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Chapter 1: Developmental changes of lemniscal synapses

Chapter 1: Development of afferent synapses in the
somatosensory thalamus of mice

Abstract

Lemniscal synapses in the ventroposterior medial (VPM) thalamic nucleus are afferent
synapses, at which somatosensory information from the trigeminal nuclei is transmitted.
Functional development of lemniscal synapses has been already described on postnatal days 7
- 24 (P7 - 24) in mice; however, precise time course of the entire postnatal development
remains unknown. Here, I propose three distinct stages of developmental remodeling at
lemniscal synapses based on synaptic properties and innervation patterns of lemniscal fibers
onto a relay neuron. My findings are as follows: (1) During the first stage (PO - 6), the number
of lemniscal fibers which innervate a relay neuron increases. The amplitude of total lemniscal
EPSCs via both NMDA and AMPA receptors rapidly grows at the end of this stage. (2)
During the second stage (P7 - 20), redundant lemniscal fibers are dramatically eliminated. As
a result, a relay neuron becomes monoinnervated by P21. Silent lemniscal synapses disappear
during this stage. The AMPAR/NMDAR ratio of EPSC gradually increases in a similar time
course. Moreover, the decay time of AMPAR-mediated EPSCs becomes shorter during this
stage. A switch of alternative splice variants of AMPA receptor subunits (from flip to flop)
underlies the phenomenon. (3) During the third stage (P21~), all synaptic properties are stable,

indicating that the development is already completed.



Chapter 1: Developmental changes of lemniscal synapses

Introduction

Precise synaptic connections and appropriate synaptic transmission are essential for proper
functions of the nervous system. During the postnatal development, precise synaptic
connections are sculpted via excessive synaptic formation and subsequent synapse elimination
in both the peripheral and central nervous systems (CNS) (Purves and Lichtman, 1980; Kano
and Hashimoto, 2009). Appropriate synaptic transmission is also built up via postnatal
maturation processes, which include strengthening of specific synapses, changes in release
probability, and switches of postsynaptic receptors. Although it is obviously important to
investigate such remodeling of well identified synapses throughout postnatal development, it
has been done at only few synapses in the CNS for its complexity.

Lemniscal synapses in the ventroposterior medial (VPM) thalamic nucleus are
afferent synapses, at which relay neurons receive the whisker-related somatosensory
information from the trigeminal nuclei in rodents. The whisker sensory pathway of rodents is
one of the most studied sensory pathways on its precise somatotopic organization and fast
encoding of tactile sensation (Woolsey and van der Loos, 1970; Killackey et al., 1995; Ahissar
et al., 2000; Krupa et al., 2004; Petersen, 2007; Fox, 2008). Lemniscal synapses are very
unique in that a relay neuron is innervated by a few lemniscal axons and the synaptic
transmission is very fast, reliable, and in an all-or-none fashion. We can developmentally

count the number of lemniscal fiber innervation onto a relay neuron in in vitro slice
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preparation with whole-cell patch-clamp methods, as it has been done at climbing
fiber-Purkinje cell synapses (Hashimoto and Kano, 2005). Thus, the aim of the present
chapter is to study the postnatal development of lemniscal synaptic connections and
transmission.

Anatomically, the postnatal development of lemniscal synapses of rodents is well
characterized at both light and electron microscopy levels. On late pregnancy, developing
lemniscal fibers arrive at VPM and elaborate their arbors in the nucleus (Leamey and Ho,
1998; Jones, 2007). Around postnatal days 3 - 4 (P3 - 4), lemniscal fibers are segregated
according to afferent information, resulting in the complex of functional cylindrical units
called barreloid, each of which is an analogous structure to a large whisker on snout (Van Der
Loos, 1976; Woolsey et al., 1979). The terminals of a lemniscal fiber from the principle
sensory nucleus of trigeminal nerve are confined to the single cylindrical structure (Williams
et al., 1994; Veinante and Deschénes, 1999). After the establishment of topographic map, the
number of lemniscal synapses dramatically increases in the ultrastructure level between P9
and 13 (Matthews and Faciane, 1977; Yamakado, 1985). The synaptic complex with glia
ensheathment called synaptic glomerulus, which is characteristic of lemniscal synapses, is
built up to the mature structure by P13 (Spa¢ek and Lieberman, 1974; Matthews and Faciane,
1977; Yamakado, 1985; De Biasi et al., 1996).

In contrast to these anatomical data, functional data are not sufficient to understand
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the entire postnatal development. Just before the birth, weak synaptic transmission via

lemniscal fibers becomes detectable (Leamey and Ho, 1998). Because strong synaptic

transmission with high release probability has already observed as early as P7 (Arsenault and

Zhang, 2006), significant development during the first postnatal week is suggested. During

the second and the third postnatal weeks, developmental synapse elimination and a switch

from NMDAR- to AMPAR-dominated transmission at lemniscal synapses have been reported

(Arsenault and Zhang, 2006), which results in fast all-or-none transmission (Miyata and

Imoto, 2006). The period during which Arsenault and Zhang studied lemniscal synapses

presumably corresponds to a refinement stage of the development. In that period, other

developmental processes such as changes in AMPA receptor subunit composition may also

mediate the refinement. Hence, both during initial stages and refinement stages of the

development, further functional studies are needed.

Here, I studied developmental changes of lemniscal synapses from just after birth to

P39 using whole-cell patch-clamp recordings in brain slice preparations of mice. I found the

substantial formation of synaptic connection and strengthening of lemniscal synapses during

the first postnatal week. During the next two weeks, redundant lemniscal fibers were

eliminated, and the kinetics of lemniscal EPSCs became faster. All properties of lemniscal

synapses and morphological properties of relay neurons were stable after P21. Taken together,

I conclude that the development of lemniscal fiber-relay neuron system is completed by P21.
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Materials and Methods

Animals

All experiments described here were approved by the Animal Care and Use Committee of the
National Institute for Physiological Sciences (Okazaki, Japan), and were performed according
to the institutional guidelines concerning the care and handling of experimental animals.
C57BL/6 Cr Slc mice (PO - 39) of both sexes were used in this study. The strain was
purchased from Nihon SLC (Hamamatsu, Japan). Mice were provided with a commercial diet
(CE-2, Nihon Clea, Tokyo, Japan) and water ad libitum with controlled temperature, humidity,

and lightning (12 h light/dark cycle).

Preparation

Mice were decapitated under deep anesthesia with isoflurane (Abbott Japan, Tokyo, Japan).
Parasagittal 300-um-thick slices containing the VPM (Arsenault and Zhang, 2006) were
prepared using a microslicer (VT1200S; Leica, Nussloch, Germany) in an ice cold Na'-free
solution (in mM; 234 sucrose, 2.5 KCl, 1.25 NaH,;PO,4, 10 MgCl,, 0.5 CaCl,, 25 NaHCOs, 0.5
myo-inositol, and 11 glucose) equilibrated with 95%0,-5%CO,. Slices were then transferred
in an incubation chamber containing artificial cerebrospinal fluid (ACSF) (in mM; 125 NaCl,
2.5 KCl, 1.25 NaH,POy4, 1 MgSQy, 2 CaCl,, 26 NaHCOs, and 20 glucose) equilibrated with

95%0,-5%CO0,;. The brain slices were kept at 32°C for 30 min, and then at room temperature
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until just before the recording. Each slice was transferred into the submerge-type recording
chamber (Sakmann and Stuart, 1995) and perfused by ACSF kept at 30 - 32°C at a rate of 2.5
- 3.0 ml min". During experiments, 10 uM bicuculline methochrolide (Tocris Cookson,
Bristol, UK) and 1 uM CGP55845 (Tocris Cookson) were added into the superfusate to block

GABA4 and GABAGg receptors, respectively.

Whole-cell patch-clamp recordings of lemniscal EPSCs

Patch pipettes were made from borosilicate capillaries (O.D., 1.5 mm; [.D., 0.87 mm;
Hilgenberg, Malsgeld, Germany or Harvard apparatus, Holliston, MA, U.S.A.). The
resistance of patch pipettes was 2 - 5 MQ when filled with an intracellular solution; (in mM)
120 CsMeSOs;, 10 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). 5% biocytin was also included for the cell
labeling. Calculated and measured liquid junction potential (-13.0 mV) was not compensated
unless otherwise noted.

Whole-cell voltage-clamp recordings were made from relay neurons in the VPM
under visual guidance using an upright microscope (BX51WI, Olympus, Tokyo, Japan) with
an infrared differential interference contrast video system (C3077-79 with C2741-62,
Hamamatsu Photonics, Hamamatsu, Japan). The location of the VPM was validated according

to the adult or the developing mouse brain atlas (Paxinos and Franklin, 2001; Paxinos et al.,
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2007). Identification of relay neurons in the VPM was conducted by cytocromeoxidase

staining and biocytin labeling. The pipette series resistance (Rs) was compensated by 50 -

90%. Cells were rejected if Rs increased above 20 MQ.

Recordings and data acquisition were performed by using an EPC9 amplifier (HEKA

Elektronik, Lambecht, Germany) with PULSE software (version 8.80, HEKA Elektronik) or a

MultiClamp700A amplifier (MDS, Toronto, Canada) and Digidata 1322A (MDS) with

pClamp8 software (MDS). When the EPC9 amplifier was used, signals were serially filtered

at 10 kHz (-3 dB) by a three-pole Bessel filter and at 3 kHz (-3 dB) by a four-pole Bessel

filter. When the MultiClamp700A amplifier was used, signals were filtered at 3 kHz (-3 dB)

by a four-pole Bessel filter. Signals were digitized at 50 kHz. Data analysis was performed

using IgorPro software (Wavemetrics, Lake Oswego, OR, U.S.A.).

Lemniscal fiber responses

To evoke lemniscal fiber-mediated EPSCs, I used a concentric electrode (tip diameter, 25 um;

IMB-160820, InterMedical, Nagoya, Japan). The stimulus electrode was placed on the medial

lemniscal fiber bundle which was visually identified (Arsenault and Zhang, 2006). The

electrical stimulation was consisted of bipolar square pulses (duration, 10 ps; interval, 100 ps)

of constant currents (typically 10 - 400 pA), and delivered at 0.1 Hz via a biphasic isolator
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(BSI-2, BAK Electronics, Oxford, UK). Test stimulations were delivered by paired-pulse

stimulation with the interpulse interval of 50 ms.

The criteria of lemniscal EPSCs are as follows: (1) all-or-none or stepwise

increments of EPSCs with the distinct threshold(s) in response to increasing stimulus intensity

(Arsenault and Zhang, 2006; Miyata and Imoto, 2006); (2) paired-pulse depression

(Castro-Alamancos, 2002; Miyata and Imoto, 2006); (3) faster rise and decay time than those

of corticothalamic EPSCs (typically < 1ms and < 4 ms, respectively) (Miyata and Imoto,

2006); (4) Smaller coefficient of variation of amplitude of EPSCs than that of corticothalamic

EPSCs (Miyata and Imoto, 2009). These criteria are similar to those of retinogeniculate

synapses (Turner and Salt, 1998; Chen and Regehr, 2000; Granseth et al., 2002). At the very

early developmental stage (PO - 6), there has been no description on synaptic properties of

lemniscal synapses. I confirmed that even at very early developmental stage these criteria are

still valid in distinguishing lemniscal EPSCs from corticothalamic EPSCs (evoked by

stimulation of internal capsule) (data not shown).

I monitored Rs throughout recordings by applying a short negative voltage pulse (-5

mV from holding potential for 10 ms), and recordings were discarded when Rs varied by >

20%. Only recordings taken under a low Rs condition ( < 10 MQ, compensated for up to

90%) were used in analyses of EPSC kinetics.
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Numbers of lemniscal fibers onto a relay neuron were estimated by counting discrete

steps of EPSCs both at -70 mV and +40 mV with the stimulus intensity ranged 10 - 400 A

with 1 - 50 pA increments (Chen and Regehr, 2000; Arsenault and Zhang, 2006; Hooks and

Chen, 2006, 2008; Wang and Zhang, 2008). Before and after each threshold, several stimuli,

3-10 times, were delivered at the same intensity to confirm that the increment did not derive

from the variation among the same number of fibers. At an early developmental stage (PO - 9),

the amplitude of each single fiber-mediated EPSC is so small that steps of EPSCs were

sometimes not distinguishable, which led me conservative in counting. At the end of the

counting, I confirmed the absence of extra lemniscal fiber inputs by a strong stimulation, the

intensity of which was two-fold greater than the largest threshold. I also confirmed that each

lemniscal fiber-mediated EPSC onto a relay neuron isolated by offline-subtraction is

consistent with the criteria described above.

Total EPSCs (saturated EPSCs of a given relay neuron) and isolated each single

lemniscal fiber-mediated EPSCs were subject to offline analyses using IgorPro. The

amplitude of AMPAR- and NMDAR-mediated components was measured as peak height of

EPSCs recorded at -70 mV and +40 mV, respectively. Because AMPAR-mediated component

decays rapidly, the component is negligible when NMDAR-mediated component reaches its

peak conductance (> 6 ms after the initial of EPSCs) (Arsenault and Zhang, 2006). The

AMPA/NMDA ratio was defined as the ratio of the amplitude at -70 mV to that of at +40 mV.
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The decaying phase of EPSCs at -70 mV and at +40 mV was fitted with a single exponential

function to determine the decay time constant of AMPAR- and NMDAR-mediated

components, respectively (Miyata and Imoto, 2006). But when an obvious NMDAR-mediated

component was observed even at -70 mV, typically on PO - 9, a double exponential function

was used for fitting.

The contribution ratio

I defined the contribution ratio for each relay neuron as the ratio of amplitude of the largest

single fiber-mediated lemniscal EPSCs to that of total (saturated) lemniscal EPSCs. This

value was affected by both innervation patterns and competition among lemniscal fibers. The

contribution ratio I defined here focuses on a surviving strong fiber during synapse

elimination, whereas the disparity ratio demonstrated by Hashimoto and Kano (2003) focuses

on one of the remaining weak fibers. I also tried to employ the disparity ratio to analyze the

strength of remaining weak fibers, which seem to be eliminated within succeeding several

days. However, the analysis could not make sense, because the number of experiments was

insufficient especially on P11 - 18, during which a strong lemniscal fiber and a few weak

lemniscal fibers innervate a relay neuron.

Pharmacological experiments

10
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To investigate developmental switches of alternative splice variants of AMPA receptor

subunits, I bath-applied cyclothiazide (CTZ2) or

2-[2,6-Difluoro-4-[[2-[(phenylsulfonyl)amino]ethyl]thio]phenoxy]acetamide =~ (PEPA)  as

inhibitors of AMPA receptor desensitization, each of which is selective for flip and flop

variants of AMPA receptor subunits, respectively (Partin et al., 1994; Sekiguchi et al., 1997).

I compared the mean of the area under the curve of 6 - 12 EPSCs just before and 4 - 5 min

after drug application.

