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Endogenous TrkB Ligands Suppress Functional
Mechanosensory Plasticity in the Deafferented Spinal Cord
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Dorsal root injury (DRI) disrupts the flow of sensory information to the spinal cord. Although primary afferents do not regenerate to their
original targets, spontaneous recovery can, by unknown mechanisms, occur after DRI. Here, we show that brain-derived neurotrophic
factor (BDNF) and neurotrophin-3 (NT-3), but not nerve growth factor or neurotrophin-4, are upregulated in the spinal gray matter after
DRI. Because endognous BDNF and NT-3 have well established roles in synaptic and axonal plasticity, we hypothesized that they
contributed to spontaneous recovery after DRI. We first developed a model of DRI-induced mechanosensory dysfunction: rat C7/8 DRI
produced a deficit in low-threshold cutaneous mechanosensation that spontaneously improved within 10 d but did not recover com-
pletely. To determine the effects of endogenous BDNF and NT-3, we administered TrkB-Fc or TrkC-Fc fusion proteins throughout the
recovery period. To our surprise, TrkB-Fc stimulated complete recovery of mechanosensation by 6 d after DRI. It also stimulated
mechanosensory axon sprouting but prevented deafferentation-induced serotonergic sprouting. TrkC-Fc had no effect on low-threshold
mechanosensory behavior or axonal plasticity. There was no mechanosensory improvement with single-bolus TrkB-Fc infusions at 10 d
after DRI (despite significantly reducing rhizotomy-induced cold pain), indicating that neuromodulatory effects of BDNF did not under-
lie mechanosensory recovery. Continuous infusion of the pan-neurotrophin antagonist K252a also stimulated behavioral and anatomical
plasticity, indicating that these effects of TrkB-Fc treatment occurred independent of signaling by other neurotrophins. These results
illustrate a novel, plasticity-suppressing effect of endogenous TrkB ligands on mechanosensation and mechanosensory primary afferent
axons after spinal deafferentation.
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sensory specific, precisely titratable in the sense that the extent of
deafferentation can be controlled by varying the number of roots
cut, and like incomplete SCI, some recovery occurs when lesions
are limited. For example, postural reflexes partially return in the
rhizotomized cat (Goldberger and Murray, 1974), and restricted
DRI leads to a transient loss of manual dexterity in monkeys
(Darian-Smith and Ciferri, 2005). Such recovery implicates im-

Introduction

It is widely recognized that spontaneous recovery of function
after spinal cord injury (SCI) depends on synaptic and/or axonal
plasticity of spared neurons. Although mechanisms remain pri-
marily undefined, such plasticity is evident in limited functional
recovery after incomplete SCI (Goldberger and Murray, 1974;
Murray and Goldberger, 1974; Kaegi et al., 2002). Dorsal root

injury (DRI), which disconnects sensory axons from the spinal
cord, is a useful model in which to investigate injury-induced
structural and functional changes in spared spinal axons: it is
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provements in mechanosensation.

DRI also results in the upregulation of brain-derived neuro-
trophic factor (BDNF) and neurotrophin-3 (NT-3) in spinal gray
matter (Johnson et al., 2000), where they have been implicated in
enhancing synaptic plasticity in respiratory circuitry (Kinkead et
al., 1998; Baker-Herman et al., 2004). Several convergent lines of
evidence suggest that BDNF and/or NT-3 may also mediate spon-
taneous mechanosensory recovery after DRI and that this may
occur through their modulatory effects on synaptic transmission
and/or via promoting morphological plasticity (sprouting) of rel-
evant axonal populations. For example, both BDNF and NT-3 are
known to facilitate glutamatergic synaptic efficacy between pri-
mary afferent axons and second-order neurons in the spinal cord
(Kerretal., 1999; Arvanian et al., 2003; Jietal., 2003). In addition,
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the normally inhibitory effect of GABA on spinal projection neu-
rons becomes excitatory in the presence of elevated BDNF (Coull
etal., 2005), increasing excitability and enhancing sensory trans-
mission. BDNF and NT-3 also play essential roles in establishing
and maintaining mechanosensory circuitry (Airaksinen et al.,
1996; Carroll et al., 1998), and NT-3 promotes functional mech-
anosensory axon regeneration into and within the spinal cord
after both SCI and DRI (Bradbury et al., 1999; Ramer et al., 2000,
2002). Given that mechanosensory recovery and spinal primary
afferent sprouting have been shown to occur after dorsal rhizot-
omy (Darian-Smith, 2004) and that mechanosensory axons ex-
press TrkB and TrkC but not TrkA (McMahon et al., 1994), it is
also important to ask whether DRI-induced expression of these
neurotrophins effects sprouting of their terminal arbors.

Here, we establish a model of mechanosensory dysfunction
after partial forepaw deafferentation in the rat. In this injury
model, mechanosensory behavior partially recovers spontane-
ously within 10 d of injury, in the absence of spinal primary
afferent sprouting. However, mechanosensation does not re-
cover to preoperative levels, and mechanosensory deficits in the
deafferented forepaw persist for months after injury. We hypoth-
esized that spinally upregulated neurotrophins might underpin
the early partial functional restitution. To our surprise, seques-
tering endogenous BDNF/neurotrophin-4 (NT-4), but not
NT-3, resulted in more complete behavioral recovery and stim-
ulated sprouting of mechanosensory primary afferent axons in
the spinal cord.

Materials and Methods

Surgery and animal care

All procedures conformed to the Canadian Council on Animal Care
guidelines on the use of experimental animals and were approved by the
University of British Columbia (UBC) animal care committee. Adult
male Sprague Dawley rats (UBC Animal Care Facility) were housed in
groups of three to five, on a 12 h light/dark cycle, and had ad libitum
access to standard rodent chow and water. After preoperative behavioral
testing (see below), rats were anesthetized with an intraperitoneal injec-
tion of ketamine HCl/medetomidine HCI (75 mg/kg and 0.5 mg/kg,
respectively). After laminectomy and durotomy, the exposed seventh
and eighth cervical dorsal roots were transected with microscissors or left
intact (sham).

