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Device for spinal cord nerve regeneration

Technical Field

The present invention relates to a mould by which a device for nerve regeneration in

the spinal cord can be manufactured. Said device can be used to treat a spinal cord

injury. The invention also relates to a method of manufacturing such a device.

Background and Related Art

In contrast to the peripheral nervous system, the central nervous system (CNS) is
unable to heal when imjured. At present an mnjury to the spinal cord in humans leads

to permanent paralysis below the place of the injury.

Several attempts have been made to overcome these problems and enable regrowth
of{ axons in the spinal cord. Both growth mhibiting factors and growth enhancing
factors have been identified. Growth enhancing factors such as Brain-derived neuro-
trophic factor (BDNF), glial-derived neurotrophic factor (GDNF and acidic fibro-
blast neurotrophic factor (aFGF) have all proved to be successiul in improving the
function after a spinal cord injury. Chondroitinase ABC (Ch ABC) has been shown
to reduce the effect of inhibiting chondroitine suiphate, hence enabling regeneration

of central axons.

The nerve paths of a healthy person run in the white matter of the spinal cord. It is
known that injured axons 1n the CNS will grow into grafts of peripheral nerves. At-
tempts have been made to bridge the injured area by using several peripheral nerve
grafts to extend the central axons to the caudal part of the spinal cord. Such methods
are based on the idea that the white matter of the spinal cord comprises the inhibit-
ing factors, whereas the grey substance is more permissive to regrowth. At present,
therefore the peripheral nerve grafts may be arranged so that the newly grown axons

will direct signals from the white matter to the grey matter of the spinal cord, as a
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strategy to circumvent the inhibitory environment for nerve regeneration in the
white matter. Detailed knowledge 1s available about the location of the white and
grey matter, respectively, in the human spinal cord, and about the positions of the

adX011S.

The redirection from white matter to grey matter will create axons that may signifi-

cantly improve, although not fully restore, the patient’s function.

Cheng, H., Y. Cao and L. Olson: “Spinal cord repair in adult paraplegic rats: partial
restoration of hind limb function”, Science, 1996, 274 (5274): p. 510-3 discloses
such a method. According to this article, peripheral nerves taken from another part
of the animal’s body are manually placed in such a way that they bridge the injury,
from the white matter to the grey matter. The method is difficult and imprecise. De-

spite many attempts this method has been difficult to reproduce elsewhere.

International Patent Application No. W098/04197 proposes the use of a device hav-
ing a substantially cylindrical form and containing holes or channels for bridging
openings in the proximal end with openings in the distal end. The channels may be
filled with peripheral nerves taken from the patient. When the device is placed in the

injured part of the spinal cord, the peripheral nerves will grow together with the cen-

tral axons of the spinal cord, thus interconnecting the proximal and the distal end of

the injured area.

A problem associated with connecting white matter to grey matter is that the con-
nections will not follow straight lines. When several nerve grafts are to be applied,
the nerve regeneration device must be made in such a way that these nerve gralts do
not intercept each other and that they are positioned exactly where they should be

anatomically in order to restore function to the greatest degree possible.
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For producing the device, WO 98/04197 briefly proposes the use of flexible tubes around which the
biocompatible material is moulded, to achieve the desired channels

Object of the Invention

[t 1s an object of the invention to provide a method and mould for manufacturing a nerve
regeneration device for treating spinal cord injuries, that can be individually adapted.

Summary of the Invention

Various aspects of the present invention may thus provide a method of manufacturing a nerve
regeneration device for treating a spinal cord injury of a patient, said method comprising the
following steps: imaging the spinal cord injury using an imaging technique; providing a mould
having a shape and size matching the spinal cord injury on the basis of said image data, said mould
comprising a bottom plate, a top plate and a centre part, each of said bottom plate and said top plate
having a number of holes corresponding to points in the injured spinal cord where nerves should be
regenerated, and said centre part having a channel therethrough; placing first flexible elongate
structures in the channel, each first flexible elongate structure exiting the mould through one hole in

the top plate and a matching hole in the bottom plate; filling the mould with a biocompatible or
biodegradable material to produce the device; and removing the device from the mould when ready.
This object is achieved according to the present invention by a method of manufacturing a nerve

regeneration device for treating a spinal cord injury of a patient, said method comprising the

following steps:

