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Abstract: A critical role of the peripheral axons of nociceptors of the dorsal root ganglion (DRG) is the
conduction of all-or-nothing action potentials from peripheral nerve endings to the central nervous
system for the perception of noxious stimuli. Plasticity along multiple sites along the pain axis has
now been widely implicated in the maladaptive changes that occur in pathological pain states such
as neuropathic and inflammatory pain. Notably, increasing evidence suggests that nociceptive axons
actively participate through the local expression of ion channels, receptors, and signal transduction
molecules through axonal mRNA translation machinery that is independent of the soma component.
In this report, we explore the sensitization of sensory neurons through the treatment of compart-
mentalized axon-like structures spanning microchannels that have been treated with the cytokine
IL-6 and, subsequently, capsaicin. These data demonstrate the utility of isolating DRG axon-like
structures using microfluidic systems, laying the groundwork for constructing the complex in vitro
models of cellular networks that are involved in pain signaling for targeted pharmacological and
genetic perturbations.

Keywords: nociception; dorsal root ganglia; axonal stimulation; maladaptive plasticity; drug discov-
ery; microfluidics

1. Introduction

A critical role of the peripheral axons of nociceptors of the dorsal root ganglion (DRG)
is excitation from peripheral nerve endings to the central nervous system for the perception
of noxious stimuli [1]. Plasticity along multiple sites along the pain axis has now been
widely implicated in the maladaptive changes occurring in pathological pain states such as
neuropathic and inflammatory pain [2]. Notably, increasing evidence suggests that noci-
ceptive axons actively participate through the local expression of ion channels, receptors,
and signal transduction molecules through axonal mRNA translation machinery [3,4] that
is independent of the soma component. Ultimately, the peripheral terminals, not the soma,
are exposed to a myriad of inflammatory cytokines and immune-related molecules during
inflammation and/or nerve injury and may contribute to the peripheral hyperexcitability
of mouse DRG neurons [5]. Therefore, a more detailed understanding of the role of axons
that are independent of the soma in nociceptive plasticity is required.

The ability to physically and chemically isolate peripheral axons for genetic and or
pharmacological manipulation may elucidate the role of axons in the maladaptive changes
occurring in hyperexcitable nociceptors under inflammatory conditions. However, typical
in vitro neuronal cultures have no physical and chemical isolation of axonal processes,
and principal measurements increasingly rely on that of cell soma responses. However,
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advances in microfluidic cell culture platforms have overcome these challenges [6-9].
Microfluidic structures allow the culture of neuronal cell bodies in a distinct compartment,
where axon-like structures extend across microchannels interconnecting a separate dis-
tal compartment. Through the physical and chemical isolation of the soma and axonal
compartments, microfluidic systems allow spatial and temporal control over the axonal
microenvironment, allowing separate characterization of cellular components. Prior stud-
ies have utilized DRG neurons in microfluidic structures for imaging and biochemical
manipulations; however, these studies used neonatal tissue, which complicates the study
of NGF-mediated sensitization [10]. The use of adult tissue is a key differentiating compo-
nent of the present study and one that allows us to build upon our electrophysiological
observations and methodology [5] towards constructing complex in vitro models.

Interestingly, a large proportion of inflammatory and immune-related mRNA is en-
coded exclusively in adult sensory axons in response to injury compared to embryonic
axons [3]. This observation highlights the role of local protein synthesis in mature tissue
for the establishment and maintenance of chronic and neuropathic pain states and the im-
portance of adult DRG tissue in modelling degeneration or maladaptive changes following
injury and/or inflammation.

In the present study, we report an approach for interrogating the adult DRG neurons
cultured in a microfluidic culture system. We demonstrate that this approach allows for
the physical isolation of adult DRG cells bodies from their axon-like structures in adjacent
compartments. Further, we demonstrate the ability of the axon-like structures to respond
to a relevant agonist, capsaicin, while observing soma responses through calcium imaging.
We also show that DRG cell bodies respond to the administration of an inflammatory
cytokine (IL-6) [5] when introduced into the axonal compartment. Our findings suggest
that the DRG axon-like structures spanning microchannels in vitro can convey excitation
and mediate sensitization.

