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Abstract

Object—Although neuron transplantation to repair the nervous system has shown promise in
animal models, there are few practical sources of viable neurons for clinical application and
insufficient approaches to bridge extensive nerve damage in patients. Therefore, the authors
sought a clinically relevant source of neurons that could be engineered into transplantable nervous
tissue constructs. The authors chose to evaluate human dorsal root ganglion (DRG) neurons due to
their robustness in culture.

Methods—Cervical DRGs were harvested from 16 live patients following elective
ganglionectomies, and thoracic DRGs were harvested from 4 organ donor patients. Following
harvest, the DRGs were digested in a dispase—collagenase treatment to dissociate neurons for
culture. In addition, dissociated human DRG neurons were placed in a specially designed axon
expansion chamber that induces continuous mechanical tension on axon fascicles spanning 2
populations of neurons originally plated ~ 100 um apart.

Results—The adult human DRG neurons, positively identified by neuronal markers, survived at
least 3 months in culture while maintaining the ability to generate action potentials. Stretch-
growth of axon fascicles in the expansion chamber occurred at the rate of 1 mm/day to a length of
1 cm, creating the first engineered living human nervous tissue constructs.

Conclusions—These data demonstrate the promise of adult human DRG neurons as an
alternative transplant material due to their availability, viability, and capacity to be engineered.
Also, these data show the feasibility of harvesting DRGs from living patients as a source of
neurons for autologous transplant as well as from organ donors to serve as an allograft source of
neurons.
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Due to the limited regeneration of both the central and peripheral nervous systems following
injury or disease,8:13:19:20 many cell-based therapies have been vigorously pursued to
restore damaged nervous tissue. In particular, major emphasis has been placed on
transplantation of neuronal stem cells and neuronal cell lines. These efforts, however, have
been hampered by poor long-term survival of transplanted neurons derived from these cells,
limited differentiation into neuronal phenotypes following transplantation, and the risk of
tumor formation from non-neuronal cells.1:2:12 Although an alternative strategy is to
transplant neurons harvested from animals into humans, there is a high risk of rejection or
transmission of pathogens.”*14:16 Nonetheless, there remains another source of
transplantable neurons that has been generally overlooked. Neurons from DRGs have been
isolated from both fetal and adult animals and appear to survive well in culture and
following transplantation.#:6:10:19.25 | addition, several groups have successfully cultured
DRG neurons from adult human organ donors, human fetuses, and recently from patients

surgically treated with ganglionectomies to evaluate human DRG neuron physiology.
3,11,23,24

Dorsal root ganglia also appear to be an ideal source of neurons to engineer transplantable
living nervous tissue constructs. We have recently shown that bundles of axons spanning 2
populations of rat DRG neuronal cell bodies readily tolerate extreme axon stretch-growth,
creating living nerve tracts in vitro.17-19 This is accomplished by applying continuous
mechanical tension on the integrated axon fascicles, inducing enormous growth of the
central cylinder of the stretched axons. Beginning at only ~ 100 um in length, these DRG
axon fascicles containing up to 108 axons can extend up to at least 10 cm at a remarkable
rate of 1 cm/day.18:19 Accordingly, these nervous tissue constructs can be rapidly grown to
lengths suitable to bridge even extensive damage in the nervous system. Indeed, we have
recently found long-term survival and integration of transplanted nervous tissue constructs
derived from rat DRG neurons, which spanned 1-cm long lateral hemisection lesions of the
rat spinal cord1® and 1.2-cm peripheral nerve lesions in the rat.®

For clinical application, it is notable that an expedient supply of DRG neurons could come
from the patients themselves to form autologous grafts or from organ donors for allografts.
In the present study, research was performed on isolated human DRG neurons in culture
derived from cervical and thoracic ganglionectomies from live patients as well as organ
donors. The long-term in vitro survival of these harvested neurons was examined, based on
their morphological characteristics and ability to generate action potentials. Moreover, the
potential of adult human DRG neurons to be engineered into transplantable nervous tissue
constructs was examined.

