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Rewiring of Afferent Fibers in the Somatosensory Thalamus
of Mice Caused by Peripheral Sensory Nerve Transection
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The remodeling of neural circuitry and changes in synaptic efficacy after peripheral sensory nerve injury are considered the basis for
functional reorganization in the brain, including changes in receptive fields. However, when or how the remodeling occurs is largely
unknown. Here we show the rapid rewiring of afferent fibers in the mature ventral posteromedial thalamic nucleus of mice after transec-
tion of the peripheral whisker sensory nerve, using the whole-cell voltage-clamp technique. Transection induced the recruitment of
afferent fibers to a thalamic relay neuron within 5- 6 d of injury. The rewiring was pathway specific, but not sensory experience dependent
or peripheral nerve activity dependent. The newly recruited fibers mediated small EPSCs, and postsynaptic GluA2-containing AMPA
receptors were selectively upregulated at the new synapses. This rapid and pathway-specific remodeling of thalamic circuitry may be an
initial step in the massive axonal reorganization at supraspinal levels, which occurs months or years after peripheral sensory nerve injury.

Introduction

Peripheral sensory nerve injury results in functional reorganiza-
tion throughout the spinal cord and brain, such as alteration of
the receptive fields. This reorganization closely relates to both the
ensuring recovery of the function and the formation of maladap-
tive neuronal circuitry (Wall et al., 2002; Flor et al., 2006). It is
generally thought that structural alterations, including the re-
modeling of neural circuitry and its synaptic properties, underlie
the functional reorganization after peripheral nerve injury (Kaas
et al., 2008). Several spinal cord studies have demonstrated that
the central axon of A fibers sprouts a few weeks after the periph-
eral nerve injury (Woolf et al., 1992; Koerber et al., 1994). In
contrast, the trans-synaptic remodeling of supraspinal circuitry
after peripheral nerve injury still remains poorly understood. Ax-
onal changes at supraspinal levels are believed to take months or
even years to take place after peripheral nerve injury. For in-
stance, the decrease in axonal branching of afferent fibers to the
primate ventral posterolateral thalamic nucleus (VPL) can be
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seen years after a cuneate fasciculus lesion (Graziano and Jones,
2009), suggesting the retraction of axons and compensatory ax-
onal sprouting from unaffected fibers. In the somatosensory cor-
tex, long-range intracortical axonal sprouting has been reported,
but it has also been detected long after amputation (Florence et
al., 1998). However, these results are not temporally correlated
with the remodeling of cortical spines in a recent study (Kim and
Nabekura, 2011), which shows that the spine turnover in the
somatosensory cortex markedly increases within a few days after
peripheral nerve injury. Thus, the details regarding when and
how the remodeling of supraspinal circuitry occurs after periph-
eral nerve injury are largely unknown. Moreover, the synaptic
properties of the remodeled synapses remain to be fully clarified.

Somatosensory information from the maxillary region is con-
veyed to the ipsilateral trigeminal nuclei via the infraorbital nerve
and then to relay neurons in the contralateral ventral posteromedial
thalamic nucleus (VPM) via medical lemniscal fibers, afferent fibers
of projection neurons in the trigeminal nuclei. Medial lemniscal fi-
bers have unique characteristics in their innervations and synaptic
properties. Most relay neurons become innervated by single strong
lemniscal fiber after developmental synapse elimination (Arsenault
and Zhang, 2006). Such a mature lemniscal fiber induces fast and
reliable EPSCs in an all-or-none-fashion, mediated primarily by
GluA2-lacking AMPA receptors (AMPARs) (Castro-Alamancos,
2002; Arsenault and Zhang, 2006; Miyata and Imoto, 2006). There-
fore, it is very useful to examine lemniscal synaptic properties for
detecting changes in innervation pattern and synaptic plasticity at
supraspinal levels after peripheral nerve injury.

Here we provide direct evidence that multiple lemniscal fibers
were newly recruited to a relay neuron within 1 week after transec-
tion of the infraorbital nerve. Moreover, GluA2-containing
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AMPARSs were specifically upregulated at postsynaptic sites of newly
recruited fibers. This rapid remodeling of thalamic circuitry may be
linked to the functional reorganization and massive structural
changes in neural circuitry over time after peripheral sensory nerve

injury.
Materials and Methods

Animals

All experiments were approved by the Animal Care and Use Committee
of the Tokyo Women’s Medical University and National Institute for
Physiological Sciences, and were performed according to the institu-
tional guidelines concerning the care and handling of experimental ani-
mals. C57BL/6NCr mice [postnatal day 21 (P21)-P32] (Nihon SLC,
Hamamatsu) of both sexes were used. Mice were provided with a com-
mercial diet and water ad libitum with controlled temperature, humidity,
and lightning (12 h light/dark cycle).

Infraorbital nerve cut

Mice on P21 were anesthetized by intraperitoneal administration of ket-
amine (80 mg/kg) and xylazine (10 mg/kg). The infraorbital nerve on the
left side of the face was exposed under a dissecting microscope (see Fig.
1A). The infraorbital nerve was completely transected using sterilized
fine scissors, and the cutting planes were separated at a distance of >1.0
mm to prevent regeneration. For sham operation, the infraorbital nerve
was exposed but not cut. The skin was then sutured with silken threads.
Physiological saline (0.2 ml per animal) was subcutaneously injected for
preventing dehydration after the surgery.

Whisker deprivation

All large vibrissae on the left side snout were repeatedly deprived every day
from P21 to the recording day. Briefly, mice were anesthetized with isoflu-
rane. Under a dissecting microscope, vibrissae were carefully plucked out
using fine tweezers by applying slow, steady tension to the base of the vibrissa
until the vibrissa slipped out of the follicle (Li et al., 1995).

Preparation and implantation of EVAFLEX™ pieces

EVAFLEX™ (EV40W, DuPont-Mitsui Polychemicals) is the commercial
analog of ELVAX™. Small EVAFLEX™ pieces (4 X 2 X 0.2 mm?) were
prepared as previously described (Kakizawa et al., 2005), each containing
either saline or ~3 nmol of tetrodotoxin (TTX). For the implantation of
EVAFLEX™ pieces on P21, mice were anesthetized with the ketamine/xyla-
zine mixture and the left infraorbital nerve was exposed. Two EVAFLEX™
pieces were then transversely placed at both medial and lateral sides of the
infraorbital nerve, respectively. The effectiveness of the blockade was as-
sessed in the pilot study by directly recording fiber volleys of the infraorbital
nerve (data not shown) (Henderson et al., 1992). For the continuous block-
ade of the infraorbital nerve, the implants were replaced with new ones on
P27, the sixth day after the first implantation.

Slice preparation

Mice were anesthetized with isoflurane and decapitated. Parasagittal 300-
pum-thick thalamic slices (Arsenault and Zhang, 2006) (see Fig. 1 B) were
prepared using a microslicer (VT1200S, Leica) in an ice-cold cutting
solution (in mm: 234 sucrose, 2.5 KCI, 1.25 NaH,PO,, 10 MgCl,, 0.5
CaCl,, 25 NaHCO;, 0.5 myo-inositol, and 11 glucose) equilibrated with
95%0,-5%CO,. Slices were then transferred in an incubation chamber
containing artificial CSF (ACSF) (in mm: 125 NaCl, 2.5 KCl, 1.25
NaH,PO,, 1 MgSO,, 2 CaCl,, 26 NaHCO,, and 20 glucose) equilibrated
with 95% O,-5% CO,. Slices were kept at 32°C for 30 min, and then at
room temperature until just before the recording. Each slice was trans-
ferred into a submerge-type recording chamber and perfused by ACSF
kept at 30—-32°C at a rate of 2.5-3.0 ml/min. During all recordings, 10 um
(-)-bicuculline methochrolide and 1 um CGP55845 were added into the
superfusate to block GABA , and GABA; receptors, respectively.