2. Materials and Methods
2.1. Fabrication and Assembly of PDMS Microfluidic Chambers

Two-chambered microfluidic devices were fabricated as described previously with
minor modifications [11]. Namely, a ~12.8-15 pum thick layer of SU-8 photoresist (Mi-
croChem, Westborough, MA, USA) was patterned on a silicon wafer (University Wafers,
Boston, MA, USA) to serve as the template for the connecting microchannels. This layer
was formed by spin coating at 500 RPM with a 1000 ramp for 10 s and then at 1000 RPM
with a 200 ramp for 35 s followed by baking at 105 °C for 2 min and exposure to ultraviolet
(UV) light at 100 mJ/cm?. After exposure, the wafer was baked for 1 min at 70 °C followed
by an additional 2 min at 105 °C. Then, it was developed twice for 3 min using a SU-8
developer (MicroChem, Westborough, MA, USA). The wafer was baked for an additional
2 min at 110 °C. During the second step, a ~100 pum thick layer of photoresist (SU-8) was
deposited by spin coating at 500 RPM with a 100 ramp for 10 s then at 1000 RPM with
a 300 ramp for 40 s followed by baking at 70 °C for 5 min and 20 additional minutes at
105 °C. The wafer was aligned and was then exposed to UV light at 320 mJ/cm?. The wafer
was baked for 1 min at 70 °C followed by an additional 10 min at 105 °C. It was developed
twice for 3 min using SU-8 developer, rinsed with 20 mL IPA, and dried under a stream
of nitrogen. The PDMS microfluidic devices were fabricated using previously described
methods with minor modifications [12]. Namely, an outlet port was punched directly into
the proximal and distal chamber to form an “open well” structure using a sterile 6 mm hole
punch. The PDMS devices were bonded to glass cover slides via plasma treatment [12].

2.2. Isolation and Culture of Adult DRG Neurons

Adult DRG neuron isolation and culture methodology was adapted from Black et al. [5].
All surgical procedures were performed in accordance with University of Texas at Dal-
las’s Institutional Animal Care and Use Committee. In all experimental cases, male mice
(4-6 weeks old; Envigo RMS Inc., Indianapolis, IN, USA) from the Institute for Cancer
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Research (CD-1) were used. Briefly, after dissociation and isolation of the cell pellet, cells
were resuspended in fresh 10-20 uL of complete cell medium. Approximately 4-5 x 10°
viable neurons were plated per device in the soma chamber (36 mm? area) of the microflu-
idic device and were allowed to adhere for 30 min. Following adhesion, complete cell
medium, as described in Black et al., 2018 [5], was added to both the soma and axonal
chambers. To induce axonal outgrowth across the microchannels and into the axonal
chamber, a neurotrophic gradient was established as follows: On day in vitro (DIV) 0 and
DIV 1, (Figure 1A) both the axonal and soma chambers were treated with media containing
100 ng/mL of both mouse nerve growth factor (mnNGEF, Sigma Aldrich, St. Louis, MO,
USA) and human glial derived neurotrophic factor (hRGDNF, Peprotech, Inc., Rocky Hill,
NJ, USA). On DIV 1-3, the media were adjusted to contain 50 ng/mL in the soma chamber
and 100 ng/mL in the axonal chamber for both growth factors. From DIV 3 onwards,
the media were adjusted to contain 25 ng/mL in the soma chamber and 100 ng/mL in the
axonal chamber for both factors and was exchanged every 48 h. Cell viability and axon-like
structures were assessed after seeding in a phase contrast microscope (Figure 1B).

Small Medium Large

Figure 1. Isolation of axon-like structures in adult mouse DRG neuron cultures in microfluidic-
based culture platforms (A) Experimental timeline. (B) Cell viability observations in phase contrast
microscopy depicting healthy neuronal cell bodies. (C) Dorsal root ganglia cross-sectional area
categorization with the majority of cells being of small-medium range. (D) Representative image of
a seeded device with the soma (left) and axonal (right) chambers interconnected via microchannels
at DIV 6 (E) Magnified view of the dashed rectangle from panel D demonstrating isolated axon-like
structures crossing microchannels. (F) Axon-like structures crossing identified by the fluorescent
tracer, Dil, applied to the axonal chamber. Dil is taken up by crossing axons and retrogradely trans-
ported to the soma. (G) Axon-like structures stained with peripherin, a marker that is preferentially
expressed by peripheral sensory neurons. Horizontal scale bars represent 150 pm.

In some experiments, cells were also seeded distally (1600 pm) from the entrance to
the microchannels (Xona Microfluidics, Inc., Research Triangle Park, NC, USA). All of the
devices that were used (custom or Xona) had identical dimensions/design, particularly per-
taining to the microchannels which were 150 pm in length, 5 um in height, 7.5 pm in width,
and with an inter-channel spacing of 52.5 um (Figure 1D). Cultures were maintained in
identical growth factor and volume gradient as described above. This set of cultures was
maintained over a period of 14 days.

2.3. Calcium Imaging

At either DIV 6 (short term cultures) or DIV 14 (long term cultures), complete cell
media was removed and media containing the calcium indicator Fluo-4, AM, (5 uM, Ther-
moFisher Scientific, Waltham, MA, USA) were loaded into both chambers for 30-45 min
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at 37 °C. Following staining, both chambers were washed once with Hanks’ Balanced
Salt Solution (HBSS, Sigma Aldrich, St. Louis, MO, USA) before imaging commenced.
Micro-fluidic chambers were directly mounted on the stage of an inverted microscope
(Nikon Ti eclipse, Nikon, Tokyo, Japan) equipped with a humidified chamber (OKOLAB
USA Inc., San Francisco, CA, USA) maintained at 37 °C and 10% CO,. The imaging regime
consisted of acquiring fluorescence images (488 nm excitation) every 500 ms for 2 min. Iso-
lated axon-like structures were stimulated with 100 nM capsaicin (Sigma Aldrich, St. Louis,
MO, USA) reconstituted in complete growth media, and images were acquired from the
soma chamber. To ensure chemical and fluidic isolation during the experiment, the soma
chamber was maintained in 100 uL of HBSS, and the axonal chamber was maintained
at a 50 uL total volume of HBSS.