For continuous intrathecal infusions, osmotic minipumps (models
2001 and 2002; Alzet, Cupertino, CA) and intrathecal cannulas (0.64 mm
outer diameter, 0.3 mm inner diameter) were filled with a solution of
PBS, whole human IgG (Sigma-Aldrich Canada, Oakville, Ontario, Can-
ada) in PBS, TrkB-Fc (Sigma, St. Louis, MO) in PBS, TrkC-Fc (R & D
Systems, Minneapolis, MN) in PBS, 10% dimethylsulfoxide (DMSO) in
PBS, or the pan-Trk antagonist K252a in 10% DMSO in PBS. Cannulas
were inserted into the intrathecal space via the atlanto-occipital mem-
brane such that the tip rested above the C6 spinal cord. Minipumps were
inserted into a subcutaneous pocket just below the scapulae. Based on
previous experiments demonstrating efficacy of these and similar drugs
in vivo (Kerr et al., 1999; Sung et al., 2003; Yajima et al., 2005; McPhail et
al., 2007), IgG and Trk-Fc chimeras were delivered at a rate of 3 ug/d for
10 or 20 d; K252a was delivered at a rate of 2 ug/d. In the 20 d animals, the
2002 (2 week) model pump was exchanged for a 2001 (1 week) model
pump on day 15. Individuals performing the surgeries coded the animals
for blind behavioral analysis (see below). At the end of the behavioral
study, rats were reanesthetized, and their ipsilateral median nerve was
exposed in the upper forelimb. Using a pulled glass micropipette fitted to
a Hamilton syringe, the nerve was injected with 0.5 ul of a 1% solution of
the B fragment of cholera toxin (CTB; Cedarlane, Hornby, Ontario, Can-
ada) to transganglionically label the spinal terminal fields of myelinated
primary afferent axons.

For bolus infusions of IgG or TrkB-Fc, saline-filled intrathecal cannu-
las were inserted into ketamine/medetomidine-anesthetized rats on the
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7th postoperative day. These were externalized over the skull and sealed
with cyanoacrylate gel. On days 9 and 10, rats received either a bolus
injection of IgG or TrkB-Fc (0.2 mg/ml, 10 ul injections followed by 10
ul saline flush). Beginning 30 min after infusions and continuing for no
more than 1 h, rats underwent blind behavioral assessment (see below).

Mechanosensory testing

All behavioral experiments were performed by observers who were blind
with respect to treatment. Rats underwent training for habituation to the
testing environment on two occasions before preoperative behavioral
testing. Low-threshold cutaneous mechanosensation across the palmar
surface of the forepaw was assessed using an adhesive removal test (Thall-
mair et al., 1998; Bradbury et al., 2002; Onifer et al., 2005; Starkey et al.,
2005; Moreno-Flores et al., 2006). Circular stickers (6.4 mm in diameter)
were applied to the palm of either forepaw, and the rat was placed in a
cage for observation. The time required for the rat to sense the sticker,
indicated by a brisk paw shake and/or bringing the paw to the mouth, was
measured for each paw to a maximum time of 150 s. This maximum was
imposed to distinguish sticker sensation in the palm from accidental
sticker discovery during grooming, behavior that typically begins after
2-3 min of test cage exploration. Trials in which the sticker was discov-
ered during grooming before the 150 s maximum were excluded and
repeated. To characterize the injury-induced mechanosensory deficit,
rats that received sham injury or C7/8 DRI only were tested over 90
postoperative days. To examine the effects of neurotrophin signaling
antagonism, rats that received C7/8 DRI plus 1gG, Trk-Fc, K252a, or
K252a vehicle (10% DMSO in PBS) were tested over 20 postoperative
days. In all cases, daily test scores represent averages of two trials, and
trials were separated by atleast 1 h. Between trials, rats underwent a mock
trial in which the experimenter picked up the rat and applied pressure to
the forepaws to mimic sticker application.

The Dynamic Plantar Aesthesiometer (Ugo Basile, Comerio, Italy) was
used to test for mechanical allodynia. Rats were positioned in a raised
cage with a wire mesh floor over the stimulator unit. The filament was
applied to the center of the palmar surface of the forepaw, and upward
force was increased from 1 to 50 g over 7 s. Force at withdrawal was
recorded for both forepaws.

Cold sensitivity was examined by measuring the duration of response
to acetone (10 ul) applied to the palmar forepaw, as we have done pre-
viously (Ramer et al., 2004). Rats were placed in a raised cage with a wire
mesh bottom, and acetone was applied from below. A response was
defined as withdrawal, biting, licking, or shaking of the paw. A brief
withdrawal without further attention to the paw was assigned a score of
1 s. Response duration was recorded for both forepaws.

Electrophysiology

In a separate group of rats that did not undergo behavioral testing, we
recorded dorsal horn activity using a 16-electrode matrix (2 X 8) mi-
croarray inserted into the superficial dorsal horn between the seventh
and eighth cervical segments (Borisoff et al., 2006). Neural activity in
urethane-anesthetized (1.5 g/kg, i.p.), paralyzed (gallamine triethiodide,
60 mg/kg, intra-arterially), and ventilated rats was amplified and re-
corded using a multichannel Pentusa neurophysiology workstation
(Tucker-Davis Technologies, Alachua, FL). Sensory receptive fields were
electrically stimulated in left forepaw digits using steel pin electrodes (1
ms pulse width, 4 mA current amplitude, 0.5 Hz). Postsynaptic responses
from 100 trials were recorded from each electrode in the array and stored
for off-line analysis. At the end of the experiment, rats were killed with an
intra-arterial injection of chloral hydrate (1 g/kg).

We have described in detail a quantitative cluster analysis-based
method to characterize electrophysiological activity in the dorsal horn
arising from electrical stimulation of individual digits (Borisoff et al.,
2006). This method is based on the discrimination accuracy of specific
digit stimulation sites, solely determined from an automatic analysis of
recorded neural activity in the spinal cord. Briefly, signal features based
on spike rate data were calculated for each stimulation event. The fea-
tures consisted of the number of threshold-detected fast (AB fiber-
evoked) spikes in each of 12 consecutive bins of 4 ms in length, calculated
for each of the 16 channels. Thus 192 features were generated for each
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event from the all but 2.5 ms of the first 48 ms of ~ Table 1. Sample sizes

