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Neurobiology of Disease

Tenascin-R Restricts Posttraumatic Remodeling of
Motoneuron Innervation and Functional Recovery after
Spinal Cord Injury in Adult Mice

Ivayla Apostolova,* Andrey Irintchev,* and Melitta Schachner
Zentrum fiir Molekulare Neurobiologie, Universitit Hamburg, D-20246 Hamburg, Germany

Tenascin-R (TNR) is an extracellular glycoprotein in the CNS implicated in neural development and plasticity. Its repellent properties for
growing axons in a choice situation with a conducive substrate in vitro have indicated that TNR may impede regeneration in the adult
mammalian CNS. Here we tested whether constitutive lack of TNR has beneficial impacts on recovery from spinal cord injury in adult
mice. Using the Basso, Beattie, Bresnahan (BBB) locomotor rating scale, we found that open-field locomotion in TNR-deficient (T NR ™)
mice recovered better that in wild-type (TNR™/™) littermates after compression of the thoracic spinal cord. We also designed, validated,
and applied a motion analysis approach allowing numerical assessment of motor functions. We found, in agreement with the BBB score,
that functions requiring low levels of supraspinal control such as plantar stepping improved more in TNR '~ mice. This was not the case
for motor tasks demanding precision such as ladder climbing. Morphological analyses revealed no evidence that improved recovery of
some functions in the mutant mice were attributable to enhanced tissue sparing or axonal regrowth. Estimates of perisomatic puncta
revealed reduced innervation by cholinergic and GABAergic terminals around motoneurons in intact TNR '~ compared with TNR™"*
mice. Relative to nonlesioned animals, spinal cord repair was associated with increase in GABAergic and decrease of glutamatergic
punctain TNR ™'~ but not in TNR™* mice. Our results suggest that TNR restricts functional recovery by limiting posttraumatic remod-

eling of synapses around motoneuronal cell bodies where TNR is normally expressed in perineuronal nets.

Key words: functional recovery; motion analysis; mouse; tenascin-R; spinal cord injury; synaptic plasticity

Introduction

Tenascin-R (TNR) is an extracellular matrix molecule expressed
by oligodendrocytes and subpopulations of neurons in the adult
CNS of vertebrates (Schachner, 1997; Dityatev and Schachner,
2003). The glycoprotein is accumulated around nodes of Ranvier
and in perineuronal nets surrounding motoneurons and sub-
populations of interneurons. TNR regulates inhibitory periso-
matic inhibition via interactions of its HNK-1 (human natural
killer cell) carbohydrate epitope with GABAj receptors and thus
influences synaptic transmission and plasticity in the hippocam-
pus (Saghatelyan et al., 2000, 2001; Bukalo et al., 2001; Dityatev
and Schachner, 2003; Brenneke et al., 2004). In myelinated CNS
axons, TNR is a functional modulator of the B-subunit of
voltage-gated sodium channels (Srinivasan et al., 1998; Xiao et
al., 1999). In vitro experiments have shown that neurites of retinal
and dorsal root ganglion cells and cerebellar neurons are repelled
by a substrate border of TNR (Pesheva et al., 1993; Taylor et al,,
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1993; Becker et al., 2000). TNR also has inhibitory functions in
the outgrowth and guidance of optic axons in vivo (Becker et al.,
1999, 2003, 2004). Also, it has been observed that TNR influences
a variety of microglial functions such as cell adhesion and migra-
tion and secretion of cytokines and growth factors (Angelov et al.,
1998; Liao et al., 2005). All of these findings indicate that TNR is an
important modulator of plasticity and repair processes in the CNS.

After spinal cord injury (SCI), TNR expression is upregulated
in the lesion area (Deckner et al., 2000). It has been suggested that
this glycoprotein is among the oligodendrocyte-derived mole-
cules inhibiting axonal regrowth after SCI (Pesheva and Probst-
meier, 2000; Sandvig et al., 2004). Here we tested the hypothesis
that TNR is a molecule restraining recovery from SCI by analysis
of TNR null mutant mice and wild-type littermates in a compres-
sion SCI paradigm. The TNR-deficient mice are vital and fertile,
have a normal lifespan, and have no gross anatomical or histo-
logical abnormalities (Weber et al., 1999). They show motor def-
icits under demanding conditions (rotarod, pole, and wire-
hanging tests), but otherwise their gate and motor behavior
appear normal (Freitag et al., 2003). We used classical approaches
to evaluate the outcome of SCI including locomotor scale rating
(Basso et al., 1995), as well as axonal tracing and immunobhisto-
chemical techniques. In addition, we applied analyses of synaptic
coverage and a novel approach for evaluation of motor functions
based on principles recently applied for analysis of motor func-
tion after femoral nerve injury in mice (single-frame motion
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analysis) (Irintchev et al., 2005b). The data collected by different
methods provide evidence that TNR is a molecule restricting
recovery from SCI in mice.

Materials and Methods

Animals

Female C57BL/6] as well as TNR-deficient (TNR™/") mice and control
wild-type (TNR*/™) littermates (Weber et al., 1999) were obtained from
the animal facility of the Universititsklinikum Hamburg-Eppendorf
(Hamburg, Germany) at the age of 3 months. Genotyping of the mice
from the TNR stock was performed using PCR assays. The animals were
kept under standard laboratory conditions. All experiments were con-
ducted in accordance with the German and European Community laws
on protection of experimental animals, and the procedures used were
approved by the responsible committee of The State of Hamburg. Ani-
mal treatments, collection of data, and data analyses were performed
blindly. Numbers of animals studied in different experimental groups
and at different time periods after surgery are given in the text and
figures.

Surgical procedures

For surgery, the mice were anesthetized by intraperitoneal injections of
ketamine and xylazine [100 mg of Ketanest (Parke-Davis/Pfizer,
Karlsruhe, Germany) and 5 mg of Rompun (Bayer, Leverkusen, Ger-
many) per kg body weight]. Laminectomy was performed at the T7-T9
level with mouse laminectomy forceps (Fine Science Tools, Heidelberg,
Germany). A mouse spinal cord compression device was used for com-
pression injury (Curtis et al., 1993; Steward et al., 2003). The device
consisted of a pair of watchmaker forceps mounted in a metal block
attached to a stereotaxic frame. Compression force (degree of closure of
the forceps) and duration were controlled by an electromagnetic device.
In most cases, the spinal cord was maximally compressed (100%, accord-
ing to the operational definition of Curtis et al., 1993) for 1 s by a time-
controlled current flow through the electromagnetic device. To produce
a milder injury, in some animals, the compression force was reduced to
50%. The skin was then surgically closed using 6-0 nylon stitches (Ethi-
con, Norderstedt, Germany). After the operation, mice were kept in a
warm room (35°C) for several hours to prevent hypothermia and there-
after singly housed in a temperature-controlled (22°C) room with water
and standard food provided ad libitum. During the postoperative time
period, the bladders of the animals were manually voided twice daily.

