have demonstrated the stem
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cell potential of satellite cells, and used DRGs to analyze neurogenesis in the peripheral nervous
system [10]. Finally, because DRG sensory neurons project fibers that connect the periphery to
the CNS these cultures have been used to investigate the intra-axonal spread of pathogens to
the CNS [6, 11-13].

Generally, DRG cultures originate from embryonic, neonatal or adult mice and rats, whilst
neuronal cultures from other species have been rarely employed [14-19]. Here, we describe
the culture of primary postnatal DRG neurons derived from calves that were slaughtered for
food consumption. We investigated neuronal survival and growth of non-neuronal cells over
time and analyzed the effects of selected growth factors on neuronal viability, neurite out-
growth and arborisation. Our results show that postnatal bovine DRG neurons survive in
mixed cell cultures for extended periods of time and establish an intricate neurite network,
irrespective of growth factor supplementation. This DRG culture may represent a promising
and sustainable host-specific in vitro model for the study of the pathophysiology of pain and
toxic neuronal injury and may additionally be used as model for neurological diseases in
ruminants.

Materials and Methods
Animals and dorsal root ganglia

Dorsal root ganglia from calves, not more than 6 months of age, were collected at a small local
slaughterhouse in the Canton Bern, Switzerland, immediately after conventional slaughtering.
Animals were shot with a captive bolt pistol according to the local legislations. Carcasses were
divided into halves along the spine, and cervical, thoracic and lumbar DRGs were isolated
from the intervertebral foramina of the opened vertebral canal by dissecting the dorsal root
from the spinal cord and the spinal nerve immediately distal to the ganglion with sterile
forceps and scissors. Minimum 24 DRG were pooled from each carcass and immediately
immersed in ice-cold HBSS (Hank’s Balanced Salt Solution-Sigma Aldrich, Switzerland). This
procedure required approximately 20 minutes. Samples were transported to the laboratory
within 25 minutes. DRGs from two different animals were immersion-fixed in 10% neutral-
buffered formalin for 48h and embedded in paraffin. Sections of the paraffin embedded tissue
samples were cut at 5-um thickness, mounted on adhesive glass slides and routinely stained
with hematoxylin and eosin (HE) for morphological examination.

Dissociation of DRG and cell culture

Dissociation of DRGs was performed as previously described in other species with slight modi-
fications [5, 6, 12]. Non-nervous tissue and nerve roots were carefully removed from each gan-
glion under the laminar flow hood using sterile instruments. The ganglia were cut into small
pieces (approximately 1-2 mm side length) and added to a dissociation solution consisting of
HBSS supplemented with collagenase (at a concentration of 500 UI/ml; collagenase from Clos-
tridium histolyticum C5138, Sigma Aldrich, Switzerland), hyaluronidase (at a concentration of
150 UI/mL; hyaluronidase Type IV Sigma Aldrich, Switzerland) and 3 pl/ml of 3.0 M CaCI®
solution. DRGs were incubated in the dissociation solution (approximately 4 ml per 6 DRGs)
at 37° for a total of 3 hours. During the digestion, the DRGs were triturated three times by
gently pipetting the tissue up and down for 10 minutes (~30 times) at 60 minute intervals. For
trituration, a 10 ml polystyrene serological pipet (Falcon™, Thermo Fisher, AG Reinach, Swit-
zerland) with a tip opening size of 1.5 mm was used. The digestion process was stopped by
adding an equal volume of HBSS, and the suspension was filtered through a stainless mesh
sieve (pore size 104 um) in order to decrease the amount of debris in the primary culture. The
obtained cell suspension was centrifuged for 5 minutes (1000 G at 21°) and the supernatant
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was discarded. The residual pellet was double-layered with an upper white layer containing
mainly non-neuronal elements and a lower yellow layer containing mainly neurons. The
upper layer was carefully removed with a Pasteur pipette and discarded, while the underlying
layer with neurons was resuspended in culture medium, composed of serum-free Neurobasal
medium (NBM; Gibco; Thermo Fisher Scientific, Inc.) supplemented with B27 (10 ul/ml,
Gibco; Thermo Fisher Scientific, Inc.) penicillin 100 UI/ml and streptomycin 100 pg/ ml
(Gibco; Thermo Fisher Scientific, Inc.). Neurons were counted in a Nageotte cell counter
chamber and used at a density of approx. 500 neurons per well in a 24 wells tissue culture plate
(Vitaris, Baar, Switzerland), containing 12-mm coverslips that were previously coated with
poly-L-ornithine hydrobromide (0.1mg/ml in HBSS overnight, Sigma Aldrich, Switzerland)
and laminin (10 pug/ml in HBSS for 5h, Laminin from mouse Engelbreth-Holm-Swarm sar-
coma, Roche Diagnostic, Switzerland). To evaluate for optimal culture conditions, DRG cul-
ture medium was supplemented with the exogenous growth factors GDNF (human glial
derived nerve growth factor, SRP3309 Sigma Aldrich, Switzerland), IGF (human insulin-like
growth factor-I, 13769 Sigma Aldrich, Switzerland) and NGF (Nerve Growth Factor-7S N0513
from murine submaxillary gland, Sigma Aldrich, Switzerland). Neuron viability, neurite out-
growth and arborisation were evaluated. These growth factors were supplemented either as a
single formula in increasing concentrations (NGF: 10, 50, 150 ng/ml; GDNF: 10, 50, 150 ng/
ml; IGF: 5, 20, 50 ng/ml) or as combined formulas (NGF 50 ng/ml combined with GDNF