Materials and Methods

Tissue Harvesting

Two different avenues were used to acquire human DRGs, both fully approved by the
institutional review board at the University of Pennsylvania. For the first source of DRG
neurons, a protocol was developed to grow DRG neurons that were harvested from 16
patients undergoing bilateral C-2 ganglionectomy for treatment of intractable occipital
neuralgia. Immediately after removal of the DRGs during the elective surgery, the tissue was
placed in cold Hibernate A medium (Brain Bits) and stored on ice in preparation for further
processing in a cell culture environment.

The second source of DRG neurons was acquired from organ donors through the Gift of Life
program, the Philadelphia region’s organ and tissue transplant network. The donors were , <
60 years old who met brain death criteria and in whom the results of serological testing were
negative for HIV. In close cooperation with the Gift of Life program, DRG isolation was
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added to the consent form for all organ donors in the region. After the respective organ
transplant surgeons harvested the major organs, the DRGs were harvested through the same
anterior incision used for organ harvesting. To avoid repositioning the body during organ
harvest, an anterior 2-level corpectomy was performed at the midthoracic level to expose the
spinal cord. The DRGs were identified at their entrance to the dorsolateral spinal cord and
incised with a blade. The average total length of time it took for harvesting 4 DRGs (2 at
each level) was 20 minutes. Following the harvesting, the entire thoracic incision was closed
in anatomical layers. Sterility was maintained throughout the entire procedure. All DRG
harvestings were performed within 2 hours after aortic clamping. Immediately after
harvesting, the DRG tissue was placed in cold Hibernate A solution and stored on ice for
further processing.

Human DRG Cell Culture

For these procedures, we modified protocols kindly communicated to us by Drs. Patrick
Wood and Thomas Baumann, respectively from the Miami Project and Oregon Health and
Sciences University. Under a dissection microscope, the ganglia were cleaned of excess fat,
connective tissue, and nerve roots. The ganglia were then sliced into small pieces. The
pieces were digested in an enzyme cocktail of 0.25% Collagenase P (Roche Diagnostics)
and 0.1% Dispase | (Roche Diagnostics) and incubated at 37°C for 18 hours. Following
digestion, the cells were washed free of the enzyme solution with Hanks balanced salt
solution. The DRG neurons were separated from myelin debris and nonneuronal cells using
a density gradient of 5% and 10% bovine serum albumin (Sigma).

After purification, the dissociated cells were plated onto tissue culture dishes, were treated
with 10 pg/ml poly-L-lysine for 2 hours, and were then removed and allowed to dry for 1
hour before being rinsed 3 times with sterile water. Type 1 rat-tail collagen (Becton
Dickinson) as supplied was spread over the surface (10-20 pl/cm?) and polymerized by
exposure to ammonia vapors for 2 minutes. The collagen was then allowed to dry
completely in the cell culture hood before the cells were plated. Cells were maintained in
Neurobasal-A medium (Invitrogen) supplemented with B-27 Supplement (Invitrogen), 1%
penicillin/streptomycin (Invitrogen), 0.4 mM L-glutamine (Sigma), 2.5 g/L glucose (Sigma),
10 ng/ml 2.5S nerve growth factor (Becton Dickinson), and 1% fetal bovine serum
(HyClone). Cultures were treated with the mitotic inhibitors (MI#1, 5 uM cytosine B-D-
arabinofuranoside, 20 uM 5-fluoro-2’-deoxyuridine and 20 pM uridine [Sigma]) on the day
of plating. After 2 days, the medium was exchanged including the mitotic inhibitors (M1#2,
20 uM 5-fluoro-2’-deoxyuridine [Sigma] and 20 uM uridine [Sigma]) for 3 days. Thereafter
the media were changed every 2 to 3 days and the mitotic inhibitors MI#2 were applied once
a week.

Electrophysiological Measurements

For a limited number of DRG neurons we examined their ability to generate action
potentials to corroborate visual assessment of long-term survival. Action potentials were
stimulated and recorded using the whole cell patch clamp technique at room temperature
using electrodes (4-8MX, P-30, Sutter Instrument Co.), Axopatch 1D amplifier, Digidata
data acquisition system, and pClamp 8 software (Axon Instruments). To minimize instances
of inadequate space clamp, neurons were only included in the analysis if 80% series
resistance compensation was achieved, and recordings where discarded if resistance
increased > 20% during the experiment.

