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Abstract

Thalamus is regarded as the gateway for sensory information relay from periphery

to higher cortical areas, and has been suggested to play pivotal roles in state-dependent

information processing and several different types of neurological disorders. Relay

neurons in the ventrobasal nucleus (VBN) of the thalamus transmit somatosensory

information to the cerebral cortex and receive sensory and cortical (feedback) synaptic

inputs via, respectively, medial lemniscal (ML) and corticothalamic (CT) fibres. Despite

an invaluable model for studying central processes of sensation and perception, this

system has not been well characterized in terms of basic details of the excitatory

synaptic transmission and plasticity. With more functional relevance, changes of the

synaptic transmission, especially in response to physiological patterned activities, have

critical implications for the computation of the thalamo-cortico-thalamic network, but

this aspect is rarely studied. For example, the duality of spiking modes, burst and

continuous, was thought to underlie state dependence of thalamic information transfer,

but the impact of different firing patterns on synaptic weight is not explored.

Our work applies standard whole-cell patch-clamp electrophysiology and cellular

histochemistry to study the fast excitatory synaptic transmission and plasticity of relay

neurons in the ventrobasal nucleus of rat thalamus in a systematic and comparative

manner. CT and ML synapses had distinct properties in terms of stimulus-response
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relationships and short-term plasticity: CT excitatory postsynaptic current (EPSC) had

linear input-output relationship and paired-pulse facilitation, while ML EPSC

all-or-none and paired-pulse depression. More interestingly, the compositions of

ionotropic glutamate receptors differed. CT synapses showed higher NMDAR /

non-NMDAR peak current ratio than ML synapses, and preferentially expressed

calcium-permeable AMPA receptors (CaP-AMPARs). Activation of these receptors

has been widely implicated in the induction and / or expression of synaptic plasticity,

which motivated the comparison of synaptic plasticity between these two synapses.

NMDAR-dependent long-term potentiation (LTP) and L-type voltage-gated calcium

channel(VGCC)-dependent long-term depression (LTD) were readily induced at CT

synapses, but not ML synapses, under the induction protocols tested. In addition, CT

synaptic strength could be modulated in response to pre- and postsynaptic activities in

an integrative manner while multiple induction conditions were met concurrently.

Efforts were then made to elucidate the role of ionotropic glutamate receptors in

long-term plasticity of CT synapses by experimental and analytical approaches. We

found that activation of CaP-AMPARs and NMDARs contributed to neither induction

nor expression of LTD at CT synapses, and evidence further suggested that the

expression of LTD mainly involves presynaptic modification.

In order to get insights into the physiological conditions for induction of synaptic
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plasticity, several protocols involving different spiking and pairing patterns were tested
under current-clamp recording. Intriguingly, LTD was induced at CT synapses in
response to repetitive continuous spiking, rather than burst spiking, of VBN relay
neuron. Furthermore, we showed that LTP at CT synapses could be induced by
repetitive, low-frequency pairing of CT EPSP with burst spiking of relay neuron, but
not by pairing of CT EPSP with high-frequency spiking (without LTS) which mimicked
the fast Na* action potentials riding on the LTS of natural burst spiking, suggesting a
critical role of T-type VGCCs in the induction of STDP at CT synapses.

In light of our discovery, | propose a working model of dynamic thalamic
information relay, and generate testable ideas for future research. Taken together, this
study unveils the fundamental functional differences between sensory and cortical
inputs onto thalamic relay neurons, and shows that the strength of corticothalamic
pathway is preferentially subjected to use-dependent modifications, which can be a
cellular substrate for dynamic regulation of thalamic information relay, and therefore
instrumental to our in-depth interpretation and understanding of the ongoing in-vivo
sensory processes within the thalamocortical system at synaptic and cellular levels.
Keywords: corticothalamic synapse, T-type calcium channel, NMDA receptor,
calcium-permeable  AMPA receptor, long-term potentiation, long-term depression,

L-type calcium channel
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Chapter 1

Introduction

A. Ventrobasal nucleus (VBN) of thalamus and somatosensory system

al. Thalamus: a major gateway of sensory information

Thalamus has been viewed as a major gateway of sensory information from
periphery to higher cortical areas (Jones, 2007; Sherman and Guillery, 2004). Based on
previous physiological and anatomical literature, the sensory information of vision,
audition, gustation, olfaction, touch, pressure, pain, temperature perception, and
proprioception is transmitted to higher cortex through it (Sherman and Guillery, 2004;
Bear et al., 2001). Historically, it was suggested that thalamus play its major role as a
passive relay in the mammalian central nervous system, and the principal neurons of
thalamus are referred to as relay neurons (Jones, 2007; Sherman and Guillery, 2004),
although many lines of evidence have emphasized the active role of thalamus in
information transfer, indicating that thalamus is more than a simple relay station of

sensory signals (Briggs and Usrey, 2008; Nicolelis, 2005; Nicolelis and Fanselow, 2002;
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Jones, 2007). Sensation and perception are of indispensible importance to survival of

animals, and the detailed anatomical, physiological, biochemical and biophysical

knowledge of thalamus is crucial to our in-depth understanding of its operational and

functional principles in various physiological and pathological states.

a2. VBN as the first-order relay of somatosensory information of rodents

VBN is one of the most clearly defined nuclei of thalamus because of its large size

and lobulated appearance, which is imposed on it by penetrating bundles of myelinated

fibers (Jones, 2007). Cytoarchitectonically, the division of ventral posterior medial

nucleus (VPM) and ventral posterior lateral nucleus (VPL) is very distinct; VPM tends

to be composed of relatively closely packed cells, whereas VVPL cells usually arranged

in clusters (Jones, 2007) (Fig. 1.1).

The terms ventral posterolateral / ventral posteromedial nuclei, and ventrobasal

complex were first introduced by Clark (1930) and Rose (1935), respectively (Jones,

2007). In addition to VPL and VPM, two additional zones of smaller cells distinguished

by weak cytochrome oxidase (CO) staining can be identified in primates (Jones, 2007).

One is characterized by closely-packed small- and medium-sized neurons, which
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represents the thalamic termini for taste and other visceral afferents and can be quite

distinct and relatively large in rodents, termed parvocellular part of ventral posterior

nucleus (VPPC; Paxinos and Watson, 2007) or basal ventral medial nucleus (VMb;

Jones, 2007). The other subnucleus dominated by neuroglial cells but containing many

small neurons as well, which is traversed by medial lemniscus (ml) as it enters the

thalamus, called ventral posterior inferior nucleus (VPI), is commonly not separately

identified in rodents (Jones, 2007; Paxinos and Watson, 2007). In this study, we used the

term “VBN” simply referring to VPL and VPM, but not VPPC (VMDb).

Besides transmitting gustatory information from central taste pathway (VPM),

VBN is well-established to play vital roles for relaying somatosensory information in a

somatotopically-organized manner. Dorsal column-medial lemniscal pathway and

trigeminal nerve pathway transmit touch, vibration, two-point discrimination, and

proprioception information upwards via VBN. Spinothalamic pathway and trigeminal

pathway also send pain, temperature, and some touch signals via VBN (Bear et al.,

2001). Vibrissal information is one of the most important survival cues for rodents. The

ascending trigeminal system of rodents contains clear structural representations of the

whisker pads in the brainstem (“barrelettes”) (Ma and Woolsey, 1984), thalamus

(“barreloids” of VPM) (Haidarliu and Ahissar, 2001; Land et al., 1995; Van der Loos,
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1976), and cortex (“barrels”) (Woolsey and Van der Loos, 1970). Because of this

morphologically demonstrable arrangement, the vibrissal system of rodents has become

one of the most valuable models in sensory physiology (Deschénes, 2009).

The medial lemniscus, at its entry into the thalamus, consists of fibers arising from

the contralateral dorsal column nuclei (and some of their satellite nuclei) (Fig. 1.2),

trigeminal nuclei, and lateral cervical nuclei of spinal cord (reviewed by Jones, 2007).

These terminals end on the proximal portions of the dendrites of relay cells. These

afferent connections are summarized as follows: (1) Among the dorsal column system,

the cuneate and gracile nuclei project to the contralateral VPL. (2) The

trigeminothalamic inputs to VPM arise from the principal (PrV) and spinal trigeminal

(SpV) nuclei of the contralateral side. The PrV and all the subdivisions of SpV

contribute axons to the trigenimothalamic tract. (3) The lateral cervical nucleus of the

spinal cord, after a period of uncertainty, is now thought to be represented in most

mammals. Fibers from lateral cervical nucleus ascend to contralateral VVPL and certain

other thalamic nuclei. In VPL, they have been described in physiological studies to

project to the “deep shell” region (see below) in monkeys, cats, and possibly in rats, but

this point is controversial (Jones, 2007). Neurons in the lateral cervical nucleus respond

to movement of hairs, to pressure or pinch, including noxious pinch, and have large

4



receptive fields on the limbs.

Spinothalamic afferents arising from both sides of spinal cord, with a contralateral

preponderance, terminate in VPL (Fig. 1.2). Spinal trigeminothalamic projections arise

mainly from the contralateral caudal subnucleus of the SpV (SpVc), although there are

also contributions from the oral subnucleus (Sp\Vo) in rats and especially from the

interpolar subnucleus (SpVi) (Pierret et al., 2000; reviewed by Jones, 2007). The fibers

leaving the SpV ascend with the spinothalamic tract. For spinothalamic and spinal

trigeminothalamic fibers in cats, it is shown thin preterminal branches that lack the

concentrated large boutons typical of lemniscal fibers; for the relay neurons of rat VBN,

Ma et al. (1987) also showed that lemniscal terminals frequently contact somata and

dendrites more proximally than spinothalamic projections (but see Lavallée et al., 2005,

which showed that SpVir axons make large synaptic contacts with the proximal

dendrites of relay neurons in the dorsomedial aspect of VPM). These may indicate the

existence of some basic differences between lemniscal and spinothalamic / spinal

trigeminothalamic systems.

By the mid-1990s, only two central pathways of vibrissal information processing

in rodents are known: lemniscal pathway, which transmits signals from PrV to layer IV
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of barrel cortex (primary somatosensory cortex, S1) via VPM, and paralemniscal

pathway, whose origin was uncertain (now it is known as the multiwhisker cells in

SpVir; Williams et al., 1994), which transmits signals to cortical regions surrounding the

barrels through the whisker responsive part of posterior complex (posterior thalamic

nuclear group; POm) (Deschénes, 2009; the nomenclature POm used here is, in reality,

incorrect, since the "whisker responsive part™ also includes the most lateral portion of

posterior complex; the usage of this term in this paragraph is following the terminology

of Deschénes, 2009). Since then, combined tracing and electrophysiological approaches

have revealed two additional pathways (Fig. 1.3). It was shown that relay neurons of rat

VPM have further target-specific segregation, namely the “core” (dorsal medial division

of VPM, VPMdm) and “tail” (ventral lateral division of VPM, VPMdI) compartments of

the barreloids, the former of which receive monowhisker input from PrV and project to

single barrel column of S1 (i.e. lemniscal pathway), and the latter of which receive

multiwhisker input from SpVi (SpVic according to Deschénes, 2009) and project to

dysgranular zones of primary (S1) and secondary (S2) somatosensory cortices (i.e.

extralemniscal pathway) (Pierret et al., 2000). Furthermore, the lemniscal pathway can

be divided into two subdivisions, as additional "head" (VPMh) and "core" (VPMCc)

sub-compartments can be distinguished in the barreloids within VPMdm (Fig. 1.3),

which features neurons with large multiwhisker and small monowhisker receptive fields,
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respectively (Veinante and Deschénes, 1999). It has been proposed that the lemniscal

and extralemniscal pathways transiting via core and tail of rat VPM respectively, and

the paralemniscal pathway transiting through POm, altogether constitute the parallel

thalamic streams for processing the "what" (object identity), "where" (object location),

and whisking signals, all of which are important for object identification using

active-touch information (Yu et al., 2006).

a3. Synaptic organization of VBN

Primary sensory information is transmitted to cerebral cortex through thalamus,

which also receives reciprocal feedback from cortex. It is widely accepted that CT

synapses outnumber the subcortical terminations on relay neurons, although Jones

(2007) argued that the quantitative estimation of an order of magnitude more by

Sherman and Koch (1986) was erroneous. In the lateral geniculate nucleus (LGN; the

visual thalamus), it was estimated that sensory inputs account for 10% of synapses onto

TC relay neurons, whereas cortical inputs account for more than 50% (Erisir et al., 1997;

Latawiec et al., 2000).



Getting insights from the synaptic organization of LGN, Sherman proposed the
concept that thalamic afferents can be divided into two categories, namely driver and
modulator, which also applies to VBN (Sherman, 2005). Lemniscal input belong to
driver, which forms large, glomerular presynaptic elements contacting proximal
dendrites of VBN relay neurons (Spacek and Lieberman, 1974), providing powerful
synaptic drive as well as major receptive properties to them. On the other hand,
non-lemniscal inputs, such as the corticothalamic fibers from cortical layer VI,
belonging to modulator, which can contact widespread over on the dendritic arbors and
affect properties of neuronal receptive field only subtly. In Sherman's proposition,
drivers provide major information streams, whereas modulators play modulatory roles

for information relay.