recorded data after stimulation onset. Data Sample size
from the very first 2.5 ms after stimulus were -
not included in the analysis to eliminate the Outcome measure Treatment Total included 10d 20d 90d
influence of stimulus artifact. Behavioral pilot Sham 7 7 7 7
A classification scheme using a k-means- (7/8 DRI 7 7 7 7
derived codebook, calculated from the training  Electrophysiology 19° 6
feature sets, was used. The feature set dimen-  Behavioral study
sionality was first reduced to the top three prin- Continuous treatment (all C7/8 DRI) lgG 13 13 8
cipal components using principal component TrkB-Fc 11 11 5
analysis (PCA). The PCA transform matrix was TrkC-Fe 9 9 4
calculated during codebook generation and 10% DMSO 15 15 6
later used during classification of the test fea- K252a , 15 15 6
tures. During codebook generation, each class Acut'e treatment (all C7/8 DRI) Ig(%/'lj rkB-Fc 10 10
of the three-dimensional training features was Anatomicalstudy Unlnjureg /
reduced to k = 2 codebook vectors using IC7G/39DRI }S g g
k-means clustering. During testing, one- Tg de
. S rkB-F¢ 10 5 5
Nearest Neighbors classification was used to TrkC-Fede 9 5 4
discriminate test features, using the previously 10% DMSQY 1 5 6
calculated two-vector classes as a codebook. K252 1 5 6

“Thirteen intact animals underwent terminal electrophysiological experiments. Of these, six also received acute C7/C8 rhizotomies to assess the contribution
of the (7 and C8 roots to digit discrimination.

®Ten animals with (7/8 DRI received an intrathecal bolus of TrkB-Fc or IgG 9 and 10 d after injury.

Tissue processing and image analysis

At the end of the behavioral experiments, ani-
mals were killed with an overdose of chloral
hydrate (1 g/kg, i.p.; Sigma) and perfused with
PBS, followed by 4% paraformaldehyde in 0.1
M phosphate buffer (PB). Cords and cannulas
were inspected for damage and/or blockage,
and those animals in which evidence for either

“Animals with 3, 10, and 20 d (7/8 DRI used to map the spinal deafferentation gap and assess mechanosensory sprouting therein.
“Tissue processed from behaviorally tested animals.
“Tissue from the 20 d group used as control material in assessing Trk-Fc and IgG penetration.

Table 2. Primary antibodies used

was overt were removed from all behavioral  Host Antigen Target tissue/structures Dilution  Source

and anatomical analyses. Final sample sizes for - :

each group are presented in Table 1. The cervi-  N€eP NGF 1:1000  Neuromics (Medina, MN)
cal spinal cords (segments C6-T1) were har- Chicken  BDNF 1:1000 Neurom!cs

vested, postfixed overnight, cryoprotected in 902t NT-3 1:100 Neuro'm|cs

20% sucrose in 0.1 M PB, frozen over liquid Rabbit NT-4 1:1000 (hemlcon (Temecula, CA)
nitrogen, and sectioned on a cryostat at 16 wm. Goat Human Fc 1:100  Sigma-Aldrich Canada
Sections were thaw mounted onto glass slides Mouse (d11b (0x-42)  Microglia 1:500  Sigma-Aldrich Canada
and stored at —80°C. Slides were blocked in a Rabbit GFAP Astrocytes 1:1000  Dako Canada (Mississauga, Ontario, Canada)
10% solution of normal donkey serum in PBS Mouse RECA-1 Blood vessels 1:1000  Serotec (Raleigh, NC)
plus Triton X-100 (0.1%) for 20 min, followed Guinea pig  VGLUT1 Mechanosensory/ corticospinal terminals  1:4000 ~ Chemicon

by primary antibody solutions overnight (Ta- Goat 4] Mechanosensory terminals 1:2000  Cedarlane

ble 2). After three 15 min washes in PBS, sec- Rabbit SERT Serotonergic axons 1:1200  Immunostar (Hudson, WI)

ondary antibodies raised in donkey and conju-
gated to Cy3 (Jackson ImmunoResearch, West
Grove, PA), Alexa 488 (Invitrogen, Eugene,
OR), or AMCA (7-amino-4-methylcoumarin-
3-acetic acid; Jackson ImmunoResearch) were applied (1:200) for 2 h.
Coverslipped slides were inspected using a Zeiss (Jena, Germany) Axio-
plan II microscope, and digital images were captured using Northern
Eclipse software (Empix Imaging, Mississauga, Ontario, Canada) via a
digital camera (QImaging, Burnaby, British Columbia, Canada). Expo-
sure, gain, and offset settings were set to optimize signal-to-noise ratios
for each antigen.

Quantitative analyses of terminal density in the dorsal horn were per-
formed by measuring terminal density as a function of depth in the dorsal
horn, as we have done previously (Ramer et al., 2001, 2004; MacDermid
et al.,, 2004; Scott et al., 2005). Densitometric analyses of vesicular gluta-
mate transporter 1 (VGLUT1)- and CTB-positive terminals were per-
formed within the consistent deafferentation gap apparent in C7 after
C7/8 DRI Images of five randomly selected sections from the C7 spinal
segment were captured for each animal listed in Table 1. To measure
density, images were first passed through a Laplacian omnidirectional
edge-detection filter (SigmaScan Pro version 5.0), which optimizes the
signal-to-noise ratio and corrects for small variations in background
staining across images. Terminal profiles in the filtered images were se-
lected with a threshold overlay, to give all immunopositive pixels equal
weight regardless of their brightness in the original image. The density of
terminals was measured from the overlay in laminas II or III/IV of the
deafferentation gap. To control for variability in tracing efficacy, the

GFAP, Glial fibrillary acidic protein; RECA-1, rat endothelial cell antigen 1; SERT, serotonin transporter.

density of CTB-positive terminals within the gap was normalized to that
of laterally adjacent spared terminals, directly beneath the dorsal horn
apex (see Fig. 1C, arrow). Behavioral and densitometric results are pre-
sented as means *= SEM.

We also quantified the size distribution of VGLUT1-positive terminals
in deafferented regions of the dorsal horn. To do so, images were cap-
tured at high power (63X, oil immersion), and the diameter of all struc-
tures distinguishable as individual boutons was measured in each field
using SigmaScan Pro version 5.0. Because the distribution of profiles can
lead to overestimation of the proportion of small-diameter boutons (at-
tributable to end-cuts of larger-diameter ones), recursive translation
(Rose and Rohrlich, 1988) was used to convert the distribution of bouton
profiles to the distribution of whole boutons.