50 ng/ml: COMBO2; NGF 50ng/ml combined with GDNF 50 ng/ml and IGF20 ng/ml:
COMBO3). Controls consisted of DRGs cells maintained in culture medium without exoge-
nous growth factor supplementation. Culture medium was replaced every 48 hours. At 24h, 3
days and 7 days, coverslips were harvested for characterization of neurons and non-neuronal
cells. For growth factor analysis, five independent experiments consisting of duplicates were
performed with DRG of five different animals. For identification of non-neuronal cells, three
independent experiments with DRGs of three different animals were performed.

Immunofluorescence

Coverslips were removed from the 24-wells plate and were fixed in 4% paraformaldehyde
(PFA Sigma Aldrich) for 30 min at room temperature (RT). Next, coverslips were washed
three times in 0.5% Tween phosphate-buffered saline (PBS-T), and cells were permeabilized
with 0.5% Triton X-100 in PBS for 30 minutes at RT. To block non-specific labelling, cells
were incubated in 10% normal goat serum (Dako, Baar, Switzerland) in PBS-T for 30 min.
Primary antibodies including polyclonal rabbit anti-S100 (S100, Dako, Glostrup, Denmark
1:600), monoclonal mouse anti-vimentin (Vim 3b4, M7020, Dako, Glostrup, Denmark, 1:100),
monoclonal mouse anti-neurofilament (M0762, Dako, Glostrup, Denmark, 1:100), polyclonal
rabbit anti-BIII tubulin antibody (Ab18207, AbCam, Cambridge, UK, 1:500), polyclonal rabbit
anti-GFAP (Glial fibrillary acidic protein, Z0334, Dako, Glostrup, Denmark, 1:1000), mono-
clonal mouse anti-E-cadherin (610181, purified mouse anti-human E-cadherin, BD Laborato-
ries, Sparks, MD, USA 1:100) and polyclonal rabbit anti-periaxin (HPA001868, Sigma-
Aldrich, St. Louis, MO, USA, 1:300) were applied for 1 hour at RT. For E-cadherin labeling
heat induced antigen retrieval in Citrate buffer pH6 was performed as previously described
[20]. Then, cells were washed with PBS-T 3 times and incubated with Alexa Fluor 555-conju-
gated goat anti-rabbit and Alexa Fluor 488-conjugated goat anti-mouse secondary antibodies
(Life technologies Carlsbad, CA, USA 1:100) for one hour in the dark. Cells were then washed
3 times for 5 minutes with PBS-T and incubated with DAPI (Invitrogen, Carlsbad, CA, USA,
T3604, 1:10000) for 45 minutes. Finally, coverslips were washed once with PBS-T, rinsed with
distilled water, and mounted on Superfrost Plus glass slides (Menzel-Gléser) with glycerol
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mounting gel (Dako, Glostrup, Denmark). Cell cultures were imaged using an Olympus Fluo-
view FV1000 confocal microscope (Olympus, Tokyo, Japan), equipped with 405 nm, 488 nm,
555 nm and 633 nm laser channels.

Transmission electron microscopy (TEM)

DRG cultures grown on glass coverslips were washed in 100 mM sodium cacodylate buffer
(pH 7.3) and were fixed in 2.5% glutaraldehyde in cacodylate buffer for 2 hours at RT. They
were then washed three times in cacodylate buffer and post-fixation was done in 2% osmium
tetroxide in cacodylate buffer for 2 hours. Following several washes in water, specimens were
pre-stainend in saturated uranyl acetate in water, washed and dehydrated in an ascending eth-
anol series (30-50-70-90 and three times 100%). They were then embedded in Epon 812 resin
as described earlier [21]. Polymerization of the resin was carried out at 65°C overnight. The
glass coverslip was removed from the Epon block by dipping it into liquid nitrogen, and sec-
tions were cut parallel to the adhesion surface using an ultramicrotome (Reichert Jung,
Vienna, Austria). They were loaded onto 300-mesh copper grids (Plano GmbH, Marburg,
Germany), and staining with uranyl acetate and lead citrate was performed as described [22].

Viability assay

To evaluate the effects of growth factors on neuronal survival rates, coverslips of unsupple-
mented cultures, cultures supplemented with either NGF 50 ng/ml or with a combined for-
mula consisting of NGF 50 ng/ml, GDNF 50 ng/ml and IGF 20 ng/ml (COMBO3) were
immersed in a calcein-viability stain (calcein-AM, Sigma Aldrich) at a final concentration of
20 nM/well in PBS for 30 minutes at 37°C in a CO, incubator. The number of stained neurons
and the total number of neurons in ten fields of view (FOV) per coverslip were counted with
the Olympus Fluoview FV1000 confocal microscope using a 10X objective. Neuron viability
was expressed as the percentage of calcein-stained neurons compared to the total neuron num-
ber. Cell viability analysis was assessed at three different time points (week 1, 2, 3 of culture).
Three independent experiments with tissues from three different animals were performed in
triplicates.