All experiments were performed at room temperature. External bathing solution (consisting
of 115 mM NacCl, 5.6 mM KCI, 2 mM CaCl,, 1 mM MgCl,, 11 mM glucose, 1 mM
NaH,PO4, and 25 mM NaHCOs3) was continuously perfused. Internal pipette solution
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consisted of 5 mM NacCl, 155 mM KCI, 1 mM MgCl,, 3 mM EGTA, and 10 mM HEPES,
adjusted to pH 7.3. Action potentials were measured and analyzed using pClamp software
(Axon Instruments). Under current-clamp conditions, each patched cell was injected with 2
nA of current > 2 msec to stimulate an action potential, while the change in membrane
potential was recorded.

Immunocytochemical Studies

Dorsal root ganglion cultures were fixed using 4% paraformaldehyde in 1M PBS for 60
minutes at room temperature. Following fixation, the cells were rinsed 3 times with 1M PBS
and blocked with 4% normal goat serum in 0.1% Triton-X PBS for 30 minutes at room
temperature. They were then incubated with antibodies to the DRG marker CGRP
(Chemicon) and several neurofilament markers: SMI-31 (specific for phosphorylated
neurofilament-H, Sternberger Monoclonal, Inc.); RMO-254 (specific for phosphorylated
neurofilament-M, a generous gift from V. M.-Y. Lee); and neurofilament-200 (Clone N52,
Sigma). Each primary antibody was labeled with goat anti-mouse or goat anti—rabbit
immunoglobulin G conjugated to Alexa 488 (Molecular Probes) for 60 minutes at room
temperature. Fluorescence microscopy was performed on a Nikon TE300 inverted
microscope with a Cooke Sensicam digital camera.

Mechanical Axon Elongation

Results

Dorsal root ganglion axons were stretch-grown within a custom-designed axon expansion
chamber, which served as tissue culture support and housing. The chamber consists of a
sealed enclosure with a gas exchange port, a removable axon stretching frame, and
connecting rods to apply displacements.18:22 The entire apparatus was sterilized prior to
plating by a regular water-steam autoclave (Tuttnauer 2450M). This device arranges 2
adjoining Aclar membranes on which neural cells are cultured. Axons, growing in culture,
readily bridged the interface between the 2 adjoining substrates and integrated with neurons
on either side, spanning an ~ 100-um gap. These bridged axons were then stretch-grown by
displacing the 2 integrated populations of neurons apart in a stepwise fashion, using an
automated microstepper motor and controller system (Servo Systems) according to an
optimized stretch-growth paradigm previously described in detail'8:19 and summarized
below.

Elongator Aclar substrates were coated with Type | collagen prior to DRG plating. Aclar
was washed with laboratory soap, treated in 1M NaOH for 24 hours, and then sterilized in
100% ethanol for 10 minutes. Aclar substrates were attached to the stretching frame using
medical-grade room-temperature vulcanizing silicone (NuSil) and allowed a minimum of 2
days to cure. Culture surfaces were treated with 10 pug/ml poly-L-lysine for 2 hours, then
removed, and allowed to dry for 1 hour before being rinsed 3 times with sterile water. Type
1 rat-tail collagen (Becton Dickinson) as supplied was spread over the surface (10-20 pl/
cm?) and polymerized by exposure to ammonia vapors for 2 minutes. The collagen was then
allowed to dry completely in the cell-culture hood before the cells were plated. Dissociated
DRG neurons were plated on each of the 2 adjacent substrates within the elongation
chamber and allowed 14 days for axons to develop in culture and span the dividing region
between the 2 membranes. Axon stretch-growth was initiated at a rate of 0.25 mm/ day and
gradually escalated to a rate of 1 mm/day to reach a total length of 1 cm.