Analysis of motor function

Locomotor rating. The recovery of ground locomotion was evaluated us-
ing the Basso, Beattie, Bresnahan (BBB) rat rating scale (Basso et al.,
1995) as modified for the mouse by Joshi and Fehlings (2002). More
recent modifications of the rating scale for mice (Engesser-Cesar et al.,
2005; Lietal., 2006) were not used because they were published when our
investigations were in an advanced stage. Scoring was done by one and
the same investigator. Motor performance of each animal was evaluated
during free movement in an open-field arena placed 90 cm over ground
to aid close observations of the mice (Joshi and Fehlings, 2002). Rating of
each animal was later checked by analysis of video recordings of beam
walking (see below) observed at slow playback speed. Assessment was
performed at 1, 3, and 6 weeks after injury. Scores for the left and right
extremities were averaged.

Single-frame motion analysis. In preliminary experiments, we adapted
our novel approach for evaluation of motor function, the single-frame
motion analysis (Irintchev et al., 2005b) developed for the femoral nerve
injury paradigm, for assessment of recovery after spinal cord lesion. The
following description refers to the test conditions and evaluation param-
eters defined as optimal in pilot studies and used in the analyses reported
in Results. Mice were trained to perform a classical beam-walking test. In
this test, the animal walks unforced from one end of a horizontal beam
(900 mm length, 40 mm width) toward its home cage located at the other
end of the beam. A left- and right-side view of each animal during two
consecutive walking trials were captured before the operation with a
Panasonic (Hamburg, Germany) NV-DS12 camera at 25 frames per sec-
ond and recorded on videotape (video recorder SVL-SE 830; Sony, Co-
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logne, Germany). The recordings were repeated 1, 3, and 6 weeks after
spinal cord lesion. The video sequences were digitized and examined
with VirtualDub software, a video capture/processing utility written by
Avery Lee (free software available at http://www.virtualdub.org). Se-
lected frames in which the animals were seen in defined phases of loco-
motion (see below) were used for measurements performed with Uni-
versity of Texas Health Science Center at San Antonia Image Tool 2.0
software (University of Texas, San Antonio, TX, free software available at
http://ddsdx.uthscsa.edu/dig/). Two parameters, which we designated
foot-stepping angle and rump-height index, were measured. The foot-
stepping angle is defined by a line parallel to the dorsal surface of the
hindpaw and the horizontal line (Fig. 1 A-C). The angle is measured with
respect to the posterior aspect at the beginning of the stance phase. In
intact mice, this phase is well defined and the angle is smaller than 20°
(Fig. 2 B). The average of three to five measurements per animal, extrem-
ity, and trial was found to be representative for the individual animals.
After spinal cord injury and severe loss of locomotor abilities, the mice
drag behind their hindlimbs with dorsal paw surfaces facing the beam
surface (Fig. 1A). The angle is increased to >150° (Figs. 1A, 2B). In
severely disabled mice, video frames for analysis were selected from three
to five different “step cycles” delineated by the forelimbs. The video
frames in which the angle appeared to have its lowest values for individ-
ual “cycles,” typically after a visible attempt to flex the extremity, were
selected for measurements. In less severely disabled mice that performed
stepping of variable quality (dorsal or plantar), the angle was measured
on dorsal or ventral placement of the paw on the ground after a swing
phase or after a forward sliding of the paw over the beam surface (Fig.
1C). Step cycles were defined, depending on the capabilities of the indi-
vidual animals, according to the criteria outlined above for intact or
severely disabled mice. The values for the left and right leg of individual
mice were averaged. The foot-stepping angle was defined as and proved
to be (see Results) a numerical parameter allowing objective assessment
of the plantar stepping ability, one of the major behavioral aspects as-
sessed by the BBB score.

The second parameter, the rump-height index, was estimated from the
recordings used for measurements of the foot-stepping angle. The pa-
rameter is defined as height of the rump, i.e., the vertical distance from
the dorsal aspect of the animal’s tail base to the beam, normalized to the
thickness of the beam measured along the same vertical line (Fig. 1 A-C).
For each animal and trial, at least three frames in which the rump height
was maximal during different step cycles, defined according to the step-
ping ability of the animal as described above, were used for measure-
ments. The rump-height index is a numerical estimate of the ability to
support body weight. This ability requires coordination in different
joints of both hind extremities and is influenced by various factors such
as stepping art (plantar vs dorsal), muscle strength, and spasticity (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material).

A third parameter, the limb extension—flexion ratio, was evaluated
from video recordings of voluntary movements of the mice performed
during the “pencil” test described for the femoral nerve injury paradigm
(Irintchev et al.,, 2005b). An intact mouse, when held by its tail and
allowed to grasp a pencil with its forepaws, tries to catch the object with
its hindpaws and performs cycling flexion—extension movements with
the hindlimbs (Fig. 1D, E) (Irintchev et al., 2005b, their Fig. 1i,j and
supplemental videos 5, 6). For the spinal cord injury paradigm, left-
and right-side view videos were recorded for each animal. The exten-
sion and flexion length of the extremity (distance from the most distal
midpoint of the paw to a fixed, well discernible point on the animal’s
body, e.g., the tail base) were measured for at least three extension—
flexion cycles per animal and time point. Mean values for the two extrem-
ities from one animal were averaged. The extension—flexion ratio is a
numerical estimate of the animal’s ability to initiate and perform volun-
tary, nonweight-bearing movements. Such movements require connec-
tivity of the spinal cord to supraspinal motor control centers but, in the
form evaluated here, no coordination or precision.