2.4. IL-6 Sensitization of Axons

For the IL-6 sensitization of the axon-like structures, adult DRG neurons were pre-
pared as described above (Section 2.2). On DIV 3, NGF- and GDNF-supplemented media
were removed from both the soma and axonal chambers and were replaced with media
containing anti-NGF (1:50, Sigma, etc.). Following 24 h of NGF deprivation, cultures were
assigned to two experimental groups: axon compartments treated with 100 ng/mL IL-6
and axon compartments continued in anti-NGF for an additional 48 h (negative control).
Similar times were employed for the maintenance and group assignment in the long-term
cultured devices where IL-6 was added at 48 h prior to calcium imaging experiments.
At either DIV 6 (short term cultures) or DIV 14 (long term cultures), axonal responses to
100 nM capsaicin were tested using calcium imaging, as previously described (Section 2.3).

2.5. Immunocytochemistry

Following calcium imaging experiments, cultures in the microfluidic chambers were
fixed with 4% paraformaldehyde (Sigma Aldrich, St. Louis, MO, USA) and reconsti-
tuted in sterile phosphate-buffered solution (PBS) for 30 min at room temperature (RT).
Since fixation was performed without the removal of the PDMS microfluidic structures,
differential volumes were maintained in the compartments to ensure the fixation of the
axon-like structures in the microfluidic channels. Following fixation, both chambers were
washed three times for 5 min each with PBS and were stored in PBS + 0.1% sodium azide
at 4 °C for at least 24 h. The next day, cells were permeabilized with Triton X-100 (0.2%
in PBS solution) for 30 min at RT and blocked with 10% normal goat serum (NGS) (NS02L,
Sigma Aldrich, St. Louis, MO, USA) for 2 h. Primary antibody solution was reconstituted
in 10% NGS and was added to both chambers and was placed at 4 °C overnight on a plate
rocker. Next, chambers were washed with PBS and were treated with secondary antibod-
ies for 1 h at RT. The following primary antibodies were used: anti mouse BIII-tubulin
(1:1000, Sigma Aldrich, St. Louis, MO, USA), rabbit anti-peripherin (1:2000, Sigma Aldrich,
St. Louis, MO, USA), guinea pig anti-transient receptor potential vanilloid type 1 (TRPV1,
1:1000, Sigma Aldrich, St. Louis, MO, USA), and NeuN (1:500, Abcam, Cambridge, UK).
The secondary antibodies were goat anti-rabbit Alexa 405, goat anti-rabbit Alexa 488, or
Alexa goat anti-mouse 555. For the visualization of isolectin B4 (IB4), cells were incubated
with 1:500 FITC-conjugated IB4 (Sigma Aldrich, St. Louis, MO, USA).

2.6. Image Analysis and Data Processing

After staining, microfluidic structures were imaged directly by means of confocal
microscopy (Nikon Ti eclipse, Nikon, Tokyo, Japan). Fluorescence and bright field imaging
were carried out using an inverted microscope, and all epifluorescent images were acquired
using epifluorescent light sources (Lumnecor, Beaverton, OR, USA). Post processing of the
calcium imaging data was carried out by first defining regions of interest (ROI) on the cell
bodies with an approximate diameter of 30 pm to limit analysis to small-medium gauge
neurons, which are presumptive nociceptors. A positive calcium response was attributed to
a neuron when the mean fluorescence intensity was greater than three standard deviations
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above the mean of the baseline, which was calculated from a 30 s window before capsaicin
application. Arbitrary unit (AU) data in long term experiments exhibited a downward slope
with corresponding positive deflections from baseline, corresponding to calcium transient
responses. Raw data were processed in Origin (OriginLabs) using the Asymmetric Least
Squares Smoothing filter to define the baseline in this cohort. Data points that deviated
from this baseline as positive peaks were then plotted as the change over time from baseline.