As an extension of the driver / modulator concept, it was further suggested that
corticothalamic feedbacks can also fall into either category based on the morphological
and electrophysiological characteristics, and, according to the types of corticothalamic
connections received, thalamic nuclei can be classified as first-order or higher-order
relay (Llano and Sherman, 2009; Reichova and Sherman, 2004; Sherman, 2005; Van
Horn and Sherman, 2004). Two types of corticothalamic cells, with distinct

electrophysiological properties and local network connectivity (Llano and Sherman,

8



2009), give projections from S1 to thalamus: it was previously shown that the upper and

lower portions of layer VI cells send projection to VBN and POm, respectively

(Bourassa et al., 1995), while CT axons originating in layer V cells only project to POm.

The thin axons arising from layer VI neurons, the modulator, terminate in small boutons

on distal dendrites of relay neurons; the fibers arising from layer V neurons, the driver,

form giant synaptic boutons on proximal dendrites (Hoogland et al., 1987; Jones, 2007).

The view of differential projection of large terminals between POm and VBN has been,

however, recently modified, because of the discovery of large terminal-projected zones

within the caudal and surrounding "shell” regions of VBN in rats and mice (Liao et al.,

2010).

As a corollary inferred from the correlation of presynaptic morphology and

information modality being transmitted in the primary sensory thalamic nuclei, driver

CT feedbacks are considered feedforward and responsible for transmitting

sensory-related information, whereas modulator CT feedbacks are suggested to serve to

modulate this process. All thalamic nuclei receive input from cortical layer VI, but only

those also receive layer V projections are termed higher-order relay, since they therefore

retain the major sensory signals coming from previous thalamo-cortical transmission to

relay further; on the contrary, those receive only layer VI inputs are first-order relay. In
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view of the fact that the particular subzones of VBN are also innervated by large

terminals, Liao et al. (2010) proposed that VBN may simultaneously coordinate first-

and higher-order relays and therefore play multiple roles in the thalamocortical relay

function.

Despite being composed of a single type of principle neuron, VBN still have

functional and anatomical segregations. In cats, monkeys, and humans, it is the “deep

shell” and “cutaneous core” which form modality-specific compartmentalization within

VPL (Jones, 2007). In these compartments, neurons are clustered according to their

peripheral principal inputs, i.e. sensory receptors in the skin or in deep tissues such as

muscles and joints. The neurons of the anterodorsal “deep shell” respond to movements

of joints, stretching of tendons, and manipulation of muscle bellies; the most are, in fact,

driven by discharges of primary afferent fibers innervating muscle spindles. This

functional segregation actually reflects the differential spatial distributions of lemniscal

fiber terminals arising from different subdivisions of dorsal column nuclei and lateral

cervical nucleus.

Lemniscal and spinothalamic pathways engage neurons located in separate

compartments of VBN, although they are grossly converging (for rats, see Peschanski

10



and Besson, 1986). The evidence is most convincing in monkeys (Jones, 2007):

anterograde labeling studies show that the parvalbumin-positive, cytochrome oxidase

(CO)-rich “core” is dominated by terminations of dorsal column-medial lemniscus (in

VPL) or principal trigeminal afferents (the rod-like structures in VPM), whereas the

calbindin-positive, CO-weak “matrix” is dominated by terminations of spinothalamic

afferents (the isolated patches within VPL) or spinal trigeminothalamic afferents

(between and outside the rod-like structures within VPM). The matrix forms a strip

along the medial border of VPM, intervenes between the rod-like structures, aggregates

into islands within VPL, and extands to VMb and VPI even further beyond into adjacent

nuclei. These two compartments have their cortical lamina-specific thalamocortical

projections: the matrix projects diffusively to the superficial layers, while the core

projects to the middle layers of somatosensory cortex. For rats, the principle of calcium

binding proteins -- histochemical compartments of calcium binding proteins correspond

to those of different projecting classes of relay neurons -- cannot apply well,

nevertheless, the lamina-specific segregation of relay neurons in the somatosensory

thalamus still exists (Rubio-Garrido et al., 2007). It is noteworthy that, Diamond

(1995) suggested POm correspond to the “matrix” of the trigeminal somatosensory

thalamus in rodents, whose projecting terminations are distributed throughout layers I —

VI in the perigranular areas between the granular islands and barrels of somatosensory
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cortex.

a4. Thalamic firing modes and state-dependent information relay

Since the first intracellular recording of mammalian thalamic neurons was obtained
(Deschénes et al., 1982; Llinas and Jahnsen, 1982), electrophysiologists have been
obsessed with their striking spiking properties for decades: relay neurons fire in
continuous (tonic / regular) mode at relatively depolarized membrane potential (Vy,),
while in burst mode at relatively hyperpolarized V,, (Bal and McCormick, 1993;
Jahnsen and Llinds, 1984a) (Fig. 1.4). This duality originates from the
voltage-dependent inactivation property of T-type voltage-gated calcium channels
(VGCCs) (Suzuki and Rogawski, 1989) in that the steady-state half-inactivation
potential is very hyperpolarized (~ -96.8 mV for the relay neurons of rat VBN) (Kuo
and Yang, 2001). At hyperpolarized Vy, low threshold spike (LTS) is triggered upon
activation of T-type VGCCs, which drives high-frequency bursts of Na" action potential
firing; on the contrary, T-type VGCCs are inactivated at depolarized Vr,, and the action
potentials fire in a continuous fashion instead (Bal and McCormick, 1993; Jahnsen and

Llinds, 1984b; Luthi and McCormick 1998a, 1998b; Sherman, 2001; Suzuki and
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Rogawski, 1989). Recent findings (most of them were performed in cats) indicated the

firing repertoire of thalamic relay neurons can be even richer than previously recognized

(Fig. 1.4B): in addition to the continuous firing and classical LTS-burst firing (which

contributes to the sleep spindles and delta oscillation), relay neurons can express slow

oscillation (contingent on the opening of a small fraction of non-inactivating T-type

VGCCs) and high-threshold burst (HTB) (which contributes to sleep theta rhythm and

is contingent on activation of putative dendritic T-type VGCCs), both of which are

revealed upon the activation of type la metabotropic glutamate receptors (mGluR1a)

(note: VBN relay cells may not have HTB mode) (Hughes et al., 2002; Zhu et al.,

2006).

Historically, the state-dependent firing properties of thalamic relay neurons have

facilitated the conceptual linkage between firing mode and thalamic relay function,

especially when researchers considered the flexibility of central sensory processes

dictated by global conscious states. Continuous spiking mode is typically observed in

the thalamus of awake and vigilant animals, while rhythmic burst spiking is mostly

associated with inattentive, drowsy, anesthetized states or slow-wave sleep, which

prompted the suggestion that, in the burst mode, thalamus is functionally disconnected

from its afferent input (Jones, 2007; Le Masson et al., 2002; Livingstone and Hubel,
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1981; McCormick and Bal, 1997; McCormick and Feeser, 1990; Steriade and Llinas,

1988); emerging evidence has, however, indicated that bursting also occurs in awake

animals and can serve as a powerful mode of thalamocortical information transfer

(Crick, 1984; Fanselow et al., 2001; Guido et al., 1992; Guido et al., 1995; Guido and

Weyand, 1995; Lu et al., 1992; Mukherjee and Kaplan, 1995; Ramcharan et al., 2000;

Reinagel et al., 1999; Swadlow and Gusev, 2001; Weyand et al., 2001).

Recent studies have indicated that, from the recordings of slightly anaesthetized or

even awake animals, one can still observe un-synchronous burst firing without

pacemaking activities in thalamic relay neurons. Under this condition, relay neurons are

responsive to sensory inputs, and probably encode information in terms of burst spiking

(Fanselow et al., 2001; Nicolelis and Fanselow, 2002; Sherman, 2001; theoretical study

see Babadi, 2005). Moreover, Fanselow (2001) et al. proposed that during the twitching

of rat whiskers, a descending signal from S1 triggers thalamic bursting that primes the

thalamocortical loop for enhanced signal detection. Therefore, at least three different

responsive states (continuous, rhythmic burst spiking, and unsynchronous burst firing)

can be distinguished for the operation of thalamic relay neurons, probably

corresponding to different brain-mind conditions for information processing.
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Burst activities are also intrinsic to many other systems such as hippocampal

pyramidal neurons (O’Keefe and Recce, 1993; Ranck, 1973) and neocortical pyramidal

neurons (Connors et al., 1982; Llinas, 1988; McCormick et al., 1985; Williams and

Stuart, 1999), which is often considered as a qualitatively distinct signaling unit with a

great variety of functional impacts, such as providing higher reliability of synaptic

activation, enhancing stimulus detectability (Babadi, 2005; Beierlein et al., 2002;

Fanselow et al., 2001; Guido et al., 1995; Guido and Weyand, 1995; Lisman, 1997;

Sherman, 2001; Swadlow and Gusev, 2001; Williams and Stuart, 1999), induction of

synaptic plasticity, reorganization of cortical circuits, synaptic downscaling, memory

consolidation, and gene expression (Birtoli and Ulrich, 2004; Clark and Normann, 2008;

Fields et al., 1997; Frank et al., 2001; Lanté et al., 2011; Paulsen and Sejnowski, 2000;

Pick et al., 1999; Remy and Spruston, 2007; Steriade, 2006; Thomas et al., 1998), to

name a few.

It has been widely appreciated that conscious states can significantly influence the

processes of sensation and perception. Descending corticothalamic input is considered

to be an essential determinant for the gating of thalamic information relay (Destexhe,

2000; Jones, 2007; Sherman, 2005; Steriade and Paré, 2007). Neuromadulators are also

proposed to dominate the transition of thalamic operation modes between different
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conscious states, one of the potential mechanisms for which is by switching the spiking

modes of relay neurons via modulation of membrane potential (Castro-Alamancos,

2002; Castro-Alamancos and Calcagnotto, 2001; Steriade et al., 1990; Steriade and Pare,

2007).

B. Excitatory fast synaptic transmission and homosynaptic long-term plasticity

b1. Ionotropic non-NMDA glutamate receptors and calcium permeability

Three families of mammalian ionotropic glutamate receptors, the AMPA (GIuR1-4

or A-D), kainate (GIuR5-7, KAR1-2), and NMDA (NR1, NR2A-D), have been

identified, based on their primary sequences, biophysical and pharmacological

characteristics (Wisden and Seeburg, 1993). Of these, AMPA receptors mediate the

majority of fast excitatory transmission in the CNS (Cull-Candy et al., 2006). Their

functional properties are dictated by subunit composition and auxiliary proteins

(Hollmann et al., 1991; Hume et al., 1991). The mRNA encoding each subunit is also

subject to post-transcriptional modification, in the form of alternative splicing or RNA

editing. For example, alternative splicing generates “flip” and “flop” slice variants for
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each of the GIuR1-4 subunits, with distinct desensitization kinetics (Blakemore and

Trombley, 2003).

Transcripts of AMPA and kainite receptor subunits, each of which contains an

RNA editing site in an axon encoding part of the pore-lining (M2) region, have been

shown to undergo oxidative deamination of adenosine to inosine at this site (Sommer et

al., 1991). It causes the substitution of an arginine (R) for glutamine (Q) residue in the

GluR2, GIuR5 and GIuR6 subunits, which leads to profound functional influences,

including calcium permeability, rectification, sensitivity to external polyamines, single

channel conductance, receptor assembly and trafficking (Cull-Candy et al., 2006; Hume

et al., 1991; Washburn et al.,1997). For GIuR2 and GIuR5, the extent of editing is also

found to be regulated in a tissue and developmentally specific pattern, implying a

general regulatory mechanism for the function of non-NMDARs (Bowie and Mayer,

1995).

The AMPA receptors that lack GIuR2 subunits are permeable to calcium ions (lino

et al., 1990), exhibit a high single-channel conductance, are blocked by endogenous

(intracellular) polyamines in a voltage-dependent manner, giving rise to an

inward-rectifying current-voltage (I-V) relationship (Cull-Candy et al., 2006), and show
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use-dependent relief from polyamine block (Rozov and Burnashev, 1999), providing

activity-dependent short-term modulation of receptor efficacy (McBain, 1998). In the

model accounting for the dependence of calcium permeability and rectification

properties on GIuR2, Washburn et al. (1997) proposed that, incorporaton of arginines

into the Q/R site replaces the negatively charged ring of carbonyl oxygens of glutamines

by the positively charged guanidinium groups, which also neutralizes the negatively

charged carboxyl groups of aspartates near the cytoplasmic mouth of the channel by

formation of a salt bridge, Because the carbonyl oxygens of glutamines and carboxyl

groups of aspartates contribute to or form a binding site for calcium ion and polyamine,

incorporation of GIuR2 would confer the calcium impermeability and linear I-V

relationship to AMPA receptors; on the other hand, GluR2-lacking AMPA receptors are

calcium-permeable and inward-rectifying.