Ladder-climbing test. Grid walking and horizontal ladder crossing have
been used as tests for evaluation of “skilled walking,” which is dependent
on descending motor control and ascending flow of proprioceptive and
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Figure 1.  Single-frame motion analysis. Single frames of video sequences recorded during
beam walking (A—C) and voluntary movements without body weight support (pencil test; D, E)
of mice subjected to severe (A, B) or moderate (C—E) spinal cord compression. The animals were
video recorded at 1 (4), 3 (B), and 6 (C—E) weeks after injury. The foot-stepping angle, mea-
sured with respect to caudal, is drawn in A-C. The lengths of the distances a and b between the
arrows were used to calculate the rump-height index. D and E show a phase of maximum
hindlimb flexion (D) immediately followed by a maximum extension (E). The lengths of the
lines drawn in the pictures were used to determine the extension—flexion ratio.

tactile information (Soblosky et al., 1997; Metz et al., 2000). In these tests,
the animals walk across a grid or a horizontal ladder with rungs of equal
or uneven spacing. The number of mistakes, misses, or slips per crossing
or per unit time are used for evaluation. However, in cases of severe
paraplegia, these tests are useless because the animals drag behind their
legs and slips are rarely seen. We modified the ladder-crossing test to a
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ladder-climbing one. Preliminary experiments showed that, even with-
out training, mice climb up rapidly an inclined ladder with rare explor-
ative stops and never turn back to descend the ladder. This apparently
instinctive behavior is preserved even in severely disabled animals that
climb, although slowly, up to the top of the ladder using their forelimbs.
The inclined position of the ladder provides body weight support for
disabled mice and thus aids climbing. Also, the inclination of the ladder
makes sliding of the paralyzed legs along the rungs impossible, and the
extremities constantly protrude through the inter-rung spaces except in
cases of correct and sustained placing of the paw. As a ladder, we used a
4-mm-thick frame made of a Resopal plate (96 cm long, 12 cm wide, with
central incision of 88 X 6 cm; Resopal, Gross-Umstadt, Germany) to
which 43 round wooden rungs (100 X 2 mm) were glued at equal inter-
vals (2 cm). The ladder was fixed in an inclined position (55°) using a
Plexiglas platform. The mice were placed at the bottom rungs of the
ladder, and climbing was video recorded from a position “below” the
ladder, i.e., viewing the ventral aspect of the animals. The video record-
ings were observed at slow-speed playback, and the number of correct
steps (correct placing of the hindpaw and sustained position until the
next forward move) over 36 rungs were counted. Intact animals typically
stepped on every second rung, i.e., using <20 correct steps (averaged for
the two extremities) to cross the 36-rung distance. Injured mice made
between 0 and 10 correct steps depending on the injury severity and
degree of recovery. These initial observations indicated that the ladder-
climbing test could provide an opportunity for quantitative evaluation of
complex motor behavior for the whole span of functional capabilities,
from the non-injured state to complete paralysis.

Recovery indices. We previously introduced relative estimates of func-
tional recovery after femoral nerve injury, the recovery indices (Irintchev
et al,, 2005b). The recovery index (RI) is an individual animal estimate
for any given parameter described above and is calculated (percentage) as
follows: RI = [(X; , , — X;)/(X, — X;)] X 100, where X, X;,and X,  ,
are values before operation, 7 d after injury, and a time point n days after
the spinal cord injury, respectively. In simpler terms, this measure esti-
mates gain of function (X, , ,, — X;) as a fraction of the functional loss
(X, — X;) induced by the operation. It may attain 0 or negative values if
no improvement or additional impairment occurs during the observa-
tion time period. The index cannot be calculated only if the operation
causes no change in the value (X, — X, = 0). The recovery index is a
meaningful and comprehensive parameter allowing better comparisons
within one investigation and between results of different laboratories.
Calculation of recovery indices is absolutely necessary if a parameter is
prone to variability as a result of individual animal variability in body
constitution and behavioral traits. An example is the rump-height index
defined above. The index values are influenced not only by functional
impairment but also by the animal’s body size and the beam thickness.
Opverall recovery indices were calculated, on an individual animal basis,
as means of recovery indices for individual parameters. The overall index
is an estimate of the general condition of the treated animals based on
individual objective measures. It is taken as a “clinical score” for individ-
ual mice similar to the BBB score, which is based on assessment of dif-
ferent aspects of locomotion. Recovery indices are to be interpreted in
conjunction with analyses of all individual parameters measured to un-
equivocally identify the bases for the overall functional outcome.

Retrograde labeling of neurons

Six weeks after spinal cord compression, mice were anesthetized with
ketamine and xylazine, and a complete transection of the spinal cord was
performed one segment distally to the compression site. A Gelfoam
pledget, trimmed to fit the cross-sectional area of the transected spinal
cord (~2 X 3 mm) and soaked with 4% solution of the fluorescence
retrograde tracer Fluoro-Gold (Fluorochrome, Denver, CO) in PBS, pH
7.3, was introduced into the transection site and placed at the rostral cut
end of the spinal cord. After surgical closure of the wound, the mice were
allowed to recover for a period of 2 weeks, a time period sufficient for
retrograde transport and accumulation of the tracer in neuronal cell
bodies, even in remote projection sites such as the cerebral cortex. The
mice were then anesthetized with sodium pentobarbital (5 ul/g body
weight, i.p.; Narcoren; Merial, Hallbermoos, Germany) and transcardi-



7852 - J. Neurosci., July 26, 2006 - 26(30):7849 7859

ally perfused with physiologic saline for 1 min,
followed by 4% formaldehyde in 0.1 M sodium
cacodylate buffer, pH 7.3, for 15 min. The cer-
vical spinal cords and the brains were removed,
postfixed overnight in the same fixative at 4°C,
and cryoprotected by immersion in 15% su-
crose solution in 0.1 M cacodylate buffer, pH
7.3, for 2 d at 4°C. The tissue was frozen for 2
min in 2-methyl-butane (isopentane) pre-
cooled to —30°C in the cryostat. Serial coronal
sections of 25 wm thickness were obtained
from the whole brain and the cervical spinal
cord on a cryostat (CM3050; Leica, Nussloch,
Germany). Sections were collected on Super-
FrostPlus glass slides (Roth, Karlsruhe, Ger-
many) so that four sections 250 wm apart were
present on each slide. One series of such spaced
serial sections from the whole brain or cervical
spinal cord were coverslipped using anti-fading
medium [Fluoromount G; Southern Biotech-
nology Associates (Birmingham, AL) via Bio-
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Histology and immunohistochemistry

Six weeks after spinal cord injury, mice were
transcardially perfused as described above, and
parasagittal 25-um-thick sections were ob-
tained on a cryostat. For immunohistochemistry, the following commer-
cially available antibodies were used at optimal dilutions: goat anti-
choline acetyltransferase antibody (ChAT) (1:100; Chemicon, Hofheim,
Germany), guinea pig anti-serotonin transporter (5-HT-T) (1:1000;
Chemicon), rabbit anti-tyrosine hydroxylase (TH) (1:800; Chemicon),
mouse anti-tenascin-R (clone 619, 1:10) (Morganti et al., 1990), mouse
anti-vesicular GABA transporter (VGAT) (1:1000; Synaptic Systems,
Gottingen, Germany), and mouse anti-vesicular glutamate transporter 1
(VGLUT1) (1:500; Synaptic Systems). Biotin-conjugated lectin [ Wisteria
floribunda agglutinin (WFA); Sigma, Taufkirchen, Germany] was used at
dilution of 1:500 to visualize perineuronal nets.