Immunocytochemistry (ICC) imaging was performed from the set of long-term cul-
tured devices at a 10x magnification using an inverted microscope (Nikon Eclipse Ti;
Nikon, Tokyo, Japan) and epifluorescent light sources (Lumencor, Beaverton, OR, USA).
All images were processed in Image] (NIH). To quantify an absolute cell count based on
positive stains for NeuN, TRPV1, and IB4 independently, we subtracted the background
noise and created a mask by adjusting the color threshold to isolate the cells of interest.
If the cells were clustered, the mask was further processed as binary, and the watershed tool
was applied to differentiate the cells. Using the “analyze particles” function, we defined
a lower bound threshold (400-infinity) and corrected the circularity (0.2-1.0). The same
Image] protocol was adjusted for TRPV1 channel quantification by changing the upper
bound threshold (0-1000) and correcting the circularity (0-1.0). To obtain the co-localization
counts for NeuN + TRPV1-positive soma and NeuN + IB4-positive soma, the Image] plug-
in JACoP was used to generate a masked image of the co-localized regions followed by
analyzing the particles to obtain a cell count.

Size-based neuronal DRG analysis: At least three diameters of NeuN positively
stained cells were averaged using Image] (NIH), and the surface area was calculated
for each cell. This method was utilized for each DRG cell due to their spherical shape
variability. Cells were then classified based on previous size-based characterizations of
DRG cell subtypes [5,13].

2.7. Statistical Analysis

A two-sample t-test was performed to compare the means of the two groups to test the
hypothesis of there being no difference between the control and treatment groups. For all
conditions, a p value < 0.05 was considered statistically significant. Unless otherwise noted,
all descriptive statistics are represented as the mean =+ standard error of the mean (SEM).

3. Results
3.1. Characterization of Adult DRG Neuron Preparations in Microfluidic Chambers

Microfluidic systems allow temporary fluidic isolation between the soma and axonal
chambers, which is established by a volume difference between chambers. The resulting
fluidic pressure generated at the microchannels minimizes the diffusion of molecules.
This is especially important for the generation of a stable neurotrophic gradient to stim-
ulate axonal growth across microchannels into the axonal chamber. We and others have
previously demonstrated a temporary chemotactic field across the microchannels us-
ing FITC-conjugated dextran to mimic the diffusion profile of growth factors and/or
cytokines [11,14,15]. Our prior work showed no fluorescence intensity in the soma com-
partment via fluorescence microscopy after the establishment of a gradient for a minimum
of 8 h, and this was maintained for at least 24-48 h [11]. We created a neurotrophic gradient
to stimulate axonal growth across the microchannels using nerve growth factor (NGF) and
glial-derived neurotrophic factor (GDNF). DRG neurons were plated in the soma chamber
(Figure 1D), and the axonal compartment was treated with a combination of NGF and
GDNE and crossings were monitored over a 6-day period. Axonal crossings in the distal
chamber were identified as early as 24 h and by DIV 6, a large proportion of crossings
were visible across all micro-channels (Figure 1D,E). To quantify the percentage of neurons
extending axon-like structures, a fluorescent tracer (Dil) (1/200) was added to the axonal
chamber for 2 h in the short-term experiments. As a lipophilic membrane stain, Dil was
readily incorporated into the membrane of the axon-like structures and retrogradely trans-
ported to the cell soma where the stain is accumulated, resulting in a maximized signal.
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At DIV 6, we found that 80 4+ 3 % (n = 3 devices, n > 100 cells/device) of the cell bodies
were positively stained with Dil. Furthermore, approximately 99% of neuronal DRG cells
were found to be in the range of small to medium (0-700 um?) based on their cross-sectional
areas (Figure 1C).

These data suggest that we were able to create a culture with a high percentage of
nociceptive neuronal cells, as described in previous size-based discrimination cell subtype
studies. While we observed that 80% of the total cells were positive for the retrograde
tracer (Figure 1F), we further corroborated these results by demonstrating that the axonal
crossings detected in the distal chamber are positive for peripherin (Figure 1G)—a positive
marker for TRPV1-expressing neurons that are C-fiber nociceptors— in preparations of
mouse dorsal root ganglia [16].

3.2. Characterization of DRG in Microfluidic Devices

Using ICC, we determined the extent of co-localization with nociceptive markers,
TRPV1 and IB4, in DRG neurons identified by the neuronal specific marker, NeuN. Figure 2
shows representative ICC images of labeled DRG cell bodies and axon-like structures
before and after sensitization with the inflammatory cytokine IL-6, which is implicated
in the development of chronic pain [17,18]. Because NGF can also induce inflammatory
pathways [19], for these experiments, cultures were treated with anti-NGF anti-bodies
at DIV 3 for 24 h. Following NGF deprivation, cultures were divided into two experimental
groups: one experimental group received 100 ng/mL of IL-6 in the axonal chamber for
48 h and the control group was continued in anti-NGF antibodies until DIV 6. Under NGF-
deprived conditions by DIV 6, DRG neurons, identified as NeuN positive, showed co-
localization with TRPV1 (Figure 2A,B), and IB4 (Figure 2C,D) in 52 4 13% and 42 + 6% of
cells, respectively (n = 3 cultures, 552 cells). To examine the effects of axonal sensitization,
we characterized the co-expression of NeuN with TRPV1 and IB4 in the soma compartment
after IL-6 (100 ng) was administered to the axonal compartment. After 48 h, the co-
localization of NeuN and IB4 significantly (p < 0.01) rose to 93 & 4% of cells (n = 2 cultures,
295 cells) (Figure 2C,D). The effects of IL-6 were not restricted to cell bodies but also
could be observed from the increased labeling of TRPV1 in treated axon-like structures
(Figure 2D). Administration of IL-6 significantly (p < 0.01) enhanced TRPV1 expression in
axon-like structures by 2.7-fold.