Morphological analysis of neurons

For morphological analysis of neurons, the Sholl profile was obtained of 90 neurons for each
GF supplementation and control. Five independent experiments were performed with DRGs
from five different calves. Neurons were identified by their large size and round and volumi-
nous shape in bright-field microscopy, combined with a large, pale DAPI-staining nucleus and
neurofilament (NF) expression. In order to validate the labeling of neuronal soma and neurites
by the anti-NF antibody, coverslips from two different experiments were simultaneously
labeled with the neuron-specific anti-BIII tubulin antibody and anti-NF antibody, and sixty
neurons per condition of GF supplementation were checked for co-labelling.

Confocal zeta-stack images of neurons and their neurite arborisation area covering a depth
of 20-100 um were acquired with the Olympus Fluoview FV1000 confocal microscope (Olym-
pus, Tokyo, Japan). Neuronal arborization was assessed with the Sholl analysis plug-in for the
open source platform for biological image analysis FIJI (http://fiji.sc/Sholl_Analysis) [23-25]
using 2D grayscale stack images of 90 isolated neurons per condition stained with the anti-NF
antibody. To this end, 8-bit grayscale images of neurons were pre-processed by thresholding
and removal of pixels representing debris, unspecific background staining or neurites from
adjacent neurons in the case of neurite overlap.
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For each neuron a Sholl profile was obtained based on the number of neurites intersecting
concentric circles of an overlaying grid at specified radial distances (Fig 1). For all neurons, the
starting radius was set at 50 um and incremental radial steps were set at 10 um.

Additionally to the Sholl profile, the following parameters were computed: the enclosing
radius, which is the radius of the most external circle of the Sholl grid intersected by neurites;
the maximum number of intersections at one of all radii; the radius of maximum intersections,
which describes the distance at which the maximum number of intersections was observed.
Based on the Sholl profiles, the branching rate (b;"(r;)) was estimated for 30 neurons j per
treatment tr based on the number of intersections N(r) at radii r; and r;,; (Fig 1). Additionally,
the maximum branching (Bmax]-"(r)) and minimum branching (Bmin jt’(r))) rates were
defined by identifying the maximum and the minimum amongst the branching rates of all
radii. By dividing the branching rate bjtr(ri) by the area between two consecutive radial circles
(radii r; and r;,;) the specific branching, bsjtr(ri) and their related maximum and minimum
specific branching rates were obtained. Mean maximum and minimum branching rate,

Bmax" and Bmin', and mean maximum and minimum specific branching, Bsmax™ and
Bsmin", were calculated by averaging the maximum and minimum values over the number of
samples. Sholl profiles, enclosing radius, maximum number of intersections, radius of maxi-
mum intersections and branching rates were compared between the experimental groups.

Statistical analysis and graphs

Statistics and graphical representation of the data were generated using Graph Pad Prism 5.0
(Graph Pad Software Inc., La Jolla, CA, USA) and MATLAB-The MathWorks program
(Natick, Massachusetts, USA). Sholl and branching data distributions were assessed for Nor-
mality using Kolmogorov-Smirnoff tests, D’Agostino and Pearson omnibus normality tests,
and Shapiro-Wilk tests. The differences in enclosing radius, maximum number of intersec-
tions, radius of maximum intersections and branching rates for the different experimental
groups were assessed using a repeated-measures Anova or a non-parametric Kruskal-Wallis
test (if the variable was not normally distributed), followed by post hoc correction with Dunn’s
multiple comparisons test. Pearson’s correlation coefficient was calculated to determine corre-
lation between minimum and maximum branching. The association between the presence of
neurites and a soma diameter bigger or smaller than 50 microns was evaluated using a X2 test.
P values lower than 0.05 were considered to indicate significant differences.

Results

Bovine dissociated DRG provide mixed cell cultures with neurons that
emit neurites and can be maintained for extended period of time

In average, a yield of approximately 10.000 neurons per DRG was achieved. Analogous to
DRG neurons in situ (Fig 2A), DRG neurons cultured in vitro largely varied in size. Neurons
had large spherical somas ranging from 20 to 200 pm diameter (Fig 2B, 2C and 2D), and a cen-
trally located nucleus that stained weakly with DAPI (Fig 2B). A number of neurons emanated
a branching network of neurites that were labeled with anti-NF, whilst others attached to the
coverslip but lacked neurites (Fig 2C and 2D) (S3 Fig). These results were confirmed in two
experiments by double-immunofluorescence (IF) with anti-NF and anti-BIII tubulin antibod-
ies, which revealed a high consistency between NF and BIII tubulin expression. Only a mini-
mal number of neurons (1.6%) had neurites that were detected by the anti-BIII tubulin
antibody but not by the anti-NF antibody. However, anti-BIII tubulin labeled terminal neurites
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Fig 1. Definition of data used for the Sholl analysis and mathematical formulas used for the
estimation of neurite branching based on the Sholl profiles. Red filled circles indicate intersections at the
generic radius r; and r;, 4, whereas red empty circles indicate terminating neurites between two successive
radii. (j) = neuron; (tr) = treatment; (i) = generic radius number; N(r;) = number of intersections at radius r;;
N(ri,1) = number of intersections at radius r;,+; (b"(r})) = branching rate; (bs;"(r;) = specific branching;
(Bmax;"(r)) = maximum branching; (Bsmax;"(r)) = maximum specific branching.