The staining protocol has been described previously (Irintchev et al.,
2005a). Water-bath antigen demasking was performed in 0.01 M sodium
citrate solution, pH 9.0, for 30 min at 80°C (Jiao et al., 1999) for all
antigens except for TNR. Nonspecific binding was blocked using 5% v/v
normal serum from the species in which the secondary antibody was
produced, dissolved in PBS, and supplemented with 0.2% v/v Triton
X-100 and 0.02% w/v sodium azide for 1 h at room temperature (RT).
Incubation with the primary antibody, diluted in PBS containing 0.5%
w/v A-carrageenan (Sigma) and 0.02% w/v sodium azide, was performed
for 3 d at 4°C. After washing in PBS (three times for 15 min at RT), the
appropriate secondary antibody diluted 1:200 in PBS—carrageenan solu-
tion was applied for 2 h at RT. The following cyanine 3 (Cy3)-conjugated
secondary antibodies were used: goat anti-rabbit, goat anti-mouse, don-
key anti-goat, and donkey anti-guinea pig [Jackson ImmunoResearch
(West Grove, PA) via Dianova, Hamburg, Germany]. After a subsequent
wash in PBS, cell nuclei were stained for 10 min at RT with bis-benzimide
solution (Hoechst 33258 dye, 5 pug/ml in PBS; Sigma). Finally, the sec-
tions were washed again, mounted in anti-fading medium (Fluoromount
G; Southern Biotechnology Associates via Biozol), and stored in the dark
at 4°C. WFA staining was performed according to the same protocol
using Cy3—streptavidin (1:200 in PBS; Jackson ImmunoResearch).

values atagiven time period (*) or from the within-group value at 1 week after injury (*) ( p < 0.05, one-way ANOVA for repeated
measurements with Tukey’s post hoc test).

Motoneuron soma size and quantification of perisomatic puncta
Estimations of soma areas and perisomatic puncta were performed as
described previously (Irintchev et al., 2005a). Longitudinal spinal cord
sections stained for ChAT, VGAT, or VGLUT1 were examined under a
fluorescence microscope to select sections that contained motoneuron
cell bodies over a distance of at least 500 wm distal from the lesion scar.
Stacks of images of 1 wm thickness were obtained on an LSM 510 confo-
cal microscope (Zeiss) using a 40X oil immersion objective and digital
resolution of 1024 X 1024 pixels. Four adjacent stacks (frame size, 115 X
115 um) were obtained consecutively in a rostrocaudal direction so that
motoneurons located both close and remote to the lesion scar were sam-
pled. One image per cell at the level of the largest cell body cross-sectional
area was used to measure soma area, perimeter, and number of periso-
matic puncta (see Fig. 8 A—C). Motoneurons were identified by the im-
munolabeling in sections stained for ChAT (see Fig. 8 A) and by the size
of the cell bodies [unstained profiles surrounded by immunoreactive
puncta (see Fig. 8 B,C)] and bis-benzimide counterstained nuclei (data
not shown). Areas and perimeters were measured using the Image Tool
2.0 software program (University of Texas, San Antonio, TX, free soft-
ware available at http://ddsdx.uthscsa.edu/dig/). Linear density was cal-
culated as number of perisomatic puncta per unit length.

Estimation of lesion scar volume

C57BL/6] mice were subjected to spinal cord injury using compression
forces of 50, 75, or 100% of maximum to produce variable degrees of
lesion. Analysis of motor performance was made before and 1 and 6
weeks after operation. Afterward, the mice were perfused as described
above, and the spinal cords were cut on the cryostat (25 wm parasagittal
sections). Spaced serial sections 250 pwm apart were stained with cresyl
violet/Luxol fast blue and used for estimations of the scar volume using
the Cavalieri principle. Areas of the scar required for volume estimation
were measured directly under the microscope using the Neurolucida
software (see above).
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Photographic documentation and statistical analysis

Photographic documentation was made on an Axiophot 2 microscope
equipped with a digital camera AxioCam HRC and AxioVision software
(Zeiss). Confocal images were obtained on an LSM 510 confocal micro-
scope (Zeiss). The digital images were additionally processed using
Adobe Photoshop 8.0 software (Adobe Systems, San Jose, CA).

All numerical data are presented as group mean values with SEM
values. Parametric or nonparametric tests (t test, ANOVA with subse-
quent Tukey’s post hoc tests, or Wilcoxon—-Mann—Whitney test) were
used for comparisons as appropriate. Nonparametric two-sample Kol-
mogorov—Smirnov test was applied to compare distributions. Analyses
were performed using the Systat 9 software package (SPSS, Chicago, IL).
The threshold value for acceptance of differences between groups was
5%. SigmaPlot 8 software (SPSS) was used for regression analyses.