Dorsal root ganglia were obtained from 18 individuals, including 16 live patients (6 men and
10 women) who underwent elective C-2 ganglionectomy and 4 organ donors (all male) in
whom thoracic ganglionectomy was performed after death. All elective surgeries were
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performed in adults (mean age 42.6 years, range 26-57 years). The organ donors included 3
adults and 1 child (mean age 23.8 years, range 2-52 years). The overall mean age for both
groups was 38.4 years (range 2-57 years). The male/female sex ratio was 1:1 for the
combined group.

The purified human DRG neurons harvested from both live patients and organ donors
tolerated culture well in either the elongation apparatus or in collagen-coated 35-mm-
diameter dishes. Within 7 days following plating, an extensive network of axons had
developed to interconnect neural cell bodies. Neurons cultured in 35-mm-diameter dishes
consistently survived for more than 3 months, identified by both neuronal morphology and
immunoreactivity to various neuron markers (Fig. 1). Notably, the robust axon integration
and viability of these neurons even after 3 months in culture suggest that much longer
survival could be achieved, but this survival was dependent on mitotic inhibitors in the
culture media to prevent nonneuronal cell proliferation.

To support the visual identification of long-term neuronal survival in culture, nonstretched
neuronal cultures grown from 2 of the ganglionectomy harvests were examined for their
ability to generate action potentials. Five neurons each from the 2 harvest sources that had
been maintained in culture for > 1 month underwent whole cell patch clamping. The median
resting potential of the patched cells was found to be —43 mV. Cells were switched to
current-clamp mode and stimulated with a 2-nA current injection. All of the neurons
examined were found to be able to generate action potentials.

Overall, robust survival of isolated human DRG from organ donors as well as living patients
was observed in terms of long-term survival and maintenance of normal geometry.
Likewise, the age of the organ donor or patient did not appear to have an effect on DRG
neuron viability in culture, including neurons isolated from the only child in the study and
from the oldest adult.

It was also found that axon stretch-growth could be induced in cultured human DRG
neurons. Axon fascicles spanning 2 populations of DRG neurons were placed under an
elongation paradigm of continuous mechanical tension. Our first successful elongation was
performed at a rate of 0.5 mm/day over a period of 6 days and achieved a length of ~ 2.0
mm. Additional experimentation showed that the axon stretch-growth rate could be
successfully escalated to a rate of 1.0 mm/day, which could be maintained until the axons
had grown to at least a length of 1 cm. Large fascicles 1 cm long spanning 2 populations
could be easily visualized by the unaided eye, and these fascicles were identified as axons
by fluorescent immunoreactivity to antibodies targeting neurofilament proteins (Fig. 2).

Discussion

The results of this study demonstrate that adult human DRG neurons can be isolated from
patients undergoing elective ganglionectomies and from organ donors and can be
successfully maintained in tissue culture. Under optimized culturing conditions, we found
that these neurons could survive in culture for at least 3 months, supporting previous
observations of long-term survival.11:14:23:24 Moreover, we have demonstrated that
harvested DRG neurons can be engineered to create the first living human nervous tissue
constructs using a newly identified process of axon growth. To form the constructs, axon
tracts spanning 2 populations of DRG neuron bodies were stretch-grown from the initial
length of ~ 100 um and extended 10 mm in length, while maintaining normal morphological
characteristics. Due to their long-term viability in culture and capacity to be engineered,
harvested DRGs appear to be an expedient source of neurons for transplantation and
potential repair of nervous system damage in humans.
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The culturing characteristics and potential therapeutic value of DRG neurons have been
evaluated in animal models. Neonatal rat DRG cells have been cultured and studied for their
physiological and pharmacological properties,6:1% while adult mouse DRG neurons have
been maintained in vitro for up to 5 months.2! In addition, adult rat DRG neurons
transplanted into central nervous system white matter have been shown to survive and
regenerate their axons® and can extend axons into cografts of peripheral nerve in the spinal
cord.2®