Cytochrome oxidase staining and biocytin labeling

Double staining of cytochrome oxidase (CO) and biocytin was conducted to analyze the

morphology of the recorded cell and to confirm that the relay neuron was in the VPM. It was

carried out according to Wiser and Callaway (1996) with small modification. After recordings,

each slice was fixed by 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS) for 6

- 16 hr. The more aged the slice is, the longer fixation is needed. But the excessive fixation

results in inactivation of cytochrome oxidase. Slices were rinsed three times in 0.1 M PBS,

then three times in 0.05 M PBS. After that, slices were stained for CO by incubation in a

solution containing 30 mg of cytochrome c, 20 mg of catalase, and 50 mg of

diaminobenzidine (DAB; all from Sigma-Aldrich, St. Louis, MO, U.S.A.) per 100 ml of 0.05

M PBS, for 0.5 - 3 hr at 37°C. Slices were rinsed again three times in 0.05 M PBS, and then

11
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incubated in 10% methanol and 3% H,O, in 0.05M PBS for 30 min. Slices were rinsed again

five times in 0.05 M PBS, and then incubated in a horseradish peroxidase (HRP)-conjugated

avidin-biotin complex (ABC, Peroxidase Standard Kit Elite, Vector Laboratories, Burlingame,

CA, U.S.A.) prepared in 0.05 M PBS and 0.75% Triton X-100, for 2 h. Slices were rinsed

three times in 0.05 M PBS, submerged in 0.1% glutaraldehyde in PBS for 4 min, and then

rinsed three times in 0.05 M PBS and two times in 0.05 M TBS. The intracellularly injected

biocytin was revealed by reacting slices in a solution containing 50 mg of DAB, 2.8 ml of 1%

CoCl,, 2.0 ml of 1% nickel ammonium sulfate, and 1 ml of 0.3% H,O; per 100 ml of 0.05 M

TBS, for 5 min at 4°C. Slices were rinsed five times in 0.05 M TBS, two times in 0.05 M PBS,

and two times in 0.1 PB. Finally, slices were mounted on gelatin-coated slide glasses,

dehydrated and penetrated by a series of ethanol-xylene, and sealed by cover glasses with a

mounting medium. Several relay neurons which were completely reconstructed were used for

morphological analyses for each developmental stage. Projected images of relay neurons were

drawn using a camera lucida. The pictures were digitized by a scanner, and then binarized and

analyzed using ImageJ software (version 1.42, http://rsbweb.nih.gov/ij/).

12
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Chemicals

CsMeSOs, QX-314, ATP-Na,, GTP-Na, and sucrose were purchased from Sigma-Aldrich. All

other chemicals were purchased from Nacalai Tesque (Kyoto, Japan), Wako Pure Chemical

Industries (Osaka, Japan), or Kanto Chemical (Tokyo, Japan), unless otherwise specified.

Statistics

All values are given as means +£ S.E.M., unless otherwise noted. Data analyses and fitting

procedures were performed by IgorPro. Several statistical tests were employed in accordance

with experimental design (see the Results section). The significant level was set at 0.05.

Statistical analyses were performed by EXCEL Statistics (version 6.0, ESUMI, Tokyo, Japan)

or IgorPro.

13
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Results

To understand the entire time course of developmental changes of the lemniscal fiber-relay
neuron system, I recorded lemniscal EPSCs and analyzed the morphology of relay neurons

from PO to P39.

Innervation patterns of lemniscal fibers onto a relay neuron

I first examined the developmental change of lemniscal fiber innervations onto a relay neuron.
The recorded relay neuron was clamped at -70 mV or +40 mV, and lemniscal EPSCs were
evoked by electrical stimulation (Fig. 1A). At an early developmental stage, multiple steps of
EPSCs with distinct thresholds were observed as the stimulus intensity was increased with
small increments. I could estimate the number of lemniscal fiber inputs from the number of
steps, as Zhang et al. (2006; 2008) did at this synapse. This counting method is used for other
synapses in the CNS (Kano et al., 1995; Chen and Regehr, 2000). The number of lemniscal
fiber inputs onto a given relay neuron increased during the first postnatal week, and it in turn
decreased during the next two weeks (2.1 £0.2,2.7+0.3,7.1+0.6,3.0+0.5,1.9+0.2, 1.2 +
0.1, 1.2 £ 0.1, and 1.1 £ 0.1 for P0O-2, P4-5, P7-9, P11-13, P15-18, P21-25, P28-32, and
P35-39, respectively) (Fig. 1B). This developmental change was statistically significant (**P
< 0.01, Kruskal-Wallis test). The contribution ratio (see Methods and Materials) also varied
consistently with the innervation pattern (figure not shown; **P < 0.01, one-way ANOVA,

14
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values: 0.733 + 0.06, 0.632 + 0.05, 0.400 + 0.05, 0.611 + 0.10, 0.725 + 0.07, 0.963 + 0.02,

0.962 + 0.02, and 0.984 + 0.02, n=15, 11, 17, 14, 13, 28, 31, and 13 for P0-2, P4-5, P7-9,

P11-13, P15-18, P21-25, P28-32, and P35-39, respectively). As a result of synapse

elimination, 81.5% of relay neurons were innervated by only one lemniscal fiber on P21 - 25.

After P21, the number of lemniscal fiber inputs did not vary (P = 0.74, Kruskal-Wallis test),

suggesting that the majority of relay neurons receive only one lemniscal fiber during the

mature period.

Silent lemniscal synapses during the postnatal development

A silent synapse is defined as “a synapse in which an EPSC is absent at the resting membrane

potential but becomes apparent on depolarization” (Kerchner and Nicoll, 2008). At an early

postnatal stage (PO - 9), silent lemniscal synapses were frequently observed. A representative

trace of a silent lemniscal synapse from a P2 mouse was shown at Fig. 2A. The percentage

that a relay neuron received at least one silent lemniscal fiber was about 50% during the first

two postnatal weeks; however, the value decayed during the next week, reaching zero by P21

(Fig. 2B, values (%): 52, 33, 60, 43, 10, 0, 0, and O for PO-2, P4-5, P7-9, P11-13, P15-18,

P21-25, P28-32, and P35-39, respectively). Difference in the percentage among the

developmental stages was statistically significant (**P < 0.01, chi-square test for

independence). This observation is consistent with previous studies which reported the

15



Chapter 1: Developmental changes of lemniscal synapses

developmental disappearance of silent synapses at other synapses in the CNS (Durand et al.,

1996; Wu et al., 1996; Isaac et al., 1997; Rumpel et al., 1998; Chen and Regehr, 2000).

Developmental changes in EPSC amplitude

There was a clear difference in amplitude between immature and mature lemniscal EPSCs

(Fig. 3A). Total (saturated) NMDAR- and AMPAR-mediated EPSCs rapidly developed

around P6 (Fig. 3B, left). Total NMDAR-mediated EPSCs then gradually declined, whereas

AMPAR-mediated EPSCs gradually increased (Fig. 3B, left; **P < 0.01 for both NMDA and

AMPA, one-way ANOVA, values (nA): on NMDA, 0.21 £+ 0.05, 0.44 + 0.10, 1.99 + 0.45,

1.10 £ 0.30, 1.53 £ 0.36, 0.81 = 0.14, 1.31 + 0.19, and 0.90 + 0.29, on AMPA, 0.08 + 0.01,

0.18 £ 0.04, 2.02 + 0.49, 2.46 + 0.68, 2.70 + 0.54, 2.57 £ 0.32, 2.84 + 0.42, and 2.52 £ 0.77

for P0O-2, P4-5, P7-9, P11-13, P15-18, P21-25, P28-32, and P35-29, respectively). On the

other hand, the amplitude of single fiber-mediated EPSCs goes through different

developmental transition from that of total lemniscal EPSCs. “Single fiber” means one of the

lemniscal fibers onto a relay neuron, each of which corresponds to one of the multiple EPSC

steps observed in figure 1. Both NMDAR- and AMPAR-mediated, single fiber-evoked EPSCs

gradually increased by P21 (Fig. 3B, right; **P < 0.01 for both NMDA and AMPA, one-way

ANOVA, values (nA): on NMDA, 0.10 + 0.01, 0.17 + 0.03, 0.33 + 0.04, 0.45 + 0.12, 0.73 +

0.14, 0.73 £ 0.12, 1.10 + 0.15, and 0.80 + 0.28, on AMPA, 0.05 + 0.01, 0.08 + 0.01, 0.48 +

16
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0.08,1.10 £0.25, 1.60 £ 0.30, 2.10 £ 0.30, 2.54 £ 0.36, and 2.30 + 0.73 for P0-2, P4-5, P7-9,

P11-13, P15-18, P21-25, P28-32, and P35-39, respectively). During the second and third

postnatal weeks, the amplitude of AMPAR-mediated EPSCs more greatly increased than that

of NMDAR-mediated EPSCs (Fig. 3B). As a result, the AMPA/NMDA ratios of both total and

single fiber-mediated EPSCs gradually increased (Fig. 3C; **P < 0.01 for both total and

single, one-way ANOVA, values: on total, 0.77 = 0.16, 0.45 + 0.05, 1.13 £ 0.22, 2.11 + 0.39,

2.46 £ 0.52,3.95 £ 0.75, 2.85 + 0.33, and 4.05 £+ 0.81, on single, 0.95 + 0.18, 0.62 + 0.09,

1.36 £0.14,2.39 £ 0.35, 2.58 £ 0.33, 3.84 + 0.69, 2.70 + 0.28, and 3.89 + 0.78 for P0-2, P4-5,

P7-9, P11-13, P15-18, P21-25, P28-32, and P35-39, respectively). The AMPA/NMDA ratios

reached the mature level by P21.

Developmental speeding of lemniscal EPSCs

Developmental shortening in decay time of lemniscal EPSCs was observed for both

NMDAR- and AMPAR-mediated EPSCs (Fig. 4A, C, respectively). The shortening occurred

during the second and third postnatal weeks for both NMDAR- and AMPAR-mediated EPSCs

(Fig. 4B, D, respectively). These changes in decay time constant were statistically significant

(**P <0.01, one-way ANOVA, values (ms): on NMDA, 859+ 11.3,91.7 £8.1, 137.2 £ 10.0,

93.1+5.8,54.1+3.4,455+3.2,49.1 £2.4,and 44.4 +£ 3.9, on AMPA, 5.0+ 0.9,4.8 £ 0.5,

89+14,27+04,16+0.2,1.6+0.2,1.3+0.2,and 1.7 £ 0.3 for P0-2, P4-5, P7-9, P11-13,

17
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P15-18, P21-25, P28-32, and P35-39, respectively). The shortening in decay time of

NMDAR-mediated lemniscal EPSCs have already been reported that it is due to the switch of

receptor subunits from NR2B to NR2A (Arsenault and Zhang, 2006). On the shortening in

decay time of AMPAR-mediated lemniscal EPSCs, I conducted the following experiment.

A developmental switch of alternative splice variants of AMPA receptor subunits

Each AMPA receptor subunit has alternative splice variants (flip and flop), which have

relatively slow and fast kinetics, respectively (Sommer et al., 1990; Hollmann and Heinemann,

1994; Mosbacher et al., 1994; Quirk et al., 2004). Thus, I hypothesized that the developmental

speeding of AMPAR-mediated EPSCs is due to a switch from flip to flop. I employed here

two inhibitors of AMPA receptor desensitization, CTZ and PEPA, which were selective for

the flip and flop, respectively (Partin et al., 1994; Sekiguchi et al., 1997). I measured the areas

enclosed by the baselines and the EPSCs (Nakagawa et al., 1999), which will be referred to as

the integrated EPSCs hereafter. Bath-applied 100 uM CTZ potentiated the integrated EPSCs

of both immature and mature lemniscal fibers (Fig. 5A). The potentiating effect on immature

EPSCs (182.6 + 25.3%) was significantly larger than that on mature EPSCs (60.5 £ 11.5%)

(Fig. 5C; *P < 0.05, two-tailed Student’s t-test). In contrast, bath-applied 100 uM PEPA tends

to more powerful to mature EPSCs (53.0 £ 10.2%) than to immature EPSCs (5.6 = 10.2%)

(Fig. 5B). The difference in percent potentiation, however, was not statistically significant

18
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(Fig. 5C; P =0.34, two-tailed Student’s t-test, n =4 and 10 for P7-9 and P21-32, respectively).

These results suggest the developmental switch from flip to flop splice variants of AMPA

receptor subunits.

No change of paired-pulse ratio during the postnatal development

The paired-pulse ratio of lemniscal EPSCs, which mainly reflects the probability of

transmitter release (Manabe et al., 1993; Zucker and Regehr, 2002; Pan and Zucker, 2009),

was investigated during the postnatal developmental period. Lemniscal EPSCs from P7 - 25

mice exhibited paired-pulse depression as previously reported, which presumably suggest a

high release probability at lemniscal synapses (Fig. 6A, B) (Arsenault and Zhang, 2006;

Miyata and Imoto, 2006). In addition, I found that even just after the birth, lemniscal EPSCs

exhibited paired-pulse depression (Fig. 6B), whereas corticothalamic EPSCs showed

paired-pulse facilitation (data not shown). The extent of paired-pulse depression was not

different among the developmental stages (P = 0.83, one-way ANOVA, values: 0.51 + 0.03,

0.55 £ 0.03, 0.52 + 0.02, 0.52 + 0.03, 0.56 + 0.05, 0.53 + 0.02, 0.56 + 0.02, and 0.58 + 0.03

for P0-2, P4-5, P7-9, P11-13, P15-18, P21-25, P28-32, and P35-39, respectively). These

results suggest that the release probability of transmitter at lemniscal synapses is high even

just after the birth and stable during the postnatal development period.
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Morphological development of relay neurons

Finally, I investigated the morphological development of relay neurons. Biocytin-labeled
relay neurons were visualized by DAB reaction and reconstructed their projected images
using camera lucida. Just after the birth, relay neurons were quite small (Fig. 7A), and the
gradual development was then observed on both somatic and dendritic areas (Fig. 7A, B).
These developmental changes were statistically significant (**P < 0.01 for both soma and
dendrite, one-way ANOVA, values (umz): on soma, 97.7 £ 23.9, 132.2 + 13.9, 232.8 + 24.0,
239.9 +£23.5,216.8 £42.0, 188.5 £ 16.1, 202.1 + 22.1, and 195.1 £+ 25.2, on dendrite, 240.2 +
93.4,740.2 £ 107.8, 1879.7 + 302.4, 2062.2 + 220.3, 2415.2 + 307.5, 3014.5 + 362.0, 3313.4
+ 318.6, and 3147.3 + 506.6 for P0-2, P4-5, P7-9, P11-13, P15-18, P21-25, P28-32, and
P35-39, respectively, n = five for each age). I found that the development of the soma was
already finished on P7, whereas that of dendrites continued to grow during the first three
postnatal weeks (Fig. 7A, B). After P21, both soma and dendrite did not obviously develop (P
=0.88 and 0.84 for soma and dendrite, respectively, one-way ANOVA). These results suggest

that morphological development of relay neurons is completed by P21.
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Discussion

In this chapter, the precise developmental time course of lemniscal synapses and morphology
of relay neurons in the VPM are described. I found three distinct stages of the postnatal
development of lemniscal synapse-relay neuron system, which are “Growth stage”,
“Refinement stage”, and “Mature stage” (see Fig. 23 in chapter 3). Details in each stage are

summarized in the following paragraph.