Although the majority of AMPA receptors in CNS are GluR2-containing,

calcium-impermeable, significant expression of calcium-permeable AMPA receptors

(CaP-AMPARYS) is found in subpopulation of hippocampal interneurons (lino et al.,

1990), hippocampal CA3 pyramidal neurons (Ho et al., 2007), neocortical interneurons

(Rozov and Burnashev, 1999), cerebellar granule cells (Kamboj et al., 1995), cerebellar

stellate cells (Liu and Cull-Candy, 2000), olfactory bulb neurons (Blakemore et al.,
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2006; Ma and Lowe, 2007), dopamine neurons of ventral tegmental area (VTA)

(Bellone and Liischer, 2005), and Bergmann glial cells (Burnashev et al., 1992). Native

calcium-permeable kainate receptors are less well characterized, but strong inwardly

rectifying responses characteristic of the unedited form of GIuR6 have been described in

embryonic hippocampal neurons and glial progenitor cells (Lerma et al., 1993).

CaP-AMPARs have been proposed to play a great variety of roles in normal

physiological functions or neuropathology, such as precise control of spike timing

(Geiger et al., 1995; Geiger et al., 1997; Lawrence et al., 2004; Walker et al., 2002),

induction / expression / consolidation / maintenance of activity-dependent, homeostatic,

or drug-induced long-term synaptic plasticity, learning and fear memory erasure (Asrar

et al., 2009; Bellone and Luscher, 2005; Bellone and Lischer, 2006; Clem and Barth,

2006; Clem and Huganir, 2010; Derkach et al., 1999; Desai et al., 2002; Goel et al.,

2006; Guire et al., 2008; Ju et al. 2004; Kakegawa et al., 2004; Laezza et al., 1999; Liu

and Cull-Candy, 2000; Manhanty and Sah, 1998; Mameli et al., 2007; Oh and Derkach,

2005; Pelkey et al., 2005; Plant et al., 2006; Sutton et al., 2006; Thiagarajan et al., 2005;

Toth et al., 2000; Watt et al., 2000; Wiltgen et al., 2010), a postsynaptic form of

short-term plasticity (Bowie et al., 1998; McBain, 1998; Rozov et al., 1998; Rozov and

Burnashev, 1999), neurodevelopment (Ho et al., 2007; Kumar et al., 2002; Monyer et al.,
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1991; Shin et al., 2005; Smith et al., 1999; Smith et al., 2000; Whitney et al., 2008;

Wisden and Seeburg, 1993), and activity- and pathophysiology-dependent synaptic

modulation through the regulation of endogenous polyamines (Aizenman et al., 2002;

Aizenman et al.,, 2003; Hayashi et al., 1993; Shin et al., 2005). Therefore, the

physiological significance of CaP-AMPARs is more profound and widespread in the

native CNS.

b2. The discovery of homosynaptic LTP and LTD

Synaptic plasticity is usually defined as the upregulation or downregulation of

synaptic efficacy (Martin and Morris, 2002). In 1940s, Canadian psychologist Donald

Hebb first laid down the theoretical foundation of learning in neural systems by

articulating the potential mechanisms of synaptic plasticity. In his pioneering book,

(The Organization of Behavior) (1949), it was proposed that increments in synaptic

efficacy occur during learning when firing of one neuron repeatedly or persistently

produces firing in another neuron to which it connects. That is, temporal correlation (or

association) of pre- and postsynaptic activities induces structural and / or chemical

(metabolic) processes, subsequently eliciting the strengthening of synaptic connections.
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This is well-known as a principle in the form of “neurons that fire together wire

together” (Bear et al., 2001; Maren and Baudry, 1995). In 1973, Tim Bliss and Terje

Lamo successfully demonstrated the existence of such a phenomenon at synaptic level.

In the experiments on the dentate gyrus of anesthetized rabbits, they showed that brief

tetanic (high-frequency) stimulation of perforant-path axons produced an increase in the

amplitude of field excitatory synaptic potentials that last for hours, or even for days,

which was termed long-term potentiation (LTP). Since then, a huge body of knowledge

has burgeoned regarding the induction conditions and properties of long-term synaptic

plasticity. In 1977, Lynch, Dunwiddie, and Gribkoff reported a seemingly inverse

version of LTP — long-term depression (LTD) — at the synapses of Schaffer collateral

input to CA1 pyramidal neurons in hippocampus. Cerebellar LTD was then identified by

Masao Ito et al. in 1982, which immediately received extensive attention because of its

rich implications on motor learning. Studying the requirement for temporal specificity

in associative synaptic plasticity of dentate gyrus, Levy and Steward (1983) discovered

the temporal order of pre- and postsynaptic spiking is crucial to the induction of

long-term synaptic modification. In cortical pyramidal neurons of rats, Markram et al.

(1997) further elegantly demonstrated that precise temporal structure of pre- and

postsynaptic activation is an important determinant for the sign (potentiation or

depression) of synaptic plasticity. Bell et al. (1997) also found that induction of synaptic
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plasticity is dependent on the timing for pairing EPSP with dendritic Na* spike in the
electrosensory lobe of mormyrid electric fish. This is now referred to as
spike-timing-dependent plasticity (STDP), a cellular correlate for timing-based causal

learning.

b3. Molecular mechanisms underlying early-phase long-term synaptic plasticity

After decades of experimental studies on the properties and mechanisms of
long-term synaptic plasticity, it now appears that there are various forms of LTP and
LTD, which share some common characteristics but vary in many details (Malenka and
Bear, 2004). Therefore, when the mechanisms underlying LTP or LTD are considered, it
IS necessary to point out the specific type of synapse, the developmental phase, and the
induction protocol used. Here we limit our discussion to the molecular mechanisms of
early-phase, monosynaptic synaptic plasticity, especially in the hippocampus, which has
been received extensive and systematic analyses. On the contrary, the studies of
synaptic plasticity in thalamus are extremely limited (see Bright and Brickley, 2008;

Castro-Alamancos and Calcagnotto, 1999).
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The locus of induction and expression of synaptic plasticity has invoked fierce

debate over the last two decades (especially in the 1990's), with the main battlefield in

the hippocampus. We take NMDAR-dependent LTP at Schaffer collateral (SC)-CA1l

pyramidal neuron synapses for most of the discussion as an example to highlight the

experimental and theoretical challenges as well as our current understanding regarding

the molecular mechanisms of early-phase synaptic plasticity. Arguably, the classical

model of synaptic plasticity induction, with postsynaptic NMDA receptors (NMDARS)

as a coincidence detector for correlated pre- and postsynaptic activities, was established

in series of classical studies done on SC-CA1 synapses of hippocampus. It was showed

that postsynaptic depolarization (Kelso et al., 1986; Gustafsson et al., 1987), activation

of postsynaptic NMDARs (Collingridge et al., 1983; Mayer et al., 1984; Nowak 1984),

the accompanying calcium influx, and the resultant rise in intracellular calcium

concentration (Cummings et al., 1996; Lynch et al., 1983; MacDermott et al., 1986;

Zalutsky and Nicoll, 1990) are necessary initial events for inducing LTP. Similar events

can also account for LTD induction, while calcium-induced calcium release (CICR) is

also involved (Malenka and Bear, 2004).

Theories were proposed to explain how activation of single molecular entity, which

conducts the same type of intracellular messenger (calcium), can lead to entirely

23



different functional outcomes. The calcium hypothesis for plasticity induction (Artola

and Singer, 1993; Malenka and Nicoll, 1993) and BCM theory (Bienenstock et al., 1982)

articulate that the magnitude of postsynaptic calcium influx determines the polarity and

strength of synaptic modification: with respect to a threshold calcium level, more

calcium influx leads to LTP, while modest calcium influx leads to LTD. This

formulation has acquired direct experimental support, such as in rat neocortical system

(Hansel et al., 1996). Wu et al. (2001) showed a sigmoid relationship between synaptic

modification and the charge transfer via NMDARSs, corresponding to the proposed

biphasic relationship between synaptic plasticity and calcium influx. It is noteworthy

that the time course of postsynaptic calcium concentration was also proposed to be

involved in the induction of synaptic plasticity (Rubin et al., 2005).

Following the calcium influx, the initiation of downstream signaling cascades for

LTP induction can involve calcium / calmodulin-dependent protein kinase 11 (CaMKIl),

cAMP-dependent protein kinase (PKA), protein kinase C (PKC, especially the atypical

PKC isozyme protein kinase M £, PKM &), mitogen-activated protein kinase (MAPK),

extracellular signal-regulated kinases (ERKS), phosphatidylinositol 3-kinase (PI3

kinase), or Src-family tyrosine kinase (Malenka and Bear, 2004), depending on different

experimental paradigms. These signaling can engage the cellular effectors which lead to
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functional alterations of synaptic strength, such as presynaptic modification of the

probability of neurotransmitter release or / and postsynaptic modification of AMPAR

number, conductance, or trafficking (Malenka and Bear, 2004). For LTD induction, the

most well-characterized downstream enzyme is calcineurin or protein phosphatase 1

(PP1), which dephosphorylates PKC and PKA substrates, thus leading to

posttranslational modification and internalization of AMPARs (Malenka and Bear,

2004). LTD of the excitatory synapses on MSNs of striatum and the synapses between

layer V neurons of visual cortex were shown to be dependent on endocannabinoid

signaling (Malenka and Bear, 2004; Sjostrom et al., 2003).

The locus of LTP expression at SC-CAL synapses has been very controversial. It

was proposed that LTP is mediated by an persistent increase in the release probability of

presynaptic neurotansmitter (Malinow et al., 1989). Two research groups, Bekkers and

Stevens (1990), and Malinow and Tsien (1990), independently reported that the

coefficient of variation (CV) of EPSC amplitude decreases following LTP induction,

which, under certain assumptions (see Chapter 4), reflects presynaptic quantal

parameters (quantal content) are changed. Moreover, Kullmann and Nicoll (1992)

showed that the probability of failure (failure rate) in evoking measurable synaptic

responses is reduced after LTP induction. Stevens and Wang (1994) also showed that
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amplitude of unitary synaptic responses does not change after LTP is induced. On the

contrary, several lines of evidence also suggested that LTP can be accounted for by

functional modification of postsynaptic AMPARs. For example, phosphorylation of

AMPARs is enhanced after LTP induction (Lee et al., 2000), which was found to

increase open probability (Banke et al., 2000) and single-channel conductance (Derkach

et al., 1999) of AMPARSs. In addition, insertion of AMPAR subunit GIuR1 into dendritic

memebranes occurs after experimental requirements for LTP induction are fulfilled (Lu

et al., 2001; Pickard et al., 2001).

The discovery of postsynaptic silent synapses at SC-CAL synapses (Isaac et al.,

1995; Liao et al., 1995) and thalamocortical synapses (Isaac et al., 1997) seemed to

successfully compromise the theoretical contradictions between experimental

interpretations. In these systems, some proportion of excitatory synapses were shown to

be functionally silent (at the experimentally measurable level) postsynaptically. It was

proposed that they express functional NMDARSs, but not functional AMPARs, therefore

are unable to contribute to synaptic response around resting membrane potential in

normal slice conditions. Most intriguingly, silent synapses can be converted to

functional ones through incorporation of functional AMPARs (which does not

necessarily correspond to a physical insertion of receptors) into postsynaptic sites by an
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LTP induction protocol which activates NMDARs (Liao et al., 1995). At thalamocortical

synapses, the critical period in which an NMDAR-dependent LTP can be successfully

induced elegantly matches the developmental window in which postsynaptically silent

synapses are present (Isaac et al., 1997). Isaac et al. (1996) showed that, by recruiting

putative single synapses with minimal stimulation technique, release probability of

neurotransmitter release does not change, whereas amplitude of EPSC in successful

trials ("potentcy™) increases following LTP induction. Therefore, the results of change in

CV and failure rate, as mentioned above, can be reinterpreted as reflecting an equivalent

functional upregulation of the number of release sites because of incorporating

functional synaptic AMPARs (Malenka and Nicoll, 1997). However, it should be noted

that, potential spillover of glutamate released from neighboring synaptic sites, and the

accompanying preferential activation of synaptic NMDARs due to higher glutamate

binding affinity (relative to AMPARS), may complicate this interpretation (Kullmann,

1996; Kullmann et al., 1996).

At mossy fiber (MF)-CA3 pyramidal neuron synapses of hippocampus, the locus

of LTP induction has also remained controversial, partly due to a considerable body of

conflicting experimental results and interpretations. These contractions appeared to be

partly resolved by the finding that different inducing paradigms engage distinct
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induction mechanisms (Urban and Barrioneuvo, 1996), and the requirement for the

retrograde signaling mediated by interactions of postsynaptic EphB receptors and

presynaptic ephrins (Contractor et al., 2002) might to some extent explain the sensitivity

of LTP induction to both pre- and postsynaptic interventions in experiments.

Nevertheless, there is consensus over the presynaptic locus of LTP expression at

MF-CAS3 synapses (Reid et al., 2004; Zalutsky and Nicoll, 1990).

As more different types of synaptic plasticity were discovered and characterized,

our knowledge of the mechanistic repertoire for synaptic plasticity is enriched.