Electrophysiology

Whole-cell voltage-clamp recordings of lemniscal EPSCs. Patch pipettes
were made from borosilicate capillaries (outer diameter, 1.5 mm; inner
diameter, 0.87 mm; Hilgenberg). The tip resistance was 2-5 M) when
filled with the following intracellular solution (in mm): 120 CsMeSO;, 10

Takeuchi et al. @ Thalamic Remodeling by Sensory Nerve Transection

HEPES, 1 EGTA, 2 MgCl,, 0.1 CaCl,, 20 NaCl, 5 QX-314, 2 ATP-Na,,
and 0.5 GTP-Na, pH 7.3 (290-300 mOsm). Biocytin (0.5%) was also
included for the cell labeling. Liquid junction potential (+13.0 mV) was
not compensated unless otherwise noted. Whole-cell voltage-clamp re-
cordings were made from a relay neuron in the VPM or VPL under visual
guidance using an upright microscope (BX51WI, Olympus) with an
infrared-differential interference contrast (IR-DIC) video system
(C3077-79 with C2741-62, Hamamatsu Photonics). The location of the
VPM or VPL was validated according to a mouse brain atlas. Recordings
and data acquisition were performed using a MultiClamp700A amplifier
and Digidata 1322A with pClamp 8 software (MDS) or an EPC9 ampli-
fier with PULSE software (HEKA Elektronik). Signals were filtered at 3
kHz (—3 dB) by a four-pole Bessel filter and digitized at 50 kHz. Data
analysis was performed using Igor Pro software (Wavemetrics). The pipette
series resistance (Rs) was compensated by 50-90%. Rs values were moni-
tored throughout the recordings, and recordings were discarded when Rs
varied by >20%. Cells were rejected if Rs increased >20 M(), and only
recordings taken under a low Rs condition (<10 M()) were used in analyses
of EPSC kinetics. Experiments were not performed blind.

Lemniscal fiber responses. To evoke lemniscal fiber-mediated EPSCs, a
concentric bipolar electrode (tip diameter, 25 wm; IMB-160820, Inter-
Medical) was used. The stimulus electrode was placed on the medial
lemniscal fiber bundle (Arsenault and Zhang, 2006) (see Fig. 1B). The
electrical stimulation consisted of bipolar square pulses (duration, 10 ws;
interval, 100 us) of constant currents (typically 10—400 nA), and deliv-
ered at 0.1 Hz via a biphasic isolator (BSI-2, BAK Electronics). We en-
sured that recorded synaptic currents were activated by lemniscal fibers
by following parameters. We routinely used the paired-pulse stimulation
with an interstimulus interval of 50 ms to distinguish lemniscal synaptic
responses from corticothalamic responses, because lemniscal responses
display depression, whereas corticothalamic responses exhibit facilita-
tion in response to paired stimuli (Castro-Alamancos, 2002; Miyata and
Imoto, 2006). In addition, lemniscal EPSCs are elicited in an all-or-none
fashion, and they show stepwise increments with the distinct thresholds
in response to increasing stimulus intensity (Castro-Alamancos, 2002;
Arsenault and Zhang, 2006; Miyata and Imoto, 2006). Moreover, lem-
niscal EPSCs have a faster rise time than that of corticothalamic EPSCs
(typically <1 ms) (Miyata and Imoto, 2006).

Because there was no kainate receptor component in lemniscal EPSCs
even after the infraorbital nerve cut (IONC) (data not shown), AMPAR-
and NMDAR-mediated EPSCs were measured as EPSCs recorded at —70
and +40 mV (>10 ms after the onset), respectively. The decaying phases
of EPSCs at —90 mV in the presence of 100 um pL-APV and at +40 mV
in the presence of 20 um NBQX were fitted with a single exponential
function to determine decay time constants of AMPAR- and NMDAR-
mediated components, respectively (Miyata and Imoto, 2006).

To determine the number of lemniscal inputs for each relay neuron,
we recorded evoked lemniscal EPSCs at holding potentials of —70 and
+40 mV from the same cell over a wide range of stimulus intensity
(typically from 10 to 400 wA) (Arsenault and Zhang, 2006; Hooks and
Chen, 2006, 2008; Wang and Zhang, 2008). First, we roughly searched for
EPSC steps using the increment of 50 wA. After that, we used small
increments on the order of 25, 10, 5, and 1 nA near each transition point
to ensure that it was indeed a single step with a stable response. After each
accurate threshold was determined, we systematically applied three to
five stimuli below and above each threshold at holding potentials of —70
and +40 mV on the same cell and confirmed that the number of steps
was identical in both EPSCs. The IONC induced at most four EPSC steps,
all of which were clearly distinguishable. To determine single-fiber-
mediated EPSC amplitude, EPSC responses by three stimuli at each su-
prathreshold level were averaged. At the end of the counting, we
confirmed the absence of extra lemniscal fiber inputs by a strong stimu-
lation, the intensity of which was twofold greater than the largest thresh-
old. Each lemniscal fiber-mediated EPSC was isolated by off-line
subtraction. Maximum EPSCs (saturated EPSCs of a given relay neuron)
and isolated single lemniscal fiber-mediated EPSCs were subject to off-
line analyses using Igor Pro.

Cluster analyses. A standard Gaussian mixture model was used for
clustering (Fraley and Raftery, 2002; McLachlan and Chang, 2004). Each
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EPSC peak amplitude that well separates the
first and second Gaussian surfaces [probability
density functions of Weak (W) fibers and
Strong (S) fibers in Figure 4C, respectively], we
defined two kinds of contamination ratios, Er-
ror in W and Error in S (see Fig. 4D):
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Infraorbital nerve cut-induced multiple innervation of lemniscal fibers onto a relay neuron in the VPM. 4, The experimental
schedule and schematic showing the IONC operation. B, Schematic showing the position of a recorded relay neuron and the stimulation site
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of medial lemniscal fibers depicted on an infrared IR-DIC image of acute parasagittal thalamic slice of mice. C, Representative traces of

lemniscal EPSCs recorded 1 week after the sham and the IONC operation under voltage-clamp condition at +40 and —70
mV. Several raw traces with different stimulus intensities are superimposed at each holding potential (Vh). D, The distributions of
neurons with different numbers of lemniscal inputs for the intact, sham-operated, and IONC-operated VPM. n, Number of cells. E,
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Representative traces of lemniscal EPSCs in response to the alternate stimulation (with a 50 ms interstimulus interval) by two

electrodes (Stim. | and Stim. I) from the same VPM neuron in the sham and IONC groups. Traces shown are the average of six consecutive
EPSCs. F, Schematic showing of the position of a recorded relay neuron and stimulation sites on an IR-DIC image of a thalamic slice. ml,
Medial lemniscus; Rt, reticular nucleus of thalamus; S1, primary somatosensory cortex; TG, trigeminal ganglion; TN, trigeminal nuclei.

decay time constant of single-fiber-mediated lemniscal EPSCs at —70
mV was plotted against its amplitude (see Fig. 4A—C). The distribution
was analyzed by two-dimensional histogram (ordinate bin, 0.2 ms; ab-
scissa bin, 0.2 nA). Because the histogram of pooled data (from the sham
and IONC) exhibited two obvious clusters (see Fig. 4C), the histogram
was fitted with the following function, a summation of two independent
Gaussian surfaces:

1 — w\? — W\
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where w,—w,, are coefficients. Initial guesses of the 12 coefficients were
supported by outcomes of the KMeans analysis using an Igor Pro built-in
function. The “best” values of the coefficients were then calculated by the
Levenberg-Marquardt least-squares method. To find a threshold of

where the first and second Gaussian surfaces were
reproduced using coefficients (w—w,,;) in the
Equation 1. In accordance with Equations 2 and
3,a good threshold at which both Error in W and
Error in S were small was searched. That is, the
EPSC peak threshold level (in nanoamperes) at
which solid and broken lines in Figure 4 D cross was explored.