Formation and maturation of the lemniscal synapse-relay neuron system

In the “Growth stage” (PO - 6), topographic map is initially built up on PO - 3. Massive
lemniscal fibers are then actively recruited by a relay neuron around P6, resulting in an
increase in amplitude of both AMPAR- and NMDAR-mediated EPSCs. Soma size of a relay
neuron becomes larger on the end of this stage. In the “Refinement stage” (P7 - 21),
redundant lemniscal fibers are eliminated, and surviving lemniscal fibers are strengthened, so
that monoinnervation is established by P21. Shortening of decay time of AMPAR-mediated
EPSCs is observed during this stage. A switch of alternative splice variants of AMPA
receptors from flip to flop underlies the phenomenon. Dendrites of a relay neuron gradually
grow up during the first three postnatal weeks and finish their growth at the end of this stage.
In the “Mature stage” (P21~), all synaptic properties and morphology of relay neurons are
stable. Thus, I conclude that the development of lemniscal fiber-relay neuron system is
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completed by P21.

Functional and anatomical maturation of lemniscal synapses

As noted above, I found the time course of functional development of lemniscal synapses,
which includes “Growth stage” and “Refinement stage”. This two step development is well
consistent with previous anatomical studies, which report establishment of the barreloid
structure and maturation of neuropile in the VPM (Yamakado, 1985; De Biasi et al., 1996). In
the Growth stage, the barreloid structure is established first around P3 — 5 (Yamakado, 1985;
Muiioz et al., 1999). After that, each relay neuron actively recruits new lemniscal fiber inputs
around P6, which is consistent with the anatomical increase of lemniscal synapses in number
(Matthews and Faciane, 1977, Yamakado, 1985). In the Refinement stage, the surplus
lemniscal fibers are eliminated, whereas a surviving lemniscal fiber is strengthened. As a
result, total lemniscal EPSCs of a relay neuron increases rather than deceases (Fig. 3). This is
also well consistent with anatomical studies that the number of lemniscal synapses is not
reduced during this stage (Matthews and Faciane, 1977; Yamakado, 1985). In this stage,
lemniscal fiber contacts a relay neuron via multiple synaptic glomeruli, each of which is
characterized by multiple synapses with glia ensheathment (Spa¢ek and Lieberman, 1974;
Matthews and Faciane, 1977; Yamakado, 1985; De Biasi et al., 1996), which presumably
contributes to strengthening of the surviving lemniscal fiber.
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Notably, at an early stage of barreloid structure formation (PO - 3), the barreloid can

be altered by afferent information (Woolsey et al., 1979; Belford and Killackey, 1980). After

the closure of the critical period, a relay neuron actively recruits multiple lemniscal fibers.

Hence, during PO - 3, the determination of general map has priority over the strengthening of

lemniscal transmission.

Elimination of lemniscal synapses

During the second and third postnatal weeks, the number of lemniscal fibers onto a given

relay neuron decreases, whereas dendrites of relay neurons gradually develop until P21 (Fig.

1 and 7).

These results suggest that synapse elimination process is actively controlled with

independent control from dendritic growth. In general, appropriate neural activities sculpt

appropriate neural circuits (Katz and Shatz, 1996). Along with the dogma, several studies

have shown activity-driven synapse elimination. For example, if mice once experience normal

sensory inputs (e.g. eye opening, onset of whiskering), following normal sensory inputs

accelerate the subsequent elimination of afferent synapses in the thalamus (Hooks and Chen,

2006, 2008; Wang and Zhang, 2008). Furthermore, in the cerebellum and neuromuscular

junction, neural activities could promote of synapse elimination (Thompson, 1983; Sanes and

Lichtman, 1999; Buffelli et al., 2003; Lorenzetto et al., 2009). Properly patterned neural
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activity is also necessary for synapse elimination (Andjus et al., 2003; Hooks and Chen, 2006).

Thus, synapse elimination observed here should be driven by intact sensory experience during

the second and third postnatal weeks.

Molecular mechanisms of synapse elimination of lemniscal synapses remain

unknown. However, in the visual thalamus, elimination of retinogeniculate synapses is

disturbed by dysfunction or knockout of various molecules, including a metabotropic

glutamate receptor (mGluR1) (Narushima et al., 2008), immune-related molecules (class 1

MHC, C1q) (Huh et al., 2000; Stevens et al., 2007), and a transcription factor (MeCP2) (Chen,

2009). Therefore, these molecules may underlie the developmental elimination of lemniscal

synapses. Furthermore, a series of sophisticated studies on the cerebellum demonstrate that

the mGIluR1 - Gaq - PLCB4 - PKCy cascade following parallel fiber inputs onto Purkinje cells

is essential for elimination of climbing fiber synapses onto a Purkinje cell (Kano et al., 1995;

Kano et al., 1997; Offermanns et al., 1997; Kano et al., 1998). Because the mGluR1 - PLCp4

cascade following corticothalamic inputs is also functional in the somatosensory thalamus

(Miyata et al., 2003), the cascade may be important for elimination of lemniscal synapses.

Robustness of the step-counting method

The number of innervating lemniscal fibers onto a given relay neuron in this study is well

consistent with that in previous studies (Arsenault and Zhang, 2006; Wang and Zhang, 2008).
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There are two concerns about the step-counting method employed here to underestimate the

number of inputs. First, as Wang and Zhang (2008) pointed out, several lemniscal fibers on

each relay neuron may have been lost during preparation, because relay neurons have radial

dendrites. However, because lemniscal synapses are located mainly on soma or proximal

dendrites whenever they can be identified as lemniscal synapses (Peschanski et al., 1984;

Williams et al., 1994; De Biasi et al., 1996), the loss of inputs may be relatively minor. The

other concern is about underestimation of the number of lemniscal inputs especially at early

postnatal day (PO - 5). I found that EPSCs evoked by stimulation on lemniscal fiber bundle

exhibited paired-pulse depression in the same extent of mature lemniscal EPSCs (Fig. 6),

which is distinguishable from EPSCs evoked by stimulation on internal capsule (presumably,

corticothalamic EPSCs) exhibited paired-pulse facilitation. Hence, although I cannot

completely rule out the possibility that some lemniscal EPSCs exhibit paired-pulse facilitation

at PO - 5, the majority of immature lemniscal EPSCs presumably exhibit paired-pulse

depression. Thus, although there may be slight underestimation in number, the present data on

the number of lemniscal fibers can be plausible.

Development of NMDAR- and AMPAR-mediated EPSCs and maturation of lemniscal

synapses

The developmental time courses of NMDAR- and AMPAR-mediated lemniscal EPSCs were
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not identical. I found a small AMPA/NMDA ratio (Fig. 3C) and abundant silent synapses (Fig.

2) at early postnatal days, both of which are frequently observed throughout the immature

CNS (Liao et al., 1995; Durand et al., 1996; Wu et al., 1996; Isaac et al., 1997; Rumpel et al.,

1998; Chen and Regehr, 2000; Futai et al., 2001; Cathala et al., 2003; Lo and Erzurumlu,

2007; Kerchner and Nicoll, 2008). The abundant NMDA receptors at the immature CNS are

required for synaptic transmission (Liu and Chen, 2008) and refinement of neural circuits

(Schlaggar et al., 1993; Fox et al., 1996).

The subsequent switch from NMDAR-dominant synaptic transmission to

AMPAR-dominant synaptic transmission gradually occurred by P21 (Fig. 3), which is well

consistent with previous reports on maturation of synapses in the CNS (Chen and Regehr,

2000; Futai et al., 2001; Cathala et al., 2003; Arsenault and Zhang, 2006). The switch during

the second and third postnatal weeks seems to be reasonable, because mice start active

whiskering around P11 - 12, which requires the precise temporal cording for tactile

discrimination (Carvell and Simons, 1990; Jones et al., 2004; Montemurro et al., 2007;

Petersen et al., 2008). In addition, the small contribution of NMDA receptors to synaptic

transmission ensures high fidelity of transmission even with high frequency presynaptic spike

trains (Futai et al., 2001; Cathala et al., 2003). The increase in AMPAR/NMDAR ratio of

lemniscal EPSC may be an experience-dependent process, because a reduced

AMPAR/NMDAR ratio of lemniscal EPSC is observed in whisker-deprived mice (Wang and
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Zhang, 2008). The AMPAR/NMDAR ratio of lemniscal EPSC is also reduced in adenylyl

cyclase 1 knockout mice, which suggest that adenylyl cyclase 1 is involved in the maturation

of lemniscal synapses (Wang et al., 2009).

Developmental speeding of EPSCs mediated by switches of glutamate receptors

Fast and reliable synaptic transmission resulting in a small jitter of postsynaptic action

potentials is observed at adult lemniscal synapses, auditory and vestibular sensory synapses in

the brainstem, mossy fiber-granule cell synapses in the cerebellum, etc (Babalian et al., 1997;

Futai et al., 2001; Cathala et al., 2003; Koike-Tani et al., 2005; Montemurro et al., 2007;

Rancz et al., 2007; Bagnall et al., 2008; Petersen et al., 2008; Englitz et al., 2009; Tolnai et al.,

2009). Such fast transmission is required physiological functions (e.g. tactile discrimination,

sound localization, and vestibulo-ocular reflex). Generally, fast synaptic transmission is

established through developmental speedings of postsynaptic currents. In the present study, I

found that the decay time of lemniscal EPSCs is shortened on both NMDAR- and

AMPAR-mediated components during the second postnatal weeks (Fig. 4). On NMDA

receptors, it has been revealed that the speeding of NMDAR-mediated EPSCs is mediated by

the receptor switch from NR2B-dominant to NR2A-dominant compositions (Arsenault and

Zhang, 2006). On AMPA receptors, the results in figure 5 clearly demonstrate that flip-type

subunits are developmentally down-regulated, whereas flop-type subunits are up-regulated, as
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reported at calyx-of-Held synapses (Koike-Tani et al., 2005). The expression of flip-type

splice variants correlates with that of GluR2 subunits (Geiger et al., 1995). The GluR2 subunit

is the one of the four subunits (GluR1 - 4) which consist AMPA type glutamate receptors

(Hollmann and Heinemann, 1994). In the thalamus, developmental progress in inward

rectification of AMPAR-mediated EPSCs is observed at retinogeniculate synapses (dos

Louros et al., 2009). In addition, anatomical studies have revealed that GluR2 mRNA is

abundant at immature thalamus (Pellegrini-Giampietro et al., 1992), and that GluR2 subunit is

absent and GluR4 (flop type) subunit is abundant at mature thalamus (Keinédnen et al., 1990;

Young et al., 1995; Jones et al., 1998) (Yamasaki, 2009; personal communication). Thus, it is

probable that GluR2-containing AMPA receptors developmentally decrease, whereas fast

flop-type ones increase at lemniscal synapses. However, the kinetics, the conductance, the

inward rectification, and pharmacological properties of native AMPA receptors can be

modulated by transmembrane AMPA receptor regulatory proteins (TARPs) (Tomita et al.,

2003; Turetsky et al., 2005; Tomita et al., 2006; Cho et al., 2007; Soto et al., 2007). The

switch from GluR2-flip to GluR4-flop subunits should be further investigated by an electron

microscopic analysis and a single cell RT-PCR analysis.

Morphological development of relay neuron

Apparently, neurons have various morphologies and develop their neurites during postnatal
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development (Cajal, 1995). Relay neurons in the VPM have radial dendrites (Harris, 1986;

Cajal, 1995). Brown et al. (1995) and Zantua et al. (1996) have already reported the

morphological development by filling relay neurons with Lucifer yellow via grass pipettes. In

the present study, I also investigated the morphological development by biocytin labeling of a

relay neuron and CO staining for the neuropile. General morphology, soma development,

dendritic development (Fig. 7), and the number of primary dendrites (data not shown) of relay

neurons were almost consistent with previous reports (Brown et al., 1995; Zantua et al., 1996).

A gradual increase in intensity of CO staining (data not shown) temporally agree with the

maturation of neuropile in the barreloid at the second postnatal week (Yamakado, 1985).

Gradual elongation of dendrites even after the excessive innervations of lemniscal fibers (Fig.

1, 7) indicates the delayed maturation of neural units to integrate information. As Brown et al.

(1995) pointed out, a territory of mature dendrites of a relay neuron is larger than the diameter

of each barreloid (about 70 - 100 um) (Fig. 7) (Van Der Loos, 1976). The development of

dendrites across a barreloid (Fig. 7) is temporally parallel with the developmental increase of

corticothalamic synapses, which preferentially located on distal dendrites of relay neurons

(Matthews and Faciane, 1977; Peschanski et al., 1984). Therefore, these observations may

indicate transvibrissae information processing via the thalamocortical loop.
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Figures

Figure 1. Formation and elimination of lemniscal synapses during postnatal
development

A, Representative traces of lemniscal fiber-mediated EPSCs (lemniscal EPSCs) under voltage
clamp conditions at +40 mV or -70 mV. Several raw traces with different stimulus intensities
are superimposed at each holding potential. An arrow indicates the synapse elimination
process. B, Summary histograms showing the number of discrete steps of EPSCs. Numbers of
recorded cells are 22, 14, 18, 17, 13, 27, 22, and 11 for P0O-2, P4-5, P7-9, P11-13, P15-18,

P21-25, P28-32, and P35-39, respectively.
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Figure 2. Silent synapses observed during early postnatal development

A, A representative trace of silent lemniscal fiber-mediated EPSCs recorded at P2. B, The
percentage that a relay neuron receives at least one silent lemniscal fiber is plotted against age.
Numbers of recorded cells are 23, 15, 15, 14, 10, 27, 19, and 7 for P0-2, P4-5, P7-9, P11-13,

P15-18, P21-25, P28-32, and P35-39, respectively.
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Figure 3. Postnatal development of NMDAR- and AMPAR-mediated lemniscal EPSCs

A, Representative traces recorded from P4 and P31 mice are shown in the same calibration.

Several raw traces with different stimulus intensities are superimposed at each holding

potential. B, Developmental changes in amplitude of NMDAR-mediated (+40 mV) and

AMPAR-mediated (-70 mV) lemniscal EPSCs. The amplitude indicates the peak amplitude of

total (saturated) lemniscal EPSCs onto a relay neuron (left) or single fiber-mediated lemniscal

EPSCs (right). Numbers of recorded cells are 21, 14, 18, 16, 13, 27, 31, and 11. Numbers of

recorded fibers for NMDAR-mediated EPSCS are 47, 35, 122, 43, 19, 30, 33, and 10.