Statistics

A list of sample sizes for all experiments is presented in Table 1. All
quantitative behavioral, histological, and electrophysiological data are
expressed as means = SEMs. For all statistical outcomes, significance was
setat p < 0.05.

Behavior. For the sticker, dynamic plantar anaesthesiometer and ace-
tone tests, differences between ipsilateral and contralateral latencies were
normally distributed and compared using Student’s ¢ test. For the sticker
test, mean latency difference scores (ipsilateral minus contralateral) were
averaged over plateau phases (days 10-20) and compared using a one-
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way ANOVA followed by the Holm-Sidak test for pairwise differences.
To detect differences between IgG and TrkB-Fc bolus infusions in the
same animals, we used a paired ¢ test.

Electrophysiology. The single trial digit-discrimination accuracy for
each animal was calculated using five separate sequential (80% training
and 20% test) feature sets and averaging the results (fivefold cross-
validation). A parametric one-way ANOVA was used to detect differ-
ences in discrimination accuracy.

Histology. Terminal densities were subjected to one-way ANOVAs fol-
lowed by Holm-Sidak post hoc tests. Because DRI can result in contralat-
eral effects (Ramer et al., 2004), ipsilateral densities after rhizotomy were
compared with those in uninjured animals. Densities were all normally
distributed. Statistical differences in size distributions of VGLUTI-
positive terminals were detected using the Kolmogorov—Smirnov
goodness-of-fit test.

tency had decreased to 56 = 19 s, but was
still significantly different from the con-
# tralateral side ( p = 0.026), and remained
so thereafter. Response latencies were un-
affected in sham-operated rats, assessed
concurrently in a blinded manner. These

results demonstrate a rapid and spontane-
ous but incomplete return of mech-
anosensory function after C7/8 DRI.

3 It is conceivable that an increased de-
tection rate may have been the result of
supraspinal learning [i.e., an association
between handling/deposition into the test

— VGLUT1  environment (a potential conditioning
stimulus) and the presence of a sticker (the

ﬂ H test stimulus)]. Such associative learning
= was ruled out through mock behavioral
i _— trials in which the rats were handled and
deposited into test cages in exactly the

same way but did not have stickers ap-

£ e plied. In these mock trials, rats did not at-
st B A tend to their forepaws as though stickers

were present.

Behavioral and physiological deficits after C7/8 DRI partially recover in the absence of mechanosensory axon sprout-
ing. a, Time to detect a sticker on the palm in sham-operated and (7/8 DRI rats. In rhizotomized animals, all postoperative
ipsilateral (ipsi)— contralateral (contra) latencies differed significantly. b, Electrophysiological assessment of functional deficits
and recovery. Left, Experimental setup and a sample trace from a single channel of the electrode array. Right, Feature space plots
in various experimental conditions (Borisoff et al., 2006). Acute (7/8 rhizotomy decreased the discrimination of digit simulation
clusters. Ten days after C7/8 DRI, all clusters were distinct, and the probability of correctly classifying evoked responses as being
from separate digits was restored. Principal component (PC) axes are indicated. Asterisk indicates significant reduction in probability of
correct digit classification. ¢, (7/8 DRI produces a prominent deafferentation gap in VGLUT1- and CTB-positive terminals in the (7
dorsal horn (box); density did not change therein for 20 d after injury. The arrow points to spared (6/T1 axons. Scale bar, 100 pm.

An electrophysiological correlate of
behavioral recovery

Although partial spontaneous behavioral
recovery implied emergent connectivity
between decentralized dermatomes and
spinal neurons and although mock behav-
ioral trials (without stickers) did not elicit
responses, we wanted to also verify that
more rapid attention to the sticker was not
purely a result of associative learning
(Onifer etal., 2005). If primary afferent-driven activity at the level
of the spinal cord did not return in parallel with behavioral re-
covery, this may indicate that cues other than the sticker elicit
faster response times in behavioral experiments. We therefore
tracked recovery electrophysiologically in the spinal cord
(Borisoff et al., 2006) (Fig. 1b). Using an electrode microarray
inserted into the dorsal horn, we sought to discriminate specific
locations of peripheral electrical digit stimulation from postsyn-
aptic neural activity. Evoked activity from each of four digits was
subjected to machine learning classification using PCA and
k-means clustering (Borisoff et al., 2006). Such classification gen-
erated identifiable clusters in three-dimensional feature spaces
and reliably discriminated between the digits stimulated in intact
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animals. Acute C7/8 DRI significantly re-
duced the probability of digit discrimina-
tion (p < 0.001). However, 10 d after
C7/8 DRI, discernable sites of digit stimu-
lation reemerged, and classification accu-
racy was restored to that of the uninjured
state. Together with mock sticker trials,
these data indicate that more rapid sticker
detection does not occur through associa-
tive learning, but is mediated by changes
in the spinal cord. They also show that al-
though changes in connectivity occur at
the level of the dorsal horn to such an ex-
tent that digit discrimination probability
is fully restored, they are insufficient to
completely restore normal behavior.

C7/8 DRI produces a stable
deafferentation gap in the dorsal horn
We next investigated changes in primary
afferent innervation of the dorsal horn.
Two markers were used: VGLUT1 and the
axon tracer CTB, both of which label
mechanosensory afferents in the rat dorsal
horn (Todd et al., 2003; Alvarez et al.,
2004; Persson et al, 2006) (Fig. lc).
VGLUT1 is a particularly useful marker
because it only labels terminal boutons
and not presynaptic growth cones; we
found that CTB-labeled axotomized C7
and C8 axons halted at the dorsal root en-
try zone do not contain VGLUT1 (data
not shown). C7/8 DRI produced a consis-
tent deafferentation gap in laminas I1I-IV
of the C7 dorsal horn. Densitometric anal-
yses of VGLUT1- and CTB-positive termi-
nals were performed within the deafferen-
tation gap, by measuring terminal density
as a function of depth in the dorsal horn
(Ramer et al., 2001, 2004; MacDermid et
al., 2004; Scott et al., 2005). After C7/8
DRI, the density of both VGLUT1- and
CTB-labeled terminals was decreased but
remained unchanged for at least 20 d post-
operatively. VGLUT! immunohisto-
chemistry was not performed at the 3 d time point because of the
confounding influence of slow clearance of degenerating primary
afferents (George and Griffin, 1994). Spontaneous partial recov-
ery therefore occurs in the absence of spinal mechanosensory
axon sprouting.