Current—voltage relationships of AMPAR-mediated EPSCs. To preserve in-
tracellular polyamine, which induces an inward rectification of AMPAR-
mediated currents, the pipette solution includes 100 um spermine (Bowie
and Mayer, 1995; Isa et al., 1995). Single-fiber-mediated lemniscal EPSCs
were recorded in the presence of 200 um D-APV. Current—voltage relation-
ships were investigated by recordings of EPSCs at various holding potentials
ranged =60 mV in 10 mV steps. Liquid junction potential was compensated
(estimated as +13 mV). The rectification index was defined as the ratio of the
EPSC amplitude at +40 mV to that at —40 mV (Isa et al., 1995; Wang and
Zhang, 2008).

Pharmacological experiments. Single-fiber-mediated lemniscal EPSCs
were recorded in the presence of 100 um pL-APV at —70 mV. After
establishment of stable recordings, 1 mwm spermine (Isa et al., 1996;
Washburn and Dingledine, 1996) or 100 uMm pentobarbital (Yamakura et
al., 1995) was bath applied for 5 min. The average percentage inhibition
in amplitude of EPSCs 4—5 min after application was analyzed.

Evoked miniature EPSCs. To analyze input-specific miniature EPSCs,
we recorded Sr?*-induced delayed miniature EPSCs (Wang and Zhang,
2008). First, single-fiber-mediated lemniscal EPSCs were recorded in the
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Figure2.  IONCdid notinduce multiple-innervation of lemniscal fibers in the contralateral VPL or
the ipsilateral VPM. The left infraorbital nerve was cut on P21. A-D, Lemniscal EPSCs were recorded
from relay neurons in the contralateral (right) VPL (4, B) and in the ipsilateral (left) VPM (C, D),
respectively, on P28 —P32. A, Representative traces of lemniscal EPSCs in the contralateral VPL show-
ing an all-or-none fashion. B, The distributions of neurons in the contralateral VPL with different
numbers of lemniscalinputs. n, Number of cells. €, D, The same asin A and B, butin the ipsilateral VPM.

presence of 100 uM pL-APV. Slices were then perfused by modified ACSF
substituting 4 mm Sr®" ions for Ca" ions. During the switch of solu-
tions, test stimulations were delivered at 0.1 Hz and the waveform of
EPSCs was continuously monitored to ensure that the same single fiber
was stimulated. The holding potential was set at —90 mV to increase the
driving force. A time window for analysis was 100-500 ms after each
stimulus. Miniature EPSCs were detected and analyzed by a semiauto-
mated Igor Pro procedure.

Current-clamp recordings. Current-clamp recordings from relay neu-
rons in the VPM were obtained as previously described (Miyata and
Imoto, 2006), using an EPC10 amplifier with PATCHMASTER software
(HEKA Elektronik). The concentration of potassium chloride in the
ACSF was elevated to 3.5 mm to mimic the endogenous resting potential
when the whole-cell configuration was made. Patch pipettes were filled
with an internal solution containing the following (in mm): 138
K-gluconate, 4 KCl, 2 NaCl, 10 HEPES, 0.2 EGTA, 4 ATP-Mg, 0.3 GTP-
Tris, and 7 phosphocreatine-di(Tris), adjusted to pH 7.25 with KOH.
Liquid junction potential (+14.7 mV) was compensated.

Immunohistochemistry

Under deep pentobarbital anesthesia (100 mg/kg body weight, i.p.),
IONC-operated mice were fixed transcardially with 4% paraformalde-
hyde in 0.1 M sodium PB, pH 7.2, dehydrated in graded alcohols, and
embedded in paraffin blocks. Coronal sections were made using a sliding
microtome (4 wm in thickness; SM1000R; Leica Microsystems) and
mounted on silane-coated glass slides. Sections were first subjected to
pepsin pretreatment for antigen exposure (i.e., incubation in 1 mg/ml
pepsin) (DAKO) in 0.2N HCl for 10 min at 37°C. The following immu-
nohistochemical procedures were performed at room temperature
(25°C): sections to be shown at low magnifications (see Fig. 8 A) were
incubated successively with 10% normal goat serum (Nichirei) for 20
min, rabbit anti-GluA2 (1 pg/ml) (Yamazaki et al., 2010) overnight,
biotinylated goat anti-rabbit IgG (Nichirei) for 2 h, and avidin—biotin-
peroxidase complex (Nichirei) for 1 h; and were visualized using the
tyramide signal amplification-Cy3 system (PerkinElmer). For quantifi-
cation of GluA2 immunofluorescent signals, sections were incubated
successively with 10% normal donkey serum (Jackson ImmunoRe-
search) for 20 min, and a mixture of rabbit anti-GluA2 (2 ug/ml) and
guinea pig anti-type vesicular glutamate transporter (VGIuT2; 1 ug/ml)
(Miyazaki et al., 2003) overnight; and then incubated with Alexa Fluor
488- and Cy3-conjugated species-specific secondary antibodies for 2 h
(Invitrogen and Jackson ImmunoResearch). Images were taken with a
confocal laser scanning microscope (FV1000; Olympus). Photomon-
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tage covering the ventrobasal complex was assembled from low-
magnification confocal images using MetaMorph software (Molecular
Devices). To quantitate GluA2-expressing levels, single optical sections
were acquired using identical acquisition settings with a 60X Plan Pla-
nApoN objective lens (60X/1.42, oil-immersion; Olympus) with a 3X
digital zoom. After converting separate color components into the gray-
scale, the fluorescence intensity (arbitrary units) of each ROI placed on
VGluT2-positive terminals was measured by MetaMorph. Data from
three mice were pooled together, because there was no significant differ-
ence in the scores from three animals examined. Statistical significance
was evaluated by Mann—Whitney U test.

Morphological analysis of relay neurons

Double staining of cytochrome oxidase and biocytin was conducted to
analyze morphology of the recorded relay neuron and to confirm that the
relay neuron was in the intended thalamic nucleus (Wiser and Callaway,
1996). Completely reconstructed relay neurons were used for morpho-
logical analyses of each group. Projection images of relay neurons were
drawn using a camera lucida. Pictures were digitized by a scanner, and
then binarized and analyzed (dendritic area and soma area) using Image]
software (version 1.42, http://rsbweb.nih.gov/ij/).

Statistics

All values were given as means = SEM unless otherwise noted. Electro-
physiological data analyses, fitting, and cluster analyses were performed
by Igor Pro. Several statistical tests were used in accordance with the
experimental designs (for details, see Results and figure legends). The
significance level was set at p << 0.05. SPSS (SPSS), EXCEL Statistics
(ESUMI), or Igor Pro software was used for statistical analyses.

Drugs

D—APgV, pL-APV, NBQX, (-)-bicuculline methochrolide, and CGP55845
were purchased from Tocris Cookson. Pentobarbital sodium was pur-
chased from Dainippon Sumitomo Pharma. TTX was purchased from
Wako Pure Chemical Industries. Ketamine hydrochloride was purchased
from Daiichi Sankyo. Spermine and xylazine hydrochloride were pur-
chased from Sigma-Aldrich. Isoflurane was purchased from Abbott Ja-
pan. EVAFLEX™ (EV40W) was a gift from DuPont-Mitsui
Polychemicals. All other chemicals were purchased from Sigma-Aldrich,
Wako Pure Chemical Industries, Nacalai Tesque, or Kanto Chemical.

Results
Multiple innervation of lemniscal fibers onto a relay neuron
after the infraorbital nerve cut
We studied postoperative changes at synapses between lemniscal
fibers and a VPM relay neuron (lemniscal synapses) on parasag-
ittal brain slices after transection of the infraorbital nerve, which
is the primary sensory nerve from vibrissae follicle receptors to
the brainstem. Most VPM relay neurons are innervated by only
one or two lemniscal fibers after redundant lemniscal synapses
are developmentally eliminated by P17 (Arsenault and Zhang,
2006). Thus, we applied an IONC on the left side of the face on
P21 (Fig. 1A), after the synaptic elimination process. We per-
formed whole-cell patch-clamp recordings from relay neurons
located in the contralateral VPM on postoperative day 7 (POD
7)-POD11 (P28-P32) (Fig. 1A,B). The lemniscal fiber bundle
was visually identified and electrical stimulation to the bundle
reliably elicited lemniscal EPSCs in VPM relay neurons (Fig.
1B,C). One week after the IONC, we assessed the number of
lemniscal fiber inputs to a single relay neuron by step-counting
procedures, as previously described (Arsenault and Zhang, 2006;
Wang and Zhang, 2008). We counted the number of EPSC
steps with an increase of stimulus intensity (see Materials and
Methods).