doi:10.1371/journal.pone.0168228.9001

more accurately. Twenty % (72/360) of the analyzed neurons exhibited a longer neurite length
when stained with anti B-III tubulin antibodies.

The presence of neurites was significantly associated with large neurons (Fig 3A), but
small-sized neurons with neurites were also observed. Neurons with a diameter smaller than
40 pm rarely emitted neurites, and the proportion of neurite bearing cells increased in larger
sized neurons (Fig 3B). The proportion of neurons with and without neurites remained consis-
tent over one week of culture (Fig 3C).

Prominent neurite outgrowth with occasional lamellipodia and filopodia-like cytoplasmic
protrusions was obvious at day 1 of culture (Fig 2D). Neurite arborisation as assessed by the
maximum number of intersections increased until day 3 of culture, but lamellipodia and filo-
podia-like cytoplasmatic protrusions became less obvious at this time point. Between day 3
and day 7 of in vitro culture, neurite arborisation reached a plateau (Fig 4D). In contrast, neur-
ite length (enclosing radius) and radius of maximum number of intersections continued to
increase until day 7 (S1 and S2 Figs).

Neurons were viable in culture for a minimum of 3 weeks (Fig 5A), and in long-term exper-
iments they were viable for more than 4 weeks. Viability over time was similar between non-
supplemented cultures and cultures treated with exogenously added growth factors (data not
shown). Overall, the proportion of viable neurons at week 1 was 81.21% and slightly decreased
at week 2 (79.74%) and 3 (73.04%). Corroborating these data, IF analysis at day 1 and 3 did not
identify any morphological evidence of significant neuronal degeneration in cultures with or
without growth factor supplementation. Only at day 7 very few neurons displayed an irregular
outline of the soma, axonal beading and fragmentation (Fig 5B).
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Fig 2. DRG neurons in situand in vitro. (A) Histological section of a bovine DRG stained with hematoxylin
and eosin (HE). Satellite cells tightly cluster around large sensory neurons. (B) Immunofluorescence staining
of dissociated DRG at day 3 in culture, which contains a mixed population of cells. The neuron emits a large
number of neurofilament-positive neurites (green). Satellite cells, whose nuclei are stained with DAPI (blue),
remain tightly clustered around the soma of the dissociated neuron. (*) Weak DAPI-staining of the neuronal
nucleus. (C) A large sensory DRG neuron, stained with neurofilament (grey), showing an extensive neurite
outgrowth and few smaller neurons staining intensively with NF that have no detectable neurite outgrowth at 3
days of culture (*). (D) Neuron stained with neurofilament showing filopodia like structures (*) at day 1 in cell
culture next to a neuron with neurite outgrowth and neurons without neurites. (E) DRG culture at day 7.
Satellite/Schwann cells expressing S100 (red) and Vimentin (green) constituting a subconfluent layer at day 7
of culture. Nuclei are stained with DAPI (blue). (F) Immunofluorescence staining showing GFAP-positive
satellite cells (red) surrounding a neuron labeled with neurofilament (green). Nuclei are stained with DAPI
(blue).

doi:10.1371/journal.pone.0168228.9002
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Fig 3. Ratio of neurite-bearing neurons and neurons without neurons. The soma diameter of 360 neurons was measured and the presence or
absence of neurites was assessed. (A) Dot plots showing soma diameter of neurons with and without neurites. Black horizontal lines indicate the mean.
Based on soma diameter two categories (large neurons >50 uym and small neurons <50 um) were defined. The prevalence of neurites was significantly
higher in the group of large neurons as in small neurons (*) (X2 test, p < 0.0001). (B) Frequency histogram showing the distribution of neurons with and
without neurites in function of size. The frequency distribution of neurons with neurites (grey) is shifted to a larger soma diameter compared to neurons
without neurites (white). (C) Dot plot showing the proportions of neurons with and without neurites over 7 days of culture. The proportion of neurons with
and without neurites did not change significantly over the entire period of the experiment (Kruskal Wallis test, p > 0.05). Black horizontal lines indicate the
mean.

doi:10.1371/journal.pone.0168228.9003
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indicate the median. Ninety neurons were analyzed for each GF supplementation and control. GDNF50, GDNF150, IGF20, IGF50, NGF50, COMBO?2,
COMBOS induced a significant increase in the maximum number of intersections at day 1. At day 3 GDNF and NGF alone or in combined formulation but
not IGF increased the maximum number of intersections. At day 7 both IGF and NGF 50 treated neurons showed a significant lower number of
intersections. (p<0.05—Kruskall Wallis test, results are shown in S1 File). (D) Comparison of maximum number of intersections over time between
supplementations and control. The number of intersections was higher in GF supplemented neurons compared to control and increased from day 1 to 3.
From day 3 to day 7, the maximum number of intersections reached a plateau phase in all treatment groups. Mean values of maximum number of
intersections calculated with the Sholl analysis are shown.