Figure 2.

C7/8 DRI induces BDNF and NT-3 expression in the

dorsal horn

Because BDNF and NT-3 are upregulated in the spinal ventral
horn after DRI (Johnson et al., 2000), we asked whether the same
was true in the dorsal horn (Fig. 2). In uninjured animals, BDNF
was restricted to superficial primary afferent terminals (Fig. 2a).
C7/8 DRI induced BDNF expression in Ox-42-positive micro-
glia/macrophages throughout the ipsilateral dorsal gray and
white matter (Fig. 2e). Although the NT-3 antibody used effi-
ciently labeled cerebellar Purkinje cells and their processes (Fig.
2f, inset), NT-3 immunoreactivity was undetectable in uninjured
spinal cord (Fig. 2f). However, C7/8 DRI induced NT-3 expres-
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uninjured

DRI'induces BDNF and NT-3 expression in the dorsal horn. a, In the intact spinal cord, BONF immunoreactivity was
restricted to the terminals of primary afferent axons. Higher-power images from the same sections are shown on the right (boxes
in lower-power images indicate their approximate origins). b—d, BDNF was upregulated in glial cells by 3 d after (7/8 DRI and
remained elevated for at least 20 d. e, 0x-42 immunohistochemistry revealed BDNF expression by microglia in early (arrowhead)
and intermediate (arrow) stages of reactivity. f~ h, NT-3 immunoreactivity was intense in cerebellar Purkinje cells (inset), absent
from the uninjured dorsal horn, but present in blood vessel-associated (asterisk) cellular processes as early as 3 d after DRI (g, h,
arrows). h, i, DRI-induced NT-3 expression persisted for at least 20 d. j, NT-3 was expressed in glial fibrillary acidic protein
(GFAP)-positive astrocytes around rat endothelial cell antigen 1 (RECA-1)-positive vasculature (a white-matter astrocyte from the
degenerating dorsal columns is shown). Scale bars: a, 100 um; e, i, 25 pm.

sion in the ipsilateral gray and white matter (Fig. 2¢—i). This was
localized to blood vessel-associated astrocytic cell bodies and
their processes (Fig. 2h,j). Both neurotrophins were upregulated
by 3 d after injury and persisted for at least 20 d after DRI. Al-
though nerve growth factor (NGF) and NT-4 immunoreactivities
were obvious in positive control tissues (injured dorsal roots and
cerebellar Purkinje cells, respectively), they were undetectable in
uninjured or deafferented cords at all timepoints (data not
shown).

Continuous TrkB-Fc treatment improves

mechanosensory recovery

To test the hypothesis that upregulated neurotrophins mediate
partial recovery, we administered Trk-Fc “receptor bodies” intra-
thecally to sequester spinal BDNF/NT-4 and NT-3 (Cabelli et al.,
1997; Seebach et al., 1999; Chan et al., 2001). An antibody specific
for the human Fc moiety was used to assess spinal Trk-Fc pene-
tration (Fig. 3a). Prominent staining was evident in dorsal white
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DRI, rendering additional electrophysio-
logical experiments superfluous.

TrkB-Fc treatment enhances

yf TrkB-Fc mechanosensory recovery independent

of effects on synaptic transmission
b Of the two TrkB ligands, only BDNF has
v @ % THREe acute effects on neurotransmission in the

n — %*

g g —e— ipsi spinal cord. Unlike BDNF, NT-4 has no
&5 —o—igontra effect on activity-dependent synaptic plas-
- o800 —0 —o0 o B BE— & ticity or neuropathic pain (Heppenstall
Testday 0 5 10 15 20 0 5 10 15 20 o 5 10 15 20 and Lewin, 2001; Yajima et al., 2002). To
determine whether potential neuromodu-
¢ gg ] —aip IgG TrkB-Fc . TrkC-Fe latory effects of BDNF contributed to
85 55] —o contra * 7 mechgnosensory recovery, we gave rats
58 20 g % bolus intrathecal injections of either IgG
g § 154 Eﬁi‘%‘é:gﬁ : § or TrkB-Fc (2 pg of protein) on days 9 and
T — ————e— ——y 10 after DRI. We chose this time point
Testday 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 based on the statistically complete recov-
ery in rats treated continuously with
Figure3. Sequestration of injury-induced BDNF promotes complete mechanosensory recovery after (7/8 DRI. g, Fcimmuno-  TrkB-Fc. Mechanosensory deficits were

histochemistry demonstrating spinal penetration of intrathecally delivered proteins. Scale bar, 100 wm. b, Only continuous
TrkB-Fc treatment improved mechanosensation. ¢, Mechanical allodynia did not emerge in IgG- or TrkB-Fc-treated rats, and
withdrawal thresholds were increased with TrkC-Fc treatment. Asterisks in b and cindicate significant psilateral (ipsi)— contralat-

eral (contra) differences.

matter, and more so in dorsolateral white and gray matter, as we
have demonstrated previously with a similar fusion protein
(MacDermid et al., 2004). Behaviorally, IgG treatment resulted in
a pattern of behavior similar to untreated rats in which mech-
anosensory ability reached a plateau that remained significantly
different from the contralateral side (Fig. 3b). Surprisingly, intra-
thecal TrkC-Fc was without effect, and TrkB-Fc treatment actu-
ally enhanced recovery: ipsilateral and contralateral detection la-
tencies were statistically equivalent (p = 0.08) by the 6th
postoperative day and remained so thereafter. To directly deter-
mine whether the extent of recovery differed between groups, we
compared response latency differences (ipsilateral minus con-
tralateral response times) over the plateau phase (averaged data
from days 10-20). There was a significant difference between
IgG-treated (41 = 9 s) and TrkB-Fc treated (8 = 3 s; p = 0.016)
rats, but not between IgG-treated and TrkC-Fc-treated rats (46 =
16s;p = 0.711).

Possible mechanical allodynia after C7/8 DRI was examined
using the Dynamic Plantar Aesthesiometer. These experiments
were done to determine whether more rapid sticker detection was
related to evolution of mechanical allodynia [i.e., did any pain
(potentially associated with the presence of the sticker) motivate
more rapid detection?] When increasing punctate force was ap-
plied to the center of the palmar forepaw, no differences in force
at withdrawal were detected between forepaws in IgG-treated rats
and TrkB-Fc-treated rats (Fig. 3¢). In rats that received TrkC-Fc,
withdrawal thresholds were increased significantly at 5d (p =
0.005),10d (p = 0.003), and 15 d ( p = 0.02) after DRI, possibly
as a result of decreased synaptic efficacy between deep-
terminating mechanosensory axons and motoneurons (Arvanian
etal., 2003). These results indicate that mechanical allodynia did
not incite more rapid sticker withdrawal in TrkB-Fc-treated rats.