TRPV1 9 IB4-NeuN

TRPV1- Axon

M TRPV1 IL-6
[ TRPVA1-nonTreated

@ 1B4 IL-6
[ 1B4-nonTreated

lw)
NeuN positive
Collocalization (%)

Figure 2. Inmunocytochemistry (ICC) profile of cultures in microfluidic devices at day in vitro 14:
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(A,B) Representative images of an IL-6-treated culture (A) and a vehicle-treated culture (B) with
NeuN positive cells (orange) that are indicative of neuronal cell bodies. We quantified NeuN co-
localization with nociceptive markers TRPV1, which are shown in red, and scale bar represents
100 pm. (C) Representative images of IL-6-treated cultures with NeuN colocalized with IB4, which
is shown in green. A representative image of an axonal chamber where IL-6-sensitized axon-like
structures demonstrated an increased expression of TRPV1, which is shown in red. Horizontal scale
bar represents 150 um. (D) Percent colocalization comparing IL-6- vs. vehicle-treated cultures and
their expression profile with respect to the neuronal marker NeuN.

3.3. Calcium Imaging to Assess Axon Functionality

Physically and chemically isolated axon-like structures can be probed by relevant
agonists to measure evoked excitability using calcium imaging [20-22]. In vivo, action
potentials are initiated in the nerve ending of sensory axonal fibers in response to a stimulus
in the peripheral receptive field. This signal is transduced and transmitted by axons to the
soma for transmission to the central nervous system. Therefore, we postulated that the
stimulation of the isolated peripheral axon-like structures with a relevant agonist will result
in local axonal depolarization and the propagation of action potentials to the soma, which
can be monitored as a calcium influx using a calcium indicator. Exposure of the axonal
compartment to 100 nM capsaicin led to an increase in the recorded calcium intensity
at the soma (Figure 3A) and was represented by an increase in the calcium signal recorded
as a function of time (Figure 3C). Capsaicin-evoked responsiveness significantly increased
the magnitude of calcium responses in the cultures treated with IL-6 from 1.03 £ 0.007 to
1.15 £ 0.006 (two sample unpaired t-test, p < 0.0001, n = 27 and n = 26 from n = 2 devices)
(Figure 3D). Similarly, the number of positive responders to capsaicin were significantly
increased from 51% to 80% post 48 h exposure to IL-6 (test of proportions, p = 0.02)
(Figure 3B).
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Figure 3. Local treatment of the axonal microenvironment with inflammatory cytokine IL-6 enhances
capsaicin-evoked responsiveness. (A) Representative soma images in short-term experiments of calcium
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responses to 100 nM capsaicin applied in the axonal chamber. (B) Quantification of the number of
positive responders as a proportion of total neurons post-exposure to 100 nM capsaicin in vehicle
and IL-6 treated groups, where * denotes test of proportions, p = 0.02 (C) Representative traces of
baseline-normalized fluorescence intensity of calcium influx post-axonal stimulation as a function of
time from defined regions of interest. (D) Magnitude of the calcium transient recorded post-exposure
to 100 nM capsaicin in vehicle- and IL-6-treated groups, where *** denotes two sample unpaired
t-test, p < 0.0001.

4. Discussion

In the present study, a microfluidic-based system is shown for the culture and study
of nociceptive axon-like structures in vitro from adult mouse DRG neurons. The mainte-
nance of differential volumes across microchannels interconnecting the soma and axonal
chamber can be exploited for the chemical interrogation of the axonal microenvironment
that is independent of the cell body. We demonstrated the physical isolation of axonal
processes from >80% of the cell bodies seeded in the soma chamber using a neurotrophic
gradient. The axonal processes were isolated from a majority of small-to-medium gauge
mouse DRG neurons, which expressed classical markers of nociceptors. We demonstrated
that this culture model exhibits soma sensitization after peripheral sensitization via the
local administration of IL-6 to the axonal microenvironment. This effect recapitulates
the in vivo scenario wherein the peripheral nerve endings of nociceptors are in intimate
contact with the inflammatory milieu after nerve injury and/or inflammation. Lastly, using
calcium imaging, the soma calcium transients were elicited by axonal exposure to cap-
saicin [23,24], which is indicative of functional axon-like structures that are capable of
conveying excitation.

Chronic pain conditions can cause significant maladaptive changes, rendering periph-
eral nerve fibers hyperexcitable [25]. Our previous studies have demonstrated an increased
protein expression of TRPV1 in the cell bodies of mouse DRG neurons in vitro after 48 h
incubation with IL-6 [5]. Therefore, it is highly likely that responses to capsaicin may be me-
diated by an increased local expression of TRPV1 in peripheral axons, as our observations
suggest (Figure 2C).

