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Abstract

Objective—Recently, our laboratory recapitulated a natural form of axon growth that occurs
between late embryogenesis and early adulthood. In this article, we describe how this novel neural
engineering approach may be used to produce a nervous tissue interface to integrate disconnected
motor and sensory functions for external control.

Methods—For nervous system repair, we recently developed a unique method to engineer
nervous tissue constructs in vitro consisting of bundles of axons spanning two populations of
neuronal somata. To integrate el ectronics and nervous tissue to transform electrophysiol ogical
signalsinto electronic signals, we have designed a nervous tissue interface.

Results—Our nervous tissue interface consists of stretch-grown nervous tissue with one end
interfaced with amultiple electrode array, enabling us to detect and record real-time efferent
signals conducted down the nerve and stimulate afferent sensory signaling.

Conclusion—Our ultimate goal isto develop aneuraly controlled prosthesis and a nervous
system interface that could be linked to the patient's thoughts, providing two-way signaling for
motor control and feedback from multiple external stimuli.
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The history of surgery contains many instances of productive collaborations between
surgeons and engineers. Certainly the partnership of Harvey Cushing and William T. Bovie
isaclassic example (4, 21, 35). Since 1928, the Bovie electrocautery device has been
improved and has been widely used in al surgical specialties. In the neurosurgery field, the
Spitz-Holter valve for cerebrospina fluid shunting was devel oped through a close
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collaboration between John Holter, an engineer, and Dr. Eugene Spitz, a pediatric
neurosurgeon in Philadelphia (2). At the University of Pennsylvania and University of
Rochester, neurosurgeons continue to work closely with biomedical engineers and research
scientists to search for therapeutic strategies for nervous system injuries.

Recently, our Neurosurgery Research Laboratory recapitulated a natural form of axon
growth that occurs between |ate embryogenesis and early adulthood. For example, in
contrast to axon extension via a growth cone, an estimate of the average rate of growth of a
blue whale suggests that synapsed spinal axons must grow at a rate of approximately 4 cm/d
to keep pace with the expansion of its body (Fig. 1) (15). Using an in vitro axon stretch
growth bioreactor system, we have shown that axons interconnecting two populations of
neurons can be induced to grow under mechanical stretching conditions (25, 32). Our
primary focus has been to grow long axonal tracts to bridge areas of damage for nerve repair
(12, 13, 24, 26). Here, we describe how this novel tissue engineering approach may be used
to produce a nervous tissue interface to integrate disconnected motor and sensory functions
for external control.

Background

Prosthetic devices can be offered to replace alost limb. In an effort to improve quality of
life, engineers have advanced the performance of prosthetics; however, they remain passive
devices with limited function. Even with the aid of a prosthesis, patients continue to face
pervasive deficits throughout their life. Although the mechanical capability of prosthetic
devices has become sophisticated, prosthetic motor tasks are currently driven by gross
anatomic movements, making them cumbersome. Importantly, current devices do not
replace lost sensory systems and cannot adapt movements based on sensory feedback, asa
natural limb functions (6, 19).

Recent advances in neuroscience have brought the concept of neurally controlled prostheses
to reality. Thetactic isto use regions of the undamaged nervous system to provide command
signalsto drive prosthetic functions. The most vigorously pursued approach attemptsto
harness external recordings obtained from the motor cortex (6, 20, 41). These noninvasive
techniques obtain the user's intent from scal p-derived sensorimotor rhythms, typically those
of the . or fl frequency bands. Studiesin rats, nonhuman primates, and quadriplegic patients
have shown that after sufficient training, the user can learn to move a cursor in two-
dimensional space by manipulating these frequencies (42). Although the risk of surgery is
avoided, sophisticated systems requiring several degrees of freedom are still far from being
realized (6, 7, 20).

To achieve complex signal integration, methods that are more invasive have been
developed. These techniques chronically implant microelectrodes into the primary motor
cortex or spinal cord to record local neuronal activity (1, 6, 18-20, 22, 31, 33). Neuronal
population decoding algorithms are used to decipher the recorded signalsin rea time (6,
16). This method, however, involves complex computations and significant clinical risks
arising from the chronic implantation of electrodes (6). Moreover, findings from functional
magnetic resonance imaging studies indicate that there is extensive overlap of the cortical
representations of different limb regions, adding additional difficulty to implant positioning
and signal decoding (28).