Because of the unexpected improvement in mechanosensa-
tion afforded by TrkB-Fc treatment, we did not pursue electro-
physiological assessment further: even in untreated rats, digit dis-
crimination probability recovered to close to 100% by 10 d after

unaffected by acute BDNF antagonism
(Fig. 4c¢), indicating that recovery was not
attributable to acute effects of BDNF on
synaptic transmission.

To verify efficacy of bolus TrkB-Fc in-
fusions, we measured rhizotomy-induced
cold hypersensitivity in the same animals (Ramer et al., 2004).

We found that a 2 ug intrathecal bolus of TrkB-Fc reduced
ipsilateral response durations to forepaw acetone stimulation
from 9.2 = 1.1t0 5.8 £ 0.8 s (p = 0.03) (Fig. 4d). Contralateral
responses were unaffected. These results indicate a neuromodu-
latory role for endogenous spinal BDNF after DRI that contrib-
utes to cold pain and provide additional support for an absence of
the acute synaptic involvement of BDNF in mediating improved
mechanosensation.

TrkB-Fc treatment induces spinal mechanosensory
axon sprouting
Could the unexpected improvement conferred by TrkB-Fc treat-
ment be mediated by mechanosensory axon sprouting?
VGLUT1-positive terminal density in the deafferentation gap
was significantly increased by TrkB-Fc (Fig. 5a,c,d) at both 10 d
(p=0.008) and 20d ( p = 0.01) after C7/8 DRI, correlating with
behavioral improvement. Because it is also expressed in cortico-
spinal axons (Persson et al., 2006), we measured VGLUT 1 density
within lamina II, where corticospinal but not myelinated sensory
axons terminate. No increases in density occurred in lamina IT in
any treatment group. TrkB-Fc treatment, but not IgG or TrkC-
Fc-treatment, also increased CTB-positive terminal density in
laminas ITI-IV (Fig. 5b,e) at 10d ( p = 0.02) and 20d ( p < 0.001)
after DRI; CTB-positive terminals were absent from lamina II.
Because VGLUT1-containing mechanosensory terminals are
larger than corticospinal boutons (Valtschanoff et al., 1993), we
quantified the size distribution of VGLUT1-positive puncta in
the deafferentation gap of 20 d IgG-treated (n = 1111 puncta
from five rats) and TrkB-Fc-treated (n = 1270 puncta from five
rats) animals. This was performed to determine whether the in-
crease in density could have been attributable to corticospinal
axons. Terminals were significantly larger ( p < 0.05) in TrkB-Fc-
treated rats, indicating that mechanosensory axon terminals were
present in higher proportions in TrkB-Fc-treated rats than IgG-
treated controls (Fig. 5f). Larger terminals were also CTB filled
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Figure4.  Acute BDNF antagonism does not affect mechanosensation 10 d after rhizotomy.

a, Time course of mechanosensory recovery over the first 10 d after DRI. b, Time course of
forepaw cold-pain development (increased response duration to an acetone squirt) in the same
animals. Arrows indicate days on which intrathecal boli of IgG or TrkB-Fc were administered. ¢,
Intrathecal boli of TrkB-Fc did not alter mechanosensory response latencies 30 —90 min after
administration. d, Acute BDNF antagonism reduced response durations to acetone in the same
animals. Asterisks in @ and b indicate significant ipsilateral (ipsi)— contralateral (contra) differ-
ences. Asterisks in cand d indicate significant differences between IgG andTrkB-Fc treatments.

(Fig. 5¢, arrowheads). Thus, endogenous TrkB ligands suppress
mechanosensory axon sprouting after DRI. These data also vali-
date VGLUT1 as a reliable marker of mechanosensory axons.

C7/8 DRI induces TrkB-dependent serotonergic sprouting in
the dorsal horn

To determine whether endogenous DRI-induced neurotrophins
had a generalized suppressive effect on axonal plasticity, we ana-
lyzed changes in spinal serotonergic axon density. Serotonergic
sprouting is a well recognized consequence of spinal deafferenta-
tion (Polistina et al., 1990; Wang et al., 1991; Zhang et al., 1993;
Kinkead et al., 1998; MacDermid et al., 2004; Ramer et al., 2004;
Scott et al., 2005), although the underlying mechanism has re-
mained unknown. Because descending serotonergic axons ex-
press TrkB and TrkC (King et al., 1999), we asked whether the
responsible stimulus was BDNF/NT-4 and/or NT-3. Serotoner-
gic axon density had increased significantly in outer lamina II
(Ilo; p = 0.004), inner lamina II (IIi; p = 0.01), and laminas [II/IV
(p<0.001) by 20 d after DRI in rats treated with IgG (Fig. 6a—c).
The same was true for TrkC-Fc-treated rats (Ilo, p < 0.001; IIi,
p = 0.005; III/IV, p < 0.001). TrkB-Fc treatment completely
prevented serotonergic sprouting, illustrating that for some ax-
onal populations, BDNF/NT-4 does indeed enhance plasticity.
These results support the notion of hierarchical plasticity in the
spinal cord after spinal deafferentation (Polistina et al., 1990):
processes that favor sprouting of some axonal populations (sero-

Ramer et al. @ TrkB Ligands Suppress Sensory Plasticity after Rhizotomy

tonergic) also suppress sprouting in others (mechanosensory pri-
mary afferent).

TrkB antagonsim promotes functional plasticity independent
of NT-3

We next asked what role spinally upregulated NT-3/TrkC signal-
ing might play in functional recovery and plasticity in the absence
of BDNF/NT-4/TrkB signaling. We continuously administered
the pan-Trk antagonist K252a (Knusel and Hefti, 1992) intrathe-
cally in animals with C7/8 DRI, reasoning that if NT-3 was re-
sponsible for functional improvements and enhanced plasticity
in the absence of TrkB signaling, additionally blocking TrkC sig-
naling would abolish both effects. Like TrkB-Fc, intrathecal
K252a significantly improved the behavioral performance of rhi-
zotomized animals (Fig. 7a): ipsilateral and contralateral detec-
tion latencies were equivalent by the 8th postoperative day ( p =
0.08) and remained so thereafter. Plateau latency difference
scores were significantly higher in vehicle-treated rats than in
K252a-treated rats (56 = 16 s vs 18 = 6's; p = 0.04).