In addition to immunocytochemistry, other molecular techniques such as flowcy-
tometry and qPCR may provide a detailed assessment of receptor expression. However,
such techniques are amenable to cells cultured in suspension or adherent in tissue culture
plates. In compartmentalized cultures, the reliable retrieval of both soma and axonal tissue
from distinct chambers is non-trivial since axonal projections are observed in the distal
chamber at as early as 24 h. Therefore, both soma and axonal receptor expression cannot
be assessed in total or uniformly. The in situ staining of intact structures of axon and soma
in compartmentalized cultures do not require the removal of tissue for processing and
conserve the cellular architecture to interpret results with improved spatial resolution.

Even though the role of axons in response to inflammatory mediators has been ad-
dressed in many ways, to the best of our knowledge, this is the first time where this is being
addressed in a compartmentalized culture system. While a direct comparison of the effects
of IL6 at the soma can be inferred from a conventional culture system, such as from our
multi electrode array data [5], there are other potential questions that could be asked and
answered in future studies related to axonal translation rates and intercellular signaling in
the soma chamber. The understanding of the local effects of IL-6 can be improved via the
blockade of retrograde axonal transport. However, the definitive role of IL-6 in maladap-
tive axonal function changes is controversial, as it has been implicated in mediating both
a secondary inflammatory response and axonal sprouting [26]. Elucidating the role of IL-6
in axonal physiology is integral, and future studies will be focused on assessing the use of
translational blockers, specifically at the axonal nerve endings, to describe the function and
corresponding mechanism of IL-6 in nerve injuries.

Several other inflammatory mediators can be considered in the context of modulating
DRG neuronal function. However, in the present study, we focused on IL-6 due to its
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established role in inflammatory pain. Specifically, our prior reports [5] using disorganized
in vitro cultures of DRG neurons have demonstrated that IL-6 treatment may result in
an increase in TRPV1 expression, which can be observed at the cell body level. Therefore,
the present study investigates, in part, the axonal role in modulating such expression via
fluidic and physical isolation to provide a more detailed understanding of DRG patho-
physiology under inflammatory conditions. Similar approaches might be tailored to other
relevant pro-inflammatory mediators.

While calcium imaging is an important tool in probing neuronal excitability, calcium-
based activity is a surrogate measure of neural activity due to slow kinetics relative to
changes of the membrane potential. Moreover, since calcium is an important secondary
messenger that mediates numerous intracellular processes, the metric is a global response
and cannot be readily tied to action potential firing rates or patterns. Long-term moni-
toring of cellular excitability is not amenable to calcium-based fluorescence dyes due to
phototoxicity or photobleaching under long exposure times. Future studies will assess the
development of an integrated system, combining substrate integrated microelectrode ar-
rays with PDMS-based microfluidic structures to allow the recording electrodes to interface
directly with soma and axonal chambers to allow long term, non-invasive, and high content
measures of neuronal excitability. The present findings demonstrate the functionality of
DRG axon-like structures crossing through microchannels, laying the groundwork for
constructing the more complex cellular networks that are involved in pain signaling.

Author Contributions: Conceptualization, J.J.P,, R.G.-V,, R.A., and B.J.B.; methodology, R A., R.G.-V,,
and B.J.B,; formal analysis, R.A. and R.G.-V,; writing—original draft preparation, R.A. and R.G.-V.;
writing—review and editing, ].J.P,, R.G.-V,, R A,, B]J.B.,, AH,,S.V, PK,, and L.V.M,; visualization, R.G.-
V. and R.A; project administration, J.J.P. and R.G.-V.; funding acquisition, J.J.P.; device fabrication,
A.H. and R.A,; ICC and image processing, S.V., PK., and L.V.M. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the University of Texas at Dallas Center for Advanced Pain
Studies SCI SEED award.

Informed Consent Statement: Not applicable.

Data Availability Statement: Experimental data required to reproduce the findings from this study
will be made available to interested investigators upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Esposito, M.E; Malayil, R.; Hanes, M.; Deer, T. Unique Characteristics of the Dorsal Root Ganglion as a Target for Neuromodula-
tion. Pain Med. 2019, 20, S23-S30. [CrossRef] [PubMed]

2. Cook, A.D.; Christensen, A.D.; Tewari, D.; McMahon, S.B.; Hamilton, J.A. Immune Cytokines and Their Receptors in Inflammatory
Pain. Trends Immunol. 2018, 39, 240-255. [CrossRef] [PubMed]

3. Gumy, L.F; Yeo, G.S.H.; Tung, Y.-C.L.; Zivraj, K.H.; Willis, D.; Coppola, G.; Lam, B.Y.H.; Twiss, J.L.; Holt, C.E.; Fawcett, J.W.
Transcriptome analysis of embryonic and adult sensory axons reveals changes in mRNA repertoire localization. Rna 2011, 17,
85-98. [CrossRef] [PubMed]