During this postmaturation period (P28—-P32), we observed
that most relay neurons in the intact and sham groups were in-
nervated by a single lemniscal fiber (mono-innervation); the neu-
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Each bar represents the mean == SEM. Numbers in columns mean numbers of fibers. n, Number of cells. Statistical significance was tested using two-tailed Student’s ¢ test. **p << 0.01. n.s., Not

significant.

rons showed a single step in the synaptic response, all of which
exhibited an all-or-none response [27/31 recorded neurons in the
intact group (87.1%); 40/46 recorded neurons in the sham
group(87.0%)]. Surprisingly, 68.5% (37/54) of relay neurons in
the IONC group showed two or more steps (at most four steps),
all of which were clearly distinguishable, and each EPSC was
stable. Only 31.5% (17/54) showed a single step (Fig. 1 D) in the
IONC group. Overall, 12 of 54 relay neurons (22.2%) in the
IONC group showed more than three steps. Such a high degree of
EPSC steps was quite unusual in both the intact and sham groups
[p < 0.001, IONC vs sham, two-tailed Kolmogorov—Smirnov
(KS) two-sample test]. These results strongly suggest that the
IONC recruited additional lemniscal fibers onto a single VPM
neuron (multiple innervation). To ensure that different fibers
innervated a VPM neuron after the IONC, we tested the fiber
independency by paired-pulse effects with two stimulus elec-
trodes (Dunwiddie and Lynch, 1978). Two independent stimulus
electrodes (Stim I and Stim II), separated by a distance of >100
wm, were placed on the lemniscal fiber bundle (Fig. 1 F). We first
confirmed that each stimulation reliably elicited lemniscal EPSCs
that displayed the paired-pulse depression by the paired stimuli
with a 50 ms interstimulus interval from the same VPM neuron.
Next, lemniscal EPSCs were elicited by alternate stimulation us-
ing Stim I and Stim II with a 50 ms interstimulus interval. If the
two EPSCs originate from two independent lemniscal fibers,
these EPSCs amplitudes should never interfere with each other
and should exhibit no paired-pulse depression. Indeed, in 6 of 16
neurons in the IONC group, the stimulation of Stim I and Stim II
elicited distinct EPSCs, and these EPSC amplitudes did not inter-
fere with each other by the alternate stimulation (i.e., these EPSCs
exhibited no paired-pulse depression by the alternate stimula-

tion) (Fig. 1 E, bottom). This result provides strong evidence that
a VPM neuron was truly innervated by different lemniscal fibers
in a subset of neurons in the IONC group. In contrast, in the
sham group, we never observed such responses in all of the re-
corded neurons (n = 16 cells) (Fig. 1 E, top). All of the pairs of
EPSCs have the same amplitude and exhibited the paired-pulse
depression by the alternate stimulation, indicative of mono-
innervation in the sham group (sham vs IONC, p < 0.05, x test
for independence).

In contrast to the right VPM, we found that most neurons in
the right VPL (the body-part subdivision in the ventrobasal com-
plex) (72.5%, 29/40) and left VPM (the ipsilateral side of the
VPM; 75.0%, 6/8) still showed mono-innervation after the IONC
(Fig. 2). Thus, the IONC-induced rewiring by multiple lemniscal
fibers was a pathway-specific change, which occurred in the VPM
contralateral to the transected infraorbital nerve.

IONC reduces amplitudes of single-fiber-mediated

lemniscal EPSCs

The amplitudes of NMDAR- and AMPAR-mediated compo-
nents of individual and maximal lemniscal EPSCs were com-
pared between the sham and IONC groups. The mean peak
amplitudes of both AMPAR- and NMDAR-mediated EPSCs of
individual lemniscal fibers in the IONC group were significantly
smaller than those in the sham group (Fig. 3A,C) [AMPAR-
mediated EPSCs: 1.39 = 0.11 nA (n = 199 fibers) and 2.49 * 0.15
nA (n = 98 fibers), respectively, for IONC and sham groups (Fig.
3C,D, left; **p < 0.01, £ test); NMDAR-mediated EPSCs: 0.77 *
0.09 nA (n = 108 fibers) and 1.22 = 0.11 nA (n = 71), respec-
tively, for IONC and sham groups (Fig. 3A, B, left; **p < 0.01)].
However, the mean peak amplitudes of maximal lemniscal
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EPSCs of both AMPAR- and NMDAR-
mediated components were not different
[maximal AMPAR-mediated EPSCs:
2.41 = 0.22nA (n = 46 cells) and 2.71 =
0.22 nA (n = 54), respectively, for IONC
and sham (Fig. 3C,D, right; p = 0.32);
maximal NMDAR-mediated EPSCs:
1.12 = 0.15nA (n = 45 cells) and 1.16 =
0.13 (n = 46), respectively, for IONC
and sham (Fig. 3A, B, right; p = 0.83)].
These results indicate that, although
lemniscal EPSCs of individual fibers
were weakened after the IONC, the
compensatory innervation of lemniscal
fibers maintained maximal lemniscal
EPSCs in a relay neuron.

Weak and strong fibers after the IONC

To further understand the synaptic prop-
erties of the newly recruited fibers after
the IONC, lemniscal fibers were classified
by the correlation between decay time
constants and amplitudes of AMPAR-
mediated EPSCs for individual lemniscal
fibers, using a standard Gaussian mix-
ture model-based technique (Fraley and
Raftery, 2002; McLachlan and Chang,
2004). In brief, we first plotted a two-
dimensional distribution between decay
time constants and amplitudes, and the
distribution was then fitted with a sum-
mation of two independent Gaussians
(see Materials and Methods) (Fig. 4A-C).
All recorded lemniscal EPSCs in the sham
and IONC groups (POD7-POD11) were
pooled together and separated into two
clusters, which could be well discrimi-
nated by the 500 pA threshold of EPSC
peak amplitude with negligible contami-
nation (Fig. 4 D). This way, we classified
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time constant of single-fiber-mediated lemniscal EPSCs is plotted against its peak amplitude. Each symbol represents data
from an individual lemniscal fiber at —70 mV. Histograms shown above and on the right are for EPSC amplitude and decay
time constant, respectively. Inset shows a representative trace of single-fiber-mediated lemniscal EPSCs. B, The same as in
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Each Gaussian was weighted. E, Distinct kinetics of AMPAR-mediated EPSCs among the three types of fibers. The pure
AMPAR component wasisolated in 100 wum oL-APV at — 90 mV. Traces shown are normalized in amplitude [2633, 1436, and
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the two clusters into W- and S-fiber

groups. In the W-fiber group, peak EPSC

amplitudes were typically <500 pA (0.24 £ 0.02 nA, n = 65
fibers). These amplitudes were evidently smaller than those
in sham lemniscal EPSCs. In the S-fiber group, in contrast,
EPSCs typically exhibited >500 pA for peak EPSC amplitude
[2.37 £ 0.13 nA (n = 90 fibers) in the sham group, and 2.06 =
0.13nA (n = 114 fibers) in the IONC group]. Interestingly, we
found that fibers in the IONC group consisted of both W- and
S-fibers, whereas fibers in the sham group consisted exclu-
sively of S-fibers.