- providing a mould comprising a base plate, a top plate and a centre part, each of said base
plate and said top plate having a number of holes corresponding to points in the injured spinal cord

where nerves should be regenerated, and said centre part having a channel therethrough,
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- placing first flexible elongate structures in the channel, each first flexible elongate structure
exiting the mould through one hole in the top plate and a matching hole in the base plate,
- illing the mould with a biocompatible or biodegradable material to produce the device,
- removing the device from the mould when ready
5  In conjunction with this method, or at a later stage, the following steps may be performed, together
or at separate points In time:
- removing the first flexible elongate structures from the device

- inserting nerves, and/or biological material promoting nerve regeneration, in the channel.
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A mould for manufacturing a device for treating a spinal cord injury of a patient,
said mould comprising a base plate, a top plate and a centre part, each of said base
plate and said top plate having a number of holes corresponding to points in the in-
jured spinal cord where nerves should be regenerated, and said centre part having a
channel therethrough, arranged to receive a number of threads, each thread exiting

the mould through one hole in the top plate and a matching hole in the base plate.

Using the method and the mould according to the invention, a nerve regeneration
device specifically adapted to an individual injury in the spinal cord can be pro-
duced, which will allow axons in the damaged area to regenerate and restore func-
tion. The resulting device can be adapted to a specific wound in order to ascertain an

exact and reproducible anatomical positioning of the channels.

The method preferably further comprises the preparatory steps of imaging the spinal
cord injury using an imaging technique, obtaining image data related to the shape
and size of the injury and providing the mould having a shape and size matching the
spinal cord mjury on the basis of said image data. This enables the manufacturing
individually adapted nerve regeneration devices for a particular patient or injury.
The 1maging technique may be a radiological imaging technique, such as computer
tomography (CT) or magnetic resonance imaging (MRI) or any other imaging tech-

nmque used 1n the treatment of patients.

The biocompatible material or biodegradable material may comprise an agent to

stimulate nerve regeneration. This agent will then be distributed gradually to the re-

J

generating nerves in order to stimulate growth.

Preferably, each of the first structures 1s placed through holes in the top plates situ-
ated to correspond to grey matter area and holes in the base plates situated to corre-
spond to white matter area, and vice versa. This i1s feasible because nerve regenera-

tion 1s more readily achieved in grey matter than in white matter.
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The step of inserting nerves in the channels may comprise the steps of inserting sec-
ond threads in the channels, fastening a nerve to each of the second threads and pull-
ing each nerve into the channel by means of said second threads. >Said second
threads are preferably substantially thinner than the first flexible structures. [t may
be possible to use the first flexible structures to pull nerve grafts into the channels.
Alternatively, the step of inserting nerves and/or biological material promoting
nerve regeneration in the channels comprises the step of pulling or pushing nerve

orafts into the channels.

The peripheral nerves are preferably taken from another part of the patient’s body.

The flexible elongate structures preferably have a cross-sectional dimension corre-
sponding to the thickness of a nerve, so that the channels produced will also have a

cross-sectional dimension corresponding to the thickness of a nerve.

The invention also relates to a set of moulds comprising a number of moulds ac-
cording to the above. In this way a number of prefabricated moulds can be provided
and the one that best matches an individual injury to be treated can be selected to

produce the nerve regeneration device for this particular injury.

