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Abstract In human spinal cord injury, the most common mechanism is the combi-
nation of acute impact and continuing compression. To simulate combined impact-
compression, we developed in the 1970s the acute clip impact-compression model,
one of the first non-transection models in the rodent. Subsequently, we character-
ized the relationships between clip strength, duration of compression and neurologi-
cal recovery, and established dose-response relationships between the forces of clip
compression injury, axon evoked potentials, spinal cord blood flow, neurological
function, axon counts and retrograde labeling of supraspinal neurons with axonal
tracers. In this review, we discuss the defining features of the acute clip impact-
compression model of spinal cord injury and outline its advantages and disadvan-
tages. We also briefly discuss other impact-compression/contusion models and
non-impact models of spinal cord injury. The method for performing acute impact-
compression injury in rats is included. Clip injury is useful for in vitro and in vivo
spinal cord injury studies in rats and mice for cervical, thoracic and lumbar injuries,
and is consistent, reliable and relatively inexpensive.
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Introduction

There are many mechanisms involved in producing spinal cord injury (SCI) in
humans, although the most common are impact-compression, contusion, laceration,
transection and traction of the spinal cord [1]. No single experimental model can
simulate all these diverse mechanisms, and therefore, there is a need for more than
one model of SCI, especially for screening potential therapies for use in human SCI
[2, 3]. There have been several informative reviews of experimental models for SCI
[4-6], and in our view, there are several reliable and consistent animal models some
of which replicate human injuries reasonably well [6, 7].

The most common mechanism of SCI in humans is a combination of acute
impact followed by persisting compression [1, 8], and this combination occurs in
fracture-dislocations and burst fractures of the spine, the two most common mecha-
nisms in human SCI. In anterior fracture-dislocation, the most common type, the
anterior surface of the spinal cord is compressed between the posterior aspect of the
rostral vertebra while the posterior surface of the spinal cord is compressed by the
anterior aspect of the lamina of the caudal vertebra. In burst fractures the anterior
surface of the spinal cord is compressed by the posterior aspect of the vertebral body
while the posterior surface of the spinal cord is compressed by the anterior aspect of
the lamina of the same vertebra. To simulate these mechanisms of combined impact-
compression, the senior author developed in the 1970s the acute clip impact-com-
pression model, one of the first to simulate the sequence of acute impact followed
by persisting compression [9]. Sudden impact is produced by rapid release of the
clip. The clip closes rapidly producing bilateral, dorsal and ventral impact followed
by persisting compression injury with severity related to the closing force of the clip
and the duration of compression. This model was one of the first non-transection
models in the rodent [7]. Subsequently, in my laboratory, we characterized the rela-
tionships between clip strength, duration of compression and neurological recovery
[10, 11]. We also established dose response-curves for the relationships between the
force of clip compression injury, axon evoked potentials, and spinal cord blood flow
[12], and for the relationships between the force of clip compression injury, neuro-
logical function, axon counts and retrograde labeling of supraspinal neurons with
retrograde axonal tracers [13]. Since then, most of the studies in the Tator and
Fehlings laboratories at the University of Toronto have utilized this model in in vitro
and in vivo SCI studies in rats and mice in cervical, thoracic and lumbar injuries.

In the initial phase of the development of this model of experimental SCI, we
found that a 1-min duration of clip compression was the minimum time required to
produce a consistent pathological and clinical effect in rats with clips varying in
force from 2 to 178 g. With clips of this range of forces, we varied the duration of
compression from 3 s to as long as 4 h, and found a complex correlation between
both the force and duration of compression in rats at C7-T1 or T7-8 and several
histopathological and clinical outcome measures. We also showed similar findings
in injuries at T2-3 and L1-2 in the rat [14]. Recently, we characterized acute clip
impact-compression injury at the lumbar spinal cord level L1-2 showing neurological
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and histological correlation with clip strength [15]. The range of clip forces can be
varied to represent the range of injury severities associated with incomplete injuries
in humans graded by the system of the American Spinal Injury Association (ASIA)
as ASIA grades B to D [16]. More severe injuries such as a 50 g injury at T4 in the
rat produces the clinical and histological features of a complete SCI [17], graded as
ASIA A in the human. An incomplete bilateral clip-compression injury to the cervi-
cal cord in the rat can be achieved with an 18 g clip at C6 [18]. Of major importance
is that the clip impact-compression SCI can be used to model injuries at all levels of
the spinal cord, at a range of severities, and also acute, subacute and chronic SCI
[14, 15, 19-22].