In addition, the mean decay time constant of W-fiber EPSCs
(2.84 = 0.18 ms, n = 46 fibers) was significantly larger than that
of S-fibers in the sham group (sham fibers: 1.68 = 0.12 ms, n =
49) and S-fibers in the IONC group (1.94 * 0.09 ms, n = 46) (Fig.
4E; p < 0.001, two-tailed multiple ¢ test with Bonferroni’s cor-
rection following one-way ANOVA). However, there was no sig-
nificant difference in 10-90% rise time of EPSCs between them
[Fig. 4E; p = 0.83, one-way ANOVA, values: 0.5 = 0.0 (n = 47),
0.5 = 0.0 (n = 46), and 0.5 = 0.0 ms (n = 46), respectively, for
sham fibers, S-fibers in the IONC group, and W-fibers in the
IONC group]. Because the dendrite branching, soma size, and
basic membrane properties of recorded neurons were not

changed by the IONC operation [sham and IONC, respectively:
number of primary dendrites: 6.8 = 0.8 and 7.2 = 0.5 (both n =
6 cells); dendritic area: 3174 = 311 and 3225 * 314 wm? (both
n = 6 cells); soma area: 175 * 20 and 192 *+ 23 um? (both n = 6
cells); resting membrane potential: —75.1 £ 0.8 mV (n = 16
cells) and —74.5 = 1.0 mV (n = 17 cells); input resistance:
112.1 = 10.6 MQ (n = 16 cells) and 111.6 = 12.7 MQ (n = 17
cells); membrane capacitance: 82.9 * 2.6 and 76.8 = 3.7 pF (both
n = 26 cells) (p > 0.05 for all, unpaired ¢ test], the larger decay
time constant of W-fiber EPSCs in the IONC group was unlikely
due to the dendritic filtering from the soma to the fibers’ inner-
vation sites.

Time course of rewiring after the IONC

When did the rewiring of lemniscal fibers occur, and which
fiber type (W- or S-fiber) was newly recruited? To address
these questions, we investigated postoperative changes of in-
nervation by W- and S-fibers onto a relay neuron. Before the
IONC, most relay neurons (on P21) were innervated by a
single S-fiber (S-type: 82.5%; 33/40 recorded neurons), while
others were innervated by two S-fibers (SS-type: 17.5%; 7/40)
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Time course of the rewiring after the IONC. 4, Various innervation patterns of lemniscal fibers observed on POD7—-POD11. S- and W-fiber-mediated EPSCs in the IONC group are

represented as gray and black lines, respectively. Several raw traces at —70 mV with different stimulus intensities are superimposed. The S-type receives innervation from a single S-fiber; SS- and
WW- types indicate relay neurons innervated by multiple S- and W-fibers, respectively; the SW-type is innervated by both S- and W-fibers. B, The distributions of neurons with different numbers of
lemniscal inputs showing the time course of the rewiring after the IONC. Arrow indicates the operation day, P21. The first graph represents the data from intact P21 mice and the remaining four
graphs from the IONCmice of POD1-POD2, POD3—P0D4, POD5-POD6, and POD7—-POD 11, respectively. Insets show representative voltage-clamp traces of lemniscal EPSCs from each recording day.
The holding potential was —70 or +40 mV. All time scales: 10 ms. Current scales: 2, 2, 2, 0.5, and 1 nA for P21, POD1-P0OD2, POD3—POD4, POD5—POD6, and POD7—POD11, respectively. C,
Progressive changes in the way of lemniscal fibers innervating relay neurons on P21 and subsequent PODs. Shaded regions indicate the portions of relay neurons that contain input from W-fibers.

Numbers of recorded cells are given at the bottom.

(Fig. 5A,C). After the IONC, however, the proportion of
S-type neurons markedly decreased around POD5-POD6
(60%; 24/40), dropping to a proportion of 27.8% on POD7-
PODI11 (15/54). In contrast, the neurons that were innervated
by an S-fiber and one or more W-fibers (SW-type) became
evident on POD5-POD6 (17.5%; 7/40), and by POD7-POD11
they were the most common neuron type (37.0%; 20/54). We
also found a small number of neurons that were innervated by
a single W-fiber (W-type) or a few W-fibers (WW-type).
Opverall, the proportion of neurons containing W-fibers (SW-,
WW-, and W-types) became statistically significant on
POD5-POD6 compared with the proportion in intact mice on
P21 (p < 0.01) (Fig. 5C; two-tailed multiple z-test with Bon-
ferroni’s correction following x? test for independence). It is
noteworthy that most relay neurons (>90%) in the IONC
group received at least one S-fiber over the postoperative pe-
riod (SW-, SS-, and S-types) (Fig. 5C). Furthermore, the num-
ber of neurons innervated by multiple lemniscal fibers also
became significant on POD6 (p < 0.05) (Fig. 5B; two-tailed
Steel test following Kruskal-Wallis test, n = 40 and 20 cells for
P21 and each of the postoperative days, respectively). These
results indicate that, putatively, W-fibers were newly recruited
lemniscal fibers and the new innervation occurred around
POD5-POD6. S-fibers were presumably pre-existing ones.

Miniature EPSCs of lemniscal fibers in the sham and

IONC groups

The differences in the amplitude and decay time of AMPAR-
mediated EPSCs between W- and S-fibers may result from altered
quantal events at those synapses. To examine this possibility, we
analyzed the kinetics of asynchronous miniature EPSCs of indi-
vidual lemniscal fibers in three fiber groups (S- and W-fibers in
the IONC group, and sham fibers) by replacing 2 mm Ca** with
4 mm Sr** in the ACSF with 100 um DL-APV, a specific NMDAR
antagonist, on POD7-POD11.

Stimulation of individual lemniscal fibers robustly elicited
asynchronous miniature EPSCs under Sr?*-containing ACSF
(Fig. 6 A). The mean amplitudes of miniature EPSCs from both S-
fibers (18.8 == 1.2 pA, p < 0.001) and W-fibers (16.9 * 1.1 pA,
p < 0.001) in the IONC group were significantly smaller than
those from sham fibers (28.5 = 1.9 pA) (Fig. 6 B, C; two-tailed
multiple ¢ test with Bonferroni’s correction following one-way
ANOVA), indicating that the number of individual postsynaptic
AMPARs decreased at lemniscal fiber synapses after the IONC.
Interestingly, the mean decay time constant of miniature EPSCs
from W-fibers (2.64 £ 0.19 ms) was significantly larger than that
from sham fibers (1.63 = 0.14 ms, p < 0.001) and that from
S-fibers in the IONC group (2.03 * 0.10 ms, p < 0.05) (Fig.
6D, E), whereas the mean 10-90% rise time of the three fiber
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groups were virtually identical (Fig. 6 D, F;
p = 0.96, one-way ANOVA; 0.6 = 0.0,
0.6 = 0.0, and 0.6 = 0.0 ms, respectively,
for lemniscal EPSCs in sham fibers,
S-fibers in the IONC group, and W-fibers
in the IONC group).

Relatively abundant GluA2-containing
AMPARs at W-fiber synapses

The kinetics of AMPAR-mediated cur-
rents largely depends on their subunit
compositions (Mosbacher et al., 1994; Liu
and Zukin, 2007). Thus, switches of
AMPAR compositions may account for the
prolonged decay time of miniature EPSCs
and evoked lemniscal EPSCs at W-fiber
synapses after the IONC. Because GluA2-
containing AMPARs have slower kinetics
than do GluA2-lacking AMPARs (Geiger
et al., 1995; Fuchs et al., 2001), one possi-
bility is that GluA2-containing AMPARs
are upregulated at synapses of W-fibers.
Thus, we first investigated the current—
voltage relationship (I-V) of AMPAR-
mediated EPSCs evoked by stimulating
individual lemniscal fibers on POD7-
POD11 (Fig. 7A-C) in the presence of 200
uM D-APV. AMPAR-mediated EPSCs of
sham fibers and S-fibers in the IONC
group exhibited a strong inward rectifica-
tion (Fig. 7A,B) (n = 11 and 14 fibers,
respectively, for sham fibers and S-fibers
in the IONC group), suggesting that they
were mainly mediated by GluA2-lacking
subunit compositions as well as normal
lemniscal EPSCs (Arsenault and Zhang,
2006; Wang and Zhang, 2008). However,
EPSCs elicited by stimulation of a W-fiber
(n = 10) exhibited a significantly weak in-