The nerve regeneration device may be made in any material that is biocompatible. A
dental cement is proposed. The use of a biodegradable material such as fibrin (Tisel
product) or modifications of this product with higher concentration of fibrinogen
clotting to fibrin giving a more compact structure is useful. A biodegradable mate-

rial is advantageous, since this will disappear in vivo, leaving only the regenerated

axons. It will also provide a vehicle for sustained release of factors stimulating
nerve regeneration. The nerve regeneration device may contain one or more of the
following: nerve regeneration promoting factors such as ak GF, NFG, other growth

factors, chABC and/or antibodies that will neutralize the action of nerve growth in-
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hibiting components in the spinal cord and nerve roots. The material may be pre-
charged with a growth factor, or a combination of growth factors, such as al’GF or
chABC, and/or antibodies. Antibodies will neutralize the action of components in
the spinal cord and roots that inhibit nerve regeneration. IThe growth factor and/or
antibodies will then be gradually transferred {rom the nerve regeneration device to

the nerve grafts, thus stimulating nerve regeneration over a period of time.

Brief Description of the Drawings

At A HHH . Ll Lliaaaaanaans
Lill anaans LEaaanm um

The invention will be described in more detail in the following, by way of example
and with reference to the appended drawings in which:

Figure 1 is a perspective view of a nerve regeneration device according to an em-
bodiment of the invention, and the ends of the central nervous system at a gap,
where the pathways in the central nervous system are redirected.

Figure 2 is a flow chart of the inventive method.

Figure 3 illustrates how matching holes in the proximal and distal side wall can be
positioned.

Figure 4 illustrates the proximal and distal side walls of a mould, with threads pro-
vided between some of the entry holes.

Figure 5 illustrates a mould held by a holder according to a first embodiment of the
Invention.

Figure 6 illustrates the mould according to the first embodiment in a first and a sec-
ond position.

Figure 7 illustrates the mould according to the first embodiment in the second posi-
tion with part of the wall removed.

Figure 8 shows an example of a resulting nerve regeneration device according to an

embodiment of the invention.

Figure 1 shows a nerve regeneration device 2 known in the art for use in the treat-

ment of spinal cord injuries according to a preferred embodiment of the invention.
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The nerve regeneration device 2 has the form of a cylinder with a proxiumal end area
5 and a distal end area 6, each end area having first 8 and second 9 parts. The first
parts 8 and the second parts 9 of the proximal and distal ends 3, 6 respectively, are
white and shaded, respectively. The device contains channels 4, of which three are
shown in the drawing. One channel 4 leads from the first part 8 of the proximal end
area 5 to the second part 9 of the distal area 6. Another channel leads from the sec-
ond part 9 of the proximal end area 5 to the first part 8 of the distal end area 6. One
of the channels 4 ends in an opening 7 on the side area 14 ot the device 1n order to
be shunted past the distal end of the injury and introduced into the spinal cord fur-
ther down at a suitable angle through the white into the grey matter. The channels
have been threaded with peripheral nerve grafts (not shown). In the device of Figure
| descending motor pathways from proximal white were coupled to distal grey mat-
ter and ascending pathways from distal white to proximal grey matter, according to
the arrows. Instead of peripheral nerve grafts a biological material that promotes
nerve regeneration may be inserted into the channels. Such biological material can
be produced in vitro from stem cells or cells that are found around nerve fibres such
as, for example, neurons, Schwann cells, macrophages such as microglia, and tibro-
blasts. Other examples of biological material that can be used in this context include
extracellular matrix component structures, such as collagene-like structures,
elastine, glucosaminoglucanes or other connective tissue substances. This applies
throughout this document where nerve grafts are inserted into, or present n, the

channels.

Figure 1 shows a nerve regeneration device for bridging a gap across the whole

cross section of the spinal cord. According to the invention, the nerve regeneration
device may be adapted to any shape and size of the injury covering a partial or full
cross section of the spinal cord as well as any level of the spinal cord, all levels with
unique dimensions. The end areas may be plane or have any other desired shape to

match the end areas of the injury.



1)

15

20

23

CA 02647006 2008-09-23
WO 2007/111562 PCT/SE2007/050166

8

Figure 2 is a flow chart of the inventive method for producing the nerve regenera-
tion device according to the invention. As will be obvious to the skilled person,
some steps could change order, and/or be performed jointly, for example step 524
might be performed before step 523, or after step 325.

in step S21 the damaged area of the spinal cord 1s reproduced using a radiological
imaging technique common in the art, to produce image data relating to the size and
shape of the damaged area and the cross-section of the spinal cord at the position ot
the damage. Such imaging techniques include computer tomography, nuclear mag-
netic resonance and others, any of which may be used in the context of the present
invention.