In the Fehlings laboratory, the clip was adapted for producing SCI in the mouse,
and the mouse clip was found to produce consistent SCI of graded severity similar
to what had been previously established in the rat [23, 24]. However, the pathologi-
cal changes in the mouse spinal cord differ significantly from what has been estab-
lished in rats and humans. In both rats and humans, major SCI causes ischemia,
necrosis and cavitation whereas in the mouse the lesions are generally without
cavitation.

It should be noted that many other investigators have used clip compression SCI,
some with the same modified Kerr-Lougheed aneurysm clip that we have used
[17, 25]. However, many other types of clips have been used in experimental SCI
[26]. For example, von Euler et al. used bulldog clips of varying forces, and placed
them on the cord vertically, so that the compression force was from side-to-side or
lateral rather than in the antero-posterior direction [27]. Similarly, a vascular clip
was placed vertically to achieve lateral compression of the mouse spinal cord at
thoracic level T9 [28]. In many reports, the authors did not state whether the clips
were slowly released to produce compression or rapidly released to produce
impact-compression.

Advantages and Disadvantages of the Clip Impact-

Compression Model

The main advantages and disadvantages of the clip impact-compression model are
as follows:

Advantages

1. Inexpensive.
2. Durable. The same clip can be used for an infinite number of times, although
the springs will weaken after multiple openings and closings.



464 C. H. Tator et al.

3. Useful for injuries at all levels of the spinal cord-cervical, thoracic and

lumbar.

Useful for modeling acute, subacute and chronic injuries.

Useful in both rats and mice.

Does not require opening of the dura.

Produces anterior-posterior compression of the spinal cord.

Rapid release of the clip produces sudden impact of the spinal cord.

Control of time and force of application.

Consistent graded injuries can be produced. Both the force and duration of

compression can be altered to model injuries of low to high severity, and reli-

able dose-response curves can be generated for both force and duration of

compression.

11. Stabilization and precise positioning of the spine during injury is not required.

12. The same clip can be mounted with different rings to produce injuries of vary-
ing severity.

13. Very low mortality and morbidity rates.

S0 XNk

Disadvantages

1. After hundreds of openings and closings the springs upon which the force of the
clips depends will weaken. Thus, it is wise to calibrate the force of compression
before and after each experiment. Calibration is not very complicated and the
method of calibration, including a description of the calibration device has been
published [29]. Alternatively, the clips can be sent to the Tator or Fehlings labo-
ratories for calibration.

2. Practice and some surgical expertise are required for optimal and consistent
placement of the clip around the cord with minimal cord trauma.

3. Laminectomy is required for clip placement.

Other Impact-Compression or Contusion Models

Several other impact-compression models were developed after the acute clip
impact-compression model. Although the New York University (NYU) weight-drop
impactor [30] is an improvement over the original Allen [31] weight-drop model,
none of the weight-drop models produce persisting compression, and thus, they do
not simulate the impact-compression of the most common human SCIs. Also, there
is inherent variation and wide standard deviations in the results probably because of
the randomness with which the weight contacts the walls of the cylinder and the
impounder placed on the surface of the cord. The Ohio State University electromag-
netic spinal cord injury device [32] is based on cord displacement which can be



Clip Impact-Compression Model 465

accurately measured. The same is true of the Infinite Horizons impactor [33, 34],
but it is expensive, impacts the spinal cord from the dorsal surface only, has limited
dwell-times (i.e. persisting compression for only up to 60 s), and requires both sta-
bilization by forceps and horizontal positioning of the spinal column at the time of
SCI. However, the Infinite Horizons device has the advantages of being able to
produce SCI of varying displacement and force in rats [34] and mice [35]. The clip
compression model is easily adaptable for use at the cervical level, which is not true
for several of the contusion models where the adjacent and overlying spinal muscu-
lature can interfere with lesion making [36]. Recently, the Ohio State electromag-
netic SCI device was modified to produce a consistent and graded hemi-contusion
injury at cervical level C4 [37]. In this model, the electromagnetic probe is lowered
to the surface of the cord with the same starting force and then a high velocity spinal
contusion is produced [37]. Establishing a common starting point for the injury
probe reduces variability in impact force.