Results

Evaluation of novel functional parameters

To validate the novel method for functional analysis, we induced
“severe” and “moderate” SCI in two groups of C57BL/6] mice
and evaluated their motor performance using both the BBB rat-
ing scale (Fig. 2A) and novel parameters defined in pilot experi-
ments (Fig. 2 B—E). ANOVA for repeated measurements revealed
significant effects of time and type of treatment on the BBB score,
indicating that the impact of the two injury protocols was differ-
ent (Fig. 2 A—E). Differences between the group mean values were
found at all three time points after SCI at which the mice were
studied (1, 3, and 6 weeks) (Fig. 2A). Compared with the values at
7 d, there was improvement at 3 and 6 weeks after both types of
injury. Analysis of the foot-stepping angle, reflecting the ability
for plantar stepping and evaluated in a simple two-dimensional
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model, allowed the same conclusions (Fig.
2 B). The two types of injury produced dif-
ferent degrees of plantar stepping disabil-
ities in the two animal groups, as evaluated
1 week after SCI. Improvement with time
was found in both animal groups. Spinal
cord injury caused changes in the preop-
erative values for the other three parame-
ters, but there was no difference between
the two groups of mice at 7 d (Fig. 2C-E).
For the rump-height index, an estimate of
the ability for body weight support that
requires more complex motor control and
coordination compared with plantar plac-
ing of the paw, there was no difference be-
tween the two groups at later time points
(Fig. 2C). The ability to move the limbs
without body weight support, evaluated
by the extension—flexion ratio, was better
in moderately injured mice compared
. with animals with severe SCI at both 3 and
6 weeks (Fig. 2 D). The same was true for
numbers of correct steps that the animals
made during the most demanding test,
ladder climbing, requiring a high degree of
supraspinal control and proprioception
(Fig. 2E). Thus, the absolute values of the
newly defined parameters, with the excep-
tion of the rump-height index, showed
differences between two groups of mice
exposed to injuries of different severity, as
was the case for the evaluation according
to the BBB rating scale. Within-group
comparisons indicated improvement with
time after lesion for the BBB score and the
foot-stepping angle but not for the other three parameters. In
Figure 2 F, we show as reference the average time required for
climbing up the ladder in the two groups of mice.

We also calculated recovery indices for the parameters shown
in Figure 1 A—E. The mean indices indicated better recovery in
moderately compared with severely injured mice at both time
periods, 3 and 6 weeks, for all parameters (Fig. 3A—E). Improve-
ment between 3 and 6 weeks was found only in severely injured
mice for the BBB score and for the foot-stepping angle (Fig.
2A,B). Finally, we calculated the overall recovery index from
individual mean values for the five different indices (Fig. 3F). The
degree of overall functional improvement was more than twofold
higher in moderately injured mice compared with animals with
severe SCI.

We introduced the rump-height index as an estimate of the
ability to support, in a physiological way, body weight during
locomotion. However, apparently spasticity also contributes to
the index values to variable degrees in individual animals. Cases
in which the mice have high rump height primarily as a result of
spasticity can be identified by calculating the product of the
rump-height index and the foot-stepping angle. Because the two
parameters change in opposite directions 1 week after injury and
thereafter (Fig. 2B, C), the product of the two values should vary
within a given range, for example, between 30 and 160°, as can be
roughly predicted from mean values at 0 and 7 d. Indeed, for 18 of
20 animals with severe or moderate injury, the index—angle prod-
uct values were between 28 and 152° and correlated positively
with the foot-stepping angle values (r> = 0.89; p < 0.001,

Rump-height index
*
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ANOVA) (supplemental Fig. 1 A, available
at www.jneurosci.org as supplemental
material). For two mice with severe injury,
the product values were very high (235
and 245°) (supplemental Fig. 1 A, available
at www.jneurosci.org as supplemental
material) because of the high position of
the rump and abnormally high angle value
(toe stepping with strong plantar flexion
in the ankle joint) (supplemental Fig. 1B,
available at www.jneurosci.org as supple-
mental material).

In a group of C57BL/6] mice, we varied
the degree of spinal cord compression
with the intention to produce lesions of
various size. We analyzed these mice func-
tionally and thereafter estimated the scar
volume in each mice applying the Cava-
lieri principle. Nonlinear regression anal-
yses revealed a high degree of covariations
between functional estimates and scar vol-
ume (Fig. 4 A-E). The high degrees of de-
termination (r?) (Fig. 4 A—F) indicate that
between 72 and 87% of the variability in
the functional estimates can be explained
by variability in the size of the lesion, an
important prerequisite for validation of
novel parameters.

Functional recovery of
tenascin-R-deficient mice

Using the parameters described for
C57BL/6] mice with severe and moderate
SCI, we functionally analyzed TNR /~
and TNR""* mice before and 1, 3, and 6
weeks after severe injury. The preoperative
values were similar in the two groups (Fig.
5A-E), indicating that the tests used in this
study are not as stressful or demanding as
the rotarod, pole, or wire-hanging tests,
conditions under which the motor perfor-
mance of TNR™~ mice is deficient (Fre-
itag et al., 2003). The degree of impair-
ment found 7 d after injury was also
similar in the two groups for all parame-
ters (Fig. 5A—E). Evaluated using both ab-
solute values and recovery indices for the
BBB scores and foot-stepping angles,
functional recovery at 3 and 6 weeks after
SCI was better in TNR ™/~ mice compared
with wild-type littermates (Figs. 5A,B,
6A,B, respectively). For the other three
parameters, however, no differences in the
outcome of SCI between the two animal
groups were found (Figs. 5C-E, 6C,D).
The overall recovery indices were signifi-
cantly better in TNR™/~ compared with
TNR™* mice (Fig. 6 E,F). As a reference,
the mean duration of ladder climbing be-
fore and after operation is shown for the
two groups of mice in Figure 5F. TNR™/~
were slower in climbing the ladder at 7 d
after injury, but this is probably not di-

Apostolova et al. @ Tenascin-R and Spinal Cord Injury

A B C
20 | ’%‘ 200 25
o | %

.5 ) o ‘8—150 : X % 2.0 o
o ' @ - V/f = \
5] X =2 f g 7  E 15 & .
o] ) - P o
® 0] %% & 100 | o 2 g ©
m o : / = o >~
m N = | & 1.0 - 0
@ N = / °~~9

3¢ o Bl 4 5 o
= °T=R T 0P € 05
2 3 s 2

0. “=081,p<001 & = 0.87, p < 0.01 00 = 0.72, p < 0.01

D E 00 05 10 15 20

2.0, f Scar volume (mm3)
e a
T L 1 °
iy | @ » 10 o
c | o " e N
§15] “% g |
K N S |
-~ N HL_:O 5 1
5 ‘ ~~_0 B ’
@ 1.0 oo T o)
= N
[0] 1 2 | o
E § 0 | Ogo-— 9

! 2 = 2
05 ! r=077,p<0.01 r =0.75,p=0.02

00 05 10 15 20 00 05 10 15 20

Scar volume (mm3) Scar volume (mm3)

Figure 4.  Correlations between functional parameters and scar volume in C57BL/6) mice. A-E, Scatter plots of individual
values for BBB score (4), foot-stepping angle (B), rump-height index (C), extension—flexion ratio (D), and number of correct steps
() with regression lines, coefficients of determination (%), and ANOVA probability values ( p) calculated by nonlinear regression
analyses. During spinal cord injury, compression forces of 50, 75, or 100% of maximum were applied in individual mice to produce
different degrees of lesion within this animal group. Scar volume was estimated from spaced serial sections using the Cavalieri
principle.