Numbers of recorded fibers for AMPAR-mediated EPSCS are 32, 32, 98, 40, 24, 33, 36, and

12. C, Developmental changes in AMPAR/NMDAR ratio in total (left) or single

fiber-mediated (right) lemniscal EPSCs. Numbers of recorded cells for total are 20, 14, 18, 14,

10, 29, 28, and 9. Numbers of recorded single fiber-mediated EPSCs are 28, 32, 87, 37, 21, 31,

36, and 11. All numbers of experiments are for P0-2, P4-5, P7-9, P11-13, P15-18, P21-25,

P28-32, and P35-29, respectively. Each column represents the mean + S.E.M.
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Figure 4. Developmental speeding of lemniscal EPSCs

A, Representative traces of single fiber-mediated lemniscal EPSCs from both immature and

mature mice (thin and thick traces, respectively). Traces are normalized by their peak height

(642 pA and 1400 pA for P7 and P39, respectively). The holding potential was at +40 mV. B,

Developmental time course of decay time constants of EPSCs recorded at +40 mV. Numbers

of recorded lemniscal fibers are 19, 4, 48, 31, 17, 22, 28, and 5 for P0-2, P4-5, P7-9, P11-13,

P15-18, P21-25, P28-32, and P35-39, respectively. C, Same as (A) but at -70 mV. Peak

currents are 401 pA and 6402 pA for P7 and P29, respectively. D, Developmental time course

of decay time constants of EPSCs recorded at -70 mV. Numbers of recorded lemniscal fibers

are 28, 32, 87, 37, 21, 31, 36, and 11 for PO-2, P4-5, P7-9, P11-13, P15-18, P21-25, P28-32,

and P35-39, respectively. Each column represents the mean + S.E.M.
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Figure 5. A developmental switch of splice variant of AMPA receptor subunits

Cyclothiazide (CTZ) and PEPA are inhibitors of AMPA receptor desensitization and selective

for flip and flop splice variants of AMPA receptor subunits, respectively. A, Representative

traces of lemniscal EPSCs in the presence of 100 uM CTZ (thick line) are overlaid with

control traces (thin line). Each trace is the average of six individual raw traces. B, Same as (A)

but in the presence of 100 uM PEPA instead of CTZ. C, Percent increments of area under the

curve by CTZ and PEPA. Each column represents the mean = S.E.M. Statistical significance

was tested by two-tailed Student’s t-test. *P < 0.05.

38



A CTZ
P9

-fomv

2nA

B ipEPA
P9

-fomy

100 pA

Chapter 1: Developmental changes of lemniscal synapses

P28

20 ms

P31

|1nA

20 ms

39

)
(=]
(=]

-
(=]
[=]

Percent of potentiated area (%)

=]

PEPA
l NS
I
L
. .I+I. .
P79 21-32 78 2132
4 10
Figure 5



Chapter 1: Developmental changes of lemniscal synapses

Figure 6. No change of paired-pulse ratio during postnatal development

A, Representative traces of single fiber-mediated lemniscal EPSCs evoked by paired-pulse
stimulation. The interpulse interval is 50 ms. Thin and thick traces are from P7 and P22,
respectively. Traces are normalized by their peak height of first EPSCs (348 pA and 4775 pA
for P7 and P22, respectively). B, Means of the paired-pulse ratio (2nd EPSCs/1* EPSCs)
during postnatal development. Error bars represent S.E.M. Numbers of analyzed fibers are 27,
29, 78, 40, 24, 33, 36, and 12 for P0-2, P4-5, P7-9, P11-13, P15-18, P21-25, P28-32, and

P35-39, respectively.
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Figure 7. Morphological development of relay neurons

A, Camera lucida reconstructed projection images of relay neurons during postnatal
development. Red traces represent putative axons of relay neurons. B, Time course of the
mean of projected somatic and dendritic areas. Each point represents the mean + S.E.M. of

five separate cells.
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Chapter 2: Injury-induced remodeling of lemniscal synapses

Chapter 2: Peripheral nerve injury-induced remodeling of
afferent synapses in the somatosensory thalamus of mice

Abstract

Functional remodeling in the somatosensory thalamus after deafferentation has been
described in in vivo experimental studies, but precise synaptic mechanisms for the remodeling
have not been investigated in in vitro systems yet. Here, I show peripheral nerve cut-induced
remodeling of lemniscal synapses (afferent synapses in the somatosensory thalamus) using
whole-cell patch-clamp recordings in brain slice preparations of mice. One week after
complete transection of the infraorbital nerve (IONC) of mice on P21, multiple reinnervation
of lemniscal fibers onto a thalamic relay neuron is observed. The IONC operation decreased
the amplitude of single fiber-mediated EPSCs, but not the amplitude of total lemniscal EPSCs
of a given relay neuron. Multiple innervating lemniscal fibers are classified into two distinct
populations; “Strong fibers” with a shorter decay time and Ilarger amplitude of
AMPAR-mediated lemniscal EPSCs, and “Weak fibers” with a longer decay time and smaller
amplitude. A cluster analysis and innervation patterns of the two types of fibers suggest that
Weak fibers are putative newly-recruited fibers. Moreover, current-voltage relationships and
pharmacological analyses suggest that the IONC operation up-regulates GluR2-containing
and flip-type AMPA receptors at the postsynaptic sites of Weak fibers. In contrast, no change
is observed on NMDAR-mediated EPSCs. Paired-pulse ratio and coefficient of variation of
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AMPAR-mediated lemniscal EPSCs are elevated at Weak fiber synapses. These results

suggest that the IONC operation can induce remodeling of lemniscal synapses with the

change of AMPA receptor compositions even after maturation of the lemniscal synapses.
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Introduction

A one of the most intriguing features of the central nervous system (CNS) is the ability to
change itself according to afferent information. The changes include long-term plastic
changes of synaptic transmission (Allen et al., 2003; Bender et al., 2006; Clem et al., 2008)
and rewiring of neural circuits (Rhoades et al., 1997; Sengelaub et al., 1997; Florence et al.,
1998; Jain et al., 2000; Hooks and Chen, 2006, 2008; Yamahachi et al., 2009). Such changes
can properly alter the CNS but sometimes improperly, for example, resulting in maladaptation
such as phantom sensation (Flor et al., 2006; Giummarra et al., 2007). Thus, studies on
synaptic basis underlying such plastic changes after deafferentation is important to understand
both appropriate and pathological changes.

Lesion of the afferent pathway can reorganize the receptive field in the
somatosensory thalamus (Davis et al., 1998; Jones and Pons, 1998; Florence et al., 2000;
Graziano et al., 2008). Such reorganization also occurs in the somatosensory cortex after the
deafferentation (Merzenich et al., 1984; Pons et al., 1991; Manger et al., 1996), and the extent
of reorganization correlates the extent of phantom pain (Ramachandran and Hirstein, 1998;
Grtsser et al., 2001). Several lines of reports suggest that the reorganization of the receptive
field in the somatosensory thalamus affects that in the somatosensory cortex (Jones and Pons,
1998; Kaas et al., 1999; Florence et al., 2000; Jones, 2000). Thus, remodeling in the thalamus

after the deafferentation is likely to be initial neural mechanisms by which phantom sensation
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or such occurs. However, it remains unknown how synapses change in the thalamus after the

deafferentation.

The whisker-related somatosensory pathway of rodents is one of the most studied

pathways. Along the pathway, afferent synapses in the thalamus (lemniscal synapses) are

candidates for loci the remodeling of which accounts for that of the thalamus. Topographic

map formation along the whisker-related axis can be disrupted by the lesion or the blockade

of axonal transport rather than activity of peripheral sensory nerve during the neonatal period

(Chiaia et al., 1992; Henderson et al., 1992; Chiaia et al., 1996). Moreover, developmental

elimination of lemniscal synapses is partially disrupted by whisker deprivation from a

particular critical period (postnatal days 12 - 13), but not after the critical period (Arsenault

and Zhang, 2006; Wang and Zhang, 2008). These reports suggest that developmental changes

of lemniscal synapses are subject to afferent information; however, it is unknown how

lemniscal synapses are changed by complete transection of peripheral sensory nerves even

after they become mature.

In the present study, I examined the remodeling of lemniscal synapses in the

whisker-related somatosensory thalamus after complete transection of peripheral nerve on

P21, by which lemniscal synapses become mature (see chapter 1). I found marked remodeling

in the VPM after the deafferentation, including multiple reinnervation of lemniscal fibers onto

a relay neuron.
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Materials and Methods

Animals

All experiments described here were approved by the Animal Care and Use Committee of the
National Institute for Physiological Sciences (Okazaki, Japan) and Tokyo Women's Medical
University (Tokyo, Japan) and were performed according to the institutional guidelines
concerning the care and handling of experimental animals. C57BL/6 Cr Slc mice (postnatal
days 21 -32) (P21 - 32) of both sexes were used in this study. The strain was purchased from
Nihon SLC (Hamamatsu, Japan). Mice were provided with a commercial diet (CE-2, Nihon
Clea) and water ad libitum with controlled temperature, humidity, and lightning (12 h

light/dark cycle).

Infraorbital nerve cut (IONC) operation

Mice on P21 were anesthetized by intraperitoneal administration of ketamine (80 mg/kg,
Daiichi Sankyo Company, Tokyo, Japan) and xylazine (10 mg/kg, Sigma-Aldrich). The
infraorbital nerve (a part of the maxillary nerve passing through the infraorbital canal, which
convey somatosensory information from the maxillary region) of the left side face was
exposed under a dissecting microscope according to a rodent anatomical chart (Greene, 1955).
The infraorbital nerve was completely transected using sterilized fine scissors and the cutting
planes were separated at a distance > 1.0 mm to prevent regeneration. For a sham operation,
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the infraorbital nerve was exposed without the transection. The skin then was sutured by

silken threads. Physiological saline (0.2 ml per animal) was subcutaneously injected for

maintenance.

Whisker deprivation

All large vibrissae on the left side snout were repeatedly deprived every day from P21 to the

recording day. This method is similar to that employed by Fox and others (Fox, 1992; Li et al.,

1995). Briefly, mice were anesthetized by isoflurane. Under a dissecting microscope, vibrissae

were carefully removed using fine tweezers by applying slow, steady tension to the base of

the vibrissa until the vibrissa slipped out of the follicle. This procedure does not induce any

damage on the sensory nerve endings (Li et al., 1995).

Preparation

Parasagittal brain slices containing the VPM were prepared from the right hemisphere of brain.

All other procedures were same as the developmental study (see chapter 1)

Whole-cell voltage-clamp recordings of lemniscal EPSCs

Somatic whole-cell voltage-clamp recordings were made from relay neurons in the VPM.

Lemniscal EPSCs were evoked by electrical stimulation of the medial lemniscal fiber bundle
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(for in detail, see chapter 1). To isolate pure AMPAR- or NMDAR-mediated component,
some experiments were conducted in the presence of 100 - 200 uM p- or p -APV (Tocris

Cookson) or 20 uM NBQX (Tocris Cookson).

Evoked miniature EPSCs

To analyze input specific miniature EPSCs, I recorded Sr*-induced delayed miniature EPSCs
(Dodge et al., 1969; Goda and Stevens, 1994; Oliet et al., 1996; Silver et al., 1998; Bekkers
and Clements, 1999; Chen and Regehr, 2000; Wang and Zhang, 2008). I first recorded the
single fiber-mediated lemniscal EPSCs in the presence of 100 uM p-APV. Slices then were
perfused by modified ACSF substituting 4 mM Sr*" ions for Ca®" ions. The holding potential
was set at -90 mV to increase the driving force. A time window for analysis was 100 - 500 ms
after stimulus. Miniature EPSCs were detected and analyzed by a semi-automated IgorPro

procedure.

Current-voltage relationships of AMPAR-mediated EPSCs

To preserve intracellular polyamine, which induces an inward rectification of
AMPAR-mediated currents, the pipette solution includes 100 uM spermine (Sigma-Aldrich)
(Bowie and Mayer, 1995; Isa et al., 1995). Single fiber-mediated lemniscal EPSCs were
recorded in the presence of 200 uM p-APV. Current-voltage relationships were investigated
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by recordings of EPSCs at various holding potentials ranged £60 mV in 10 mV steps. The

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 of -40 mV (Isa et al., 1995;

Wang and Zhang, 2008).

Current-voltage relationships of NMDAR-mediated EPSCs

Single fiber-mediated lemniscal EPSCs were recorded in the presence of 20 uM NBQX.

Current-voltage relationships were investigated by recordings of EPSCs at various holding

potentials ranged from +40 mV to -100 mV in 10 mV decrements. The liquid junction

potential was compensated.

Pharmacological experiments

Single fiber-mediated lemniscal EPSCs were recorded in the presence of 100 uM p -APV at

-70 mV. After establishment of stable recordings, 1 mM spermine (Sigma-Aldrich) (Isa et al.,

1996; Washburn and Dingledine, 1996) or 100 uM pentobarbital (Dainippon Sumitomo

Pharma, Osaka, Japan) (Yamakura et al., 1995; Liu and Cull-Candy, 2000) was bath-applied

for 5 min. The average percent inhibition in amplitude of EPSCs 4-5 min after application

was analyzed. For CTZ and PEPA application, the experimental design and analysis were

same as chapter 1.
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Paired-pulse ratio and coefficient of variation analyses

A series of paired-pulse stimulations were conducted, the interpulse intervals of which were

ranged from 30 to 1000 ms, while single fiber-mediated lemniscal EPSCs were recorded in

the presence of 100 uM p-APV at -70 mV. The paired-pulse ratio is the ratio of amplitude of

second EPSCs to that of first EPSCs. The coefficient of variation of amplitude of EPSCs was

calculated from 30 consecutive single fiber-mediated lemniscal EPSCs.

Cytochrome oxidase staining and biocytin labeling

(Same as chapter 1)

VGIuT2-immunostaining

The following procedures were conducted at room temperature unless otherwise specified.