Metabotropic glutamate receptor (mGIuR)-dependent LTP or LTD can be induced at

SC-CAL synapses of hippocampus (Malenka and Bear, 2004; Oliet et al., 1997), parallel

fiber-Purkinje cell synapses of cerebellum (Ito, 1982), and the excitatory synapses on

the medium spiny neurons (MSNSs) of dorsal and ventral striatum (Malenka and Bear,

2004). More interestingly, induction of LTD at the synapses between layer V neurons of

visual cortex requires coincident activation of presynaptic NMDARs and cannabinoid

type 1 receptors (CB1Rs) (Sjostrom et al., 2003), and induction of LTD at layer

IV-layerll/ll synapses of primary somatosensory cortex requires coincident activation

of presynaptic NMDARs, mGIluRs and retrograde cannabinoid signaling (Bender et al.,

2006). The only study on the long-term plasticity of excitatory synaptic transmission in
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thalamus is done by Castro-Alamancos and Calcagnotto (1999). They reported an

NMDAR-independent LTP at corticothalamic synapses of VBN relay neurons in mice,

and proposed a presynaptic locus of expression.

b4. Functional significance of long-term synaptic plasticity

Memory is usually appreciated as the experience-dependent changes in the

behavior, or the stored knowledge upon which changes in behavior are dependent

(Martin and Morris, 2002). The idea that memory is stored by modifications of neuronal

connections was perhaps first proposed in the 19th century by Alexander Bain (1855)

and Ramén y Cajal (Andersen et al., 2007). From a modern perspective of view, the

striking parallelisms between classical characteristics of LTP and that of declarative

memory have made it a very appealing cellular model of learning and memory (see

Bliss and Collingridge, 1993). For example, formations of different memorial entities

are separable, which parallels the property of specificity (selectivity) (Andersen et al.,

1977; Lynch et al., 1977); input information has to be robust (e.g. strong and / or

important) enough to be remembered, which parallels the property of cooperativity

(Levy and Steward, 1979; McNaughton et al., 1978); critical facts or events can make
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other less noteworthy ones to be memorized in concert, which parallels the property of

associativity (Levy and Steward, 1979; McNaughton et al., 1978). Moreover, LTP has

been demonstrated in a number of brain regions believed to be critically involved in

learning and memory, including hippocampus (Jarrard, 1993), cerebellum (Crepel and

Jaillard, 1991), and prefrontal cortex (Laroche and Lynch, 1986; Laroche et al., 1990).

"Synaptic plasticity and memory (SPM) hypothesis”, formulated by Martin and

Morris (2002), is a good example illustrating contemporary theoretical basis for the

neurobiology of learning and memory in terms of synaptic mechanisms. It states that

"activity-dependent synaptic plasticity is induced at appropriate synapses during

memory formation, and is both necessary and sufficient for the information storage

underlying the type of memory mediated by the brain area in which that plasticity is

observed.” Some theoretical considerations such as timing contiguity and contingency

(the ability of the conditioned stimulus to predict the unconditioned stimulus) were also

provided. More importantly, they further suggested experiment-based criteria regarding

the assessment and testability of SPM hypothesis, i.e. detectability, mimicry,

anterograde alteration, and retrograde alteration (Martin and Morris, 2002). There has

been compelling experimental evidence supporting the function of synaptic plasticity as

a underlying mechanism for learning. For instance, several reports indicated that there
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are changes in synaptic strength occurring as a consequence of certain forms of learning

(reviewed by Malenka and Bear, 2004; Maren and Baudry, 1995, Martin and Morris,

2002; Massey and Bashir, 2007). In addition, the pharmacological agents that block LTP

induction are capable of impairing learning acquisition (Stanton, 1996).

C. Specific aims

Despite the fact that ventrobasal thalamus of rodents is taken as a classical model

system for studying sensory processing in higher mammals, systematic analysis of basic

properties of synaptic transmission at corticothalamic (CT) and lemniscal (ML)

synapses, the two major inputs onto VBN relay neurons, is so far very limited.

State-dependent, top-down influences of higher cortical origins on sensory processes

have been widely appreciated, especially via the actions of corticothalamic pathways

(e.g. Briggs and Usrey, 2008; Fanselow et al., 2001; Krupa et al., 1999; Sherman, 2005;

Wolfart et al., 2005); however, one of the most important questions in this field remains:

what kinds of cellular and synaptic mechanisms, and how these mechanisms, underlie

the dynamic nature of corticothalamic modulation in response to variable internal and

external stimuli? In this work, | tried to address these issues by applying standard
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whole-cell patch clamp recording to compare the basic synaptic properties and

composition of ionotropic glutamate receptors of CT and ML pathways, test their ability

to expressing different forms of long-term synaptic plasticity, and investigate the

underlying induction and expression mechanisms. The physiological conditions

required for plasticity induction, the functional significance of long-term plasticity, and

the relations between receptor composition and synaptic transmission properties of

VBN relay neurons will also need more investigation to get insight of the operational

principle of thalamocortical and corticothalamic systems.

Specific Aim 1 Morphological and electrophysiological identification of rat VBN

relay neurons

Combining standard whole-cell recording with post hoc ABC histochemistry, we

will confirm the identity of recorded cells by established anatomical, morphological,

and electrophysiological criteria.

Aim 1a Anatomical and morphological characteristics of VBN relay neurons

Aim 1b Basic firing properties of VBN relay neurons
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Specific Aim 2 Comparison of basic properties of evoked CT and ML EPSCs

Properties of evoked responses will be characterized to reveal basic differences

between CT and ML EPSCs.

Aim 2a Kinetic properties of CT and ML EPSCs

Aim 2b  Stimulus-response relationships of CT and ML EPSCs

Aim 2¢  Short-term plasticity of CT and ML EPSCs

Specific Aim 3 Examining the composition of ionotropic glutamate receptors at

CT and ML synapses

Basic characteristics of CT and ML EPSCs will be examined, including NMDAR-

/ non-NMDAR peak current ratio and current-voltage (I-V) relationship of the

non-NMDAR-mediated EPSCs. Rrectification index (Aim 3b, c¢), sensitivity to

selective pharmacological agencies (Aim 3d), voltage dependence of paired-pulse ratio

(Aim 3e), and weighted mean single-channel conductance revealed by peak-scaled

non-stationary noise analysis (Traynelis et al., 1993) (Aim 3f) will be used as

supporting evidence for the expression of calcium-permeable non-NMDARs.
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Aim 3a

Aim 3b

Aim 3¢

Aim 3d

Aim 3e

Aim 3f

NMDAR- and non-NMDAR-mediated components of CT and ML EPSCs

I-V relationship of the non-NMDAR-mediated components of CT and ML

EPSCs

Dependence of rectification properties of CT and ML EPSCs on polyamines

Sensitivity of non-NMDAR-mediated EPSCs to selective antagonists of

CaP-AMPARs

Use-dependent relief of ionotropic glutamate receptors from polyamine block

at CT and ML synapses

Weighted mean single-channel conductance of non-NMDARs at CT and ML

synapses

Specific Aim 4 Comparison of long-term plasticity of CT and ML EPSCs

Differential contribution of NMDAR and calcium-permeable non-NMDAR would

imply distinct ability to expressing long-term plasticity of CT and ML EPSCs. We will

try to induce NMDAR-dependent plasticity by conjunctive pairing extracellular

stimulation with membrane depolarization, and test the role of VGCCs, especially

T-type and L-type ones, in the induction of plasticity. Phamocological tools, analysis of
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CV (coefficient of variation) of EPSCs and input resistance will be applied to elucidate

the induction and expression mechanisms of the long-term plasticity

Aim 4a Induction of NMDAR-dependent plasticity of CT and ML EPSCs

Aim 4b Testing the role of VGCCs in the induction of synaptic plasticity

Aim 4¢ Induction of VGCC-dependent plasticity of CT and ML EPSCs

Aim 4d Induction and expression mechanisms of synaptic plasticity of CT and ML

EPSCs

Specific Aim 5 Examining the role of CaP-AMPARSs in long-term synaptic

plasticity of CT EPSC

CaP-AMPARs have been reported to involve the induction (Lamsa et al., 2007; Liu
and Cull-Candy, 2000) and expression (Ho et al., 2007) of long-term plasticity. By
assessing the rectification of EPSCs (Aim 5a), the effect of selective CaP-AMPAR
antagonists (Aim 5b), and weighted mean single-channel conductance (Aim 5¢), roles
of CaP-AMPARs in expression of plasticity can be identified. Furthermore, we can test
the potential of CaP-AMPARs in inducing synaptic plasticity by conjuctive pairing

high-frequency stimulation with membrane hyperpolarization (an “anti-Hebbian”
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pairing protocol; Aim 5d), which potentially maximizes activation of CaP-AMPARSs.

Aim 5a Rectification of EPSCs before and after induction of synaptic plasticity

Aim 5b  Effect of selective CaP-AMPAR antagonists on synaptic plasticity

Aim 5¢ Weighted mean single-channel conductance before and after induction of

synaptic plasticity

Aim 5d Induction of “anti-Hebbian” long-term plasticity of CT EPSCs

Specific Aim 6 Identifying the physiological activity patterns required for

long-term synaptic plasticity of VBN relay neurons

Next, in current-clamp recording, we will induce synaptic plasticity by repetitively

triggering physiologically relevant firing patterns, i.e. regular / continuous mode or

burst mode, to see whether synaptic plasticity can be induced in a firing-mode

dependent manner. The roles of T-type VGCCs and back-propagating action potentials

(bAPs) for the induction of synaptic plasticity are also assessed under the framework of

spike-timing-dependent plasticity (STDP).

Aim 6a Firing pattern dependence of long-term plasticity in current-clamp mode
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Aim 6b Induction mechanism of firing-induced long-term plasticity

Aim 6¢ Dependence of STDP on activation of T-type VGCCs
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Figures

Figure 1.1 Gross anatomy of the ventrobasal nucleus (VBN, including VPM and

VPL) of rat thalamus

Comparison of the rat brain atlas (Paxinos & Watson, 2007) (A) and a representative

bright-field image of coronal thalamic slices (B); the dark spot within VPM is the

recorded cell stained by post hoc biocytin-DAB histochemistry.

Please note the lobulated appearance of VBN, imposed on it by penetrating bundles of

myelinated fibers, and the clearly identifiable border between ventral posterior medial

nucleus (VPM) and ventral posterior lateral nucleus (VPL). Rt, reticulat nucleus.
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Figure 1.2 Anatomical organization of dorsal column-medial lemniscal pathway

and spinothalamic (anterolateral) pathway

Tactile and proprioceptive information is transmitted to the VBN of thalamus by dorsal

column-lemniscal pathway, ascending ipsilaterally in spinal cord, while pain and

thermal sensations are by spinothalamic (anterolateral) pathway, ascending

contralaterally; the second-order neurons are located in the dorsal column nuclei and the

dorsal horn of spinal cord, respectively. As the axons originating from dorsal column

nuclei ascend through brain stem, they shift laterally and join spinothalamic tract in the

midbrain, forming medial lemniscus (ml). Spinothalamic fibers terminate in other

thalamic nuclei are not illustrated. Filled circles represent soma of neurons, and Y shape

represents presynaptic terminals of axons. Adapted from Kandel et al. (2000). VPL,

ventral posterior lateral nucleus of thalamus; VPM, ventral posterior medial nucleus of

thalamus.
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Figure 1.2
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Figure 1.3 Anatomical organization of trigeminothalamic pathway and spinal

trigeminothalamic pathway

Trigeminal ganglion cells (GV) that innervate a vibrissa project to various trigeminal

subnuclei; each pathway arises from different subnucleus and cell type, transits through

a particular thalamic region and projects to specific cortical areas or layers. These

include lemniscal pathway (red and brown), extralemniscal pathway (green) and

paralemniscal pathway (blue). Adapted from Deschénes (2009). Pom, medial portion of

posterior complex of thalamus; PrV, principal trigeminal nucleus (pincipalis); SpV,

spinal trigeminal nucleus; SpVc, caudal subnucleus of SpV (caudalis); SpVi, interpolar

subnucleus of SpV (interpolaris); SpVic, interpolar subnucleus of SpV, caudal territory;

SpVir, interpolar subnucleus of SpV, rostral territory; Sp\Vo, oral subnucleus of SpV

(oralis); VPM, ventral posterior medial nucleus; VPMc, core subdivision of the

barreloid in VPMdm; VPMdm, dorsal medial division of VPM; VPMh, head

subdivision of the barreloid in VPMdm; VPMvI, ventral lateral division of VPM; Zlv,

ventral division of zona incerta.
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Figure 1.3
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Figure 1.4 Firing modes of thalamic neurons

A, lonic basis of thalamic burst spiking. A hyperpolarizing current injection
de-inactivate T-type voltage-gated calcium channels (T-type VGCCs), which are
activated by the subsequent cessation of the current injection, resulting in a rebound low
threshold spike (LTS). LTS activates a high-frequency burst of action potentials
mediated by the transient Na* current (Ina), various K* currents (lx), and high-threshold
voltage-gated calcium currents (lcz). The entry of calcium activates Ca**-dependent K*
current (Ixcs) and therefore an after-hyperpolarization (AHP), and Ca?*-activated
nonselective cation current (Ican) Which results in a slow afterdepolarization (ADP),
which is responsible for the generation of continuous / tonic discharge following the
oscillatory burst spiking. Adapted from Bal and McCormick (1993). B, Firing repertoire
of thalamic relay neurons. Thalamic relay neurons have membrane potential
(Vm)-dependent duality of firing modes, which is dependent on the availability of T-type
VGCCs. Upon activation of postsynaptic type la metabotropic glutamate receptors
(mGIluR1a) preferentially expressed at CT synapses by high-frequency stimulation
(Hughes et al., 2002) or exogenous application of non-specific group I/l mGIuR
agonist trans-ACPD (Zhu et al., 2006), additional T-type VGCCs can be unmasked, and
the repertoire of firing patterns is expanded. These include: high-threshold burst (HTB)

mediated by transient opening of putative dendritic T-type VGCCs, and slow oscillation
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(at the frequency of < 1Hz) mediated by activation of non-inactivating T-type VGCCs at

the Vi, ~ -60 mV. Adapted from Crunelli et al. (2006).
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Figure 1.4
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Chapter 2