ward rectification compared with those of sham fibers and
S-fibers in the IONC group (Fig. 7A, B, both p < 0.01, two-way
repeated ANOVA) (Fig. 7B; W-fiber vs sham fiber, *p < 0.05,
**p <0.01, two-tailed multiple ¢ test with Bonferroni’s correction
following one-way ANOVA). The mean rectification index (EP-
SCs at +40 mV/at —40 mV) of W-fibers (0.44 * 0.05) was sig-
nificantly larger than those of sham fibers (0.29 = 0.03, *p <
0.05) and S-fibers in the IONC group (0.26 * 0.02, **p < 0.01)
(Fig. 7C; two-tailed multiple t test with Bonferroni’s correction
following one-way ANOVA). Next, we conducted pharmacolog-
ical experiments using spermine and pentobarbital, specific in-
hibitors for GluA2-lacking and GluA2-containing AMPARSs,
respectively (Yamakura et al., 1995; Isa et al., 1996; Washburn
and Dingledine, 1996). We found that bath-applied 1 mM sperm-
ine was less effective for inhibiting EPSCs of W-fibers (37.0 =
5.6%, n = 8 fibers) than it was for inhibiting EPSCs of sham fibers
(57.7 = 3.6%, **p < 0.01, n = 7) and S-fibers in the IONC group
(63.0 £ 2.9%, **p < 0.001, n = 11) (Fig. 7D,E). In contrast,
bath-applied 100 uM pentobarbital inhibited EPSCs of W-fibers
(30.0 = 11.1%, n = 7 fibers) more efficiently than those of sham
fibers (8.3 = 1.8%, *p < 0.05, n = 10) and S-fibers in the IONC
group (9.2 £ 2.4%, *p < 0.05, n = 7) (Fig. 7F, G). These results
indicate that GluA2-containing AMPARs were relatively abun-

dant at W-fiber synapses.
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Figure 6.  Analysis of asynchronous miniature EPSCs from individual lemniscal fibers. 4, Representative traces of pure AMPAR-
meditated asynchronous miniature EPSCs evoked by single lemniscal fiber stimulation in the presence of 4 mm Sr2* ions. B,
Averaged traces of asynchronous miniature EPSCs. Traces of 1517, 1341, and 1015 events from 12, 8, and 7 cells were averaged,
respectively, for sham fiber (broken line), S-fiber in the IONC group (gray line), and W-fiber in the IONC group (black line). D, The
same data as in B, but normalized by amplitude. C, E, F, Mean cumulative probabilities of amplitude, decay time constants, and
10-90% rise time, respectively. Data are represented as the mean = SEM.

IONC causes upregulation of GluA2 expression in the
contralateral VPM

To confirm the upregulation of GluA2 containing AMPARSs after
the IONC more directly, we used immunofluorescent labeling
with antibodies against GluA2 and VGIluT2, a marker for termi-
nals in lemniscal fibers (Graziano et al., 2008) (Fig. 8). At lower
magnification, fluorescence intensity for GluA2 in the VPM was
much weaker than that in the cerebral cortex, the hippocampus,
and the striatum (Fig. 8A). Nevertheless, signal intensity was
higher in the contralateral VPM than in the ipsilateral VPM after
the IONC (Fig. 8 A). This difference was consistently observed in
each of the three mice examined. At higher magnification, punc-
tate immunolabeling for GluA2 was densely distributed in the
neuropil, and some labeled puncta were associated with VGluT2-
positive terminals (Fig. 8 B,C). Because VGIuT2 in the VPM is
only located at the terminals made by lemniscal fibers (Graziano
et al., 2008), the fluorescence intensity of VGluT2-associated
GluA2-positive puncta is a good index for quantifying the GluA2
expression level at lemniscal synapses. The fluorescence intensity
of VGluT2-associated GluA2-positive puncta and the intensity in
the adjacent GluA2-negative area were measured for GluA?2 sig-
nal and background levels, respectively, in both the ipsilateral and
contralateral VPM. The signal-to-background ratio in the con-
tralateral VPM exhibited a significant increase (~40%) com-
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0.02 nA, n = 29 fibers) (Fig. 9A,B; **p <
0.01, two-tailed multiple ¢ test with Bon-
ferroni’s correction following one-way
ANOVA). However, the peak current ra-
tio of NMDAR/AMPAR at W-fiber EPSCs
was significantly larger than those at sham
fiber EPSCs and S-fiber EPSCs in the
IONC group (sham fibers: 0.42 = 0.03,
n = 53 fibers; S-fibers in the IONC group:
0.45 = 0.03, n = 60 fibers; and W-fibers in
the IONC group: 0.90 * 0.06, n = 29 fi-
bers) (Fig. 9A,C; **p < 0.01). On the
other hand, no difference was observed in
the I-V relationship and decay time con-
stant of NMDAR-mediated EPSCs <20
uM NBQX, a non-NMDA glutamate re-

ceptor antagonist, among the three fiber
groups (Fig. 9D-G; both p > 0.05). These
results thus indicate that there was no
change in the composition of NMDARs
after the IONC.

Altered presynaptic properties of
W-fibers

To assess presynaptic properties of the
three types of fibers, paired-pulse ratio
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Figure 7.

pared with that in the ipsilateral VPM (mean * SEM,
contralateral VPM: 129.1 = 4.8 n = 727 puncta; ipsilateral VPM:
81.2 = 1.7, n = 800 puncta; p < 0.001, Mann—Whitney U test),
thereby confirming that the IONC operation resulted in the up-
regulation of GluA2 expression in the lesioned VPM.

NMDAR-mediated component of lemniscal EPSCs after

the IONC

We next examined postoperative changes in NMDAR-mediated
EPSCs on POD7-POD11. Similar to AMPAR-mediated EPSCs,
NMDAR-mediated EPSCs of W-fibers were also smaller than
those in both sham fibers and S-fibers in the IONC group (sham
fibers: 1.22 = 0.11 nA, n = 71 fibers; S-fibers in the IONC group:
0.93 £ 0.11 nA, n = 63; and W-fibers in the IONC group: 0.18 =

Relatively abundant GluA2-containing AMPARs at W-fiber synapses. A, Representative raw traces of pure AMPAR-
mediated lemniscal EPSCs at holding potentials ranged 260 mV in 10 mV steps in the three types of fibers. B, Current—voltage
relationships of pure AMPAR-mediated lemniscal EPSCs in the three types of fibers. Asterisks indicate a significant difference
between sham fiber and W-fiber in the IONC group. €, Summary bar graphs showing rectification indexes defined as EPSC ampli-
tudeat +40mV divided by thatat —40 mV.n, Number of fibers. D, Representative traces of the AMPAR-mediated lemniscal EPSCs
in the presence (black) and absence (gray) of exogenously applied 1 mm spermine, an inhibitor of GluA2-lacking AMPARs. Each
trace is the average of six consecutive raw traces. E, Summary bar graphs showing inhibitory effects of spermine on EPSC ampli-
tude. n, Number of fibers. F, G, The same conventions as in D and E, respectively, but with 100 pum pentobarbital, an inhibitor of
GluA2-containing AMPARs. All data are represented as the mean == SEM. Statistical significance was tested by multiple ¢ test with
Bonferroni’s correction following one-way ANOVA. *p << 0.05; **p << 0.01; n.s., not significant (two-tailed test).

and coefficient of variation (CV) of EPSC
amplitude were analyzed. The paired-
pulse ratio (second EPSCs/first EPSCs)
and CV value correlate negatively with
the probability of transmitter release
(Chuhma and Ohmori, 1998; Zucker and
Regehr, 2002). The paired-pulse ratio of
W-fiber EPSCs was larger than those of
sham and S fiber EPSCs, especially at short
interstimulus intervals (Fig. 10A,B; p <
0.05 vs sham fiber; p < 0.01 vs S-fiber,
two-way repeated ANOVA; n = 6, 10, and
6 fibers for sham fiber, S-fiber, and
W-fiber in the IONC group, respectively).
These results suggest that W-fiber syn-
apses have a lower release probability.
Consistent with these results, the CV
value (calculated from 30 consecutive EP-
SCs) of W-fibers in the IONC group
(0.147 * 0.021) was significantly larger
than that of sham fibers (0.048 = 0.005)
and S-fibers in the IONC group (0.051 =
0.006) (Fig. 10C, **p < 0.01, 25 fibers for
both fiber types, two-tailed, multiple # test with Bonferroni cor-
rection following one-way ANOVA). In contrast, both param-
eters were not different between S-fibers in the IONC group
and sham fibers (p > 0.05).