Mice on P28 (sham- or IONC-operated on P21) were anesthetized by intraperitoneal

administration of 80 mg/kg pentobarbital (Dainippon Sumitomo Pharma) and perfused

transcardially with cold physiological saline followed by 4% paraformaldehyde in 0.1 M PBS

(pH 7.4). After removal, the brains were postfixed for overnight, infiltrated with a series of

sucrose 10 - 30% in 0.1 M PBS, blocked by O.C.T. Compound (Sakura Finetek USA,

Torrance, CA, U.S.A.), and frozen in dry ice. The blocks of the thalamus were sectioned
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coronally at 20 um by cryostat at -18°C. Sections were collected in cold antifreeze solution

(30% ethylenglycol and 20% glycerol in 0.02 M PBS). Sections were then rinsed three times

in 0.1 M PBS, mounted on gelatin-coated slide glasses, and air-dried for 30 min. Sections

were rinsed three times in 0.1 M PBS, incubated in 0.3% H,O, to quench endogenous

peroxidases, washed three times in 0.1 M PBS, and blocked by 10% normal goat serum

(NGS) and 0.3% Triton X-100 in 0.1 M PBS for 1 h. Sections were then incubated three

overnights at 4°C with primary antibody (guinea pig polyclonal anti-mouse VGIuT2, dilution,

1:200, VGIuT2-GP-Af-240-1, Frontier Science, Hokkaido, Japan) (Miyazaki et al., 2003)

prepared with 2%NGS and 0.3% Triton X-100 in 0.1 M PBS. Sections then were washed

three times in 0.1 M PBS, incubated for 2 h with secondary antibody (biotinylated goat

anti-guinea pig IgG, dilution, 1:250, BA-7000, Vector Laboratories) prepared with 2%NGS

and 0.3% Triton X-100 in 0.1 M PBS. Sections were washed in 0.1 M PBS, and incubated at

room temperature for 1 h with HRP-AB regent (ABC kit elite, Vector Laboratories). After that,

sections were washed three times in 0.1 M PBS, three times in 0.05 M TBS, pre-incubated for

6 min with H,O;-lacking DAB solution (0.1 mg/ml DAB and 2 mg/ml nickel ammonium

sulfate in 0.05 M TBS), and developed with 0.003% H,0, containing DAB solution at 4°C for

9 min. Sections were then washed three times in 0.05 M TBS, once in 0.1 M PBS, once in 0.1

PB, dehydrated, penetrated, and coverslipped with a mounting medium. In some experiments,

sections were incubated with 1% methyl green (Sigma-Aldrich) for 30 min for nuclear stain
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just before dehydration. Images were taken by using a upright microscope (BX51; Olympus)
equipped with a digital camera (DP70; Olympus) with a same exposure time, 2 ms. Images
were then subject to auto-level-correction in Photoshop software (version 10.0.1, Adobe
Systems, San Jose, CA, U.S.A.), auto-binarized, and analyzed for area using Imagel.
Counting of VGluT2-immunoreactive boutons or methyl green-stained nuclei was assisted by

Cell Counter plugin for ImagelJ (http://rsbweb.nih.gov/ij/plugins/cell-counter.html).

Chemicals
SYM 2206 was purchased from Tocris Cookson. All other chemicals were from Nacalai
Tesque (Kyoto, Japan), Wako Pure Chemical Industries (Osaka, Japan), or Kanto Chemical

(Tokyo, Japan), unless otherwise specified.

Cluster analyses

Each decay time constant of single fiber-mediated lemniscal EPSCs was plotted against its
amplitude. The distribution was analyzed by two-dimensional histogram (ordinate bin, 0.2
ms; abscissa bin, 0.2 nA). Because the histogram exhibited obvious two clusters, the

histogram was fitted with a summation of two independent Gaussians:

i —1 r—w2\? y—wd\? 2-wl(zx—w2)(y—wd
) = ubes ) ,
P~z (‘.2 (1 —wl?) (( w3 ) * wH w3 - wh
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where w0 - 11 are coefficients. Initial guess of the 12 coefficients was supported by outcomes

of the KMeans analysis using an IgorPro built-in function. The “best” values of the

coefficients were then calculated by the Levenberg-Marquardt least-squares method. To

define a threshold of EPSC amplitude which well separates the first and second Gaussian

components, I defined a contamination ratio as a ratio of contamination of the first Gaussian

component to the rightward than the threshold or the second Gaussian component to the

leftward than the threshold. Each Gaussian was weighted.

Statistics

All values are given as means = S.E.M. unless otherwise noted. Data analyses and fitting

procedures were performed by IgorPro (Wavemetrics). Several statistical tests were employed

in accordance with experimental design (see the Results section). The significant level was set

at 0.05. Statistical analyses were performed by EXCEL Statistics (version 6.0, ESUMI, Tokyo,

Japan) or IgorPro.
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Results

Here, to investigate whether the complete loss of afferent inputs induces remodeling in the
mature VPM as in the visual thalamus, I made complete transection of the left infraorbital

nerve on P21, and then characterized lemniscal EPSCs on P28 - 32.

Infraorbital nerve cut-induced multiple reinnervation of lemniscal fibers onto a relay
neuron

First, I investigated the number of lemniscal fiber inputs onto a relay neuron in the same way
as in chapter 1. In this post-maturation period (P28-32), most of relay neurons of both intact
and sham groups were innervated by a single lemniscal fiber (Fig. 8A, B, 87.1% and 87.0%
for intact and sham, respectively). In contrast, 68.5% of relay neurons of the IONC group
received multiple innervation of lemniscal fibers (Fig. 8A, B). Distributions of the numbers of
lemniscal inputs were significantly different between the sham and IONC groups (Fig. 8B;
**P < 0.01, Kolmogorov-Smirnov two-sample test). The contribution ratios, which reflect
both elimination and competition of lemniscal fibers, were also significantly different
between the sham and IONC groups (Fig. 8C, D; **P < 0.01, two-tailed Welch’s t-test,
values: 0.95 + 0.13 and 0.75 £ 0.24 for sham and IONC, respectively). Moreover, the IONC
operation induced silent lemniscal synapses, which were never observed in the intact and
sham groups on P28-32 (Fig. 9 and Fig. 2 in chapter 1). Because the mono-innervation pattern
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is already established by P21 (see chapter 1), the multiple innervation observed after the

IONC operation indicates reinnervation of lemniscal fibers.

No significant increase in density of lemniscal fiber boutons in the VPM

The IONC-induced multiple innervation may be additive, resulting in an increase in number
of lemniscal fiber boutons in the VPM. Therefore, I conducted immunostaining using an
antibody against the type 2 vesicular glutamate transporter (VGIuT2), which is a specific
marker of lemniscal fiber boutons (Miyazaki et al., 2003; Graziano et al., 2008). First, I
prepared VGluT2-immunostained coronal sections of the VPM (Fig. 10A). Images were taken
and auto-binarized. However, the ratios of signal area to the ROI area in the VPM were not
different between the sham and IONC groups (data not shown, P = 0.92, two-tailed Student’s
t-test, values: 0.17 £ 0.02 and 0.17 £ 0.01 for sham and IONC, respectively). I also counted
VGIluT2-immunoreactive boutons in the VPM but again found no significant difference (Fig.
10C; P = 0.38, two-tailed Student’s t-test, values (10°/mm?®): 12.8 + 0.7 and 13.6 + 0.7 for
sham and IONC, respectively). Next, I conducted VGluT2-immunostaining with methyl green
nuclear staining (Fig. 10B) and calculated the number of VGluT2-immunoreactive boutons
per cell. However, no difference was again observed between the sham and IONC groups (Fig.
10D; P =0.79, two-tailed Student’s t-test, values: 3.1 = 0.2 and 3.3 + 0.4 for sham and IONC,
respectively). These results suggest that the IONC operation does not increase lemniscal fiber
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boutons in the VPM, which may be consistent with the results that total (saturated) lemniscal

EPSCs are not different between sham and IONC groups (Fig. 11).

The IONC operation reduces amplitude of single fiber-mediated lemniscal EPSCs

The amplitudes of NMDAR-mediated (+40 mV) and AMPAR-mediated (-70 mV)

components of single fiber-mediated and total (saturated) lemniscal EPSCs were compared

between the sham and IONC groups. The amplitude of NMDAR-mediated component of

single fiber-mediated lemniscal EPSCs was significantly decreased by the IONC operation

(1.23 £0.11 to 0.75 £ 0.09 nA) (Fig. 11A, B; **P < 0.01, two-tailed Student’s t-test), but not

total lemniscal EPSCs (1.16 £ 0.08 to 1.11 £ 0.09 nA) (Fig. 11A, B; P = 0.78, two-tailed

Student’s t-test). The same is true for AMPAR-mediated EPSCs; single fiber-mediated EPSCs

were decreased (2.47 = 0.15to 1.38 £0.11 nA) (Fig. 11C, D; **P <0.01, two-tailed Student’s

t-test), but not total lemniscal EPSCs (2.67 = 0.22 to 2.34 = 0.22 nA) (Fig. 11C, D; P = 0.27,

two-tailed Student’s t-test). These results are consistent with the anatomical evidence (Fig. 10)

and may suggest the compensatory innervations of multiple lemniscal fibers.

Strong and Weak fibers in the IONC-operated group

For further understanding of the properties of lemniscal synapses after the IONC operation, I

investigated the distributions of amplitude of AMPAR-mediated component of single

58



Chapter 2: Injury-induced remodeling of lemniscal synapses

fiber-mediated lemniscal EPSCs. As a result, it was found that the distributions from sham

and IONC were significantly different (Fig. 12A; **P < 0.01, Kolmogorov-Smirnov

two-sample test, n = 98 and 199 for sham and IONC, respectively). In addition, I found that

no sham fiber was below 500 pA in amplitude at -70 mV, whereas 39% of IONC fibers were

smaller than 500 pA, which may be putative newly-recruited fibers. Thus, I defined

tentatively 500 pA as a threshold that separates Weak fibers and Strong fibers in the IONC

group, and then assessed its validity.

The IONC operation not only reduced the amplitude of lemniscal EPSCs but also

prolonged the decay time of AMPAR-mediated lemniscal EPSCs (Fig. 15). Hence, I plotted

the decay time constant against the amplitude for each single fiber-mediated lemniscal EPSC

and investigated their correlation (Fig. 12B). As a result, the decay time significantly

correlated with its amplitude in the IONC group (**P < 0.01, two-tailed, t-test on correlation

coefficient, correlation coefficient = -0.28, n = 179), but not in the sham group (P > 0.05,

correlation coefticient = -0.11, n = 90). Pooled data still retained the correlation (**P < 0.01,

correlation coefficient = -0.34, n = 269). From these results and seeing the distribution of

pooled data, I hypothesized that the pooled data consisted of two populations; the first

population with slower decay time and smaller amplitude, and the second population with

faster decay time and larger amplitude. Thus, the distribution of pooled data was fitted with a

summation of two independent Gaussian surfaces (Fig. 12C left). Because the first Gaussian
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component with slower decay time and smaller amplitude exclusively consisted of IONC

fibers (Fig. 12C center), while the second Gaussian component consisted of both sham and

IONC fibers (Fig. 12C right), the first Gaussian might be a newly-recruited population. After

that, the most reasonable threshold level that distinguishes the two Gaussian components was

searched (Fig. 12D, E). At 500 pA, the first Gaussian component is 0.91 in cumulative

probability, whereas the second is only 0.13 (Fig. 12D). Moreover, contamination ratios (see

Methods and Materials) on the first and second components are only 0.09 and 0.13,

respectively. Hence, I employed 500 pA as the threshold of Strong and Weak fibers.

Distinct innervation patterns of lemniscal fibers onto a relay neuron between sham and

IONC-operated groups

Because the reasonable threshold that well defines Strong and Weak fibers could be

determined, I next tried to establish further classifications of innervation using the threshold.

The most prominent innervation pattern in the sham group was innervation by only one

Strong fiber (S only, 86.7%), and the other pattern was by multiple Strong fibers (SS) (Fig.

13A, C). On the other hand, the most prominent innervation pattern in the IONC group was

innervation by combination of one Strong fiber and a single or multiple Weak fiber(s) (SW,

37.3%) (Fig. 13B, C). Moreover, it was found that the majority of relay neurons in the IONC

group received at least one Strong fiber (92.2%, SW + SS + S only) (Fig. 13C). These results
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suggest that Weak fibers, which are exclusively observed in the IONC group, are

newly-recruited lemniscal fibers after the IONC operation.

The small AMPA/NMDA ratio at Weak fiber synapses

I compared the amplitudes of EPSCs of sham fibers, Strong fibers in the IONC group

(IONC-S), and Weak fibers in the IONC group (IONC-W). IONC-W fibers had significantly

smaller EPSCs in amplitude in both AMPAR- and NMDAR-mediated components than those

of sham and IONC-S fibers (Fig. 14B; **P < 0.01, multiple t-test with Bonferroni correction

following ANOVA, two-tailed, values (nA): on AMPA, 2.47 £ 0.15, 2.09 + 0.14, and 0.24 +

0.01, on NMDA, 1.23 £ 0.11, 0.90 £ 0.11, and 0.18 + 0.02 for sham, IONC-S, and IONC-W,

respectively). IONC-S fibers tended to have smaller EPSCs than sham fibers, but the

difference was not statistically significant owing to Bonferroni correction (Fig. 14B). The

mean of AMPA/NMDA ratios at IONC-W synapses was significantly smaller than that of

sham and IONC-S fibers (Fig. 14C; *P < 0.05 vs. sham; **P < 0.01 vs. IONC-S, two-tailed,

multiple t-test with Bonferroni correction following ANOVA, values: 3.32 + 0.38, 3.52 = 0.47,

and 1.35 £ 0.14 for sham, IONC-S, and IONC-W, respectively). Because the small

AMPA/NMDA ratio at IONC-W synapses is similar to that observed around P7-9 (Fig. 3 in

chapter 1), Weak fibers seem to be immature fibers.
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Prolonged decay time of AMPAR-mediated EPSCs at Weak fiber synapses

The decay time constants of purely AMPAR-mediated EPSCs were compared among the three
fiber groups. The mean of decay time constants of IONC-W EPSCs was significantly larger
than that of sham and IONC-S EPSCs (Fig. 15; **P < 0.01, two-tailed, multiple t-test with
Bonferroni correction following one-way ANOVA, values (ms): 1.68 + 0.12, 1.94 + 0.09, and
2.84 £ 0.18 for sham, IONC-S, and IONC-W fibers, respectively), but there was no difference
in 10-90% rise time of EPSCs among the fiber groups (data not shown; P = 0.83, one-way
ANOVA, values (ms): 0.51 + 0.03, 0.52 + 0.03, and 0.54 + 0.03 for sham, IONC-S, and
IONC-W, respectively). The result indicates that the prolonged decay time is not a result of

dendritic filtering (Hashimoto et al., 2009).

Analyses of asynchronously-released miniature EPSCs

To determine whether the reduced amplitude and the prolonged decay time of
AMPAR-mediated lemniscal EPSCs derive from presynaptic or postsynaptic changes, |
conducted the analysis of evoked miniature EPSCs from each lemniscal fiber. First, single
fiber-mediated lemniscal EPSCs were recorded. Slices then were perfused by modified ACSF
substituting 4 mM Sr*” ions for Ca’" ions, while a single lemniscal fiber was stimulated at
0.1Hz, resulting in asynchronous miniature EPSCs following a synchronous EPSC from the
stimulated fiber (Fig. 16A). I analyzed 2173, 1572, and 1211 miniature EPSCs for sham,
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IONC-S, and IONC-W fibers, respectively (pooled data from 12, 8, and 7 cells, respectively).

The amplitudes of miniature EPSCs from both IONC-S and -W fibers were significantly

smaller than those from sham fibers (Fig. 16B, C; **P < 0.01, Kolmogorov-Smirnov

two-sample test). The decay time constants of miniature EPSCs from IONC-W fibers were

significantly larger than those from sham fibers, whereas the rise time constants were

identical (Fig. 16C, E, F; **P < 0.01 for decay; P > 0.05 for rise, Kolmogorov-Smirnov

two-sample test). These results suggest that the reduced amplitude and the prolonged decay

time of AMPAR-mediated lemniscal EPSCs after the IONC operation, at least partially,

derive from postsynaptic changes.