Properties of fast excitatory synaptic transmissions of relay neurons

in the ventrobasal nucleus of rat thalamus

Abstract

The somatosensory thalamus, ventrobasal nucleus (VBN), is the relay station
transmitting somatosensory information from spinal cord to cerebral cortex; it also
receives reciprocal cortical feedback. Subcortical somatosensory system as a widely
used model for research in the field of sensory physiology, in which basic properties
of synaptic transmission and plasticity are surprisingly limited in detailed
characterization. Here we started with comparing fast excitatory synaptic transmission
of corticothalamic (CT) and medial lemniscal (ML) inputs onto relay neurons in the
VBN of rat thalamus. Whole-cell recordings were made on VBN relay cells from
thalamic slices of SD rats aged postnatal 13-24 days (P13-24), with most of them
P13-17. Best efforts were made to recruit CT and ML pathways simultaneously in the
same neuron for characterization of input-specific synaptic properties. CT EPSCs
showed larger rise time, linear stimulus-response curve, paired-pulse facilitation
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(PPF), inward-rectifying I-V relationship, a larger peak current ratio of NMDAR- /

non-NMDAR-mediated response, and preferential sensitivity to philanthotoxin-433

(PhTx-433) and NAS, both selective antagonist for calcium-permeable AMPA

receptors (CaP-AMPARs). In contrast, ML EPSCs showed all-or-none responses in

response to different stimulus intensity, smaller rise time, paired-pulse depression

(PPD), linear I-V relationship, a smaller peak current ratio of NMDAR- /

non-NMDAR-mediated response, and insensitivity to NAS and PhTx-433. In addition,

PPR of CT EPSCs at the V, < 0 mV is higher than at the Vi, > 0 mV, which did not

hold for ML EPSCs, suggesting that activity-dependent relief of polyamine block was

selectively occurred at CT synapses. Complementary peaked-scaled nonstationary

noise analysis was also applied to evoked responses of CT and ML synapses to

compare their weighted mean single-channel conductances of synaptic non-NMDARs.

Despite the dramatic difference in the amplitude of evoked unitary EPSCs between

CT and ML pathways, the latter of which was typically minimally stimulated with the

stimulus intensity range we normally used, the result showed that the trend of the

difference in single-channel conductance was, however, opposite to that of the

difference in unitary EPSC amplitide: compared to ML responses, CT responses

composed of smaller unitary events were contributed by non-NMDARs with larger

single-channel conductance, which supported the experimental interpretation that
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CaP-AMPARs are preferentially expressed at CT, but not ML, synapses. Taken

together, these results illustrate fundamental differences of synaptic transmission

between CT and ML synapses, especially the composition of ionotropic glutamate

receptors.

Introduction

Thalamus has generally been viewed as a major gateway for sensory information

relayed from periphery to cerebral cortices (Sherman and Guillery, 2004). In particular,

the ventrobasal nucleus (VBN) is well-established to play a pivotal role for relaying

somatosensory input in a somatotopically-organized manner (Jones, 2007). VBN

receives primary sensory information carried by medual lemniscus (ml) as well as

reciprocal cortical feedback from higher cortices (Liu et al. 1995; Sherman and

Guillery, 2002). It was suggested that, in the dorsal lateral geniculate nucleus (dLGN)),

sensory inputs account for only 10% of synapses onto relay neurons, whereas cortical

inputs more than 50% (Erisir et al. 1997; Latawiec et al. 2000), although this

difference has been argued to be an overestimate (Jones, 2007). There are two types of

corticothalamic fibers (Deschénes et al., 1998; Landisman and Connors, 2007;
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Reichova and Sherman, 2004; Rouiller and Welker, 2000), namely, those arising from

cortical layer V and layer VI pyramidal neurons; the corticothalamic projections to the

VBN in rodents were found to originate mainly from the layer VI (Deschénes et al.,

1998; Killackey and Sherman, 2003; Reichova and Sherman, 2004; Rouiller and

Welker, 2000; Van Horn and Sherman, 2004), and was regarded as an essential

modulator for the properties of thalamic spike transfer (Destexhe, 2000; Ergenzinger

et al., 1998; Jones, 2007; Krupa et al., 1999; Murphy and Sillito, 1987; Sherman,

2005), especially considering the predominance in the number of corticothalamic

synaptic contacts onto relay neurons (Jones, 2007; Sherman and Koch, 1986). The

landmark firing duality of mammalian thalamic neurons, continuous (tonic / regular)

versus burst spiking, is dependent on the voltage-dependent inactivation property of

T-type voltage-gated calcium channels (VGCCs) (Jahnsen and Llinas, 1984; Suzuki

and Rogawski, 1989) and proposed to be a key determinant for the functional state of

thalamic information transfer (Jones, 2007; McCormick and Bal, 1997; McCormick

and Feeser, 1990; Sherman, 2001; Sherman, 2005).

Pioneering efforts have been made to elucidate the cellular basis underlying the

thalamic information processing and transfer (Bal and McCormick, 1993; Jahnsen and

Llinas, 1984; Kao and Coulter; 1997; Le Masson et al., 2002; Leamey and Ho, 1998;
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Miyata and Imoto, 2006; Reichova and Sherman, 2004; Turner and Salt, 1998).

Nevertheless, many basic properties of major synaptic inputs to somatosensory

thalamus have not been investigated in a systematic and comparative way, not to

mention the properties and conditions required for induction of long-term synaptic

plasticity (see Castro-Alamancos and Calcagnotto, 1999). Even though the importance

of CT feedback in thalamic function has been widely appreciated, the factors known

to modulate the efficacy of CT transmission are limited (see Alexander and Godwin,

2005; Castro-Alamancos, 2002; Miyata and Imoto, 2009; Ulrich et al., 2007), and, in

particular, whether natural firing patterns of relay neurons play any parts remains

elusive.

Here we started with systematic analysis of fast excitatory synaptic transmission

from cortex (CT pathway) and medial lemniscus (ML pathway) onto the VBN of rat

thalamus. Our results demonstrated the significant differences of synaptic

transmission between these two pathways, especially in the composition of ionotropic

glutamate receptors, which was carefully examined by multiple experimental and

analytical approaches.
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Methods

Preparation of acute slices

The use of animals in this study was in accordance with the guidelines of the

local ethical committee for animal research of National Taiwan University.

Sprague-Dawley (SD) rats of both sexes aged 13-24 postnatal days (P13-24) were

used, but most were aged P13-16. The animals at these ages were chosen because the

intrinsic and firing properties of rat VBN neurons reach developmental steady-state

after P12, including the resting membrane potential (Vy,), input resistance (Ry), ability

to fire full-blown LTS-driven bursting, width of action potential (AP) and

after-hyperpolarization (AHP) (Velazquez and Carlen, 1996). Possibly attributible to

less extent of myelinated fibers, the success rate in obtaining good seal and recording

quality was also significantly higher from animals of this age window, which is

especially critical for the purpose of simultaneous recruitment of CT and ML

synapses.

The rats were anaesthetized with isoflurane and decapitated with a small-animal

guillotine, and the brain was quickly removed and placed in ice-cold artificial
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cerebrospinal fluid (ACSF). Coronal slices were used for initial experiments. We then

discovered that, in horizontal slices, it was easier to recruit CT and ML EPSCs

simultaneously in the same relay neuron, horizontal preparation was adopted for the

most part of this study. For horizontal preparation, the two halves of the brain were

first separated, and their ventral portions were trimmed in parallel to the ventral

surfaces of brainstem to ensure standard horizontal cutting orientation in accordance

with traditional stereotaxic coordinates. A block of agar was glued behind the medial

surface of a half-brain to provide physical support during slicing. Horizontal brain

slices (300 um) containing the ventrobasal nucleus (VBN), internal capsule (ic) and

medial lemniscus (ml) fibers were prepared, using the patterns of ic and the fibers in

the ventral posterolateral nucleus (VPL) as landmarks (Fig. 2.1). For coronal

preparation, intact coronal slices were cut and the two halves were separated by blade.

Coronal brain slices (300 um) containing the VBN, ic and ml were prepared, using the

patterns of VBN and its fiber patterns as landmarks (Fig. 2.1).

The slices were cut with a vibroslicer (752M, Campden, Loughborough, England

or ZERO 1, D.S.K., Osaka, Japan). The ACSF contained (in mM): 119 NacCl, 2.5 KClI,

1.3 MgSQOy4, 26.2 NaHCOs3, 1 NaH,POy, 2.5 CaCl,, and 11 glucose; pH adjusted to 7.4

by gassing with carbogen consisted of of 95 % O, / 5 % CO,. The slices were kept in

53



oxygenated ACSF (95% O, / 5% CO;) at room temperature (24-25°C) to allow

recovery for at least 90 minutes before recording was started.

Electrophysiology

Slices were transferred to an immersion-type recording chamber mounted to an

upright microscope (BX50WI, Olympus Optical, Tokyo, Japan), equipped with

water-immersion objectives, a Normaski optic system, an infrared filter and a CCD

camera (XC-E150, Sony, Tokyo, Japan) (IR-DIC system). In horizontal slices, the

VBN, ic and ml were clearly identifiable under low-magnification light microscopy.

In some cases, we noticed that there was a small heterogeneous zone locating in the

border of VPL medial to ic, which indicated a lower density of myelinated fibers (Fig.

2.1A3). Recordings made from this zone was avoided to prevent potential

confounding factors which may originate from functional or biochemical

heterogeneities within VBN (see introduction from more descriptions). Neurons in the

VBN were recorded under visual guidance. The typical number of fast spikes of a

LTS-burst firing is 4~9 as depolarizing current pulses were injected at the Vi, <

-75mV. Occasionally, some neurons had a spike number of LTS-burst < 3 and were

discarded.
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According to Arcelli et al. (1997), GABAergic interneurons were less than 1 %
in almost all the thalamic relay nuclei of rats, except for the dorsal lateral geniculate
nucleus (dLGN) (for the lack of inhibitory interneurons in the VBN of rodents, see
Ohara and Lieberman, 1993; gpacek and Lieberman 1974). In the dorsal thalamus of
rodents, virtually all inhibitory influences originate in the reticular nucleus (Rt) (Jones,
2007). Thus, all recorded VBN neurons in this study presumably belong to excitatory

thalamocortical projecting neurons.

Castro-Alamancos (2002) has pointed out that stimulation of medial lemniscus
(ml) usually did not evoke inhibitory postsynaptic potentials (IPSPs) in horizontal
slices of mouse VBN. Moreover, BMI, a GABAA receptor antagonist, had no
significant effects on evoked lemniscal responses or te characteristics of
frequency-dependent depression. This is expected because lemniscal pathway does
not produce feed-forward inhibition due to the lack of inhibitory interneurons in the
VBN of rodents. Rt interneurons can be activated by collaterals of thalamocortical
fibers on their way to neocortex (Jones, 2007). In the experiments of horizontal
preparation, the only source of inhibition is the feedback from Rt interneurons
following firing of sufficient thalamocortical relay neurons. Alternatively, Rt
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interneurons can be activated via sufficient excitation of collaterals of corticothalamic

fibers. The IPSPs were, however, rarely observed in horizontal VBN slices of mice

(Castros-Alamancos, 2002), which could be attributed to the orientation of the slice

preparation so the fibers were not well preserved. Nevertheless, all experiments

carried out in this study were performed in the presence of 0.1 mM picrotoxin and 1

uM strychnine to avoid any potential confounding effects of GABAergic and

glycinergic IPSPs.

Patch pipettes were pulled from borosilicate glass (1.5 mm outer diameter,

0.32 mm wall thickness; G150F-4, Warner Instruments Corp., Hamden, CT, USA),

and had a resistance of 3~8 M. For experiments characterizing basic excitatory

synaptic properties, “cesium internal solution” was used to avoid metabotropic

receptor-dependent potassium conductances (for evoked GABAg IPSC in the VBN of

rats, see Kao and Coulter, 1997). The cesium internal solution contained (in mM):

114.7 CsOH, 17.5 CsCl, 117.6 gluconic acid, 10 HEPES, 2 EGTA, 8 NaCl, 2 ATP, 0.3

GTP, and 6.7 biocytin; pH was titrated to 7.2 by CsOH and osmolarity to 300-305

mOsm. For experiments on the synaptic plasticity, “normal internal solution” was

used, which contained (in mM): 131 K-gluconate, 20 KCIl, 10 HEPES, 2 EGTA, 8

NaCl, 2 ATP, 0.3 GTP, and 6.7 biocytin; pH was titrated to 7.2 by KOH and
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osmolarity to 300-305 mOsm. In all experiments in which depolarizing step
commands were used, 5 mM QX-314 was included in the internal solution to block
voltage-gated Na™ channels and enhance the voltage control. Signals were obtained by
Axopatch 1D amplifier (Axon Instruments, Union City, CA, USA). Slices were
continuously perfused with oxygenated solutions at 1~2 ml / min under room
temperature. For voltage-clamp recordings, whole-cell conductance (Gw) and series
resistance (Rs) were continuously monitored by a test voltage pulse of 3 mV; Rs was
typically <20 MQ and was not left uncompensated. For current-clamp recordings, the
input resistance (Ry) was continuously monitored by a test current pulse of +30 pA,
and the bridge was balanced by adjusting the RS compensation of the amplifier. Data
were discarded when Rs or Ry varied by more than 20% from its baseline value during
the recording. All signals were low-pass-filtered at a corner frequency of 2 kHz, then
digitized at 10 kHz using a Micro 1401 interface (Cambridge Electronic Design,
Cambridge, UK). Data were collected using Signal (Cambridge Electronic Design,
Cambridge, UK) or Spike 5 (Cambridge Electronic Design, Cambridge, UK) by
episode-based capture. The liquid junction potential was measured to be ~ +10 mV

and left uncorrected (following the method by Neher, 1992).