Previous studies of DRG neurons harvested from humans have focused primarily on
evaluating survival in culture and physiological function. In one study,24 adult human DRG
neurons were used to characterize a y-aminobutyric acid receptor and were maintained for
5-7 days in vitro. Kim and colleagues!! maintained dissociated neurons from human
superior cervical ganglia in vitro for > 2 months and demonstrated that action potentials
could be recorded extracellularly from these neurons. Likewise, Sosa et al.23 were able to
isolate DRG neurons from human organ donors and maintain them for 2.5 months and
record action potentials after 8 weeks in culture. Finally, Baumann and colleagues?
performed extensive electrophysiological examination of DRG neurons in relation to
neuropathic pain with survival up to 90 days in culture. Adapting culturing techniques used
previously for the present study, it was also demonstrated that DRG neurons harvested from
live adult patients as well as from organ donors can be isolated and maintained in long-term
culture. Specifically, it was found that these human neurons could survive for at least 3
months in the culture environment, while maintaining a morphologically normal appearance
as well as generating action potentials.

A major goal of neuronal transplantation in humans is to restore function by bridging
extensive damage in the nervous system. Using a new tissue-engineering technique, we have
created transplantable human nervous tissue constructs composed of adult DRG neurons.
The geometry of these constructs consists of long axon tracts spanning 2 populations of
neurons. ldeally, following transplantation, these constructs would serve as living “jumper
cables,” forming a functional relay between viable host tissues at each end of a lesion.
Alternatively, the constructs may act as living conduits, facilitating outgrowth and guidance
of host axons across damaged tissue to synapse with neurons or reinnervate tissue on the
other side. Furthermore, human nervous tissue constructs may more broadly serve as
prototypes to study complex neurological problems.

Using rat models, we have recently found very promising evidence of the potential of
engineered nervous tissue constructs to repair the nervous system. Transplanted 1-cm-long
constructs derived from fetal rat DRGs were found to survive at least 1 month and integrate
with host tissue at both ends of a 1-cm lateral hemisection spinal cord lesion in the adult rat.
10 Similar constructs used to span a 1.3-cm excised portion of a rat sciatic nerve were found
to survive for at least 4 months following transplantation while promoting both
physiological and motor recovery. Here, host axons were actually found intertwined with
graft axons.10 These recent data support the feasibility of using nervous tissue constructs for
clinical application.

Conclusions

The present study demonstrates that adult human DRGs are a practical source of neurons for
transplantation, due to their availability, viability, and capacity to be engineered to form
tissue constructs. These neurons could be used for immediate transplantation or as an “off-
the-shelf” cell therapy either as dissociated cells or engineered constructs. Moreover, it was
shown that DRGs can be harvested from living patients as a source of neurons that could be
used for autologous transplantation or from organ donors as a source of neurons for
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allografts. Preclinical studies suggest that dissociated neurons and nervous tissue constructs
from DRGs can be used to repair both the central and peripheral nervous systems. Thus,
while more popularized sources of neurons for human transplantation remain in
development, including neuronal stem cells, human DRG neurons represent an immediately
available and promising alternative.
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Fig. 1.

Fluorescence micrographs demonstrating robust survival of adult human DRG neurons with
elaborate axonal networks that could be maintained in culture for at least 3 months. The
human DRG neurons were identified by immunoreactivity to antibodies specific for DRG
neurons: A, CGRP or neurofilament proteins; B, RMO-254; C, SMI-31; and D,
neurofilament-200. Each neuron cell body is ~ 50 um in diameter.
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Fig. 2.

Representative fluorescence micrograph of the center region of a 1-cm long living nervous
tissue construct engineered from harvested adult human DRG neurons. To create this
construct, 2 populations of the neurons were plated on adjacent membranes in an axon
elongation apparatus. Axons grew out across the ~ 100-um gap between the 2 membranes to
integrate with the neuron population on the other side. Subsequently, continuous tension was
placed on the bridging axons at an escalating rate, by mechanically separating the 2
membranes. This process induced axon “stretch-growth” of up to 1 mm/day and promoted
fasciculation of the axons into large bundles reaching 1 cm in length. The stretch-grown
axon bundles are demonstrated by immunoreactivity to an antibody specific for
phosphorylated neurofilament protein (SMI-31).
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