4. Price, T.; Geranton, M. Translating nociceptor sensitivity: The role of axonal protein synthesis in nociceptor physiology. Eur. J.
Neurosci. 2010, 29, 2253-2263. [CrossRef] [PubMed]

5. Black, B.J.; Atmaramani, R.; Kumaraju, R.; Plagens, S.; Romero-Ortega, M.; Dussor, G.; Price, T.J.; Campbell, Z.T.; Pancrazio, J.J.
Adult mouse sensory neurons on microelectrode arrays exhibit increased spontaneous and stimulus-evoked activity in the
presence of interleukin-6. . Neurophysiol. 2018, 120, 1374-1385. [CrossRef] [PubMed]

6. Habibey, R.; Golabchi, A.; Latifi, S.; Difato, E; Blau, A. A microchannel device tailored to laser axotomy and long-term
microelectrode array electrophysiology of functional regeneration. Lab Chip 2015, 15, 4578-4590. [CrossRef] [PubMed]

7. Malishev, E.; Pimashkin, A.; Gladkov, A.; Pigareva, Y.; Bukatin, A.; Kazantsev, V.; Mukhina, I.; Dubina, M. Microfluidic device for
unidirectional axon growth. J. Phys. Conf. Ser. 2015, 643, 012025. [CrossRef]

8.  Neto, E.; Alves, C.J.; Sousa, D.M.; Alencastre, I.S.; Lourengo, A.H,; Leitao, L.; Ryu, H.R.; Jeon, N.L.; Fernandes, R.; Aguiar, P; et al.
Sensory neurons and osteoblasts: Close partners in a microfluidic platform. Integr. Biol. 2014, 6, 586-595. [CrossRef]

9.  vande Wijdeven, R.; Ramstad, O.H.; Bauer, U.S.; Halaas, @.; Sandvig, A.; Sandvig, I. Structuring a multi-nodal neural network

in vitro within a novel design microfluidic chip. Biomed. Microdevices 2018, 20, 9. [CrossRef]


http://doi.org/10.1093/pm/pnz012
http://www.ncbi.nlm.nih.gov/pubmed/31152179
http://doi.org/10.1016/j.it.2017.12.003
http://www.ncbi.nlm.nih.gov/pubmed/29338939
http://doi.org/10.1261/rna.2386111
http://www.ncbi.nlm.nih.gov/pubmed/21098654
http://doi.org/10.1111/j.1460-9568.2009.06786.x
http://www.ncbi.nlm.nih.gov/pubmed/19490023
http://doi.org/10.1152/jn.00158.2018
http://www.ncbi.nlm.nih.gov/pubmed/29947589
http://doi.org/10.1039/C5LC01027F
http://www.ncbi.nlm.nih.gov/pubmed/26507288
http://doi.org/10.1088/1742-6596/643/1/012025
http://doi.org/10.1039/C4IB00035H
http://doi.org/10.1007/s10544-017-0254-4

Micromachines 2021, 12, 1317 10 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Tsantoulas, C.; Farmer, C.; Machado, P.; Baba, K.; McMahon, S.B.; Raouf, R. Probing functional properties of nociceptive axons
using a microfluidic culture system. PLoS ONE 2013, 8, e80722. [CrossRef]

Atmaramani, R.; Black, B.].; Lam, K.H.; Sheth, V.M.; Pancrazio, J.J.; Schmidtke, D.W.; Alsmadi, N.Z. The effect of microfluidic
geometry on myoblast migration. Micromachines 2019, 10, 143. [CrossRef]

Alsmadi, N.Z.; Shapiro, S.J.; Lewis, C.S.; Sheth, V.M.; Snyder, T.A.; Schmidtke, D.W. Constricted microfluidic devices to study the
effects of transient high shear exposure on platelets. Biomicrofluidics 2017, 11, 064105. [CrossRef]

Newton, R.A.; Bingham, S.; Case, P.C.; Sanger, G.J.; Lawson, S.N. Dorsal root ganglion neurons show increased expression of the
calcium channel alpha2delta-1 subunit following partial sciatic nerve injury. Mol. Brain Res. 2001, 95, 1-8. [CrossRef] [PubMed]
Tong, Z.; Balzer, E.M.; Dallas, M.R.; Hung, W.-C.; Stebe, K.J.; Konstantopoulos, K. Chemotaxis of Cell Populations through
Confined Spaces at Single-Cell Resolution. PLoS ONE 2012, 7, €29211. [CrossRef]