Stimulation of CT and ML synapses
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The best efforts were made to recruit CT and ML synapses at the same relay

neurons in most experiments for a reliable comparison of input-specificity of the

properties examined (Fig. 2.4A). A bipolar stainless steel electrode (PK/12, FHC, St

Bowdoin, ME, USA) was placed locally within 150 pm away from the recorded cell

or in ic for evoking CT EPSCs, and another electrode was placed in ml for evoking

CT EPSCs. No significant differences were observed between the CT EPSCs evoked

by these two conditions (Table 2.1). In some cases, however, only CT EPSCs or ML

EPSCs were evoked, and these data were also pooled for statistical comparison. In

occasion, stimulation of iC antidromically discharged relay neurons; however,

antidromic responses showed apparent all-or-none behavior and no short-term

plasticity normally displayed by synaptic responses, therefore easily identifiable.

Antidromic activation of relay cells cannot contribute to monosynaptic EPSCs

because of the lack of recurrent connections between thalamic relay neurons in VBN

(Castro-Alamacos, 1999).

In high-magnification IR-DIC images of horizontal slices, we observed a large

number of fiber bundles projecting from the direction of ic, traversing the reticular

nucleus (Rt) and the small heterogeneous zone in the border of VPL (described above)
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into VBN. We traced along the fiber bundles proximal to the recorded neuron, back to

their origin in ic, and placed the stimulating electrode accordingly to facilitate the

success rate of recruiting measurable CT EPSCs. A typical stimulus consisted of a

4~100 ps square pulse with the amplitude ranged in 30~800 pA. In some cases, the

stimulating artifact was relatively large, and the synaptic responses were analyzed

after the artifact waveform obtained in 10 uM DNQX, a selective non-NMDARs

antagonist, was subtracted.

For recording the excitatory postsynaptic currents (EPSCs) or excitatory

postsynaptic potentials (EPSPs), V., was clamped (voltage-clamp) or held

(current-clamp) at -70 mV, with 100 pM picrotoxin (PTX) and 1 uM strychnine were

added to the bath ACSF solution to block ionotropic GABA, receptors and glycine

receptors (for the glycinergic transmission in the VBN, see Ghavanini et al., 2005;

Ghavanini et al., 2006), respectively. After the experiments were finished, 10 uM

DNQX were applied in the bath in most cases to confirm the identity of recorded

activities as a non-N-methyl-D-aspartate receptor (non-NMDAR)-mediated

component. EPSCs were evoked at 0.067-0.125 Hz; in experiments in which CT

EPSCs and ML EPSCs were simultaneously recruited, alternate stimulations were

made to the IC (or locally) and ML tracts, with the stimulation rate to both inputs
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being 0.067-0.125 Hz. For recording of EPSPs in current-clamp mode, data were

accepted only if the EPSP activity had smooth rising and exponentially decaying

phases. If EPSP had signs of NMDAR-mediated activities on the decaying phase,

(Landisman and Connors, 2007), characterized by a slow component on top of the fast

decay phase of EPSPs, or an abnormally fast rising phase (maybe indicative of the

occurrence of antidromic excitation or fast dendritic spike), the data were discarded.

Characterization of basic properties of synaptic transmission

The weighted decay time constant was calculated from the time constants

obtained from double exponential fit to the decay phase of EPSC. The paired-pulse

EPSCs used to measure paired-pulse ratio (PPR) were elicited every 10-18 seconds.

To estimate NMDAR- to non-NMDAR-mediated peak current ratios, non-NMDAR

components were first evoked at -90 mV, which was then blocked by 10 uM DNQX,

and NMDAR components were evoked at +60 mV. Finally, 100 uM APV was applied

to confirm the recorded activity was mediated by NMDARs. NMDAR- and

non-NMDAR-mediated currents were averaged over 10—40 sweeps of recordings. To

measure rectification index (RI) of non-NMDAR-mediated EPSC, 100 uM APV was

added to the bath to block NMDARSs, and EPSCs were evoked with the V,, clamped at
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multiple levels, ranging from —90 to +60 mV in an increment of 30 mV. At each Vj,

EPSCs were were averaged over 10 sweeps of recordings. RI was defined as the ratio

of the measured current amplitude to the predicted one at +60 mV (extrapolated from

a linear fit to the [-V relationship from —90 to OmV).

Peaked-scaled nonstationary noise analysis

In order to identify fundamental differences of ionotropic glutamate receptors

between CT and ML synapses, we used peak-scaled nonstationary noise analysis to

compare single-channel conductance of synaptic non-NMDARs (Benke et al., 1998;

Hartveit and Veruki, 2007; Heinemann and Conti, 1992; Lei et al., 2003; Robinson et

al., 1991; Silver et al., 1996; Traynelis and Jaramillo, 1998; Traynelis et al., 1993)

mostly following Traynelis et al. (1993) and Hartveit and Veruki (2007). ML EPSC

amplitude is much bigger than CT EPSC; to prevent amplifier from being saturated,

ML ESPCs were normally recorded at a smaller gain (1/2 or 1/4 of that used for CT

EPSC). Only the data with good signal-to-noise ratio and almost perfectly stable

recording quality (series resistance) were chosen for analysis. Their EPSC waveforms

were then visually examined to exclude those contaminated by spontaneous synaptic

activities or sudden changes of the holding current; only the waveforms showing
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smooth rising and decaying phases were selected, with the total of 18-63 EPSC

waveforms for each analysis. To evaluate potential time-dependent drift / run-down,

and the presence of differential electrotonic filtering of the EPSCs, they were tested

for time stability and correlations between waveform parameters (Hartveit and Veruki,

2007); that is: (1) the time stability of 10-90% rise time, decay time constant obtained

by mono-exponential curve fitting, and peak amplitude (2) the correlations between

the data of each pair among 10-90% rise time, decay time constant, and peak

amplitude. All the correlations were tested for statistical significance by Spearman’s

rank-order correlation test, and only the data with all P > 0.05 were selected for

further analysis.

The EPSC waveforms were first aligned on the point of the steepest rise, and the

results of alignment were visually inspected to check the adequacy. Among the 5 data

sets of CT EPSCs from the selected neurons, one of them seemed to be aligned more

poorly after the alignment procedure compared with that without alignment. For the

evoked EPSCs, responses are presumably aligned by the stimulus (Hartveit and

Veruki, 2007), and we therefore cancelled the alignment procedure for this case. All

ML EPSCs were aligned very well after the alignment procedure. To isolate the

current fluctuation associated with stochastic channel gating, the averaged EPSC
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waveform was scaled to set its peak to the value of individual EPSC waveforms at the
corresponding time point, and the ensemble variances were calculated for each point
in the decay period of 10 times the decay time constant of the averaged waveform.
The amplitude of the averaged EPSC waveform was then divided into 30
equally-sized bins, and the ensemble variances were pooled according to their
corresponding ones. The binned variances were plotted against the binned currents,
and the postsynaptic parameters were estimated by the least-squared fitting of the
variance-current relationship according to 6*=1i 1 —1%/ N + o,” (Sigworth, 1980)
with the sz constrained, where o> is the variance, | is the current, i is the
weighted-mean single channel current, N° is the average number of channels open at
the peak of the EPSC, and o> is the variance of the background noise, which was
estimated from the pre-stimulus period. The weighted mean single-channel
conductance, y, was determined by y =1/ V, where V is the driving force (the holding
potential minus the measured reversal potential of +2 mV and +14 mV at CT and ML
synapses, respectively). All mathematical manipulations were implemented with

MATLAB (The MathWorks, Natick, MA, USA).

One of the most important concerns for applying this method to our system is
that CT synapses are morphologically distal to recording site (Liu et al., 1995), which
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could severely compromise the space clamp. However, it has been reported that the
estimated electrotonic length of relay neurons in dorsal and ventral lateral geniculate
nucleus (dALGN and vLGN) of rats (Crunelli et al., 1987) is ~ 0.7, suggesting that
thalamic relay neurons may be relatively electrotonically compact. In most analyzed
cases, especially CT EPSCs, the variance-current relationships were skewed to the
right (Fig. 2.12A), which was independent of the situations of alignment and existed
even in the case of almost perfect alignment; therefore, that may be attributable to the
kinetic properties of the non-NMDARSs or asynchronous release (Hartveit and Veruki,
2006; Momiyama et al., 2003; Traynelis et al., 1993). Although the estimates of NP
would be unreliable under this condition (Hartveit and Veruki, 2007; Heinemann and
Conti, 1992; Robinson et al., 1991; Silver et al., 1996; Traynelis and Jaramillo, 1998;
Traynelis et al., 1993), we fitted the initial 33% of the variance-current relationships
linearly to give estimates of weighted mean single-channel currents, which were
proposed to be relatively insensitive to the skewness of the relationships and the
electrotonic distance between the recording and synaptic sites (Benke et al., 2001;
Hartveit and Veruki, 2006; Robinson et al., 1991; Traynelis and Jaramillo, 1998;
Traynelis et al., 1993). N was calculated from 17 / i, where I is peak amplitude of

averaged EPSCs (Silver et al., 1996).
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Histochemistry

In all experiments, 6.7 mM biocytin (Sigma) was routinely included in the

internal solution. Neurons were filled by passive diffusion of biocytin from the patch

pipette during the recording period, without the need of current application. After

recording, pipettes were withdrawn and the brain slices were fixed overnight in 4%

paraformaldehyde (Sigma) in 0.1 M phosphate buffer (PB, pH 7.4) at 4 °C. Slices

were rinsed with PB several times after fixation and were subjected to histochemical

staining procedures without further sectioning. They were treated with 3% H,O; in

0.1 M PB for 30 minutes, rinsed in 0.03% Triton X-100 in phosphate- buffered saline

PBST), and then incubated for 1 hour at room temperature in PBST containing 2%
( ), p g

bovine serum albumin (BSA) and 10% normal goat serum (NGS). The slices were

then incubated overnight at 4 °C in PBST containing a 1 / 100 dilution of

Avidin-Biotin Complex (ABC; Vector laboratories, Burlingame, CA). Finally, the cell

was visualized with 3,3’-diaminobenzidine (DAB) as the chromogen. The staining

results for the biocytin-filled neurons were examined and photographed under

bright-field microscopy.

Drugs
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Chemicals used for ACSF and internal solution were purchased from Merck

(Damstadt, Germany). N-2,6-Dimethylphenylcarbamoylmethyl triethylammonium

bromide (QX-314) was purchased from Alomone Laboratories (Jerusalem, Israel).

pL-2-Amino-5-phosphonopentanoic acid (APV), 6,7-dinitroquinoxaline-2,3-dione

(DNQX), nimodipine (Nim), spermine tetrahydrochloride, tetrodotoxin (TTX), and

mibefradil were purchased from Tocris Cookson (Bristol, UK). MgATP, NaGTP,

BAPTA, picrotoxin, strychnine, philanthotoxin-433 tris(trifluoroacetate) salt

(PhTx-433), 1-naphthylacetyl spermine (NAS), and nickel chloride were purchased

from Sigma (St. Louis, MO, USA). All drugs were made as stock solutions, stored at

-20°C, and diluted to working concentration immediately before use. The experiments

using nimodipine and PhTx-433 were performed in the dark to avoid drug

deterioration.

Statistics

All data are presented as the mean * S.EM. The nonparametric

Mann-Whitney-Wilcoxon U test was used for statistical comparison between unpaired

data and Wilcoxon matched-pairs sign-ranks test was used for paired data. The
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correlation analysis was performed by non-parametric Spearman’s rank-order

correlation test. The criterion for significance was P < 0.05 for all statistical tests.

Origin (Microcal, Northhampton, MA, USA) and SAS (SAS, Cary, NC, USA)

software were used for data analysis.

Results

Morphological and electrophysiological features of the ventrobasal nucleus (VBN) of

rat thalamus

To characterize basic synaptic properties, whole-cell recordings were made from

the VBN neurons in the horizontal slices (300 um) prepared from young SD rats (Fig.

2.1). After the recordings, the biocytin-filled VBN neurons were stained by the post

hoc ABC histochemistry, and the morphology of the recorded cells was revealed (Fig.