Whisker deprivation and activity blockade of the infraorbital
nerve do not induce new innervations by multiple lemniscal
fibers

Previous studies showing that afferent fibers onto a thalamic relay
neuron are rewired in the late absence of sensory experience in
the mature visual thalamus (Hooks and Chen, 2006, 2008) raise
the concern that IONC-induced innervations by multiple lem-
niscal fibers could be attributed to the lack of sensory experience.
To test this possibility, we plucked out all large whiskers on the
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Figure8. The IONCoperation causes small but significant increase in GluA2 expression
in the contralateral VPM. A, A photomontage at low magnification showing a mild in-
crease in GluA2 immunoreactivity in the contralateral VPM. B, C, Images at high magni-
fication showing double immunofluorescence for GluA2 (red) and VGIuT2 (green) in the
ipsilateral (B,) and contralateral (C;) VPM and single immunofluorescence for GluA2 (B,,
(), respectively. Note that fluorescence intensity of VGluT2-associated GluA2 immunola-
beling (indicated by arrows) is increased in the contralateral VPM. Hi (DG), Hippocampus
(dentate gyrus); Rt, reticular nucleus of thalamus; Str, striatum; contra, contralateral; ipsi,
ipsilateral. Scale bars: A, 1mm; (in C;) Band C, 5 um.

left snout from P21 throughout recording days P28-P32 (Fig.
11A), the time course of which was identical to that of the IONC
experiment. We found that there was no difference in the number
of lemniscal fibers onto a relay neuron between the intact and
deprived groups (Fig. 11 B, C; p = 1.00, two-tailed KS test, n = 31
and 24 cells for intact and deprived groups, respectively). Fur-
thermore, in an additional set of experiments, we inhibited action
potentials of the infraorbital nerve with TTX, which blocks both
sensory inputs and spontaneous activity. We achieved continu-
ous blockade of the activity of the infraorbital nerve by surgically
implanting pieces of a slow-releasing polymer, EVAFLEX™,
which contained TTX, on the infraorbital nerve from P21, then
performing recordings on P28-P32 (Fig. 11 D). The TTX treat-
ment did not alter the number of lemniscal fiber inputs onto a
relay neuron (Fig. 11E,F; p = 1.00, two-tailed KS test, n = 6 and
28 cells for saline- and TTX-treated groups, respectively). These
results thus provide direct evidence that both sensory deprivation
and activity blockade of the infraorbital nerve are not essential for
the induction of IONC-mediated multiple innervation of lemnis-
cal fibers onto a relay neuron.

Discussion

In the present study, we found a novel rewiring of lemniscal
fibers onto a relay neuron in the contralateral VPM induced by
the IONC operation (Fig. 1), which began around POD5—
POD6. The rewiring, by newly recruited multiple lemniscal
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fibers onto a single thalamic neuron, was pathway specific, but
did not depend on the lack of sensory experience or the activity
blockade of the ION. Furthermore, GluA2-containing
AMPARSs, which are negligible in the adult mouse VPM, were
preferentially incorporated at newly formed lemniscal
synapses.

Newly recruited lemniscal fibers innervate a thalamic neuron
after the IONC from POD5 to POD6

It has been thought that the functional reorganization of recep-
tive fields at supraspinal levels after peripheral sensory nerve in-
jury occurs initially through changes in the strength and efficacy
of existing synapses, rather than active structural alterations such
as the sprouting of axons and the remodeling of neuronal circuits.
Structural alterations at supraspinal levels are generally consid-
ered to take months or even years to occur after peripheral nerve
injury, and this alternation is responsible for the consolidation of
the reorganization of receptive fields over time after the injury
(Kaas etal., 2008). Conversely, a recent study has revealed a rapid
remodeling of spines in the somatosensory cortex after the injury
of the sciatic nerve (Kim and Nabekura, 2011), although it still
remains unclear whether the remodeling also takes place at the
presynaptic axon terminals, which are a counterpart to the re-
modeled spines.

A remarkable finding in the present study is the rapid post-
operative change in the rewiring of lemniscal synapses onto a
single VPM neuron after the IONC. Our electrophysiological
results demonstrate that W-fibers, a type of newly recruited
fiber, emerged around POD5-POD6. This time course of
trans-synaptic rewiring, similar to that observed in the spinal
cord and brainstem regions (Erzurumlu et al., 1989; Woolf et
al., 1990, 1992), was faster than expected. Therefore, the re-
wiring of lemniscal fibers at the VPM proceeds in parallel to
structural alterations at subthalamic levels after the IONC,
long before the functional reorganization of receptive fields is
consolidated (Pons et al., 1991; Jones and Pons, 1998).

After the IONC, the mean amplitude of single-fiber-mediated
EPSCs was reduced, whereas those of maximal EPSCs on a relay
neuron were maintained at the intact level (Fig. 3). These results
suggest that the IONC-induced rewiring was in fact a form of
homeostatic plasticity to maintain postsynaptic inputs onto a
relay neuron; the reduced synaptic currents were compensated by
recruiting additional lemniscal fibers. Decrease in the mean am-
plitude of AMPAR-mediated single-fiber lemniscal EPSCs in the
IONC group was mainly due to the incorporation of W-fibers,
because W-fiber EPSCs were evidently small. However, S-fiber
synapses also became slightly weaker (~87.1% of sham fiber
EPSCs) after the IONC. This may have stemmed from the de-
crease in mEPSC amplitude. There was no difference between the
rise times of miniature and evoked EPSCs mediated by S- and W-
fibers in the IONC group and sham fibers. In addition, the IONC
did not influence the dendritic morphology, resting potential,
membrane capacitance, or input resistance of relay neurons.
Thus, newly recruited fibers presumably innervate soma or prox-
imal dendrites of relay neurons as normal lemniscal fibers do
(Peschanski et al., 1984). Although the source of additional re-
cruited fibers is unclear, they may form new synapses adjacent to
existing synapses, and/or replace synapses of previously con-
nected lemniscal fibers, similar to those observed in neuromus-
cular junction after motor neuron injury (Brown et al., 1981).
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Figure9.  NMDAR-mediated component of lemniscal EPSCs after the IONC. A, Representative traces of lemniscal EPSCs medi-

ated by a sham fiber, an S-fiber in the IONC group, and a W-fiber in the IONC group. Several raw traces with different stimulus
intensities are superimposed. B, Summary bar graphs showing the mean of amplitude of NMDAR-mediated (left) and AMPAR-
mediated (right) EPSCs. n, number of fibers. ¢, Summary bar graph showing the mean of NMDAR/AMPAR ratios (+40/—70 mV)
from single-fiber-mediated lemniscal EPSCs. n, number of fibers. D, Representative raw traces of pure NMDAR-mediated lemniscal
EPSCs at holding potentials between +40and —100 mVin 10 mV steps with <20 pum NBQX. E, Current—voltage relationships of
pure NMDAR-mediated lemniscal EPSCs. The number of tested fibers was 9, 10, and 10, respectively, for sham fibers, S-fibersin the
IONCgroup, and W-fibers in the IONC group. F, Representative traces of pure NMDAR-mediated EPSCs are normalized by their peak
amplitudes. Peak currents were 671, 1321, and 261 pA, respectively, for a sham fiber, an S-fiber in the IONC group, and a W-fiber
inthe IONC group. G, Summary bar graphs showing the decay time constants of NMDAR-mediated EPSCs from each of three kinds
of fibers. n, Number of fibers. All data are expressed as the mean == SEM. Statistical significance was tested by two-tailed multiple
t test with Bonferroni's correction following one-way ANOVA (B, (), one-way ANOVA (G), and two-way repeated ANOVA (E),
respectively. **p << 0.01. n.s., Not significant.