doi:10.1371/journal.pone.0168228.9004

DRG cultures contained contaminating non-neuronal cells. Most cells were tightly clus-
tered around the neuronal somata, similar to the capsule of satellite cells around DRG neu-
rons observed in situ (Fig 2A and 2B, S6C Fig). In between neurons, two populations of cells
were observed (Fig 2E). The majority of cells had long slender bipolar cytoplasmic processes
and a central oval nucleus that expressed S100 protein, GFAP and vimentin indicating Satel-
lite/Schwann cell origin. Additionally, TEM revealed the presence of cilia, exhibiting a char-
acteristic microtubular cytoskeleton and extending from a ciliary pocket [26], confirming
neuroectodermal origin (S6D Fig) [27, 28]. These cells followed the course of neurites and
enclosed them. However, myelin formation around neurites was not observed by TEM (S6A
and S6B Fig).
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Fig 5. DRG neurons can be maintained in culture for extended periods. (A) Viable DRG neurons after 2 weeks in culture stained with calcein
(green). (B) Diffuse neurite fragmentation in a neurofilament-positive neuron (*) at day 7. In the lower left a viable neurite bearing neuron is
present.

doi:10.1371/journal.pone.0168228.g005

Membranous E-cadherin was expressed by satellite cells tightly clustered around the neu-
ron. Perjaxin expression was not observed in the glia cell population. The minority of contami-
nating non-neuronal cells had a flat, polygonal morphology and expressed vimentin only,
which is reminiscent for fibroblasts. Contaminating cells proliferated and constituted generally
a subconfluent layer at day 7 of culture.

Growth factor supplementation modulates but is not required for neurite
growth and branching

The proportion of viable neurons as well the proportion of neurons with and without neurites
was not significantly different between the groups supplemented with growth factors and the
control group (data not shown). Additionally, a correlation between the mean values of mini-
mum and maximum branching rates was observed in all experimental groups at each time
point (S5 Fig).

In contrast, supplementation with growth factors had an effect on neurite outgrowth and
arborisation. In many growth factor treated cultures, the maximum number of intersections
and enclosing radius were superior compared to the control from day 1 to day 7 of culture (Fig
4, S2 Fig).

When compared to non-supplemented controls, GDNF promoted neurite outgrowth and
arborisation (Fig 4, S1 and S2 Figs, S1-S3 Files). At most time points, GDNF concentrations of
10ng/ml and 50ng/ml induced a significant increase in enclosing radius and maximum num-
ber of intersections compared to controls without GF supplementation (Fig 4, S1, S2 and S4
Figs, S1-S3 Files). While this effect was also observed with 150ng/ml GDNF at the first day of
culture, it was abolished at day 3 and 7. Increased maximum numbers of intersections were
also observed when compared to IGF treated cultures from day 3 on, whereas enclosing radius
and radius of maximum intersections were similar between GDNF and IGF treated cultures.
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The positive effect of GDNF on neurite outgrowth and arborisation was also observed in com-
bination with other growth factors (COMBO3).

Although IGF supplementation caused a slight increase in the maximum number of inter-
sections at day 1 compared to non-supplemented controls, this effect vanished from day 3 on
onwards, also when compared to cultures supplemented with other exogenously added growth
factors (GDNF, NGF and combined formula) (Fig 4, S1 File). In contrast, IGF supplementa-
tion increased the neurite length (S2 Fig, S3 File). This effect was clearest at day 1, where differ-
ences were significant to non-supplemented cultures and the other two growth factors. These
results were in line with microscopical observations of long single processes or few processes
in IGF supplemented neurons with scarce ramification rather than an extensive arborized net-
work of neurites (54 Fig).

NGF supplementation had a positive effect on the number of intersections, however, this
was most evident after day 3 in culture (Fig 4, S1 File). A positive effect on neurite length was
also observed on day 3, whereas at days 1 and 7 no clear effect was detected. Unexpectedly, at
day 7 of culture in medium containing 50 ng/ml NGF, neurons exhibited a lower number and
shorter neurites compared to neurons maintained in the presence of lower and higher NGF
concentrations. NGF supplementation had no effect on the maximum radius of intersections
(S1 Fig, S2 File).

Discussion

DRG cultures have been developed from embryonic, postnatal, or adult rats, mice, rabbits,
chickens, carnivores and primates [5, 29]. This study describes the establishment of dissociated
primary DRG cultures from calves, which represents a sustainable host-specific model due to
the fact that DRGs represent waste products of the regular slaughter process for food con-
sumption. Bovine postnatal DRG cultures can be prepared on a regular basis due to the avail-
ability of tissues from slaughtered animals, and are not dependent on the availability of
experimental animals. Thus, this culture technique contributes to the internationally accepted
3Rs principle of replacement, reduction, and refinement in animal experimentation [30].