The temporal effect of impact-compression injury is not achieved in most other
contusion or compression models, including the Infinite Horizons model which has
a limited dwell time. In our previous studies with the clips, we examined these tem-
poral effects after cervical cord SCI in the rat [10, 11]. The ability to study varying
compression times is an advantage of the clip technique as it can be used to examine
the duration of cord compression and the value of early decompression which are
important issues in human SCI [2]. The clip can remain in place compressing the
spinal cord for clinically relevant durations of compression.

Non-impact and Non-contusion Models of SCI

There are many non-impact and non-contusion models, and only a fraction of
them will be discussed. A large number of complete and incomplete transection
models have been used to great advantage to examine finite pathophysiological
events, but laceration and transection are rare in human SCI. Photochemical injury
delivered by irradiation of the spinal cord after intravenous administration of the
photosensitive rose bengal dye [38—40] produces ischemia and graded infarction
of the spinal cord and is useful to examine post-traumatic ischemia and infarction
which are common secondary mechanisms after SCI [1, 41, 42]. Also, this model
is less invasive because irradiation can reach the spinal cord without laminectomy.
Some compression models involve “placement” of a static weight on the cord, and
thus do not cause sudden impact [43], and therefore, these have been considered
non-impact.

Balloon compression models were first introduced by Tarlov [44] in the 1950s
and there have been many subsequent versions. Most are slowly compressing, and
non-impact, although the more recent balloon materials can be rapidly inflated
without bursting. In general, balloon compression models suffer from a lack of
reproducibility due to the uncertainty of the balloon-cord interface.
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Forceps compression of specific tracts can be achieved with forceps blades that
are inserted into the cord and slowly closed. Most common is forceps compression
of the dorsal columns resulting in damage to the ascending sensory axons and
descending corticospinal tract [45]. If the forceps blades are rapidly closed, impact-
compression can be achieved, although closing force is not consistent or calibrated.
These partial lesions are also difficult to produce reliably and consistently, and are
dependent on proper placement of the forceps blades.

Methods for Clip Impact-Compression Injury

The following description applies specifically to rats.

Anesthesia

Rats can be anesthetized with a variety of techniques. We have found that the com-
bination of 1.5-2% isofluorane and oxygen produces rapid induction, good analge-
sia, and lack of movement during SCI. Rats are placed on a heating pad at 36 °C
during surgery.

Microscopy

After the skin incision is made the entire dissection, clip placement and removal are
performed with a surgical operating microscope.

Laminectomy

A laminectomy is performed at the desired cervical, thoracic or lumbar level. To facil-
itate the laminectomy a self-retaining retractor is essential for holding laterally the
paraspinal muscles (Fig. 1a). Failure to retract the muscles sufficiently far laterally
impairs accurate and atraumatic clip placement. We usually remove two laminae to
facilitate dissection of the extradural plane. The laminae are removed as far laterally
as possible (Fig. 1b). Usually, this involves removal of the pedicles as far anteriorly as
possible so that the stumps of the pedicles will not obstruct the passage of the clip
(Fig. 1b). Bone removal is performed with a small bone-cutting instrument or rongeur
with slender tapering ends (Fig. 2). A nail cutting instrument is ideal. Rongeurs with
larger blades work better for laminectomy in the cervical region.
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A

Fig. 1 The operative procedure. The steps are shown in a rat that has been perfused. (a) shows the
self-retaining retractor in place holding back the paraspinal muscles. (b) shows the rongeur remov-
ing portions of the pedicle far laterally and anteriorly. (¢) shows the cord exposed after the two-
level laminectomy, and with the passage of the probe anteriorly and extradurally. (d) shows the clip
held in the clip applicator, with the clip in the fully opened position, just prior to passage of the
blade of the clip extradurally. (e) shows the blades of the clip anterior and posterior to the cord in
the extradural space just prior to release of the clip from the applicator. The clip is still in the fully
opened position. (f) the clip has been released from the applicator and is compressing the cord
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Fig. 2 The instruments for A
performing clip
compression and the clips.
(a) The bone cutting
instrument (rongeur) for
removing the laminae and
pedicles. (b) The probe for
exploring the extradural
plane is a dental hook bent
to conform to the shape of
a clip blade. (¢) The upper
panel is a side view of the
clips and the lower panel is
a top view. In both the
upper and lower panels, a
rat clip is on the left and a
mouse clip is on the right.
The length of the blades of
the mouse clip is smaller,
and the blades and spring
of the mouse clip are
thinner. (d) Two styles of
clip applicators. The
applicators have ledges at
the ends that fit into the
grooves at the end of the
clip blades to permit firm
grasping of the clips