A BBB score B Foot-stepping angle c Rump-height index
20 1 : —8— TNR+/+ (13)
150 & . |9 —O0— TNR-/- (13)
5 AN S
SR B
. * g 100 NI 1
0 g R 15 |
50 : | b——=0
5 1 T )/_,/
1 ,/4;/
101 6
0 T 0
D  Extension-flexion ratio E Correct steps F Climbing time
® *
T i
4 1518 |
I 100 |
15 "‘-::‘. ‘ 10 & /
"‘:‘ '_)i\ c g I /
e, | /!
W s & 50
- I 1%/
- - s T | o
1.0 0 o} /_/; — 9 1
: o!.
012 3 456 7 012 3 456 7 012 3 456 7

Weeks after SCI Weeks after SCI Weeks after SCI

Figure5.  Time course and degree of functional recovery in TNR-deficient (TNR ) mice and wild-type (TNR ™) littermates
after severe spinal cord compression. Shown are mean values = SEM of open-field locomotion (BBB) scores (4), foot-stepping
angles (B), rump-height indices (C), extension—flexion ratios (D), numbers of correct steps (E), and ladder-climbing time (F)
before surgery (day 0) and at 1, 3, and 6 weeks after injury. Numbers of mice studied per group are given in C. Asterisks indicate
significant differences between group mean values at a given time period ( p << 0.05, one-way ANOVA for repeated measure-
ments with Tukey’s post hoc test).



Apostolova et al. @ Tenascin-R and Spinal Cord Injury

A BBB score
100 100 100

B Footsteppingangle C

m— TNR+/+ (13)
= TNR-/- (13)
gg‘ 80 1 80 & 80
=
B 60 60 i 60
£ . -
05 40 | * 40 40
[o]
3
r 20 ﬂ ' 20 20
0! 0 : 0
D Extension-flexion ratic E  Overall recovery F
100 100 100
80 80 80

60

*
T
*
T 40
ﬂ .
0

3 weeks 6 weeks
Recovery time-period

Recovery index (%)

60 60
40 * 40
20 j ' 20

0 0

3 weeks 6 weeks
Recovery time-period

Figure 6. Recovery indicesin TVR~/~ and TNR™/™ mice. Shown are mean values == SEM of individual recovery indices at 3
and 6 weeks after injury calculated for BBB scores (4), foot-stepping angles (B), rump-height ratios (C), and extension—flexion
ratios (D). Group mean values and individual values of overall recovery indices (calculated as means of the values for the param-
etersshownin A-D) are shownin Eand F, respectively. Numbers of mice studied per group are given in A. Asterisks indicate values

different from that of TNC™* mice ( p < 0.05, one-way ANOVA with Tukey’s post hoc test).

rectly related to motor impairment, which appeared similar as
evaluated by the other functional parameters in the two genotype
groups of mice.

Structural correlates of enhanced functional recovery

We analyzed the descending connections, posttraumatically pre-
served or reestablished, from the cervical spinal cord, the reticu-
lar formation, the raphe nuclei, and the red nucleus to the lumbar
spinal cord in TNR™/~ and TNR™" mice at 6 weeks after the
compression injury. Neurons projecting axons beyond the lesion
site were retrogradely labeled in a second operation. Tracer
(Fluoro-Gold) was applied after a complete transection of the
spinal cord one segment caudally from the site of compression.
Retrogradely labeled cell bodies, analyzed in 250-um-spaced se-
rial sections through the analyzed regions, were found in all mice
studied with the exception of the motor cortex in five of six
TNR™" mice and four of six TNR™/~ animals. Quantitative
analysis revealed similar bilateral numbers of labeled cell profiles
in the two groups of mice for all regions studied (Fig. 7).

We also counted numbers of catecholaminergic [TH-positive
(TH™)] and serotonergic (5-HT-T ™) axons projecting beyond
an arbitrarily selected border 250 wm caudally to the lesion site in
spaced serial parasagittal sections. Similar numbers of immuno-
labeled fibers, spared or regenerated after injury, were found to
cross the border in the two groups of mice (4.0 = 1.7vs 5.4 £ 1.9
and34 +9.0vs23 = 2.7 TH " and 5-HT-T * axonsin TNR*/* vs
TNR ™/~ mice, respectively; p > 0.05, Wilcoxon—-Mann—Whitney
test).

Rump-height index

Recovery time-period
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Analyses of motoneuron soma size and
synaptic inputs

Mean areas of motoneuron somata calcu-
lated from individual animal mean values
were similar in intact and lesioned spinal
cords of both TNR™'~ and TNR ™™ mice
(Fig. 8 D). Analysis of frequency distribu-
tions revealed that similar fractions of the
motoneurons in injured spinal cords of
TNR ™/~ and TNR*"* mice were atrophic
(supplemental Fig. 2 A, available at www.
jneurosci.org as supplemental material).
Atrophic ChAT ™ cell bodies were seen
mostly in confocal image stacks taken
from the ventral horn in the immediate

S

Overall recovery

e TNR+/+

o TNR-- vicinity of the lesion site (data not shown).
The density (number per unit length) of
° oo large perisomatic ChAT * boutons (Fig.
o 3’2 8A), known to form C-type synapses on
i o motoneurons associated with muscarinic
& o’ type 2 receptors (Davidoff and Irintchev,
°’; ot 3 1986; Hellstrom et al., 2003), was dramat-
gd; o ':: ically reduced after injury in mice of both

L L]

- genotypes (Fig. 8E) (supplemental Fig.
' : 2 B, available at www.jneurosci.org as sup-
plemental material). Importantly, cover-
age of somata by cholinergic boutons was
significantly lower in intact spinal cords of
TNR ™/~ mice compared with wild-type
littermates (Fig. 8E) (supplemental Fig.
2 B, available at www.jneurosci.org as sup-
plemental material).