In step S22 the data obtained in step S21 are used to determine the shape and s1ze of
the nerve regeneration device that should be produced to bridge the proximal and
distal ends of the injured area.

In step S23 the positions of the entry holes of each channel at each end of the nerve
regeneration device are determined.

In step S24 the different parts of the mould 1n which the nerve regeneration device
should be made are formed using any suitable method known in the art, such as
turning or milling.

This includes forming the side walls of the mould, which may be one closed wall
having a cross section that is essentially a full or partial circular or elliptic shape.
The edges at both ends of the side walls may be even, or may have any suitable
shape to match the injury. Also, the proximal and distal end walls are formed, hav-
ing essentially the same shape as the cross-section of the side walls. The end walls
may be plane or may have a suitable shape to match the edges of the side walls.

In step S25 holes are provided in the end walls, where entry points should be present
for the nerves that are to form the connections between the proximal and distal ends.
The positioning of the holes is discussed below, in connection with Fig. 3.

In step S26 the mould is partly assembled, for example, as discussed in connection

with Figure 6, to allow threads to be placed in the mould between the entry points.
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In step S27 threads, wires or other flexible elongate structures having a suitable
cross-sectional dimension are placed between the enfry points so that channels will
be formed where the threads are running. For simplicity, the structures used are re-
ferred to as threads in this description. The threads may be nylon threads, for exam-
ple, fishing line of a suitable dimension. An example of how to match the entry
holes at the proximal and distal ends correctly is discussed 1n connection with Fig-
ure 3.

In step S28 the mould is filled with a suitable biocompatible or biodegradable mate-
rial in which the nerve regeneration device is to be made. Suitable materials are dis-
cussed above. As stated above, the material may also be treated or mixed in various
ways with growth factors or antibodies to promote regeneration of the nerves. The
nerve regeneration device is then allowed to polymerize or solidify until 1t 1s dry.

In step S29 the threads are removed from the mould, resulting i open channels

through the nerve regeneration device, which, when placed 1n the mjured area, will
connect the proximal and the distal ends 1n the desired points.

In step S30 the channels are filled with peripheral nerves taken from another part of
the patient’s body. This may be done by inserting a thin thread, much thinner than
the thread used in step S27 to form the channels, through each channel, fastening the
thin thread to a nerve, for exampie by tying them together, and pulling the nerve
through the channel. Alternatively the nerve grafts may be sucked into the channels
by means of a suction technique or inserted by a pushing technique involving pres-
surized gas or any other suitable method. A preloaded flexible tube comprising the
nerve grafts may be pushed into the channel.

In step S31, when all the channels in the nerve regeneration device have been filled
with nerve grafts, the nerve regeneration device is ready to be placed n the injured

part of the spinal cord.

Instead of creating the mould to correspond to the damaged area, the mould can be
made to create a larger device, which can then be shaped by cutting, milling or an-

other suitable process to the desired size and shape. For example, in the case of a



10

15

20

25

CA 02647006 2008-09-23
WO 2007/111562 PCT/SE2007/050166

10

partial injury to the spinal cord, a device corresponding to the entire cross-section of
the spinal cord can be made and the part of the device corresponding to the part of

the spinal cord that is intact can be removed.

The steps related to imaging, determining the shape and size, and forming the mould
are preferably performed by an imaging system as discussed above connected to a

CAD/CAM system {(Computer Aided Design/Computer Aided Manutacturing).

The threads used in step S27, as well as the holes in the top and bottom plates pret-
erably have approximately the same dimensions as the nerves that are to be inserted

in the channels.