The Challenge

For a prosthetic to perform like a natural limb, it would ideally be controlled by the patient's
thoughts, converting nervous system signaling into movements and adaptation to sensory
stimuli. The key to this approach is a nervous system interface, connecting the brain to the
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prosthetic device. Ideally, thisinterface would record efferent nervous signaling with a
complexity capable of fine motor control. In addition, sensors would convey afferent
sensory signals back into the nervous system. Although microel ectrode implantation has had
some success driving motor control, there is still not a clear approach to relay sensory
signals or to use such signals for feedback control. Nevertheless, two-way signaling could
tap into the processing power of the human brain, providing feedback control from multiple
external stimuli, a necessity for any fine motor function and proprioception.

Rather than placing microel ectrodes into delicate nervous tissue, one could consider
interfacing through the peripheral nervous system and exploit its capacity to “remap”
afferent and efferent signaling. For example, regenerating peripheral axons re-innervate
tissue different from their original locations; however, with training, a patient can assimilate
this new axon distribution and regain limb function (8-10, 14, 40). If the proximal nerve
stump was used to drive a device, however, regeneration would not be necessary. Simply, it
provides an existing biological connection with the central nervous system that may require
minimal training to induce central nervous system plasticity to map motor and sensory
function (3, 5, 17, 27, 29, 30, 39). Simple operant conditioning could allow a patient
implanted with a nervous system interface to skillfully drive a sophisticated prosthetic
device (5, 6). Accordingly, there would be little need to interpret complex neural processing
computationally from a small region of the brain or spinal cord, a process better handled by
the central nervous system.

Torealize bi-directional signaling, an interface between the central nervous system and an
electronic device must somehow be established. A more direct route would be to allow the
nervous tissue to integrate with itself, which is the same goal for repairing the injured
nervous system. Nervous tissue engineered in vitro could be coupled to an electronic
interface at one end and allowed to integrate with the peripheral nervous system at the other
end, providing a natural pathway of communication with the central nervous system.

Engineering Living and Functional Nervous Tissue in Vitro

For nervous system repair, we recently developed a unique method to engineer nervous
tissue constructs in vitro consisting of bundles of axons spanning two popul ations of
neuronal somata (Fig. 2) (26). These constructs may also be used to create a nervous tissue
interface, serving as jumper cables between the el ectronics and nervous system. One
population of neurons interfaces with an electronic device, and the other is alowed to
integrate synaptically with the nervous system.

The key to creating living nervous tissue in culture is through continuous mechanical tension
on axons spanning two populations of neurons, inducing axon “ stretch growth” (25, 32).
This technique has produced nerve tracts consisting of up to 108 axons grown at rates of at
least 10 mm/d and reaching a remarkable 10 cm in length while maintaining normal
structure and function (32). Importantly, they retain the ability to generate normal action
potentials that propagate across stretch-grown axons (23).

We recently demonstrated that nervous tissue engineered in vitro can survive long term and
maintain its geometry after transplantation in spinal cord (13) and periphera nerve lesions
(12). Survival of transplanted axon tracts seems to have grestly facilitated outgrowth and
guidance of host axons through the grafted region. In the peripheral nerve, the detail of the
final destinations of the axonal growth is unclear because appropriate afferent and efferent
connection with the appropriate neurotransmitters will be necessary for functioning grafts.
Our histological evaluation revealed that regenerated axons were mostly large myelinated
axons and conducted compound action potentials in the range of A-p fibers. Because most
nociceptors are conducted by unmyelinated C-fibers or thinly myelinated A-§ fibers, we
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think that the termination of our axons will not contribute to any increased nociception (11,
38). In our preliminary behavioral evaluation, the animals showed significantly improved
motor function. We also think that the regenerated axons contributed to improved sensory
function with action potential conducted by low threshold mechanoreceptors (mostly A-p
fibers). However, we are till in the process of conducting further studies to define this
process.

The Nervous Tissue Interface

To connect to the nervous system biologically, we must integrate el ectronics and nervous
tissue to transform electrophysiological signalsinto electronic signals. However, current
approaches to coupling an electronic interface to nervous tissue simply places electrodesin
the proximity of neuronsin the brain or spinal cord and has not provided an environment
that encourages neuronsto assimilate (6, 20). The central feature of our nervous tissue
interface is the ability to create transplantable living nervous tissue already coupled to an
electronic interface. Stretch-grown nervous tissue interfaces could be used to synapse with
the nervous system biologically at one end, thereby providing ajumper cable in which the
opposing end interfaces with the electronic device.

Common in vitro techniques have been used extensively to couple cultured neuronsto
commercialy available multiple electrode arrays for electrophysiological analysis (36, 37).
Exploiting this technology, we modified our axon stretch growth bioreactor to create long
lengths of nervous tissuein vitro, interfaced with amultiple electrode array (Fig. 3). Because
stretch-grown axons can transmit active electrical signals (23), we propose that this nervous
tissue interface, through the multiple electrode array, could detect and record real-time
efferent signals conducted down the nerve and stimulate afferent sensory signaling. Our
ability to grow axons of unparalleled length will alow us to position the attached electrode
array at any convenient location, allowing easy exteriorization.