No contribution of kainate (KA) receptors-mediated components to lemniscal EPSCs after

the IONC operation

It might be possible that an appearance of KA receptors prolongs the decay time of lemniscal

EPSCs after the IONC operation, because KAR-mediated EPSCs in native synapses have a

long decay time (Castillo et al., 1997; Kidd and Isaac, 1999; Li et al., 1999; Bureau et al.,

2000; Kidd and Isaac, 2001; Wu et al., 2005a; Miyata and Imoto, 2006, 2009). Miyata and

Imoto (2006) have reported that lemniscal EPSCs are lacking of a KAR-mediated component.

Thus, if KA receptors appear at the postsynaptic membrane of IONC-W fibers after the IONC

operation, persistent KAR-mediated EPSCs could be observed after selective blockades of

63



Chapter 2: Injury-induced remodeling of lemniscal synapses

AMPA and NMDA receptors.

However, no KAR-mediated component was observed at [IONC-W EPSCs after bath

application of 100 uM SYM 2206 (a selective blocker of AMPA receptors which does not

block KA receptors) (Pelletier et al., 1996) in the presence of 100 uM p -APV. The

SYM2206 completely blocked APV-resistant EPSCs (figure not shown, 99.3 + 0.5%

inhibition, n = six), and the extent of which was not different from that after the subsequent

application of 20 uM NBQX (AMPA/Kainate blocker). Hence, there appears to be no

appearance of KA receptors at IONC-W synapses after the [ONC operation.

Relatively abundant GIuR2 containing AMPA receptor compositions at IONC Weak fiber

synapses

As another possibility, switches of AMPA receptor compositions may account for the

prolonged decay time of EPSCs after the IONC operation, because kinetics of

AMPAR-mediated currents largely depends on its subunit compositions (Mosbacher et al.,

1994; Quirk et al., 2004). To elucidate the nature of AMPA receptors at the postsynaptic

membrane of each fiber, [ investigated current-voltage (I-V) relationships of

AMPAR-mediated EPSCs in the presence of 200 uM p-APV (Fig. 17A-C). Consistently with

previous reports (Arsenault and Zhang, 2006; Miyata and Imoto, 2006; Wang and Zhang,

2008), AMPAR-mediated EPSCs of sham fibers exhibited a strong inward rectification (Fig.
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17A, B), suggesting that these were mainly mediated by GluR2-lacking, Ca*"-permeable
subunit compositions (Liu and Zukin, 2007). EPSCs of IONC-S were almost identical with
those of sham in I-V relationship (Fig. 17A, B). However, EPSCs of IONC-W exhibited a
relatively weak inward rectification compared with that of sham and IONC-S (Fig. 17A, B;
**P < 0.01 both vs. sham and IONC-S, two-way repeated ANOVA, n = 11, 14, and 10 for
sham, IONC-S, and IONC-W, respectively). The mean of rectification indexes (ratio of +40
mV to -40 mV) of IONC-W was significantly larger than that of sham and IONC-S (Fig. 17C;
*P < 0.05 vs. sham; **P < 0.01 vs. IONC-S, two-tailed, multiple t-test with Bonferroni
correction following ANOVA, values: 0.29 + 0.03, 0.26 = 0.02, and 0.44 £+ 0.05 for sham,
IONC-S, and IONC-W, respectively). Given these results, it is possible that GluR2-containing
AMPA receptors are relatively abundant at IONC-W synapses. I confirmed the possibility by
pharmacological experiments using spermine and pentobarbital, which were specific
inhibitors for GluR2-lacking and -containing AMPA receptors, respectively (Yamakura et al.,
1995; Isa et al., 1996; Washburn and Dingledine, 1996; Liu and Cull-Candy, 2000).
Bath-applied 1 mM spermine less efficiently inhibited EPSCs of IONC-W than those of sham
and IONC-S (Fig. 17D, E; **P < 0.01, two-tailed, multiple t-test with Bonferroni correction
following ANOVA, values (%): 57.7 £ 3.6, 63.0 £ 2.9, and 37.0 £+ 5.6 for sham, IONC-S, and
IONC-W, respectively). Conversely, bath-applied 100 uM pentobarbital more efficiently
inhibited EPSCs of IONC-W than those of sham and IONC-S (Fig. 17D, E; *P < 0.05,
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two-tailed, multiple t-test with Bonferroni correction following ANOVA, values (%): 8.3 +

1.8,9.2+ 2.4, and 30.0 £ 11.1 for sham, IONC-S, and IONC-W, respectively). Collectively, it

is probable that GluR2-containing AMPA receptors were relatively abundant at IONC-W

synapses.

Relatively abundant flip-type splice variants of AMPA receptors at IONC-W synapses

Two alternative splice variants of each AMPA receptor subunit (flip or flop) determine

kinetics and sensitivity to chemicals of functional AMPA receptors (Sommer et al., 1990;

Hollmann and Heinemann, 1994; Mosbacher et al., 1994; Partin et al., 1994; Sekiguchi et al.,

1997; Quirk et al., 2004). Because expression of flip-type subunits, the kinetics of each of

which was slow, correlates with that of the GIluR2 subunit (Geiger et al., 1995), I

hypothesized that flip-type splice variants are abundant at IONC-W synapses as GluR2

subunits are.

As in chapter 1, I employed two inhibitors of AMPA receptor desensitization, CTZ

and PEPA, which were selective for flip and flop, respectively (Partin et al., 1994; Sekiguchi

et al., 1997). As expected, bath-applied 100 uM CTZ more effectively potentiate EPSCs of

IONC-W than those of sham and IONC-S (Fig. 18A, B; *P < 0.05 vs. sham; P = 0.08 vs.

IONC-S, two-tailed, multiple t-test with Bonferroni correction following ANOVA, values

(%): 39.6 £11.3,52.3 + 7.2, and 111.8 & 28.8 for sham, IONC-S, and IONC-W, respectively).

66



Chapter 2: Injury-induced remodeling of lemniscal synapses

By contrast, bath-applied 100 uM PEPA tended to less effective at IONC-W synapses than at

sham and IONC-S synapses, but not statistically significant (Fig. 18C, D; P = 0.36 vs. sham;

P = 0.62 vs. IONC-S, two-tailed, multiple t-test with Bonferroni correction following

ANOVA, values (%): 62.7 £ 26.6, 50.4 + 20.1, and 37.7 £ 8.3 for sham, IONC-S, and

IONC-W, respectively). Taken together, these results indicate the relative abundance of flip

type splice variants at IONC-W synapses, which can contribute to slower kinetics of IONC-W

EPSCs.

No change of NMDA receptor compositions after the IONC operation

Next, I investigated possible changes of NMDA receptor compositions after the IONC

operation. Because NR2A-containing NMDA receptors dominate at lemniscal synapses at the

intact mature condition (Arsenault and Zhang, 2006; Miyata and Imoto, 2006), a possible

appearance of NR2C or D-containing receptors could release the magnesium blockade of

NMDA receptors at negative potentials. In addition, a possible appearance of NR2B, C, or

D-containing receptors could prolong decay time of EPSCs.

However, I-V curves of EPSCs of the three types of lemniscal fibers were almost

superimposed (Fig. 19A, B; P = 0.16, two-way repeated ANOVA). Moreover, no difference

was observed in decay time of EPSCs among the three types of fibers (Fig. 19C, D; P = 0.81,

one-way ANOVA, values (ms): 53.2 = 3.3, 54.6 £ 2.8, and 50.8 + 4.4 for sham, I[ONC-S, and
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IONC-W, respectively). Thus, there appears to be no change in property of NMDA receptors

after the IONC operation.

The elevated paired-pulse ratio and coefficient of variation of IONC-W EPSCs

To assess presynaptic properties of the three types of lemniscal fibers, two types of
experiments were employed, paired-pulse stimulation and coefficient of variation analyses.
The paired-pulse ratio (the 2" EPSCs/the 1% EPSCs) negatively correlates with the
probability of transmitter release (Manabe et al., 1993; Zucker and Regehr, 2002; Pan and
Zucker, 2009). I found that the paired-pulse ratio of IONC-W EPSCs was larger than that of
sham and IONC-S EPSCs, especially at short interpulse intervals (Fig. 20A, B; *P < 0.05 vs.
sham; **P < 0.01 vs. IONC-S, two-way repeated ANOVA, n = 6, 10, and 6 for sham,
IONC-S, and IONC-W, respectively). Further, I analyzed the coefficient of variation
calculated from amplitude of 30 consecutive EPSCs of each fiber. As a result, the mean of the
value of IONC-W was significantly larger than that of sham and IONC-S (Fig. 20C, **P <
0.01, two-tailed, multiple t-test with Bonferroni correction following one-way ANOVA,
values: 0.048 + 0.005, 0.051 £ 0.006, and 0.147 £+ 0.021 for sham, IONC-S, and IONC-W,
respectively). It is accepted that coefficient of variation of EPSC amplitude reflects both the
release probability of transmitter and the number of release site (del Castillo and Katz, 1954;
Manabe et al., 1993). Thus, together with the result of paired-pulse stimulation, it seems
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likely that IONC-W synapses have lower release probability and fewer release sites of

transmitter than those of sham and IONC-S synapses.

No effect of whisker deprivation on lemniscal fiber innervation

To investigate whether the lack of sensory inputs causes multiple reinnervation of lemniscal
fibers, I removed all large whiskers on the left side snout from P21 to the recording day (Fig.
12A), when I counted the number of lemniscal fibers onto a given relay neuron. As a result,
there was no difference in number of lemniscal fiber inputs onto a given relay neuron between
intact and deprived animals (Fig. 21B, C; P = 0.74, Wilcoxon-Mann-Whitney two-sample
rank test, values: 1.16 £ 0.08 and 1.17 £+ 0.08 for intact and deprived groups, respectively).
Therefore, the lack of whisker-mediated sensory inputs is not sufficient to induce the multiple

reinnervation of lemniscal fibers onto a relay neuron.

No morphological change of relay neuron after deafferentation

Finally, I investigated whether the deafferentation employed here (IONC and whisker
deprivation) induces morphological changes of relay neurons in the VPM (e.g. shrinkage or
unusual development) with a biocytin labeling technique. As a result, I could not detect any
morphological change of relay neurons on both soma and dendrite (Fig. 22; P = 0.75 for
soma; P = 0.58 for dendrite, one-way ANOVA, values (umz): on soma, 175.1 £19.9, 192.8 +
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23.4, and 180.4 + 10.7, on dendrite, 3174.1 + 310.5, 3225.7 + 314.4, and 2829.7 + 336.3 for

sham, IONC, and whisker deprivation, respectively). The morphology of relay neurons was

well consistent with previous studies (Brown et al., 1995; Zantua et al., 1996).
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Discussion

In this study, IONC-induced remodeling of mature lemniscal synapses was examined using
electrophysiological and immunohistochemical techniques. The findings are as follows: (1)
The IONC operation induces multiple reinnervation of lemniscal fibers onto a relay neuron.
(2) The IONC reduces the amplitude of single fiber-mediated lemniscal EPSCs, but not that of
total lemniscal EPSCs. (3) Weak fibers observed after the IONC are presumably
newly-recruited (Weak fibers). (4) The IONC operation induces changes in AMPA receptor
compositions at Weak fiber synapses, but no change in NMDA receptor compositions. (5) The
IONC operation elevated the paired-pulse ratio and the coefficient of variation of EPSC

amplitude at Weak fiber synapses.

Multiple reinnervation of lemniscal fibers onto a relay neuron

The present results clearly demonstrate that additional lemniscal fibers are recruited by relay
neurons after the IONC operation (Fig. 8). Mechanisms whereby such reinnervation of
lemniscal fibers occurs presumably are sprouting of lemniscal fibers in the VPM. Active
axonal sprouting after deafferentation along the somatosensory pathway has been reported in
both the spinal cord (Sengelaub et al., 1997; Jain et al., 2000) and the cortex (Florence et al.,
1998). Moreover, several papers have pointed out that it is likely to occur at the thalamus
(Jones and Pons, 1998; Kaas et al., 1999; Jones, 2000). In the visual thalamus, indeed,
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reinnervation of retinogeniculate axons onto a relay neuron is induced by dark rearing even

after developmental synapse elimination has been finished (Hooks and Chen, 2006, 2008).

Sprouting of lemniscal fibers to adjacent relay neurons can remodel wiring in the VPM.

Because recordings here were conducted one week after the IONC operation, sprouting

lemniscal fibers could be expanded within a limited area (e.g. within a single barreloid

structure). This is well consistent with the fact that CO-stained barreloid structures, which are

visualized as the expansion of lemniscal fiber bundle, are not obviously changed after the

IONC operation (data not shown).

Mechanisms underlying the multiple reinnervation of lemniscal fibers

Mechanisms underlying the multiple reinnervation of lemniscal fibers are unknown. However,

since whisker deprivation did not induce the multiple reinnervation of lemniscal fibers (Fig.

21), I can conclude, at least, that the lack of whisker-mediated sensory inputs is not sufficient

for the remodeling. Because gentle whisker deprivation employed here does not induce any

damage on sensory nerve endings (Li et al., 1995), IONC-induced nerve injury itself or

shutoff of axonal transport by complete transection might induce the reinnervation of

lemniscal fibers. In fact, there was a significant activation of microglia in the principle

sensory nucleus of trigeminal nerve after the IONC operation which emits lemniscal fibers

toward the VPM (data not shown). Activation of microglia is also observed in the dorsal horn
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of the spinal cord after peripheral nerve injury (Coull et al., 2003; Tsuda et al., 2003; Coull et

al., 2005). Activated microglia releases brain derived neurotrophic factor, which is critical for

developmental or plastic change in wiring of synaptic connection in the CNS (e.g.

synaptogenesis or reinnervation of climbing fiber in the cerebellum) (Letellier et al., 2007,

Sherrard et al., 2009). Taken together, I speculate that IONC-induced nerve injury results in

activation of microglia in the principle sensory nucleus of trigeminal nerve, and the

subsequent brain derived neurotrophic factor signal cascade might induce the reinnervation of

lemniscal fibers in the VPM.

Weak fibers are putative newly-recruited fiber.

The results in figure 12 suggest that the IONC operation induces a new population of

lemniscal fibers with smaller amplitude and slower decay time of AMPAR-mediated EPSCs. I

defined the new population as Weak fibers, and the remaining as Strong fibers. Weak fibers

had immature synaptic properties (small AMPA/NMDA ratio, Fig. 14; slow decay time of

AMPAR-mediated EPSCs, Fig. 15; reduced inward rectification, Fig. 17; and high sensitivity

to cyclothiazide). These results well agree with the report of Hooks and Chen (2006) that

reinnervation of retinogeniculate fibers resulted in small EPSC amplitude and a small

AMPA/NMDA ratio of retinogeniculate EPSCs. Moreover, since 92.2% of relay neurons in

the IONC group were innervated at least one Strong fiber, Strong fibers in the IONC group
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(IONC-S) are assumed to be preexisting fibers, whereas Weak fibers in the IONC group

(IONC-W) are newly-recruited fibers.