Isolation of bovine postnatal DRG is easy, rapid and takes advantage of the slaughtering
process as the siding of the carcass in two halves exposes the neuroforamina within a few min-
utes, allowing for the collection of DRGs without the need for complex anatomical prepara-
tions. It is possible to collect at least 20 DRGs from a single animal in less than 15 minutes with
a yield similar to DRG dissociations of postnatal laboratory animals [5, 12, 17, 31]. In contrast,
the yield from embryonal DRG of laboratory animals is generally superior [12, 29]. Compared
to embryonal cultures, however, postnatal cultures more closely reflect DRG physiology by
providing a source of mature neurons and, hence, are more suitable to study acquired patholo-
gies [2, 29].

The current study provides a method to produce viable cells from slaughtered animals,
which are amenable to biochemical and electrophysiological studies. With soma diameters
ranging from 20 to 200 um postnatal DRG sensory neurons are large when compared to
other species [32-35]. This fact could be explained by the reported correlation of neuronal
soma size and body size of the animal species [34]. Large neuronal dimensions are
exploitable for morphological studies and infection assays facilitating direct injection of
pathogens to investigate their ability to replicate intracellularly and to travel intra-axonally.
Bovine postnatal DRGs contain a morphologically heterogeneous population of neurons
based on the soma size and the presence of neurites. Variation in soma size has also been
observed in DRG neurons of other species [34-37] and is related to differences in physiologi-
cal functions including sensory, metabolic and conductive properties of neurons [36-38].
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Whether the morphological heterogeneity observed in bovine DRG neurons reflects bio-
chemical and physiological differences between neuronal subpopulations remains to be
determined. Additionally, as we have pooled together DRGs from the cervical, thoracic and
lumbar spine for our cultures, we cannot make conclusions about topographical variations
in neuronal subpopulations between DRGs of different locations. These have been previously
indicated in rodents and ruminants [39, 40].

Medium supplementation with various growth factors had no effect on neuronal viability.
This observation is in line with previous studies showing that post-natal and adult neurons do
not require exogenously added growth factors for survival [17], whilst embryonal neurons
depend on neurotrophic growth factor supplementation for survival in the first week post
seeding [29, 31, 41, 42]. Bovine postnatal DRG neurons survived with and without growth fac-
tor supplementation for more than 3 weeks in culture, which is similar to primary DRG neu-
ron cultures from other species [5, 17, 31].

Additionally, growth factor supplementation had no effect on the proportion of neurite
bearing neurons independently of the neuronal marker used for neurite labeling, which is in
contrast to previous studies that observed an increase of neurite bearing rat DRG neurons in
NGF supplemented cultures [31, 41]. Independently of the growth factors used, a similar pro-
portion of DRG neurons established an intricate network of neurites that were in close contact
with Schwann cells. Additionally, in neurite bearing bovine DRG neurons, extensive neurite
outgrowth was present also in medium devoid of added growth factors. These results suggest
autocrine or paracrine production of neurotrophic factors by the DRG neurons themselves
[43] or by contaminating Schwann cells, satellite cells and fibroblasts [44-46]. Indeed, DRG
cultures contained non-neuronal cells, most of which were closely attached to the DRG neu-
rons similar to the anatomical arrangement of satellite cells around neurons in vivo and which
tended to become confluent by day 7 in culture. However, complete removal of non-neuronal
cells was impossible as indicated also by studies in other species [47]. The amount of non-neu-
ronal cells in these cultures may explain absence of any effect of NGF on the number of neurite
bearing neurons compared to studies in other animal species [31, 41, 48]. Additionally, the
type of NGF used may explain the differences to the aforementioned studies [31, 41, 49]. How-
ever, additional species-related differences in physiology cannot be excluded. Experiments
with cultures at low cell densities including control conditions with blocking antibodies
against growth factors would be required to clarify this question.

Non-neuronal cells that were attached to neurons expressed S100, GFAP, indicating
Schwann and satellite cell origin and E-cadherin and Vimentin [3, 47, 50, 51]. The presence of
these cells allows for the examination of peripheral neuron-glial interactions during non-infec-
tious and infectious nerve injury and pain [3, 14, 47, 52-54]. Periaxin, a protein involved in
peripheral nerve myelination was not expressed by these cells and additionally, IF analysis and
transmission electron microscopy did not reveal neurites enwrapped by Schwann cell myelin
sheaths. These results suggest that Schwann cells in our cultures were non-myelinating [55].
However, satellite cell processes were frequently observed to enclose neurites.

The population of neurons that emitted neurites generally showed multipolar morphology,
distinct from the typical pseudo-unipolar morphology of DRG neurons in vivo [56]. Loss of
pseudounipolarity has been described also in cultured DRG neurons from rat, mice and rabbit
and have been attributed to different factors including the removal of satellite cells, which pre-
vent dendritic formation in vivo [8], the type of GF supplementation [57] and activation of
transcription factors associated to the regenerative state of dissociated neurons [58]. As in
DRG cultures from other species [47, 59] postnatal bovine DRG neurons still had significant
numbers of ensheathing cells attached, which does not support the removal of satellite cells as
the cause for multipolarity. In contrast, neurite outgrowth, arborisation and elongation were
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modulated under certain GF supplementations suggesting that presence of GF is involved in
neuronal morphology and loss of neuronal pseudounipolarity.