K252a treatment also significantly increased the density of
VGLUT1-positive terminals in the deafferentation gap in laminas
HI-1V (Fig. 7b,c) (p < 0.001). Elevated NT-3 therefore does not
contribute to enhanced recovery and plasticity when TrkB is
antagonized.

Discussion

We set about this work to test the hypothesis that spinally upregu-
lated BDNF and/or NT-3 mediate partial spontaneous mech-
anosensory recovery after limited spinal deafferentation, a ratio-
nale supported not only by the known neuromodulatory effects
of these neurotrophins (particularly those of BDNF) (Kerr et al.,
1999; Arvanian et al., 2003; Ji et al., 2003; Baker-Herman et al.,
2004; Coull et al., 2005; Vaynman and Gomez-Pinilla, 2005), but
also by their roles in mechanosensory development (Airaksinen
etal., 1996; Carroll et al., 1998) and regeneration (Bradbury et al.,
1999; Ramer et al., 2000, 2002). We find that spontaneous recov-
ery during the early postoperative period occurs in the absence of
primary afferent sprouting and is, in fact, neurotrophin indepen-
dent: recovery was identical between Trk antagonizing treat-
ments and their respective controls. The more surprising out-
come is that beyond the spontaneous recovery period,
endogenous TrkB ligands have a suppressive effect on mech-
anosensory plasticity: TrkB antagonism results in complete re-
covery of mechanosensation. Acute neuromodulatory effects of
BDNF do not underpin recovery because bolus injections of
TrkB-Fc were without effect. Finally, we show that, in addition to
promoting behavioral recovery, TrkB antangonism stimulates
mechanosensory axon sprouting in the deafferented spinal cord.
Endogenous BDNF/NT-4 do not have a general, plasticity-
limiting influence on spinal axons, because TrkB-Fc treatment
prevented rhizotomy-induced sprouting of serotonergic axons in
the dorsal horn.

Potential mechanisms of spontaneous recovery after DRI

The reactivation of dorsal horn neurons by electrical stimulation
of decentralized digits not only provides an electrophysiological
correlate of behavioral improvement but also illustrates the spi-
nal nature of spontaneous recovery. It is conceivable, for exam-
ple, that faster response times could have been caused solely by
learning-associated changes at supraspinal loci and may not have
manifested as increased discrimination probability at the level of
the spinal cord. However, the reappearance of primary afferent-
driven activity occurred in the absence of training (a prerequisite
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Figure 5.  TrkB-Fc promotes mechanosensory axon sprouting after (7/8 DRI. a, b, VGLUT1-positive (a) and CTB-positive (b)

terminal density in superficial (I1) and deep (IlI-IV) spinal laminas in uninjured animals. DRI reduced density in deeper laminas,
which was partially reversed by intrathecal TrkB-Fc. Asterisks indicate significant differences between |gG- and Trk-Fc-treated rats.
¢, Low-power micrographs of VGLUTTimmunoreactivity (lamina Il indicated). d, e, Higher-power micrographs of VGLUTT (d) and
(TB (e) staining from regions similar to that indicated in ¢ (arrow indicates spared (6/T1 axons). f, The size distribution of
VGLUT1-positive terminals was significantly right-shifted in TrkB-Fc-treated rats. g, Large VGLUT1-positive terminals were also
(TB filled (arrowheads). Clusters of small VGLUT1-positive terminals are indicated by arrows. Scale bars: ¢, 100 m; g, 20 pm.

for associative learning). The same holds for experiments in
which cats underwent similar electrophysiological studies in the
absence of behavioral training (Basbaum and Wall, 1976). These
findings argue very strongly against supraspinal associative learn-
ing as underlying neurophysiological recovery at the level of the
spinal cord.

The present results implicate a recovery mechanism operating
locally, within the partially deafferented cord. Synaptic unmask-
ing and/or strengthening is the most plausible mechanism. A
physiological process that may underlie partial recovery is the
GABAergic presynaptic control [via primary afferent depolariza-
tion (PAD)] of impulse transmission along branches of individ-
ual mechanosensory axons (Wall, 1995): although some collater-

J. Neurosci., May 23, 2007 - 27(21):5812-5822 « 5819

als of myelinated axons fail to propagate
action potentials in intact animals, this
conduction block is reversed with time af-
ter rhizotomy of caudal segments. Suc-
cessful conduction emerges by 5-7 d after
. DRI, correlating remarkably well with the
partial behavioral recovery reported here.

In the rat, many C6 and T1 sensory
neurons also innervate C7 and C8 der-
matomes (Ramer et al., 2004). Therefore,
the most likely mechanism underlying
spontaneous recovery involves the
(neurotrophin-independent) unmasking
and/or strengthening of synapses between
C6/T1 primary afferents and postsynaptic
targets. Although others have suggested
that this functional connectivity emerges
subsequent to deafferentation-induced
sprouting (Sengelaub et al., 1997; Darian-
Smith and Brown, 2000; Darian-Smith,
2004), such axonal plasticity occurs too
slowly to account for rapid partial sponta-
neous recovery after C7/8 DRI.

10d 20d

TrkB ligands arrest full spontaneous
mechanosensory recovery independent
of synaptic neuromodulation

BDNF (but not NT-4) has been shown to
both enhance and suppress synaptic trans-
mission in the dorsal horn (Pezet and Mc-
Mahon, 2006). Our original hypothesis
was based in part on the previously dem-
onstrated GABAergic suppression of im-
pulse transmission along branches of
mechanosensory axons (Wall and McMa-
hon, 1994; Wall, 1995) and on the known
effects of BDNF on this type of inhibitory
control. Because exogenous BDNF en-
hances GABA release in the spinal cord
(Pezet et al., 2002), one might have ex-
pected DRI-induced BDNF to augment
GABA-mediated PAD. Strengthened PAD
would lead to successful action potential
propagation in previously blocked Ap fi-
ber collaterals and activation of second-
order neurons, a mechanism that has been
proposed to underlie increased activation
of pain-responsive second-order neurons
in nerve injury and inflammation (Willis,
1999). BDNF is also known to render
postsynaptic GABAergic inhibition of nociceptive projection
neurons excitatory (Coull et al., 2005). The potential applicability
of this mechanism to mechanosensory second-order neurons, or
to wide dynamic-range neurons, had initially led us to predict
that the effects of BDNF on GABAergic transmission participated
in partial spontaneous recovery.