Aoun, L.; Negre, P; Gonsales, C.; de Noray, V.S.; Brustlein, S.; Biarnes-Pelicot, M.; Valignat, M.-P,; Theodoly, O. Leukocyte transmi-
gration and longitudinal forward-thrusting force in a microfluidic Transwell device. Biophys. J. 2021, 120, 2205-2221. [CrossRef]
Wainger, B.]J.; Buttermore, E.D.; Oliveira, ].T.; Mellin, C.; Lee, S.; Saber, W.A.; Wang, A ].; Ichida, ] K.; Chiu, I.M.; Barrett, L.; et al.
Modeling pain in vitro using nociceptor neurons reprogrammed from fibroblasts. Nat. Neurosci. 2015, 18, 17-24. [CrossRef]
Krames, E.S. The Role of the Dorsal Root Ganglion in the Development of Neuropathic Pain. Pain Med. 2014, 15,
1669-1685. [CrossRef]

Milligan, E.D.; Watkins, L.R. Pathological and protective roles of glia in chronic pain. Nat. Rev. Neurosci. 2009, 10,
23-36. [CrossRef]

Nicol, G.D.; Vasko, M.R. Unraveling the story of NGF-mediated sensitization of nociceptive sensory neurons: ON or OFF the
Trks? Mol. Interv. 2007, 7, 26—41. [CrossRef] [PubMed]

Anand, U,; Otto, WR,; Casula, M.A; Day, N.C.; Davis, ].B.; Bountra, C.; Birch, R.; Anand, P. The effect of neurotrophic factors
on morphology, TRPV1 expression and capsaicin responses of cultured human DRG sensory neurons. Neurosci. Lett. 2006, 399,
51-56. [CrossRef]

Chen, C.; Zhang, J.; Sun, L.; Zhang, Y.; Gan, W.; Tang, P; Yang, G. Long-term imaging of dorsal root ganglia in awake behaving
mice. Nat. Commun. 2019, 10, 3087. [CrossRef] [PubMed]

Chen, Y.; Huang, L.M. A simple and fast method to image calcium activity of neurons from intact dorsal root ganglia using
fluorescent chemical Ca 2 p indicators. Mol. Pain 2017, 13, 1744806917748051. [CrossRef] [PubMed]

Wilson, B.R.H.; Lehky, T.; Thomas, R.R.; Quinn, M.G.; Floeter, M.K.; Grem, J.L. Acute Oxaliplatin-Induced Peripheral Nerve
Hyperexcitability. J. Clin. Oncol. 2007, 20, 1767-1774. [CrossRef] [PubMed]

Caterina, M.; Schumacher, M.; Tominaga, M.; Rosen, T.A.; Levine, ].D.; Julius, D. The capsaicin receptor: A heat-activated ion
channel in the pain pathway. Nature 1997, 389, 816-824. [CrossRef]

Siemens, J.; Zhou, S.; Piskorowski, R.; Nikai, T.; Lumpkin, E.A.; Basbaum, A.L; King, D.; Julius, D. Spider toxins activate the
capsaicin receptor to produce inflammatory pain. Nature 2006, 444, 208-212. [CrossRef]

Yang, G.; Tang, W.Y. Resistance of interleukin-6 to the extracellular inhibitory environment promotes axonal regeneration and
functional recovery following spinal cord injury. Int. J. Mol. Med. 2017, 39, 437-445. [CrossRef]


http://doi.org/10.1371/journal.pone.0080722
http://doi.org/10.3390/mi10020143
http://doi.org/10.1063/1.4989386
http://doi.org/10.1016/S0169-328X(01)00188-7
http://www.ncbi.nlm.nih.gov/pubmed/11687271
http://doi.org/10.1371/journal.pone.0029211
http://doi.org/10.1016/j.bpj.2021.03.037
http://doi.org/10.1038/nn.3886
http://doi.org/10.1111/pme.12413
http://doi.org/10.1038/nrn2533
http://doi.org/10.1124/mi.7.1.6
http://www.ncbi.nlm.nih.gov/pubmed/17339604
http://doi.org/10.1016/j.neulet.2006.01.046
http://doi.org/10.1038/s41467-019-11158-0
http://www.ncbi.nlm.nih.gov/pubmed/31300648
http://doi.org/10.1177/1744806917748051
http://www.ncbi.nlm.nih.gov/pubmed/29212403
http://doi.org/10.1200/JCO.2002.07.056
http://www.ncbi.nlm.nih.gov/pubmed/11919233
http://doi.org/10.1038/39807
http://doi.org/10.1038/nature05285
http://doi.org/10.3892/ijmm.2017.2848

	Introduction 
	Materials and Methods 
	Fabrication and Assembly of PDMS Microfluidic Chambers 
	Isolation and Culture of Adult DRG Neurons 
	Calcium Imaging 
	IL-6 Sensitization of Axons 
	Immunocytochemistry 
	Image Analysis and Data Processing 
	Statistical Analysis 

	Results 
	Characterization of Adult DRG Neuron Preparations in Microfluidic Chambers 
	Characterization of DRG in Microfluidic Devices 
	Calcium Imaging to Assess Axon Functionality 

	Discussion 
	References