2.2). Typically, these recorded cells have polygonal soma shape with 6-10 large

primary dendrites. These first-order dendrites usually coursed to visible swellings

called whorls (Peschanski et al., 1984), from which they branched to the second-order

dendrites; these second-order dendrites were thinner but exhibited similar patterns of
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terminal branching, therefore giving a tufted, bushy appearance of dendritic
arborization. Moreover, most cells had easily identifiable axons (arrows in Fig. 2.2)
projecting toward cerebral cortex. These observations were consistent with the

descriptions of the relay neurons in rat VBN by Peschanski et al. (1984).

All the VBN neurons showed membrane-potential (V,)-dependent dual firing
modes — continuous (tonic / regular) and burst spiking with the watershed for mode
switch at Vi, ~ -60 mV (Fig. 2.3A), which comes from the inactivation property of the
T-type voltage-gated calcium channels (VGCCs). At V,, > -60 mV, depolarizing
current injection led to continuous firing of the VBN neurons, and a prominent delay
of the 1% action potential (AP) firing could be observed at V= -60 ~ -50 mV (Fig.
2.3A)); at Vin < -60 mV, however, similar current injection led to high-frequency burst
firing of APs induced by the low-threshold spike (LTS) (Fig. 2.3A,). In addition, clear
sag (Fig. 2.3A,, star) and rebound burst firings (Fig. 2.3A, arrows) could be induced

by the injection of large hyperpolarizing currents.

After intracellular dialysis of QX-314 (5mM) into the VBN neurons, they fired
spikes with distinct kinetic properties: compared with the APs observed in
QX-314-free normal internal solution, these spikes had larger half-width, smaller
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amplitude, and smaller slope of the rising phase, which could be blocked by specific

L-type VGCC blocker nimodipine (10 uM) applied in the bath (Fig. 2.3B), implying

that VBN neurons were endowed with a considerable number of L-type VGCCs to

sustain this form of regenerative calcium spikes.

Basic properties of corticothalamic (CT) and lemniscal (ML) EPSCs

Whole-cell voltage clamp recordings (V,= -70 mV) were made from the VBN

neurons of horizontal slices, and a bipolar electrode was placed in internal capsule (ic)

or medial lemniscus (ml) for corticothalamic (CT) or lemniscal (ML)

pathway-specific stimulation, respectively (Fig. 2.4A).

The electrophysiological criteria for identifying these two pathways was

established in the brain slices of mice as following (Castro-Alamancos, 2002a;

Castro-Alamancos and Calcagnotto, 1999; Miyata and Imoto, 2006): first, CT EPSCs

increased monotonically with increasing stimulus intensity; in contrast, ML EPSCs in

most of VBN neurons showed all-or-none responses, while a few displayed two

readily identifiable steps upon increasing stimulus intensity (Miyata and Imoto, 2006).

In our horizontal VBN slices prepared from rats, similar pathway-specific differences
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could be observed (Fig. 2.4B~C): CT EPSCs showed linear stimulus-response

relationship; however, EPSCs evoked by stimulating medial lemniscus (ml) consisted

of not only all-or-none, but also linear responses. Out of 662 VBN neurons tested,

only 122 neurons (18 %) showed clear all-or-none responses, which might reflect

native heterogeneity in the properties of ML synapses in rats. In this study, only the

EPSCs showing typical all-or-none characteristics were considered medial lemniscal

(ML) response, in accordance with the conventional criteria for ML EPSCs.

Occasionally, all-or-none responses were evoked with the electrode positioned locally

around the patched cell, in which cases their identities as from ml fibers or fibers from

layer V cortical neurons was not distinguishable (Reichova and Sherman, 2004;

Landisman and Connors, 2007); these data were discarded without further analysis.

Both the CT and ML EPSCs displayed short, constant latency, and followed

high-frequency (50 Hz) stimulation reliably (Fig. 2.5C), suggesting they are

monosynaptic in nature. Significant differences were observed in the onset latency,

10-90% rise time, and decay time constant (Table 2.2; see Discussion).

Second, the two pathways were different in short-term plasticity. The ML EPSCs

/ EPSPs showed paired-pulse depression (PPD), whereas the CT EPSCs / EPSPs

showed paired-pulse facilitation (PPF) in mouse VBN slices (Castro-Alamancos,
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2002a; Castro-Alamancos and Calcagnotto, 1999; Miyata and Imoto, 2006). This

prominent difference was also observed in our preparation of rat horizontal VBN

slices (Fig. 2.5A~B, Table 2.2). Moreover, the differences in these two properties

could be clearly observed from CT and ML EPSCs obtained from the same neurons (n

= 5, data not shown). We also noted that, in response to paired-pulse stimulation

(PPS), while the latency of the first EPSC was shorter than that of the second one for

ML EPSCs, the latency of the first was longer than that of the second for CT EPSCs

(Table 2.2); in other words, CT EPSCs showed conduction supernormality, while ML

EPSCs showed conduction subnormality (Landisman and Connors, 2007). Taken

together, according to these physiological criteria, the CT and ML pathways in the rat

VBN slices could be successfully identified and recruited, and their basic properties

were consistent to those from the studies conducted in mice.

We found that locally-evoked EPSCs showed similar rise time, decay time

constant, latency shift, small unitary evoked event (i.e. minimally-stimulated response,

as compared to ML EPSCs), linear characteristics, and PPF (Table 2.1), all consistent

with the properties of EPSCs evoked by stimulation of internal capsule (ic).

Locally-evoked EPSPs also share similar characteristics with EPSPs evoked from ic

in many aspects (Fig. 2.6). Also considering the dominant number of corticothalamic
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synapses onto VBN neurons (Jones, 2007; Sherman and Koch, 1986), we postulated

that the locally-evoked responses virtually originated from the corticothalamic inputs.

Because of the very low success rate of obtaining CT and ML EPSCs simultaneously

from the same neuron (6 %; out of 88 VBN neurons tested, we simultaneously

recruited CT and ML EPSCs only from 5 neurons), especially under the long physical

distance between internal capsule (ic) and medial lemniscal fibers (ml), this working

hypothesis was of great practical importance, especially for investigating the input

specificity of many properties.

We also compared the responses evoked by high-frequency stimulations (50 Hz)

at both pathways (Fig. 2.5C). ML synapses showed robust short-term depression in

that peak amplitude of ML EPSCs (measured by the difference of peak EPSC and the

current just before the stimulating artifact) reached maximal depression at the 3rd

stimulation (n = 4), while CT EPSC showed short-term facilitation but only strong

enough to overcome the saturation and desensitization of postsynaptic receptors (Sun

and Beierlein, 2011) and the depletion of presynaptic vesicles at the 2nd stimulation

(n = 3). It is noteworthy that the postsynaptic summation of CT EPSC was much

better than ML EPSC, as indicated by the continual increase of the inward current

measured just before every successive stimulus artifact, even after the maximal
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change of EPSC had been achieved.

The peak current ratio of the NMDAR- to non-NMDAR-mediated EPSCs was higher

at CT synapses than ML synapses

We next investigated the relative composition of NMDAR-mediated and
non-NMDAR-mediated components of CT and ML EPSCs. CT and ML EPSCs were
completely blocked by 10 uM DNQX applied in the bath, indicating EPSCs of both
pathways were mainly contributed by the non-NMDA ionotropic glutamate receptors
at Vi, = -70 (Fig. 2.7A). Non-NMDAR-mediated components were first evoked at -90
mV, which was then blocked by 10 uM DNQX, and then EPSCs were evoked at +60
mV to relieve the voltage-dependent Mg*" block of the NMDA receptors (Fig. 2.7B,
obtained from the same neuron); the outward currents recorded at +60 mV could be
blocked by 100 M pL-APV in all cases, indicating they were indeed mediated by
NMDA receptors. The peak current ratios of NMDAR- to non-NMDAR-mediated
EPSCs were similar for synapses recruited by stimulating internal capsule (3.83 *
1.20, n = 6) and by local stimulation (1.70 £ 039, n = 8) (P > 0.05,
Mann-Whitney-Wilcoxon test) and thus pooled together (2.62 + 0.61, n = 14), which
was significantly higher than that of the ML synapses (0.43 = 0.05, n=10; P < 0.0001,
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Mann-Whitney-Wilcoxon test) (Fig. 2.7C). These results implied that the relative

contribution of the NMDAR-mediated component was greater at CT than ML

synapses, conferring distinct potential of synaptic transmission and plasticity on these

two synapses.

The evidence for the differential expression of calcium-permeable AMPA receptors

(CP-AMPARS) at CT and ML synapses

Characterization of the I-V relationships of the non-NMDAR-mediated EPSCs

could provide basic information of fast excitatory synaptic transmission such as

reversal potential and rectification index. The I-V curve of ML EPSCs showed clear

linearity with the rectification index (RI) of 0.96 £ 0.15 (n = 9) and the reversal

potential of 17.71 = 4.88 mV (n = 9), comparable to the properties of non-NMDA

receptors at typical synapses of mammalian central nervous system (CNS) (Golshani

et al., 1998); the I-V curve of CT EPSCs was inward-rectifying with the RI of 0.50 *

0.05 (n = 9) and the reversal potential of 4.14 * 324 mV (n = 9).

Polyamine-mediated inward rectification is a landmark property of the

calcium-permeable non-NMDA receptors (Bowie and Mayer, 1995; Donevan and

Rogawski, 1995; lino et al., 1990); to examine the effects of polyamines on the
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inward rectification, we further characterized the I-V relationship using the internal

solution supplemented with 0.1 mM spermine. The new I-V curves of CT EPSCs (RI

=0.74 £ 0.09, reversal potential = -1.67 * 4.79 mV; n = 7) and ML EPSCs (RI =

0.89 * 0.08, reversal potential = 8.57 £ 2.29 mV; n = 7) were similar to those

obtained without spermine (see Fig. 2.8B; all P > 0.05, Mann-Whitney-Wilcoxon test)

and thus pooled together, respectively (CT EPSCs: RI = 0.61 * 0.05, reversal

potential = 1.60 £ 2.78 mV, n = 16, Fig. 7A,; ML EPSCs: R =0.93 % 0.09, reversal

potential = 13.71 * 3.07 mV, n = 16; junction potential was estimated to be ~ + 10

mV and left uncorrected) (Fig. 2.8A, C). Taken together, the RI of the

non-NMDAR-mediated EPSCs at CT synapses was significantly smaller than that at

ML synapses, indicating the CT EPSCs showed inward rectification.

To further examine the relationship between inward-rectification and expression

of calcium-permeable AMPA receptors (CP-AMPARs), we tested the sensitivity of

EPSCs to polyamine toxins which selectively block CP-AMPARs. After a 5-min

stable baseline, 10 uM philanthotoxin-433 (PhTx-433), a wasp polyamine toxin

(Andersen et al., 2006; Washburn and Dingledine, 1996), was applied in the bath,

which reduced the amplitude of locally-evoked EPSCs (55.4 + 15.4 % compared

with baseline, n = 6) but not ML EPSCs (99.4 * 6.0 % compared with baseline; n = 6)
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(Fig. 2.9; CT and ML EPSCs obtained from the same neurons). Similarly, 250 uM

1-naphthylacetyl spermine (NAS), a synthetic analog of Joro spider toxin (JSTX)

(Blakemore et al., 2006; Koike et al., 1997; Ma and Lowe, 2007), also reduced the

amplitude of CT EPSCs (53.7 £ 5.5 % compared with baseline; n = 6) but not ML

EPSCs (95.5 £ 4.9 % compared with baseline; n = 4) (Fig. 2.10). It has been shown

that, at synapses containing CaP-AMPARs, paired-pulse ratio (PPR) of evoked EPSCs

is enhanced by activity-dependent relief of polyamine block, a mechanism dependent

on Vj at which paired pulses are applied (Rozov et al., 1998; Rozov and Burnashev,

1999). For every relay neuron tested, PPR of CT EPSC at the V, < 0 mV is higher

than that at the V, > 0 mV, whereas it was not the case for ML EPSC, consistent with

the selective expression of CaP-AMPARs at CT synapses (Fig. 2.11). It has also been

reported that calcium-permeable AMPAR has higher single-channel conductance than

calcium-impermeable AMPAR (Guire et al., 2008; Oh and Derkach, 2005; Smith et al.,

1999; Swanson et al, 1996; Swanson et al., 1997). Therefore, peak-scaled

nonstationary noise analysis was applied to compare the weighted mean conductance

of single synaptic non-NMDARs at CT and ML synapses (Fig. 2.12). The results

showed that non-NMDARs at CT synapses had a significantly higher mean

single-channel conductance than at ML synapses (7.5 * 1.1 pS,n=5and 3.1 * 0.3

pS, n =7 for CT and ML synapses, respectively; P < 0.01, Mann-Whitney-Wilcoxon
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test). Considering the significantly higher peak amplitude of ML EPSC than CT EPSC

under our experimental condition, the average number of non-NMDARs open at the

peak of EPSC was very much larger at ML synapses than CT synapses (CT synaspes:

95 £+ 20, n = 5; ML synapses: 1732 = 417, n = 7, P < 0.01,

Mann-Whitney-Wilcoxon test). However, it is noteworthy that the stimulus intensity

normally used in our experiments was presumably close to minimal stimulation for

ML synapses, but not CT synapses, since stimulus intensity was always adjusted to

recruit ML EPSC at its first step (e.g. Fig. 2.4B), which had small CV and quantal

variability (e.g. Fig. 2.9, Fig. 2.10); in contrast, because of the linearity of

stimulus-response relationship of CT EPSCs (Fig. 2.4B~C), it was difficult to identify

an optimal intensity for minimal stimulation, and stimulus intensity was always

adjusted to recruit CT EPSC that was readily measurable, in which case EPSCs were

accompanied by a higher quantal variability (e.g. Fig. 2.9, Fig. 2.10). Therefore, under

this condition, the number of unitary events recruited at CT and ML synapses might

be different. To summarize, we found that CP-AMPARs are preferentially expressed

at CT synapses, rather than ML synapses.
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Discussion

As one of the most important animal model for studying the electrophysiology of

somatosensory system, the rat VBN system was mostly studied in vivo (ex., Mishima,

1992; Salt, 1986); in those studies conducted in vitro (Kao and Coulter; 1997,

Landisman and Connors, 2007; Leamey and Ho, 1998), the analyses of the properties

of CT and ML synapses were basically not carried out in a systematic and

comparative manner, although valuable information is still available in several studies

(Landisman and Connors, 2007; Miyata and Imoto, 2006; Reichova and Sherman,

2004). In this study, several pathway-specific properties showed great consistency

with those described in previous literature, demonstrating the successful identification

of CT and ML pathways in our system.