After transplantation and integration of this nervous tissue interface with host nerves, willful
stimulation of motor fibers would be recorded by the multiple electrode array, which in turn,
drivesthe prosthesis (Fig. 4). By tapping into the peripheral nervous system, there would be
little need to decipher the “neural code.” Through rehabilitation, the patient will be able to
learn to control particular motor functions directly. Moreover, this approach can address an
important aspect of prosthetic control that is generally overlooked—sensory function.
Signals from sensor transducers on a prosthetic would be transferred to the multiple
electrode array to stimulate sensory fibers for afferent conduction and central processing.

Future Perspective

Traumatic injury and disease of the brain, spinal cord, and periphera nerves can lead to loss
of body functions. A limb could a so be completely lost because of amputation. Although
prosthetic devices can be offered to replace alost limb, for patients who simply lose
neurologica control of an existing limb, there are currently no optionsto consider.

With success, our nervous tissue interface could offer an important alternative to more
conventional brain machines for nonfunctional limbs aswell as prosthetics. For instance,
functional electrical stimulation has been used to stimulate motor fibersin nerves or the
muscleitself to control disabled body functions (34). This approach could eventually be
controlled through a nervous system interface, returning function to people who have been
paralyzed by a spinal cord injury.

For clinical application, areliable and expedient supply of neurons for the nervous tissue
construct is needed. Dorsal root ganglia could be obtained from cervical and thoracic gan-
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glionectomies from both live patients and organ donors. We have recently shown the
feasibility of using adult human dorsal root ganglion cellsfor this purpose (24). Not only
can these adult neurons survive for at least 3 months, they also remain
electrophysiologically active.

A neurally controlled prosthesisis quickly becoming areality. However, for a prosthesis to
operate like anatural limb, the most straightforward approach isto use the processing power
of the human brain. We describe a nervous system interface that could be linked to the
patient's thoughts, providing two-way signaling for motor control and feedback from
multiple external stimuli. Whether it is a prosthetic device or a disabled body function, the
mind could regain control.
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Figure 1.

Two forms of axon growth. A, early in development, pioneering axons navigate to their
targets under growth cone-mediated axon growth. B, after axons reach and establish
synaptic connections with their targets, animals and their nervous systems continue to grow
several orders of magnitude in size. Despite the absence of a growth cone, axons are forced
to elongate several centimeters to metersin length, keeping pace with the growth of the
animal. C, an example of extreme axon stretch growth occurs in the blue whale, which
growsin length at arate of 4 cm/d during peak growth.
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Figure 2.

Extreme axon stretch growth. A, rat dorsal root ganglia are plated on two adjoining
substrates. Axons are then allowed to grow across the interface of the two substrates and
into the population of neurons on either side. B, axons bridging the two populations of
neurons are stretch-grown by displacing the two adjoining substrates apart. A gradualy
increasing growth rate was strategically applied (arrow) to achieve stretch growth rates up to
1 cm/d. C, side view illustration of stretch-growing axons. D, axon bundles stretch-grown in
our axon stretch growth bioreactor system.
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Figure 3.
A, nervous tissue can be stretch grown in vitro already interfaced to acommercially

available multiple electrode array. On the left, a group of dorsal root ganglion somata are
fixed on top of an electrode array. On the right, a group of somata are mechanically
displaced, stretch growing the interconnecting axons. B, magnified view of dorsal root
ganglion cells located in the proximity of electrodes. After transplantation and integration of
this nervous tissue interface with host nerves, efferent activity could be used as commands
to drive a prosthetic limb. Likewise, sensory stimuli detected by the prosthetic limb could be
transmitted back into the nervous system by stimulating these same neurons with the
electrodes.
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Figure 4.

[llustration of the transplantable nervous tissue interface. A, theinterface, engineered in vitro
(Fig. 3), issurgically transplanted to a proximal peripheral nerve stump in the effected limb.
On the left end, the construct isallowed to integrate with the nerve stump. On the right end,
the multipleelectrode array can be placed in any convenient location for exteriorizationof
signal processing and prosthetic connection. B, after transplantation,three modes of axon
integration may occur: 1) sprouting axons from the hostproximal nerve stump grow into the
transplanted construct and synapse onneurons (smallarrow), 2) axons grow through the
construct (largearrow), 3) axons from transplant grow out proximally into the host nerve and
spinalcord (arrowhead).
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