Relatively rich GluA2-containing AMPARs and distinct
presynaptic properties at newly formed synapses

The rodent somatosensory thalamus in normal adults exhibits
very little expression of GluA2 mRNA and GluA?2 proteins (Sato
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et al., 1993; Mineff and Weinberg, 2000).
In particular, matured lemniscal synaptic
responses are mainly mediated by GluA2-
lacking AMPARs (Arsenault and Zhang,
2006; Wang and Zhang, 2008), which
contribute most likely to the precisely
timed firing of relay neurons in response
to afferent inputs (Montemurro et al.,
2007). In this context, it is of great interest
to note in our study that the IONC up-
regulated GluA2-containing AMPARs
selectively at newly recruited fiber syn-
apses (W-fiber synapses). GluA2 has
dominant roles in the AMPAR trafficking
to synaptic sites through the interaction
with receptor-trafficking proteins (Col-
lingridge et al., 2004). Exocytosis of
GluA2 is rapid and occurs constitutively
under the basal condition, leading to sta-
bilization of synaptic strength (Passafaro
et al., 2001). Recently, it was also found
that the N-terminal domain of GluA2 in-
teracts with N-cadherin, which activates
cofilin-mediated signals, and this com-
plex is associated with structural and
functional synaptic plasticity (Silverman
et al., 2007; Zhou et al., 2011). Thus, it is
likely that GluA2 plays a crucial role in not
only establishing the receptor number at
synapses, but also the structural plasticity
of spines. Furthermore, from a develop-
mental perspective, the GluA2 subunit is
highly expressed during the early devel-
opmental stage and declines gradually
during maturation in the thalamus
(Pellegrini-Giampietro et al., 1992; Spre-
afico et al, 1994). A large NMDAR/
AMPAR ratio, which was exhibited at
W-fiber synapses in our study, is fre-
quently observed at immature synapses in
several kinds of neurons. In addition,
large paired-pulse ratio and CV values at
W-fiber synapses suggest the lower release
probability, which is also reported at im-
mature synapses (Chuhma and Ohmori,
1998). Therefore, W-fibers may have a
feature of immature synapses. In contrast,
S-fiber synapses were of the same nature
as sham fiber synapses in the presynaptic
properties and postsynaptic glutamate
composition, strongly suggesting that S fi-
bers are pre-existent fibers.

Sensory deprivation is not crucial for
the IONC-induced rewiring of
lemniscal fibers

Our results indicate that the IONC-
mediated rewiring of lemniscal fibers was
sensory pathway specific. Neither sensory

deprivation nor the activity blockade of the ION was essential for
the rewiring of lemniscal fibers. These results are consistent with
evidence that axon branches are relatively stable under sensory
deprivation in the somatosensory cortex of mature mice (Tra-
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Figure 10.  Altered presynaptic properties at W-fiber synapses. A, Representative traces of
lemniscal EPSCs evoked by paired-pulse stimulation at a 50 ms interstimulus interval. Traces
were normalized by peak amplitude of the first EPSC (2101, 5829, and 381 pA, respectively, for
a sham fiber, an S-fiber in the IONC group, and a W-fiber in the IONC group). Horizontal lines
indicate peak amplitudes of the second EPSCs. B, The mean of paired-pulse ratios plotted as a
function of the interstimulus interval. The numbers of tested fibers are 6, 10, and 6, respectively,
for sham fibers, S-fibers in the IONC group, and W-fibers in the IONC group. Each point repre-
sents the mean = SEM. Statistical significance was tested by two-way repeated ANOVA. *p <
0.05. **p < 0.01. €, The coefficient of variation of 30 consecutive EPSC amplitudes was calcu-
lated and summarized. Each column represents the mean = SEM from 25 separate fibers.
Statistical significance was tested by two-tailed multiple ¢ test with Bonferroni’s correction
following one-way ANOVA. **p < 0.01.

chtenberg et al., 2002). Moreover, the spontaneous firing rate in
the rodent principle trigeminal nucleus is very low (<1 Hz)
(Waite, 1984). In our preliminary experiment, the spontaneous
firing of neurons in the nucleus did not differ between the sham
and IONC groups in anesthetized mice. Thus, the activity of the
trigeminal nucleus may not also be essential. In contrast to the
somatosensory pathway, the rewiring of retinogeniculate fibers
on a thalamic relay neuron depends largely on late visual experi-
ence in mature mice (Hooks and Chen, 2006, 2008). These results
suggest that the triggers to the rewiring of afferent fibers in the
thalamus are different in each sensory pathway.

Other than the activity dependence, there may be other mech-
anisms underlying the rewiring of lemniscal fibers. It has been
previously reported that BDNF can promote the survival of spe-
cific neuronal populations and growth of their neurites through
TrkB after peripheral nerve injury (Boyd and Gordon, 2003). A
recent study has demonstrated that the upregulation of BDNF in
microglia also plays an important role in the axonal regeneration
of injured primary afferents in the mesencephalic trigeminal tract
nucleus of the rodent (Ichikawa et al., 2011). Thus, upregulation
of BDNF by microglial activation in the trigeminal nucleus may
underlie the rewiring of lemniscal fibers. Another possibility is
that the axonal transport from peripheral to the trigeminal nu-
cleus may be disrupted by the IONC. Previous studies have re-
vealed that the axonal transport, but not nerve activity, is
required for proper neural circuitry during development (Hen-
derson et al., 1992; Chiaia et al., 1996). The axonal transport may
also play a prominent role in maintaining the proper neural wir-
ing even in the adult circuitry.
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Figure 11.  Neither whisker deprivation nor activity blockade of the infraorbital nerve in-
duces multiple innervation of lemniscal fibers. A, The experimental schedule of whisker depri-
vation, which was performed every day from P21 to the recording day. B, Representative traces
of lemniscal EPSCs from a deprived mouse, showing an all-or-none fashion. (, The distributions
of neurons with different numbers of lemniscal inputs for the intact and deprived VPM. n,
Number of cells. D, The experimental schedule of the infraorbital nerve blockade. Each arrow
indicates the implantation day of EVAFLEX™ (EV) pieces containing either saline or tetrodotoxin
(TTX). E, Representative traces of lemniscal EPSCs after EV-TTX implantation, showing an all-
or-none response. F, The distributions of relay neurons in the VPM with different numbers of
lemniscal inputs for the EV-saline-treated and EV-TTX-treated mice. n, Number of cells.

Functional implication of the IONC-induced rewiring of
lemniscal fibers

It is generally believed that there are three phases in the reorga-
nization process after peripheral nerve injury (Wall et al., 2002):
an immediate phase of changes in the receptive fields by unmask-
ing pre-existing neural circuitry that is normally latent; a sub-
acute phase lasting weeks or months, during which the new
representation of the receptive fields is consolidated, but its top-
ographic order is restored; and a late phase for consolidation of
the final reorganization of receptive fields, such as the use-
dependent refinement of the internal topography. The IONC-
induced rewiring of lemniscal fibers occurs in the subacute phase
after peripheral nerve injury. Newly recruited lemniscal fibers
(W-fibers) may participate in the expansion of representations
and/or the emergence of the new representation of receptive
fields, which are observed in the subacute phase. Although a W-
fiber has <500 pA of an AMPAR-mediated EPSC, the specific
expression of a GluA2-containing AMPAR and a relatively rich
NMDAR, both of which have slow kinetics, ensure larger synaptic
charge. Therefore, a W-fiber may drive the relay neuron firing as
an immature retinogeniculate fiber does (Liu and Chen, 2008). In
addition, these postsynaptic features of W-fiber synapses may
underlie abnormal firing in thalamic relay neurons after periph-
eral nerve injury (Lenz et al., 1998). Future studies are warranted
to elucidate the consequence of the multiple innervation of lem-
niscal fibers over time; that is, how the rewiring process eventu-
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ally refines and consolidates the reorganized somatosensory
thalamic circuitry in response to the injury.
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