In line with previous studies performed in other species [7, 60], the presence of GDNF sig-
nificantly propagated neurite outgrowth in terms of number and length of neurites compared
to controls without GF supplementation. However, at the highest concentration, this effect
was abolished from day 3 on. While the cause for the absent stimulation of neurite outgrowth
at this concentration at later time points remains unknown, the lacking effect coincides with
the increase of the non-neuronal cell population. Hence, decrease of neurite outgrowth could
be explained by endogenous GDNF production of glial cells potentially resulting in inhibitory
effects of GDNF at high concentrations [61, 62]. In contrast, the main effect of IGF supple-
mentation was increased neurite length compared to non-supplemented controls and decrease
of neurite arborisation compared to GDNF supplementation. The morphology of IGF supple-
mented neurons frequently differed to that of GDNF supplemented neurons as they assumed a
rather pseudo-unipolar like morphology with a single or few long and scarcely ramified pro-
cesses. These results suggest that IGF stimulates axonal development rather than extensive
neurite arborisation supporting in vivo observations that IGF inhibits the arborisation of sen-
sory neurons and promotes the elongation of neurites [63]. In line with studies in other species
[7, 60], NGF supplementation promoted neurite length and arborisation. This effect was clear
at day 3, but not consistently present at the other time points, notably at a concentration of
50ng/ml. The cause for this inconsistency remains unclear. Similarly, neurons supplemented
either with a combination of NGF and GDNF or a combination of NGF, GDNF and IGF pro-
moted increase in number and length of neurites compared to controls, but no synergistic
effect between GF was observed. This study was restricted to the morphological effect of
growth factors on neurons, neurite outgrowth and branching. In order to investigate effects of
GF supplementation on the neurochemical phenotype of neurons, as it has been demonstrated
in rats, mice and chicken [39, 62, 64], more in-depth studies including the analysis of neuro-
peptide expression are required.

The analysis of neurite branching revealed that minimum and maximum branching were
correlated, independently of the growth factor supplementation. As a general rule, the den-
dritic field and branching patterns of a neuron are determined by its physiological role. How-
ever the balance between metabolic costs of new neurite formation and the need to cover the
neuronal receptive field presumably contributes to neurite morphology [65], which is—once
established—maintained along the neuronal lifespan [66]. Although the present study investi-
gated in vitro cultures of neurons in absence of target tissue as seen in vivo, our results show
that the number of branching neurites is proportional to the number of non-dividing terminal
branches produced by a neuron at any time point indicating that branching activity remains
constant during neuronal lifespan, which is in line with previous studies in other species [65,
67, 68]. Thus, post-natal bovine DRG neurons appear to be suitable for studies investigating
the mechanism of neuronal outgrowth and regeneration.

Conclusion

We describe a method for the establishment of a primary postnatal bovine DRG neuron cul-
ture from slaughtered calves, which can be maintained for extended periods of time. We
assessed the neurite growth potential of dissociated bovine post-natal sensory neurons in vitro
and showed that growth factor supplementation is not required for their survival but modu-
lates neurite outgrowth. Furthermore, this mixed cell culture recapitulates the organizational
architecture between neurons, neurites and ensheathing cells in the peripheral nervous system.
Therefore, this system represents a sustainable host-specific model for neuroscience research
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and may be used in dynamic growth assays, pharmacological and toxicological screenings, for
studies on neurite regeneration, pain and pathomechanisms of diseases involving the periph-
eral nervous system.

Supporting Information

S1 Fig. Radius of maximum number of intersection in DRG neurons at day 1 (A), day 3 (B)
and day 7 (C) in culture. Box-and-whisker plots (5-95 percentiles) show the radius of maxi-
mum of intersections (NGF: 10, 50, 150 ng/ml; GDNEF: 10, 50, 150 ng/ml; IGF: 5, 20, 50 ng/ml,
NGF 50 ng/ml combined with GDNF 50 ng/ml [COMBO2]; NGF 50ng/ml combined with
GDNF 50 ng/ml and IGF20 ng/ml [COMBO3]) and control (No GF). Values below and above
the whiskers are shown as individual points. Horizontal black lines indicate the median.
Ninety neurons were analyzed for each GF supplementation group and control group. (A) At
day 1, the radius at the maximum of intersection was significantly higher in neurons supple-
mented with GDNF50, IGF20, IGF50, NGF50 and with a combination of NGF 50 ng/ml,
GDNF 50 ng/ml and IGF 20 ng/ml [COMBO3] than in the control. (B-C) From day 3 to day 7,
differences between supplementations were no longer statistically significant. (D) Comparison
of radius of maximum number of intersections over time between groups of supplementation
and control. The radius of maximum number of intersections increases in all groups from day
1 to day 7 in culture. Mean values of the radius of maximum number of intersections calcu-
lated with the Sholl analysis are shown. Results of the statistical analysis are shown in S2 File.
(TIF)