Perisomatic densities of VGAT™
puncta reflect numbers of GABAergic
synapses on the cell bodies (Nikonenko
et al.,, 2006). GABAergic coverage of motoneuron somata,
identified by their size and location in the spinal cord (Fig.
8 B), was lower in intact TNR™/~ mice compared with intact
TNR™/" littermates (Fig. 8 F) (supplemental Fig. 2C, available
at www.jneurosci.org as supplemental material). Spinal cord
injury did not affect this coverage in TNR™" mice but caused
an increase in TNR ™/~ mice compared with intact genotype-
matched animals (Fig. 8 F) (supplemental Fig. 2C, available at
www.jneurosci.org as supplemental material). Glutamatergic
(VGLUT1 ") puncta around cell bodies (Fig. 8C) might be
terminals forming axo-somatic or axo-dendritic synapses.
Similar to VGAT * puncta, the density of these terminals was
not changed after SCI in TNR /" mice (Fig. 8G) (supplemen-
tal Fig. 2D, available at www.jneurosci.org as supplemental
material). In contrast to the GABAergic terminals, however,
numbers of VGLUT1" puncta were increased in intact
TNR™’~ mice, and injury caused a reduction in their density
(Fig. 8G) (supplemental Fig. 2D, available at www.jneuro-
sci.org as supplemental material). The genotype-related dif-
ferences observed for densities of perisomatic puncta can be
related to the absence of TNR in perineuronal nets in TNR /™
mice as opposed to TNR expression in both intact and injured
wild-type mice (Rollenhagen et al., 2001; Murakami and Oht-
suka, 2003; present study). The differences may alternatively
be related to disorganization of perineuronal nets in the spinal
cord as reported previously for perineuronal nets in the hip-
pocampus of TNR-deficient mice (Weber et al., 1999).

3 weeks 6 weeks
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independent samples).

Perineuronal nets in the intact and injured spinal cord

In intact spinal cords of both TNR™/~ and TNR™/" mice, WFA
staining visualized perineuronal nets around motoneurons and
interneurons. Staining intensity was medium to low in motoneu-
rons and high in interneurons in both genotypes, and it appeared
generally weaker in TNR ™/~ mice compared with TNR*/* litter-
mates. Perineuronal nets in TNR ™/~ mice were disorganized in a
manner similar to that reported previously for nets in the hip-
pocampus (Weber et al., 1999) (supplemental Fig. 3A, B, avail-
able at www.jneurosci.org as supplemental material). One to 6
weeks after spinal cord injury, the genotype-specific pattern of
staining throughout the lumbar spinal cord was preserved. WFA-
stained cells were seen even in close vicinity (<500 wm) of the
lesion scar (supplemental Fig. 3C,D, available at www.jneurosci.
org as supplemental material). Immunofluorescence stainings
with a monoclonal antibody revealed that TNR is detectable in
perineuronal nets in both lesioned and intact spinal cords of
TNR*"* mice but not of TNR™’~ mice (supplemental Fig. 3E, F,
available at www.jneurosci.org as supplemental material). Our
observations indicate that spinal cord injury does not lead to
decomposition of perineuronal nets and, in wild-type mice, to
loss of TNR from the extracellular matrix around motoneurons
and interneurons. These findings are important with regard to
new observations that, after focal cerebral ischemia, decomposi-
tion and reduced expression of extracellular matrix proteins de-
velop in perineuronal nets around neocortical and thalamic neu-
rons both in the peri-infarct and remote regions (Hobohm et al.,
2005).

Discussion

The results of this study provide evidence that TNR is a molecule
restricting recovery from spinal cord injury in the adult mouse.
Applying established and novel measures of the functional out-
come after compression injury, we demonstrate that TNR-
deficient mice recover better compared with wild-type litter-
mates. Morphological data suggest that enhanced functional
improvement is related to enhanced posttraumatic rearrange-
ment of synaptic connections.

Novel estimates of motor functional abilities
The current standard for evaluation of motor behavior in rats and
mice is the BBB rating scale for open-field locomotion (Basso et
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al., 1995). Modifications of the scale for mice have been published
recently (Joshi and Fehlings, 2002; Engesser-Cesar et al., 2005; Li
et al., 2006). Researchers are unanimous that the rating method
has limitations (Basso et al., 1996; Kesslak and Keirstead, 2003;
Basso, 2004; Fouad and Pearson, 2004). A variety of other meth-
ods, such as kinematic analysis, walking on a grid, inclined plane
or narrow beam, measurements of ground reaction force pat-
terns, and walking-track analysis, have been proposed and used
(Kesslak and Keirstead, 2003; Fouad and Pearson, 2004). None of
these methods has proven to be superior to locomotor rating and
been established as a standard.

Here we report a novel objective approach for reliable assess-
ment of defined aspects of motor performance depending on
different degrees on supraspinal control (Edgerton et al., 2004;
Fouad and Pearson, 2004). Changes in each of the four parame-
ters evaluated are strongly dependent on the amount of induced
tissue damage. The covariations of the functional parameters and
the scar volume are best described by nonlinear regression mod-
els as reported previously, and also confirmed here, for the BBB
score (Kloos et al., 2005). The method produces numerical data
and requires neither special knowledge nor sophisticated equip-
ment. The use of a battery of four parameters increases the reli-
ability of the conclusions drawn. The new approach has advan-
tages, which, however, does not mean that other tests will become
needless. We consider that the new evaluation approach should
be supplemented, as done in this study, with methods widely used
for functional analyses in rodents in the recent years so that a
basis for comparisons with previous studies is provided. Particu-
larly advisable is to continue the usage of locomotor rating scales,
not least because they allow assessment of motor disabilities in a
personalized and clinically customary manner.

Enhanced recovery in TNR-deficient mice

As estimated by an overall index, TNR-deficient mice recovered
better than wild-type control mice within 6 weeks after spinal
cord compression. Absence of TNR in the injured spinal cord
provides advantages for recovery. Three lines of evidence indicate
that the better outcome in TNR~/~ compared with TNR™" mice
is not related to enhanced axonal regeneration across the injured
site or to greater tissue sparing. The degree of functional impair-
ment, apparently correlated with the amount of induced tissue
damage, was similar in the two genotype groups at 1 week after
lesion. Numbers of catecholaminergic and serotonergic fibers
present distal to the lesion scar at 6 weeks were also similar in
TNR-deficient mice and wild-type littermates. The same was
true, as revealed by retrograde labeling, for the degree of preser-
vation and reestablishment of descending projections to the lum-
bar spinal cord. Therefore, we cannot attribute better recovery to
enhanced axonal regrowth in the absence of TNR as could be
expected considering that it inhibits neurite outgrowth when
present as a sharp border with a conducive substrate in vitro
(Pesheva et al., 1993; Taylor et al., 1993; Xiao et al., 1997; Becker
et al., 2000). This conclusion is supported by the finding that
functions requiring high level of supraspinal control were not
better in TNR™/~ mice compared with TNR*"" mice at 3 and 6
weeks after lesion. Therefore, we assume that lack of TNR has an
impact on local adaptive responses in the injured spinal cord.