Reduced amplitude of EPSCs after the IONC operation

Both IONC-S and IONC-W fibers had smaller amplitude of evoked EPSCs compared with

that of sham fibers (Fig. 14). As a result, total (saturated) currents recorded from a given relay

neuron were not different between the sham and IONC groups, even though extra lemniscal

fibers were recruited (Fig. 11). The IONC operation also reduced amplitude of miniature

lemniscal EPSCs both from IONC-S and IONC-W fibers (Fig. 16). This is well consistent

with the report that small miniature lemniscal EPSCs is observed after whisker deprivation

(Wang and Zhang, 2008). Studies on synaptic scaling suggest that a reduction in sensory input

or a cessation of synaptic activity results in global up-regulation of synaptic gain for

homeostasis (Desai et al., 2002; Goel and Lee, 2007; Turrigiano, 2008). Thus, the reduction in

amplitude of miniature lemniscal EPSCs observed in this study can be the input specific

modification. Other excitatory inputs, corticothalamic synapses may be potentiated after

IONC or whisker deprivation. Taken together, silencing of sensory inputs may induce

input-specific reduction in amplitude of lemniscal EPSCs, which in turn induce compensatory

reinnervation of lemniscal fibers.
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Altered AMPA receptor properties at IONC-W synapses

At IONC-W synapses, putative newly-generated synapses, the longer decay time of

AMPAR-mediated EPSCs was observed (Fig. 15, 16). Data from current-voltage relationships

of AMPAR-mediated lemniscal EPSCs and pharmacological experiments (Fig. 17, 18)

suggest that altered compositions of postsynaptic AMPA receptors. Because NMDARs

compositions were not altered (Fig. 19), it is suggested that AMPA and NMDA receptors are

differently regulated.

The GIuR2 subunit is a critical determinant of the nature of AMPAR-mediated

currents; GluR2-lacking AMPA receptors exhibit a strong inward rectification, whereas

GluR2-containing ones do not (Verdoorn et al., 1991; Burnashev et al., 1992). Thus, the

strong inward rectification of AMPAR-mediated EPSCs at sham and IONC-S synapses

indicates relatively little GluR2-containing AMPA receptors at these synapses. This is well

consistent with anatomical data that the adult VPM is lacking of the GluR2 subunit mRNA

and protein (Keindnen et al., 1990; Young et al., 1995; Jones et al., 1998) (Yamasaki, 2009;

personal communication). In contrast, the reduced inward rectification of AMPAR-mediated

EPSCs at IONC-W synapses indicates relatively abundant GluR2-containing AMPA receptors

at the synapses (Fig. 17A-C). The reduced sensitivity to spermine and the increased sensitivity

to pentobarbital of EPSCs at IONC-W synapses further support the idea (Fig. 17D-G).

By the way, the adult VPM has more abundant expression of flop-type alternative
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slice variants of AMPA receptor subunits than that of flip-type ones (Young et al., 1995). The

abundant flop-type expression in the mature VPM probably contributes to the fast decay time

of lemniscal EPSCs and the higher sensitivity to PEPA rather than to CTZ (Fig. 5 in chapter

1) (Mosbacher et al., 1994; Sekiguchi et al., 1997; Quirk et al., 2004). After the IONC

operation, the sensitivity to CTZ of IONC-W EPSCs was increased to suggest the

up-regulation of the flip-type splice variants at IONC-W synapses (Fig. 18) (Partin et al.,

1994). These results are well consistent with that GluR2 expression correlates with that of

flip-type splice variants (Geiger et al., 1995).

In addition to receptor subunit compositions and splice variants, the association of

transmembrane AMPAR regulatory proteins (TARPs) with AMPA receptors also modifies

properties of AMPA receptors. Association with TARPs increases the conductance and slows

the kinetics of AMPA receptors (Tomita et al., 2003; Turetsky et al., 2005; Cho et al., 2007).

In the presence of TARPs, AMPA receptors become less sensitive to polyamine block (e.g.

spermine), resulting in reduced inward rectification of AMPAR-mediated currents (Cho et al.,

2007; Soto et al., 2007). Moreover, TARPs increase the sensitivity to CTZ and PEPA of

AMPA receptors (Tomita et al., 2006). Anatomically, the mature thalamus exhibits a low level

of TARPs expression except stargazin (y2); the modest expression of stargazin is observed

(Allen, 2003; Tomita et al., 2003). Thus, increased association of TARPs with AMPA

receptors at IONC-W synapses may account for the latter part of the present results (Fig. 15 -
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18). However, although I do not totally exclude the possibility, no change in 10 - 90% rise

time (Fig. 16) and PEPA sensitivity (Fig. 18) are more suggestive of increased GluR2-flip

subunits at IONC-W synapses.

The elevated paired-pulse ratio and coefficient of variation at IONC-W synapses

Both the paired-pulse ratio and the coefficient of variation of EPSC amplitude were larger at

IONC-W synapses than those at sham and IONC-S synapses (Fig. 20). These results suggest

that release probability of transmitter is reduced at IONC-W synapses (Manabe et al., 1993;

Zucker and Regehr, 2002; Pan and Zucker, 2009). Fewer number of release sites at IONC-W

fiber synapses calculated from the amplitudes of evoked and miniature EPSCs (data not

shown) also could contribute to the elevated value of coefficient of variation (del Castillo and

Katz, 1954; Manabe et al., 1993). Reduced desensitization which is due to up-regulated flip

splice variant or increased TARP association might contribute to the elevated paired-pulse

ratio (Chen et al., 2002; Tomita et al., 2006; Cho et al., 2007). Saturation of AMPA receptors

may not contribute to the difference in paired-pulse ratio, because weaker saturation results in

a decrease in paired-pulse ratio (Wadiche and Jahr, 2001; Foster et al., 2005). Absence of

spermine in the pipette solution excluded the contribution of use-dependent relief from

polyamine block to paired-pulse ratio (Bowie et al., 1998; Rozov et al., 1998). Taken together,

at the IONC-W synapses, the release probability is presumably reduced, and the number of
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release site should be small.

Remodeling of lemniscal synapses after the IONC operation and deafferentation-induced

reorganization in the thalamus

Because the present experiments after the IONC operation were limited to a subacute phase,

the phenomena observed here might be quite different from mechanisms which underlie

functional changes reported by in vivo long-term experiments ranged from a month to 20

years after deafferentation (Sengelaub et al., 1997; Jones and Pons, 1998; Jain et al., 2000;

Graziano and Jones, 2009). Although the multiple innervation may be transient as in

neuromuscular junctions (Brown et al., 1981; Rich and Lichtman, 1989), pilot data revealed

that the multiple innervation of lemniscal fibers were retained at least two weeks after the

IONC operation (data not shown). Considering previous studies in the CNS (Rossi et al.,

1991b), the multiple innervation of lemniscal fibers may survive for a long time, be

consolidated, and then contribute to plastic changes of receptive fields in the thalamus and

change in somatic sensation (Pons et al., 1991; Davis et al., 1998; Jones and Pons, 1998;

Jones, 2000; Jain et al., 2008).

Summary

In this chapter, IONC operation-induced changes of lemniscal synapses were reported. The
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IONC operation induced the multiple reinnervation of lemniscal fibers onto a relay neuron in

the VPM. IONC-W fibers which may be newly-recruited lemniscal fibers have distinct pre-

and postsynaptic properties, including GluR2-containing-like AMPAR-mediated EPSCs,

compared with those of sham or preexisting fibers. These remodeling may underlie functional

changes of the thalamus observed in in vivo and pathological sensations after deafferentations.
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Figures

Figure 8. Infraorbital nerve cut-induced multiple reinnervation of lemniscal fibers onto
a relay neuron.

A, Representative traces of lemniscal EPSCs recorded one week after sham or the IONC
operation under voltage clamp conditions at both +40 mV and -70 mV. Several raw traces
with different stimulus intensities are superimposed at each holding potential. B, Summary
histogram showing the number of discrete EPSC steps. C, Arrows beside traces represent the
amplitude of saturated currents (left) and of single fiber currents from the strongest fiber
(right). D, Summary bar graph showing the mean of contribution ratio (see Methods and
Materials in chapter 1) for each group. Each column represents the mean + S.E.M. Statistical

significance was tested by two-tailed Student’s t-test. **P < 0.01.
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Figure 9. IONC-induced silent synapses

A representative trace of IONC-induced silent lemniscal EPSCs. Two of fifty-four relay

neurons were innervated by a silent lemniscal fiber after the IONC operation. There was no

silent synapse containing cell in sham-operated group.
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Figure 10. Quantification of density of lemniscal fiber boutons in the VPM nucleus

A, Representative images of immunostaining against VGIuT2, which results in selective

staining against presynaptic lemniscal fiber boutons in the VPM nucleus. B, Representative

images of double staining of lemniscal fiber boutons and nuclei in the VPM nucleus by

VGIuT2-immunostaining (magenta) and methyl green (green), respectively. C, Summary bar

graph showing the mean of numbers of VGluT2-immunoreactive boutons in the VPM nucleus.

Each column represents the mean + S.E.M. of six separate mice. Statistical significance was

tested by two-tailed Student’s t-test. NS: P > 0.05. D, The ratios of the number of

VGluT2-immunoreactive boutons to the number of methyl green positive nuclei in VPM

nucleus. Each column represents the mean + S.E.M. of three separate mice. Statistical

significance was tested by two-tailed Student’s t-test. NS: P > 0.05.
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Figure 11. IONC reduces the amplitude of single fiber-mediated lemniscal EPSCs.

A, C, Representative traces of lemniscal EPSCs from both sham- and IONC-operated mice are

shown in the same calibration. The holding potential was at +40 mV (A) or -70 mV (C).

Several raw traces with different stimulus intensities are superimposed. B, D, Summary bar

graphs showing the mean of amplitude of single fiber-mediated (left) and total lemniscal

fiber-mediated (right) EPSCs. The holding potential was at +40 mV (B) or -70 mV (D). Each

column represents the mean = S.E.M. Statistical significance was tested by two-tailed

Student’s t-test. **P < 0.01.
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Figure 12. Distributions of single fiber-mediated lemniscal EPSCs amplitude, cluster

analysis, and its validation

Single fiber-mediated lemniscal EPSCs were recorded at -70 mV. The fibers then were

classified by their amplitude and decay time constant. A, Histograms showing distributions of

single fiber-mediated lemniscal EPSC amplitude recorded from sham (left) and IONC (right)

groups. Red dashed lines indicate the threshold which separates Strong and Weak fibers. B,

Decay time constant of lemniscal EPSCs is plotted against its amplitude. Each marker

represents an individual lemniscal fiber. C, Data from sham and IONC groups were pooled.

The pooled distribution then was fitted with summation of two independent Gaussian surfaces

(left, red). After that, first (green) and second (magenta) The Gaussian surfaces were

represented at center and right panels, respectively. D, Cumulative probability distribution of

each Gaussian is plotted as a function of EPSC amplitude which determines the cutting plane.

E, The contamination ratio (see Material and Methods) is plotted as a function of threshold

(EPSC amplitude). Each Gaussian was weighted. Arrow indicates the 500 pA, the threshold

between Strong and Weak fibers which I employed.
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Figure 13. Different innervation patterns of lemniscal fibers onto a relay neuron between

sham and IONC groups.

Each relay neuron was classified into S only, W only, SS, SW, or WW by the amplitude of

lemniscal fibers which innervated the cell. S only and W only indicate the single innervations

of Strong and Weak fiber, respectively. SS and WW indicate innervations of multiple Strong

fibers and multiple Weak fibers, respectively. SW indicates hybrid multiple innervations of

Strong and Weak fibers. A, B, Representative innervation patterns are shown from sham (A)

and IONC (B) groups. Several raw traces with different stimulus intensities are superimposed.

C, Proportions of cellular type of each operation group are shown. Numbers of analyzed cell

are 46 for sham and 54 for IONC groups.
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Figure 14. The small AMPA/NMDA ratio at Weak fiber synapses

A, Representative traces of sham (black), IONC-S (magenta), and IONC-W (green)

fiber-mediated EPSCs. Several raw traces with different stimulus intensities are superimposed.

The holding potential was +40 mV or -70 mV. B, Summary bar graphs showing the mean of

amplitude of single fiber-mediated lemniscal EPSCs. AMPAR-mediated EPSCs were

recorded at -70 mV (left). NMDAR-mediated EPSCs were recorded at +40 mV (right). C,

Summary bar graph showing the mean of AMPA/NMDA ratios (-70 mV/+40 mV) from single

fiber- mediated lemniscal EPSCs. All error bars represent S.E.M. Statistical significance was

tested by multiple t-test with Bonferroni correction following one-way ANOVA. *P < 0.05;

#5P < .01 (two-tailed).
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Figure 15. Prolonged decay time of AMPAR-mediated EPSCs at Weak fiber synapses

A, Representative traces of AMPAR-mediated lemniscal EPSCs in the presence of 100 uM
APV. Each trace is normalized by its peak amplitude (2633, 1436, and 551 pA for sham,
IONC-S, and IONC-W fiber, respectively). The holding potential was at -90 mV. B, Summary
bar graph showing the mean of decay time constants of AMPAR-mediated EPSCs. Error bars
represent S.E.M. Statistical significance was tested by multiple t-test with Bonferroni

correction following one-way ANOVA. **P < (.01 (two-tailed).
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Figure 16. Asynchronous release of miniature event from an individual lemniscal fiber

A, Representative traces of AMPAR-meditated asynchronous miniature EPSCs evoked by
stimulation of single lemniscal fiber in the presence of 4 mM Sr** ions instead of Ca>" ions.
The ACSF included 100 uM APV. The holding potential was at -90 mV. B, Averaged traces
of miniature EPSCs. Traces of 1517, 1341, and 1015 events were averaged for sham, IONC-S,
and IONC-W fibers, respectively. Data from 12, 8, and 7 cells were pooled for sham, IONC-S,
and IONC-W, respectively. D, Same as (B), but normalized by their amplitude. C, E, F,
Cumulative probabilities of amplitude, decay time constants, and 10 - 90% rise time are

shown at (C), (E), and (F), respectively.
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Figure 17. Relatively abundant GluR2 containing AMPAR compositions at Weak fiber

synapses

Pure AMPAR-mediated lemniscal EPSCs were isolated in the presence of 100 uM APV. A,

Representative raw traces of AMPAR-mediated lemniscal EPSCs at various holding potentials

ranged £60 mV in 10 mV steps. The pipette solution included 0.1 mM spermine. The liquid

junction potential was compensated. B, Current-voltage relationships of AMPAR-mediated

lemniscal EPSCs. Asterisks indicate significant difference between sham and IONC-W.C,

Summary bar graph showing rectification indexes defined as amplitude at +40 mV per that of

at -40 mV. D, Representative traces in the presence (thick) and absence (thin) of exogenously

applied 1 mM spermine. Each trace is the average of six consecutive raw traces. E, Summary

inhibitory effects of spermine on amplitude of lemniscal EPSCs. F, G, Same as (D, E),

respectively, but 100 uM pentobarbital instead of spermine. All data are represented as the

mean + S.E.M. Statistical significance was tested by multiple t-test with Bonferroni correction

following one-way ANOVA. *P <0.05; **P <0.01 (two-tailed).
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Figure 18. AMPA receptor splice variants are not equally distributed among fibers.