S2 Fig. Enclosing radius in DRG neurons at day 1 (A), day 3 (B) and day 7 (C) in culture.
Box-and-whisker plots (5-95 percentiles) show the enclosing radius of groups of supplementa-
tion (NGF: 10, 50, 150 ng/ml; GDNF: 10, 50, 150 ng/ml; IGF: 5, 20, 50 ng/ml, NGF 50 ng/ml
combined with GDNF 50 ng/ml [COMBO2]; NGF 50ng/ml combined with GDNF 50 ng/ml
and IGF20 ng/ml [COMBO?3]) and control (No GF). Values below and above the whiskers are
shown as individual points. Horizontal black lines indicate the median. Ninety neurons were
analyzed for each GF supplementation and control group. At day 1, the enclosing radius was
significantly bigger in neurons supplemented with GDNF150, IGF20 or IGF50 compared to
the control. (B) At day 3, the enclosing radius of neurons supplemented with GDNF10, IGF5,
IGF20, IGF50, NGF10, NGF150, or with a combination of growth factors including IGF
(COMBO3) or just NGF 50 and GDNF 50 (COMBO2) was significantly increased compared
to control neurons. (C) At day 7 the enclosing radius of neurons supplemented with GDNF50
and a combination of growth factors including IGF (COMBO3) was significantly bigger than
that of control neurons, while neurons supplemented with GDNF150, IGF5 and NGF 50
showed a significantly lower value of enclosing radius. (D) Comparison of enclosing radius
over time between groups of supplementation and control. The enclosing radius increases in
all groups from day 1 to day 7 in culture. Mean values of the enclosing radius calculated with
the Sholl analysis are shown. Results of the statistical analysis are shown in S3 File.

(TIF)

$3 Fig. Double immunofluorescence of dissociated neurons at day 3 of culture. Neurons
are labeled with anti-NF (green, A) and (B) anti-BIII tubulin (red, B). (C) Merged image show-
ing colocalization of NF and BIII tubulin both in neurons with and without neurites.

(TIF)

$4 Fig. Immunofluorescence of DRG neurons (Day 7). Neurons are supplemented with
GDNF (A), IGF (B) or cultured in absence of GF supplementation (control, C). (A) The presence
of GDNF increases neurite outgrowth compared to control. (B) IGF medium supplementation
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increases the number of neurons bearing few long and scarcely ramified processes. (C) In neurite
bearing neurons, extensive neurite outgrowth is present also in absence of GF supplementation.
DRG neurons are stained with anti-NF antibody (grey).

(TIF)

S5 Fig. Correlation Scatter XY plots showing the means of minimum (Bmin”) and maxi-
mum (Bmax") branching rate at day 1 (A), day 3 (B) and day 7 (C). Minimum and maxi-
mum branching rates are highly correlated, and correlation between minimum and maximum
branching remains constant over time. Each different color represents a different GF supple-
mentation and control (No GF). Pearson’s correlation coefficients were -0.532 (day 1), -0.66
(day 3) and -0.56 (day 7).

(TIF)

S6 Fig. Transmission electron microscopy of dissociated DRG in culture. (A) Overview of
non-myelinating Schwann cells enclosing a neurite (white box). Bar = 1100 nm. (B) Higher
magnification of the boxed frame in A. The longitudinally sectioned neurite contains neurofi-
laments and microtubules. The neurite is encircled by a Schwann cell without myelin sheath.
Bar = 250 nm. (C) Two adjacent neurons (N) are separated by two flattened Satellite cells that
are closely surrounding the upper neuron. The Satellite cells contain a large number of mem-
brane-bound vacuoles and have numerous elongated cytoplasmic processes. Bar = 1100 nm
(D) High magnification of a Satellite cell showing cilia (Ci), one extruding into the extracellu-
lar space, and the associated ciliary pockets (CiP). Bar = 250 nm.

(TIF)

S1 File. Statistical analysis of “maximum of intersections” data. Kruskal-Wallis statistic with
Dunn’s Multiple Comparison Test, threshold significance level for P is 0.05. P value < 0.001 is
considered extremely significant (***); P value from 0.001 to 0.01 very significant (**); P value
from 0.01 to 0.05 significant (*); P value > 0.05 not significant (ns).

(XLSX)

S2 File. Statistical analysis of “radius of maximum of intersections” data. Kruskal-Wallis
statistic with Dunn’s Multiple Comparison Test, threshold significance level for P is 0.05. P
value < 0.001 is considered extremely significant (***); P value from 0.001 to 0.01 very signifi-
cant (**); P value from 0.01 to 0.05 significant (*); P value >0.05 not significant (ns).

(XLSX)

S3 File. Statistical analysis of “enclosing radius” data. Kruskal-Wallis statistic with Dunn’s
Multiple Comparison Test, threshold significance level for P is 0.05. P value < 0.001 is consid-
ered extremely significant (***); P value from 0.001 to 0.01 very significant (**); P value from
0.01 to 0.05 significant (*); P value >0.05 not significant (ns).

(XLSX)
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