On the other hand, BDNF has been shown to inhibit glutama-
tergic signaling in the nucleus of the solitatry tract (Balkowiec et
al., 2000) and in lateral motor nuclei in the spinal cord (Seebach
etal,, 1999; Arvanian and Mendell, 2001). It might therefore have
been argued that endogenous BDNF prevents complete recovery
by inhibiting glutamatergic transmission in the dorsal horn.
However, because recovery occurred at its usual rate over the first
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several days after DRI even in the presence

of TrkB-Fc (and K252a), we conclude that a
it is attributable neither to the effects of

BDNF on GABAergic transmission nor on

glutamatergic transmission during this %
period. Furthermore, acute treatment é‘:;

with a bolus injection of TrkB-Fc had no
effect on mechanosensory ability during
the plateau phase after DRI, despite signif-
icantly reducing cold pain.

In neonatal rats, chronic TrkB-Fc
treatment has been shown to strengthen
the connection between Ia afferents and
motoneurons, evident as an increase in the
size of EPSPs (Seebach et al., 1999). It
might therefore be argued that TrkB-Fc
treatment results in larger EPSPs in dorsal
horn neurons subsequent to peripheral
stimulation of cutaneous mechanosen-
sory axons. Although this is an interesting
question, its relevance to behavioral re-
covery becomes questionable when we
consider that because of sprouting and
synapse formation (the latter implied by
the increased density of VGLUT1-positive
terminals), more dorsal horn neurons are
being driven by the same number of dorsal
root axons. That is, the behavioral im-
provement that occurs with TrkB-Fc
treatment may simply be the result of the
larger population of neurons activated by
C6/T1 primary afferents.

How does TrkB-Fc treatment promote
primary afferent sprouting?
It is important to define putative direct
and indirect processes by which BDNF
(and possibly NT-4) suppresses plasticity.
Evidence for a direct mechanism comes
from work on dissociated adult sensory
neurons (Gavazzi et al., 1999) where addi-
tion of BDNF had a marked inhibitory ef-
fect on spontaneous neurite outgrowth
from large-diameter cells. Such inhibition
may involve the p75 neurotrophin recep-
tor, which in DRG neurons is coexpressed
with Trk receptors (Wright and Snider,
1995): activating p75 with BDNF in TrkB-negative cells inhibits
outgrowth mediated by NGF/TrkA signaling (MacPhee and
Barker, 1997; Kimpinski et al., 1999; Kohn et al., 1999), suggest-
ing that in the present experiments, spinally upregulated BDNF
(or NT-4) may have been similarly interfering with NT-3/TrkC
signaling. However, TrkB-Fc and K252a data were remarkably
similar, indicating that whether or not p75 is involved, improved
function and anatomical changes occurring in TrkB-Fc-treated
animals were NT-3 independent. In combination with the ab-
sence of TrkA from low-threshold mechanosensory axons (Mc-
Mahon et al., 1994; Wright and Snider, 1995), and no evidence
for NGF expression in the spinal cord or upregulation after DRI,
the K252a data also argue against a role for NGF-TrkA signaling
in mechanosensory improvement.

TrkB activation is more likely to indirectly suppress mech-
anosensory axon sprouting by selectively enhancing plasticity in

Figure 6.
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other spinally projecting systems. Both BDNF and NT-4, whether
delivered via osmotic minipumps or genetically modified cell
grafts, can induce growth of serotonergic fibers in the injured
spinal cord (Bregman et al., 1997; Tobias et al., 2003; Blesch et al.,
2004). TrkB-expressing descending serotonergic fibers (Brad-
bury et al., 1998; King et al., 1999) sprout earlier and more pro-
fusely after DRI than primary afferent and descending noradren-
ergic axons (Zhangetal., 1993), and the present data show for the
first time that removing the influence of endogenous TrkB li-
gands prevents rhizotomy-induced serotonergic sprouting. Al-
though exogenous or virally overexpressed NT-3 has also been
shown to promote serotonergic axon growth after CNS lesions
(Bregman et al., 1997; Grider et al., 2005), the present results
demonstrate that endogenous NT-3 is not necessary for DRI-
induced sprouting.

It is now clear that endogenous TrkB ligands have an impor-



Ramer et al. @ TrkB Ligands Suppress Sensory Plasticity after Rhizotomy

a 150 * i Vehicle K252a
*
. * L
@ 100 —e— ipsi
S > % —O0— contra
@5 50
x®
0 T T T T T T T T T T
Testday 0 5 10 15 2 0 5 10 15 20
b 0.08 -
= VGLUT1
] * *
>0 0.06 - . s
=5
55 004 =
(@] %‘ ' T
g
5 0.02 -
0.00

pooled TrkB-Fc TrkC-Fc K252a
control

Vehicle

Figure7.  K252aimproves mechanosensation and enhances mechanosensory sprouting af-
ter (7/8 DRI. a, Ipsilateral-contralateral latencies remained significantly different in vehicle-
treated rats; differences disappeared by 8 d after DRI in K252a-treated rats. Asterisks indicate
significant ipsilateral (ipsi)— contralateral (contra) differences. b, VGLUT1 density (pooled 10
and 20 d animals) was elevated after K252a treatment. Asterisks indicate significant difference
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tant negative impact on mechanosensory plasticity after DRI.
Although the relative contribution of NT-4 to these results has yet
to be formally defined, it is likely to be minor because its mRNA
is expressed at very low levels compared with other neurotro-
phins (Timmusk et al., 1993; Ibanez, 1996; Widenfalk et al., 2001)
and its protein is undetectable in the intact and deafferented cord
(data not shown). Because optimizing synaptic and axonal plas-
ticity of CNS-projecting axons remains a necessary objective in
the search for a viable therapy for neural trauma (Scott et al.,
2006), clarifying the positive and negative effects of injury-
induced molecules such as BDNF represents a vital intermediate
step.
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