Figure 3 illustrates how matching holes in the proximal and distal end plates can be
positioned. Figure 3 is prepared for rats, but similar topographical maps can be pre-
pared for human beings. The same proximal and distal end plates of a mould are
shown in a number of pairs 3a ~ 31 of map. For each pair, the left part of the map
shows the proximal end plate and the right part of the map shows the distal end
plate. A dent is provided in the one end plate to enable filling the mould and for
marking the direction. One pair of matching holes is marked in black tor each pair
of maps. That is, the holes marked as black in the left and right part of the pair 3a
are one pair of matching holes, between which a thread should be provided, to form
a channel. As mentioned above, the end plates do not have to be elliptic, but can be

part of a circle of ellipse as well.

The actual position of the holes will depend on the position of the nerve paths that
are 1o be regenerated, which in turn depends on the position of the injury in the spi-

nal cord.

In Figure 3 12 holes are shown, which has been found to be suitable in rats. The

number of holes is restricted by the cross-sectional area and the shape of the device.



10

30

CA 02647006 2008-09-23
WO 2007/111562 PCT/SE2007/050166

I

For humans, having a thicker spinal cord, a greater number of holes will be feasible,
for example 18 or 24 or an even greater number of holes. The greater the number of
holes the more nerve paths can be regenerated, which will probably produce a better
resuit. The holes must be placed in a way that is suitable for regenerating nerve
paths in a human spinal cord. Maps of the human spinal cord can be found in a
number of medical textbooks, for example, The human nervous system (2004) Paxi-

nos & Mai, Academic Press Inc.

Figure 4 illustrates the proximal and distal end plates, or top 27 and bottom 37
nlates, of a mould, with threads provided between some of the entry holes. For clar-
ity, the side wall 15 not shown. As can be seen, the threads extend in curved lines to

provide connections from white to grey matter.

Figure 5 illustrates a mould arranged in a holder 21 according to an embodiment of
the invention. In this embodiment the mould i1s made of a suitable metal, but it may,
of course, have any suitable design and be made from any other suitable material as
well, such as plastic. The holder 1 may be shaped 1n any suitable way and 1s
mounted on a base 23. As shown i Figure 5 the mould comprises a base plate 25,
and a top plate 27, on which the end plates are provided. The base plate 25 and the
top plate 27 are connected by means of two screws 29, 31, with distance elements
between the plates 25, 27. Between the base plate 25 and the top plate 27 a centre
part 33 1s arranged. The top plate 27 and the base plate 25 define the shape of the
two end walls of the nerve regeneration device. The centre part 33 has a through
bore, which defines the length and cross-section of the nerve regeneration device.
The top plate 27 and the centre part 33 are connected by means of a third screw 35.
The base plate 25 has a protrusion (not shown in Fig. 5), having the same cross sec-
tion as the through bore of the centre part and comprising the holes for the proximal
or distal end of the channels. The top plate 27 compnses the holes for the other end.
By means of the third screw 35 the top plate 27 and the centre part 33 may be ar-

ranged in an open position, as shown In Figure 3, or in a closed position. In the open
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position the protrusion of the base plate extends substantially fully through the
through bore of the centre part and in the closed position, only the end of the protru-
sion 18 located in the through bore. The open position will allow threads to be ar-
ranged between the holes in the top plate 27 and the base plate 25. In the closed po-

sition, the mould has the desired shape and may be filled with an appropriate mate-

rial to manufacture the nerve regeneration device.

T'he top plate also comprises an entry hole (not shown) for introducing the biocom-
patible material into the mould. The mould may also be shaped so that a small pro-
trusion 18 provided in the nerve regeneration device, for example, at the distal end,

in the side facing inwards, to aid in placing the nerve regeneration device in the pa-

tient in the right way.

Of course, the mould can be provided in any suitable way, of which Figure 5 is only

an example.

Figure 6 illustrates the open and closed positions of base plate 25, top plate 27 and
centre part 33, as discussed In connection with Figure 5, more clearly. Figure 6a
shows the open position, in which the end 37 of the protrusion 39 of the base plate
25 1s visible at the end of the centre part 33 facing the top plate 27. The end 37 of
the protrusion 39 constitutes the bottom plate of the mould. The threads can be seen
extending upwards trom the holes i the protrusion through the holes in the top plate
27. In Figure 6b the third screw 35 has been tightened, to raise the centre part 33 so
that it meets the top plate 27. The protrusion 39 of the base plate 25 is visible on the
base plate below the centre part 33. The threads can be seen extending up from the

holes in the top plate 27. In this position the mould is ready for use.