Possible mechanisms of enhanced recovery

TNR is expressed by motoneurons and interneurons in the intact
and injured spinal cord and accumulates in the perineuronal nets
surrounding these neurons (Rollenhagen et al., 2001; Murakami
and Ohtsuka, 2003; present study). Ablation of TNR expression
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in mice results in disorganization of the perineuronal nets in the
brain and spinal cord (Weber et al., 1999; Briickner et al., 2000;
present study). TNR is also essential for maintenance of normal
perisomatic inhibitory input to CAl pyramidal neurons (Ni-
konenko et al., 2003). Therefore, it appears reasonable that the
observed impact of TNR deficiency on recovery from spinal cord
injury is, at least in part, related to alterations in synaptic inputs to
motoneurons. Evaluation of perisomatic puncta densities pro-
vided evidence supporting this idea. In the intact spinal cord of
TNR-deficient mice, density of GABAergic puncta, which reflects
the number of perisomatic inhibitory synapses (Nikonenko et al.,
2006), were reduced compared with wild-type control mice.
Thus, similar to the hippocampus, TNR deficiency leads to re-
duced inhibitory input to motoneurons. Also, numbers of cho-
linergic synaptic boutons were lower in the TNR™’~ mice. The
origin and function of these synapses are not precisely known. A
recent study has shown that these muscarinergic synapses mod-
ulate several ionic conductances responsible for repetitive dis-
charges of motoneurons (Chevallier et al., 2006). Finally, num-
bers of glutamatergic synaptic terminals around motoneuron
perikarya, forming axo-somatic and/or axo-dendritic synapses,
were reduced in the intact spinal cord of TNR ™/~ mice compared
with TNR*/* littermates. Altogether, these aberrations in synap-
tic inputs might be interpreted as an indication for a misbalance
between excitation and inhibition in the spinal cord of TNR ™/~
mice. Reduced inhibition and enhanced excitatory transmission
have been well documented for the hippocampus of TNR™/~
mice (Saghatelyan et al., 2001). The functional consequences of
these abnormalities are impairments in long-term potentiation
in the hippocampus and cortical and hippocampal neuronal hy-
perexcitability (Saghatelyan et al., 2000, 2001; Brenneke et al.,
2004; Gurevicius et al., 2004). The abnormalities found in the
intact spinal cord may contribute to motor impairments of
TNR ™/~ mice that become apparent under demanding condi-
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tions, such as rotarod, pole, and wire-
hanging tests (Freitag et al., 2003), but are
not detectable in less stressful and chal-
lenging tests as those used here for analysis
of motor functions.

Previous studies have shown that spi-
nal cord injury causes an acute loss of mo-
toneuron perisomatic terminals, which is
gradually reversed in chronic paraplegic
rats (Nacimiento etal., 1995). In wild-type
mice studied 6 weeks after injury, densities
of GABAergic terminals were similar to in-
tact mice, suggesting that this local input is
not changed after injury or is normalized
during the recovery period. However,
there was a dramatic loss of cholinergic
perisomatic terminals. This finding sug-
gests that this input is, in part, of supraspi-
nal or propriospinal origins (Rekling et al.,
2000). Loss of muscarinic modulation at
motoneuron cell bodies might contribute
to the alterations in motoneuronal excit-
ability known to occur after lesion. Similar
to TNR /" mice, loss of cholinergic termi-
nals was found in TNR™’~ mice. Relative
to intact animals, the loss of such termi-
nals was smaller in TNR™/~ compared
with TNR*/* mice. In contrast to TNR™/™*
littermates, there was an increase of
GABAergic and reduction of glutamatergic terminals in injured
compared with intact TNR /™ mice. Thus, absence of TNR in the
injured spinal cord leads to enhanced reorganization of synaptic
inputs favoring motoneuron inhibition. Chronic paraplegia is
characterized by enhanced excitability, which is manifested as
involuntary muscle contractions and spasticity and is related to
increased excitatory spinal reflex input, decreased segmental and
descending inhibition, and increased excitability of motoneurons
(Li et al., 2004). It is conceivable that hyperexcitability can more
effectively be counteracted by an inhibition-favoring constella-
tion of the perisomatic inputs to motoneurons. Considering the
fact that relatively low numbers of inhibitory perisomatic syn-
apses efficiently filter dendrite-originating excitatory signals just
before they reach the action potential-trigger zone, the axon hill-
ock, it can be assumed that even a moderate enhancement of
perisomatic inhibition will have markedly positive physiological
consequences. In line with these considerations is the finding that
development of spasticity after sacral spinal cord transection in
rats goes in parallel with loss of modulatory cholinergic boutons
and increase in excitatory VGLUT2-positive terminals on sacro-
caudal motoneurons (Kitzman, 2006). Enhanced structural plas-
ticity may also contribute to the better functional outcome of
facial nerve repair in TNR™/~ mice (Guntinas-Lichius et al,
2005). Improved recovery from spinal cord injury after applica-
tion of chondroitinase ABC (Bradbury et al., 2002) is possibly
also attributable to enzymatic degradation of the perineuronal
nets and concomitant removal of axon growth-inhibiting mole-
cules such as chondroitin sulfate proteoglycans and TNR
(Rhodes and Fawcett, 2004). Finally, enzymatic digestion of peri-
neuronal nets in the adult visual cortex enables reactivation of
experience-dependent plasticity (Pizzorusso et al., 2002). How-
ever, because TNR and other associated molecules of the extra-
cellular matrix are not only detectable in perineuronal nets but
are localized more widely in brain and spinal cord, other molec-
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ular and cellular mechanisms underlying TNR functions are con-
ceivable. In particular, the contribution of reduced axon conduc-
tion velocity of myelinated tracts (Weber et al., 1999) to
enhanced recovery of function remain unknown. Presently, our
findings indicate that perineuronal net components are consid-
erable contributors to the poor outcome of spinal cord injury in
adult rodents, together with and possibly via different mecha-
nisms compared with other inhibitory molecules such as
Nogo-A, myelin-associated glycoprotein, and other molecules
(Buchli and Schwab, 2005).

In conclusion, the results of this study demonstrate that TNR
is among the molecules restricting functional improvement after
spinal cord injury in mice. Additional investigations into the
mechanisms of this inhibition will provide valuable insights into
the pathophysiology of paraplegia.
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