Pure AMPAR-mediated lemniscal EPSCs were isolated in the presence of 100 uM APV. CTZ

and PEPA are inhibitors of AMPA receptor desensitization, and selective for the flip and flop

variants of AMPA receptor subunits, respectively. A, Representative traces of lemniscal

EPSCs in the presence of 100 uM CTZ (thick line) are overlaid with control traces (thin line).

Each trace is the average of six consecutive raw traces. C, Same as (A) but in the presence of

100 uM PEPA instead of CTZ. B, Percent increments of area under the curve by CTZ. D,

Same as (B) but in the presence of 100 uM PEPA instead of CTZ. Each column represents the

mean + S.E.M. Statistical significance was tested by multiple t-test with Bonferroni correction

following one-way ANOVA. *P < 0.05 (two-tailed).
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Figure 19. NMDA receptor compositions are not different among the fibers.

Twenty micromolar NBQX was present in ACSF. A, Representative raw traces of

NMDAR-mediated lemniscal EPSCs at various holding potentials between from +40 mV to

-100 mV in 10 mV decrements. B, Current-voltage relationships of NMDAR-mediated

lemniscal EPSCs. The liquid junction potential was compensated. C, Representative traces at

40 mV are normalized by their peak amplitude. Peaks are 671 pA, 1321 pA, and 261 pA for

sham, IONC-S, and IONC-W fiber, respectively. D, Decay time constants of

NMDAR-mediated EPSCs from each fiber are summarized. Statistical significance was tested

by multiple t-test with Bonferroni correction following one-way ANOVA. NS: P > 0.05. All

data are expressed as the mean = S.E.M.
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Chapter 2: Injury-induced remodeling of lemniscal synapses

Figure 20. The elevated paired-pulse ratio and coefficient of variation of lemniscal

EPSCs at IONC-W synapses

A, Representative raw traces of single fiber-mediated lemniscal EPSCs evoked by paired

pulse stimulation, the interpulse interval of which is 50 ms. Traces are normalized by their

peak height of the first EPSCs (2101 pA, 5829 pA, and 381 pA for sham, IONC-S, and

IONC-W, respectively). B, The mean of paired-pulse ratio is plotted as a function of

interpulse interval. Numbers of experiments are 6, 10, and 6 for sham, IONC-S, and IONC-W.

Each point represents the mean + S.E.M. Paired-pulse ratio of IONC-W fiber was

significantly different from that of sham and IONC-S (*P < 0.05 vs. sham; **P < 0.01 vs.

IONC-S, two-way repeated ANOVA). C, The coefficient of variation of 30 consecutive EPSC

amplitude was calculated and summarized. Each column represents the mean + S.E.M. of 25

separate cells. Statistical significance was tested by multiple t-test with Bonferroni correction

following one-way ANOVA. **P <0.01 (two-tailed).

104



Chapter 2: Injury-induced remodeling of lemniscal synapses

A B
Normalized Paired-pulse ratio
-Fomv @
Q
72}
o
(1T}
@
%
Q
7]
o
w
-
& 024
0.0

5
Interpulse interval (ms)

o
[
2

K

o
T

%

Coefficient of variation
(=]
3

S

n=25 25 25

Figure 20

105



Chapter 2: Injury-induced remodeling of lemniscal synapses

Figure 21. No effect of whisker deprivation on lemniscal fiber innervation

A, The experimental schedule of whisker deprivation. Whisker deprivation was done every
day from P21 to the recording day. B, Representative traces of lemniscal EPSCs from a
deprived mouse. Several raw traces with different stimulus intensities are superimposed. The
holding potential was +40 mV or -70 mV. C, Summary histograms showing the number of
discrete steps of EPSCs. No significant difference was observed between two group (P = 0.74,

two-tailed, Wilcoxon-Mann-Whitney two-sample rank test).
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Chapter 2: Injury-induced remodeling of lemniscal synapses

Figure 22. No morphological change of relay neuron after deafferentation
A, Camera lucida reconstructed projection images of relay neurons. Red traces indicate
putative axons of relay neurons. B, C, Summary bar graphs showing projected area of soma

and dendrite, respectively. Each column represents the mean + S.E.M. of 6 - 7 separate cells.
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Chapter 3: General discussion

Chapter 3: General discussion

In the present study, the peripheral nerve injury induced the remodeling of lemniscal fibers.
The remodeled lemniscal fibers exhibited immature-like properties, including the multiple
innervation, the small AMPA/NMDA ratio, and the relatively abundant GluR2-containing
flip-type AMPA receptor compositions (summarized in Fig. 23 and Table 1). These
observations are well consistent with the general concept that the developing and remodeled
nervous systems share common features (Brown et al., 1981; Waxman et al., 1994; Nabekura,
1997; Chang and Balice-Gordon, 2000; Furukawa et al., 2000; Nabekura et al., 2002; Coull et
al., 2003; Yoshimura et al., 2004; Chen et al., 2005; Mowery and Garraghty, 2009; Yamahachi
et al., 2009). In this chapter, first, I compare the developing and remodeled lemniscal
synapses. I then compare my data on lemniscal synapses and the data on other particular
synapses, and discuss the similarity between the developing and pathologically remodeled (by
nerve injury etc.) nervous systems. Furthermore, I discuss the functional significance of

multiple innervations in both the developing and remodeled nervous systems.

Are the developing and remodeled lemniscal synapses identical?

The IONC operation induced immature-like synapses (IONC-W synapses) (Fig. 23 and Table
1). However, the remodeled state does not simply correspond to a particular developmental
stage. That is, one week after the IONC operation, the number of innervation and the total
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EPSC amplitude are similar to those on P15 - 18 (Fig. 1, 3, 8, and 11). On the other hand, the

properties of AMPAR-mediated EPSCs of IONC-W synapses and the AMPA/NMDA ratio are

similar to those on much earlier developmental stages (PO - 9) (Fig. 3 — 5 and 14 - 18). In

addition, at the IONC-W synapses, the immature type AMPA receptors and the mature type

NMDA receptors coexist (Fig. 19). Thus, although it exhibits the immature-like features, the

remodeled state is not completely same as a developmental stage but a particular pathological

state.

Multiple innervations at various synapses in both the developmental and the remodeling

stages

Developmental synapse elimination and nerve injury-induced remodeling are observed in

both the peripheral (PNS) and central nervous systems (CNS). In newborn animals, each

skeletal muscle fiber receives multiple axons of motor neurons. Redundant motor axons are

then eliminated and each skeletal muscle fiber becomes innervated by a single motor axon

during the first few weeks after the birth (Redfern, 1970; Brown et al., 1976; Purves and

Lichtman, 1980; Thompson, 1983). Even after the establishment of the monoinnervation, the

lesion (crush or cut) of motor nerves induces the multiple reinnervation of motor axons onto a

skeletal muscle fiber (Brown et al., 1981; Rich and Lichtman, 1989). Thus, at the adult

neuromuscular junctions, the lesion of motor nerve can induce the active remodeling toward
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an immature phenotype in synaptic connection. In the CNS, lesions of peripheral nerves can

induce sprouting of axons in the cerebral cortex and the active remodeling of spines on

dendrites of pyramidal neurons, which are most frequently observed during the postnatal

development (Darian-Smith and Gilbert, 1994; Florence et al., 1998; Metz et al., 2009;

Yamahachi et al., 2009). In the case of the cerebellum, it is well known that a neonatal

Purkinje cell receives multiple climbing fibers. The Purkinje cell is then subject to

developmental synapse elimination during the first two postnatal weeks to become innervated

by a single climbing fiber (Crepel et al., 1976; Hashimoto and Kano, 2005). Translocation of

a climbing fiber from soma to distal dendrites of the Purkinje cell also characterizes the

postnatal development of climbing fiber synapses (Hashimoto et al., 2009). The

developmental elimination of climbing fiber synapses is very similar to that of lemniscal

synapses in the VPM (see chapter 1). However, the injury-induced changes of both of which

are not identical. The cut of olivo-cerebellar projection or the subtotal lesion of the inferior

olive nucleus, which is the origin of climbing fibers, induces reinnervation of surviving

climbing fibers onto Purkinje cells (Rossi et al., 1991b; Rossi et al., 1991a; Letellier et al.,

2007). A surviving climbing fiber after the lesion first innervates Purkinje cell soma, and then

moves toward the Purkinje cell dendrites, as a climbing fiber does during the normal postnatal

development. However, each mature Purkinje cell receives only one climbing fiber after the

lesion, whereas a grafted immature Purkinje cell receives multiple climbing fibers.
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Correctively, multiple reinnervation after nerve lesions are generally observed at various

synapses in both the PNS and the CNS, as the normal development is recapitulated. The study

in the cerebellum suggests that the maturity of postsynaptic cells is one of the determinants

whether the multiple reinnervation occurs.

Reversion to the immature receptor compositions after the nerve injury

I found relatively abundant of GluR2-containing flip-type receptors at the remodeled

lemniscal synapses, which dominantly express in the immature thalamus. In the PNS,

nicotinic acetylcholine receptors at the neuromuscular synapses are subject to the

developmental change in subunit composition (from afyd to afed type), which contributes to

the developmental speeding of neuromuscular EPSCs (Sakmann and Brenner, 1978; Mishina

et al., 1986). The lesion of motor axons induces the reversion toward the immature

composition (afyd type) (Witzemann et al., 1991). In the CNS, GluR2-containg AMPA

receptors of the cerebral cortex are developmentally up-regulated, notably which is the

reverse direction in the thalamus (Pellegrini-Giampietro et al., 1992). The retinal lesion

induces the retrogression of the developmental switch of AMPA receptors in the cerebral

cortex (Mowery and Garraghty, 2009). NR2B-dominant NMDA receptors, the expression of

which is an immature phenotype in the cortex, are also up-regulated in the adult cerebral

cortex by the peripheral tissue inflammation (Wu et al., 2005b). Such nerve injury-induced
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reappearance of immature NMDA receptor composition is also observed in the brainstem

(Furukawa et al., 2000; Nabekura et al., 2002). However, the remodeled lemniscal synapse

did not exhibit change in NMDA receptor composition (Fig. 19 in chapter 2). Thus, it may

depend on brain regions whether composition changes of NMDA receptors occur after

peripheral nerve lesions. Taken together, also in the receptor level, the remodeling toward

immature phenotypes is presumably general after the adult nervous system undergoes

pathological conditions.

Functional significance of multiple innervation in both the developing and remodeled

nervous systems

Multiple innervations observed in both the developing and remodeled nervous systems appear

to have different functional significance. In the developing nervous system, the general goal

of multiple innervation and subsequent synapse elimination is considered to be the

establishment of functional circuits. For instance, the rewiring in the developing nervous

system produces the frequency-dependent topographic map in the auditory brainstem (Kim

and Kandler, 2003; Kandler et al., 2009) and the eye-specific segregation in the visual

thalamus (Shatz, 1983; Sretavan and Shatz, 1984; Huberman, 2007). On the other hand, the

significance of the remodeling in the adult nervous system can be an appropriate adaptation to

a new environment, including peripheral nerve lesions (Rossi et al., 1991b; Rossi et al.,
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1991a; Nakatsuka et al., 1999; Letellier et al., 2007; Nishimura et al., 2007; Yamahachi et al.,

2009). The multiple reinnervation of lemniscal fibers observed after the peripheral nerve

injury (see Chapter 2) may be a synaptic basis of the long-lasting functional changes of the

thalamus and the cortex, including the change in receptive field (Merzenich et al., 1984; Pons

et al., 1991; Jones and Pons, 1998). Because surroundings (e.g. the mature neuropile) are

different from those in the developing state, such remodeling may, however, fall in to

maladaptation, which may underlie pathological conditions, such as phantom pain (Davis et

al., 1998; Flor et al., 2006).

In conclusion, although the normal development and the remodeling after peripheral

nerve lesions would have different functional significance, they appear to have common

neural mechanisms by which the nervous system actively reorganizes itself. This

self-renewing ability appears to be one of the most important functions of the nervous system.
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Figures and Tables

Figure 23. Schema of results
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Summary table showing properties of lemniscal synapses

_| immature | Mature | Sham |long-strang| IoNC-Weak
 Muitiple +++ - - ++
innervation
Single fher medilad Small Large Large Large Small
miniature EPSCs (Sr:;aDIi‘*) (L:r.ge.") Large Small Small
AMPA/NMDA ratio Small Large Large Large Small
NMDAR meinted EPSCs (ﬁk';gzr) (E;SéAtg;) Faster Faster Faster
mmmmoéPSCs Slower Faster Faster Faster Slower
GluR2 containing receptors (P:B,.) (_Ns:Rl's) - - +
flipMlop splice variants fip flop flop flop flip

* Data from retinogeniculate synapses

1. Chen C, Regehr WG (2000) Developmental remodeling of the retinogeniculate synapse.
Neuron 28:955-966.

2. Arsenault D, Zhang ZW (2006) Developmental remodeling of the lemniscal synapse in the
ventral basal thalamus of the mouse. J Physiol 573:121-132.

3. Pellegrini-Giampietro DE, Bennett MV, Zukin RS (1992) Are CaZ+permeable
kainate/AMPA receptors more abundant in immature brain? Neurosci Lett 144:65-69.

4. dos Louros SR, Hooks BM, Chen C (2009) Understanding the role of stargazin in the

retinogeniculate synapse remodeling. In: Society for Neuroscience. Chicago.

[5. Yamasaki M (2009); personal communication]

Table 1
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Future direction

To establish further evidence for the multiple reinnervation of lemniscal fibers, I will
introduce a tracer technique (Rockland, 2002) from trigeminal nuclei to the VPM (Williams et
al., 1994; Veinante and Deschénes, 1999). A paired recording from adjacent relay neurons will
reveal sprouting collaterals of lemniscal fibers in the IONC-operated VPM. A functional
expanse of lemniscal fibers in IONC-operated mice and its impact on the thalamus can be
examined using a functional multineuron calcium imaging technique, while a single lemniscal
fiber is stimulated (Ikegaya et al., 2005). However, a pilot study revealed that an AM-ester
dye (OGB488-AM) hardly labeled VPM relay neurons even in P7 slices (data not shown).
Employment of genetically encoded calcium probes such as G-CaMP family could overcome
the problem (Hodgkin and Huxley, 1952; Nakai et al., 2001).

To know whether the IONC operation alters the VPM functionally, basic passive and
active membrane properties of relay neurons should be investigated. In vivo intracellular
voltage recordings are also desired.

To investigate the exact cause or causes (activity or lesion?) which induce(s) multiple
innervation of lemniscal fibers, blockade of infraorbital nerve using TTX-Elvax ™ and crush
of infraorbital nerve should be employed. It can be helpful to examine whether multiple
innervation of lemniscal fibers correlate with activities of trigeminal nuclei, the VPM, and
cortex after the three operations (cut, crush, and blockade).
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