Exploration of the Extradural Plane

A dissecting hook, (Figs. 1c and 2) with similar curvature and thickness as the clip,
is used to dissect the extradural plane between the dura and the adjacent vertebrae.
The clips, dissecting hook, and clip applicators are manufactured to specification
(Fig. 2). The hook is especially important for locating the nerve roots, and for clear-
ing away any extradural adhesions at the optimal site for clip placement which is at
the mid-point between adjacent roots. It is important to pass the hook extradurally
from both the right and left sides to determine the optimal trajectory for clip
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placement. Bleeding will often occur at this stage from the epidural veins and can
be controlled with application of small cotton pledgets and with gelfoam sponge.
Bleeding must be controlled in order to have optimal visualization of the cord dur-
ing clip placement.

Placement of the Clip

With the clip held in the applicator in its fully opened position (Fig. 1e), the anterior
blade of the clip is passed extradurally anterior to the cord with avoidance of dam-
age to the adjacent nerve roots, and with as little cord displacement as possible
(Fig. 1e). Some displacement is necessary, but it should be done very slowly to
avoid any traction or impact of the cord. The clip held in the applicator can be used
to clear away any remaining adhesions that are encountered, but only minimal force
can be used, otherwise the clip will be unintentionally and prematurely released
from the applicator.

Rapid Release of the Clip to Deliver the Impact-Compression
Injury

The clip is then rapidly released from the applicator to produce the acute impact-
compression injury (Fig. 1f). This is done by allowing the blades of the applicator
to spring open at maximum velocity. The clip is then left compressing the spinal
cord for the desired duration of compression.

Removal of the Clip with the Applicator

After the desired interval, the applicator is re-introduced and used to grasp and then
open the clip maximally without any further manipulation of the cord. The clip is
then removed with as little cord displacement as possible.

Suturing of the Wound

After injury, the muscles are sutured in one layer using 3-0 sutures and the skin
closed with either sutures or Michel clips (Fine Science Tool, B.C., Canada).
Buprenorphine (0.03 mg/kg, Temgesic, Schering-Plough, U.K.) is given subcutane-
ously before the animals awake, and then every 12 h for 48 h.
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Post-operative Care

The rats are housed singly in a temperature-controlled room at 26 °C for the dura-
tion of the experiment with a 12 h light/dark cycle. Bladders are expressed three
times daily until spontaneous voiding occurs, and Clavamox is added to the drink-
ing water to prevent urinary tract infection. Water and food are provided ad
libitum.

Ordering Information

The clips and applicators for rats and mice can be ordered directly from the Tator or
Fehlings laboratories. The rat clips are approximately $2000 each and the mouse
clips are approximately $1300 each. They can be supplied in a variety of forces of
clip closing strength.

The clips for mice known as Fejota (Fehlings-Joshi-Tator) clips and can be
ordered from the Fehlings laboratory, and a signed Research Agreement is required.
The University Health Network, the group of hospitals in which the Tator and
Fehlings laboratories are located is the holder of the patent and trademark on the
mouse clip.

Calibration of Clips

Investigators can perform their own force of clip closure calibrations or can request
this service from the Tator or Fehlings laboratories.

Outcome Evaluations

A full range of histological (Fig. 3), imaging and functional outcome measures has
been used successfully after clip impact-compression injury.

Summary

Our group has used the clip impact-compression injury model to injure the spinal
cord at the cervical [46—48], thoracic [19, 20-22, 49, 50], and lumbar [15, 51] levels
since the 1970s, and this model has given reliable and consistent results for studying
acute, subacute and chronic SCI in rodents. Other groups have also successfully
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Fig. 3 Histological sections of the rat thoracic cord several weeks after clip compression injury.
Hematoxylin and eosin and luxol fast blue staining. The central necrosis and cavitation are much
greater after 35 g injury than after 20 g injury

used our clips for experimental SCI in rodents [17, 25, 52]. Several other clip
designs were subsequently published and appear to give reliable results [53-56].
The clips have been used for examining a variety of injury mechanisms including
inflammatory cytokines [57], secondary injury antagonists [26], and ischemia [12].
The clips have also been used for studying axonal physiology and morphology [58],
and neuroprotective and regenerative measures with various agents including local-
ized drug delivery [59-62], biomaterials and scaffolds [20, 63], and cell transplanta-
tion [19, 22, 49, 54, 64, 65].
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