Figures 7a and 7b illustrate the bottom plate 23, the centre part 33 and the top plate
27 in the closed position, with part of the wall of the centre part removed to provide

a view into the mould. As can be seen, the bottom plate 37 or end of the protrusion
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of the base plate 25 extends slightly into the through bore. The threads run from the
holes in the protrusion 39, substantially along the axial direction of the through bore,

and out through the holes in the top plate 27.

Figure & illustrates a nerve regeneration device 40 which may be produced accord-
ng to an embodiment of the invention. In this example, the nerve regeneration de-
vice 1s arranged to bridge the entire cross-section of the spinal cord. A thread 42 is
seen entering the nerve regeneration device 40 through a hole in the proximal end

and exiting through the corresponding hole in the distal end of the nerve regenera-

tion device.

T'he above description has primarily focused on connecting white matter to grey
matter, because this 1s the method that is feastble today. It may be possible in the fu-
ture to connect white matter to white matter, maybe even to regenerate one particu-
lar nerve path, especially with the development of exogeneously administered
orowth factors. This will potentially lead to a better function in the patient than the
connection of white matter to grey matter. Of course, the inventive method and de-
vice can also be used to manufacture a nerve regeneration device for connecting

white matter to white matter.

With the method and mould according to the invention a nerve regeneration device
or treatiment device can be manutactured to fit one particular injury in one particular
patient, providing the best possible fit. Alternatively, it may be feasible to provide a
number of standard sizes of devices, so that for each individual injury the best fit
can be selected. Thus, a set of moulds having different dimensions may be provided

for producing devices of different sizes.
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CLAIMS:
L. A method of manufacturing a nerve regeneration device for treating a spinal cord injury of a

patient, said method comprising the following steps:

- imaging the spinal cord injury using an imaging technique;

- providing a mould having a shape and size matching the spinal cord injury on the basis ot said
image data, said mould comprising a bottom plate, a top plate and a centre part, each of said
bottom plate and said top plate having a number of holes corresponding to points in the injured
spinal cord where nerves should be regenerated, and said centre part having a channel
therethrough;

- placing first flexible elongate structures in the channel, each first tlexible elongate structure
exiting the mould through one hole in the top plate and a matching hole in the bottom plate;

- filling the mould with a biocompatible or biodegradable material to produce the device; and

- removing the device from the mould when ready.

2. The method according to claim 1, further comprising the steps ot removing the first tlexible

elongate structures from the device; inserting nerves; and/or material promoting nerve regeneration

in the channel.

3. The method according to claim 1 or 2, wherein the biocompatible or biodegradable material
comprises an agent to stimulate nerve regeneration.

‘3 The method according to any one of claims | to 3, wherein each of the first tlexible elongate
structures 18 placed through holes in the top plates situated to correspond to grey matter area and

holes 1n the base plates situated to correspond to white matter area, and vice versa.
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5. The method according to claim 2, wherein the step of inserting nerves in the channel
comprises the steps of inserting second threads in the channel, fastening a nerve to each of the
second threads and pulling each nerve into the channel by means of said second threads.

0. The method according to claim 2, wherein the step of inserting nerves and/or biological
material promoting nerve regeneration in the channel comprises the step of pulling or pushing nerve

orafts into the channel.

7. The method according to claim 5, wherein the said second threads are substantially thinner
than the first flexible elongate structures.

8. The method according to any one of claims 1 to 7, wherein the step of inserting nerves in the

channel comprises inserting peripheral nerves taken from another part ot the patient’s body.

9. The method according to any one of claims 1 to &, wherein the patient 1s a human.
10.  The method according to any one of claims 1 to 8, wherein the patient 1s a vertebrate.
11.  The method according to any one of claims 1 to 10, wherein the imaging technique 1s

selected from the group consisting of: computer tomography, magnetic resonance 1maging and

obtaining image data related to the shape and size of the injury.
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