First, the latency of EPSC was shorter at ML synapses than CT synapses

(Castro-Alamancos, 2002a; Landisman and Connors, 2007). We also observed the

“supernormality” of conduction (Landisman and Connors, 2007; Swadlow and

Waxman; 1975) at CT inputs: that is, during the paired-pulse stimulations, the onset

latency of the second CT EPSC decreased relative to that of the first one, which was

proposed to be specific to the CT axons originated from the layer VI neurons of
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cerebral cortex (Li et al., 2003; Kelly et al., 2001); in our system, the decrease in the

onset latency of the second EPSC was ~ 0.3 ms, consistent with that observed in rat

thalamocortical slice system (Landisman and Connors, 2007). There are two types of

corticothalamic fibers (Deschénes et al., 1998; Landisman and Connors, 2007;

Reichova and Sherman, 2004; Rouiller and Welker, 2000), namely, those arising from

layer V and layer VI pyramidal neurons, with the former ones showing

electrophysiological and ultrastructural similarities to the primary sensory inputs

(such as lemniscal and retinal inputs). Because the corticothalamic projections to the

somatosensory thalamus of rodents were found to originate mainly from the layer VI

(Deschénes et al., 1998; Killackey and Sherman, 2003; Reichova and Sherman, 2004;

Rouiller and Welker, 2000; Van Horn and Sherman, 2004), the similarities of the

EPSCs evoked both by stimulating internal capsule and local stimulation to those

coming from layer VI neurons (i.e., linear EPSCs and PPF; Landisman and Connors,

2007; Reichova and Sherman, 2004; Li et al., 2003) further validate our pathway

identifications. Second, the rise time of ML EPSCs was significantly shorter than that

of CT EPSCs (Miyata and Imoto, 2006). In principle, this difference could result from

differential cable filtering introduced by different electrotonic distances these two

synapses away from the recording site (soma), as CT synapses contact the dendrites

more distally than ML synapses (Bourassa et al., 1995; Liu et al., 1995). However,
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this explanation is not consistent with the observation that the difference of weighted
decay time constants between CT and ML EPSCs was relatively much smaller (Table
2.1), since the cable filtering effect, in theory, can be reflected more unambiguously in
the decay phase of EPSC than the rising phase, especially in that the dynamics of
glutamate release and non-NMDAR channel gating can have dominant influences
over rising kinetics. Consistent with this argument, it was reported that in the dorsal
and ventral lateral geniculate nucleus (LGN and vLGN) of rat, the estimated
electrotonic length of relay neurons is ~ 0.7, suggesting that thalamic relay neurons
are electronotically compact (Crunelli et al., 1987). If this is true, alternative
explanations for the discrepancy in the rise times of CT and ML EPSCs could be
differential expression of kainite type ionotropic glutamate receptors (Miyata and
Imoto, 2006) or differential asynchrony of presynaptic glutamate release. Third, CT
EPSCs showed different behaviors in stimulus-relationships and short-term plasticity
(Arsenault and Zhang, 2006; Castro-Alamancos, 2002a; Castro-Alamancos and
Calcagnotto, 1999; Kao and Coulter, 1997; Landisman and Connors, 2007; Mishama,
1992; Miyata and Imoto, 2006; Reichova and Sherman, 2004), which have been
correlated with dintinct ultrastructural characteristics of their fiber terminals
(Bourassa et al., 1995; Li et al., 2003; Mineff and Weinberg, 2000; Spacek and
Lieberman, 1974) and may, coupled to the state-dependent neuromodulation
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(Castro-Alamancos 2002; Castro-Alamancos and Calcagnotto, 2001), confer distinct

properties of temporal filtering on these two synapses (Fortune and Rose, 2001;

Miyata and Imoto, 2006). For the synapses expressing CP-AMPARs, the

use-dependent relief of CP-AMPARs from polyamine block can contribute to an

increase of PPR at Vm < 0 mV (Bowie et al., 1998; McBain, 1998; Rozov and

Burnashev, 1999), which could also be observed at CT synapses instead of ML

synapses. The molecular composition of vesicular glutamate transporters was also

shown to be different between corticothalamic and primary sensory pathways to the

mouse VBN, suggesting another possible determinant for the PPR at these two

synapses (Graziano et al., 2008). Fourth, the peak current ratio of NMDAR- to

non-NMDAR-mediated EPSCs of CT synapses was significantly higher (Arsenault

and Zhang, 2006; Miyata and Imoto, 2006). The properties of kinetics, short-term

plasticity, and postsynaptic integration of synaptic inputs were proposed to shape the

neuronal outputs in response to high-frequency inputs (Zucker, 1989); together with

all the pathway-specific properties described above, different composition of

glutamate receptors at the two synapses can also serve to underlie those NMDAR- and

CT-dependent priming and modulation of sensory information relay through VBN

thalamus described in vivo (Eaton and Salt, 1996; Salt, 1986; Steriade, 1993;

Temereanca and Simons, 2004; Krupa et al., 1999; Fanselow et al., 2001).
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The evidence for the differential expression of CP-AMPARs at CT and ML synapses

Our experimental results imply that CP-AMPARs may be differentially

expressed at CT and ML synapses. More than AMPARs, kainate receptors (KARs)

have been reported to contribute to the fast EPSCs at CT synapses (Miyata and Imoto,

2006) and, therefore, may also contribute to the rectification behavior, weighted mean

conductance, and sensitivity to polyamine toxins depending on their conditions of

molecular composition and RNA editing at the synapses (Kamboj et al., 1995; Herb et

al., 1992; Howe et al., 1996; Sommer et al., 1991; Swanson et al., 1996; Burnashev et

al., 1995).

Complementary peaked-scaled nonstationary noise analysis was applied to

evoked responses of CT and ML synapses to compare their weighted mean

single-channel conductances of synaptic non-NMDARs. Despite the dramatic

difference in the amplitude of evoked unitary EPSCs between CT and ML pathways,

the latter of which was typically minimally stimulated with the stimulus intensity

range we normally used, the result showed that the trend of the difference in
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single-channel conductance was, however, opposite to that of the difference in unitary

EPSC amplitide: compared to ML responses, CT responses composed of smaller

unitary events were contributed by non-NMDARs with larger single-channel

conductance, which supported the experimental interpretation that CaP-AMPARs are

preferentially expressed at CT, but not ML, synapses.

The peaked-scaled nonstationary noise analysis yielded the weighted mean

conductance of 7.47 * 1.15 pS for the non-NMDARs of CT synapses, which is much

higher than calcium-impermeable non-NMDARs (Guire et al., 2008; Oh and Derkach,

2005; Smith et al., 1999; Swanson et al., 1996; Swanson et al., 1997) but at the same

level with calcium-permeable non-NMDARs (or synaptic populations containing

them) estimated in several other systems, such as 7-8 pS (Swanson et al., 1997), 5.4

pS (Swanson et al., 1996), 5.4 pS (Smith et al., 1999), 4.9 pS (Guire et al., 2008), and

11.5 pS (Derkach et al., 1999); although higher estimates were also reported (Lei et al.,

2003; Mameli et al.,, 2007; Soto et al., 2007), reasonable variations should be

acceptable, which may result from the diversity of native accessory proteins like

transmembrane AMPAR regulatory proteins (TARPs) (Soto et al., 2007), molecular

biophysics, developmental regulations (Ho et al., 2007; Kumar et al., 2002; Monyer et

al., 1991; Shin et al., 2005; Smith et al., 1999; Smith et al., 2000; Wisden and Seeburg,
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1993), receptor occupancy (Gebhardt and Cull-Candy, 2006), or can be explained by
possible overestimation introduced by asynchronous release (Guire et al., 2008). In
our experiments, the rectification indices (RIs) obtained without and with spermine
supplementation were similar, which is also the case in olfactory nerve-external tufted
cell synapses in the olfactory glomerular circuitry of rats (Ma and Lowe, 2007) and
may be explained by: (1) the existence of diffusion barriers coming from fine
dendritic geometry, which can hinder the washout of endogenous polyamines and the
loading of spermine (Ma and Lowe, 2007), (2) the usage of MgATP in the internal
solution, possibly offering too low intracellular [ATP*] to chelate the native
polyamines (Meksuriyen et al., 1998; Soto et al., 2007; Watanabe et al., 1991) in the
spermine-free case, (3) the properties of native regulatory proteins like TARPs, which
can attenuate the intracellular polyamine block of CP-AMPARs, therefore obscuring
the sensitivity of spermine-loading experiments and markedly reducing the inward
rectification (Soto et al., 2007), compatible with the relatively higher RI of the EPSCs
at CT synapses, and (4) the unknown identity and native concentration of the
polyamines in local dendrites for effective channel block (Ma and Lowe, 2007). In the
VPM slices of juvenile mouse aged 11-13 and 20-24 days, Arsenault and Zhang (2006)
reported that lemniscal EPSCs showed age-independent inward-rectifying I-V curves,
by which they proposed GluR2-lacking AMPARs were expressed at lemniscal
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synapses. One possible explanation for this difference is species difference. They

further cited two electron microscopy (EM) studies comparing the GIluR2/3

immunolabelling of corticothalamic and lemniscal synapses onto VPM or VPL of

adult rats (Liu, 1997; Mineff and Weinberg, 2000) to support their argument. The

citation of Mineff and Weinberg (2000) is, however, not appropriate due to the

statistical insignificance of GluR2/3 labeling between corticothalamic and lemniscal

synapses, and the animal age used in both studies (instead of juvenile animals) is

another critical difference. Besides, functional glutamate receptors are tetramers with

the subunit composition very critical to the biophysics like rectification, and by EM

approach one can only detect the expression level of receptor subunits without

knowing the assembly and composition of functional receptors in situ. Quantitative

inconsistency also occurs between the GluR2/3 immunolabelling data of the two EM

studies, and different staining techniques, small sample number (n = 1 in Liu, 1997),

as well as the antibody specificity may also concern in the discrepancy between

electrophysiological and morphological data.

CP-AMPARs have been proposed to play a great variety of roles in the

input-specific synaptic transmission and dynamic information processing, such as

precise control of spike timing (Geiger et al., 1995; Geiger et al., 1997; Lawrence et
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al., 2004; Walker et al., 2002), induction / expression / consolidation / maintenance of

activity-dependent, homeostatic, or drug-induced long-term synaptic plasticity (Asrar

et al., 2009; Bellone and Liischer, 2005; Bellone and Liischer, 2006; Clem and Barth,

2006; Derkach et al., 1999; Desai et al., 2002; Goel et al., 2006; Guire et al., 2008; Ju

et al. 2004; Kakegawa et al., 2004; Laezza et al., 1999; Liu and Cull-Candy, 2000;

Mahanty and Sah, 1998; Mameli et al., 2007; Oh and Derkach, 2005; Pelkey et al.,

2005; Plant et al., 2006; Sutton et al., 2006; Thiagarajan et al., 2005; Toth et al., 2000;

Watt et al., 2000), a postsynaptic form of short-term plasticity (Bowie et al., 1998;

McBain, 1998; Rozov et al., 1998; Rozov and Burnashev, 1999), developmental

synaptic function (Ho et al., 2007; Kumar et al., 2002; Monyer et al., 1991; Shin et al.,

2005; Smith et al., 1999; Smith et al., 2000; Wisden and Seeburg, 1993), and activity-

and pathophysiology-dependent synaptic modulation through the regulation of

endogenous polyamines (Aizenman et al., 2002; Aizenman et al., 2003; Hayashi et al.,

1993; Shin et al., 2005); whether the specific targeting of CA-AMPARs to thalamic

CT synapses underlies these functions is unknown. Moreover, corticothalamic inputs

are periodically activated under many normal (like some stages of non-rapid eye

movement sleep) and abnormal (like absence seizures) physiological conditions

(Crunelli et al., 2006; Jones, 2007; Kostopoulos, 2001; McCormick, 2002;

McCormick and Bal, 1997; Meeren et al., 2005; Sanchez-Vives and McCormick,
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2000; Steriade et al., 1993; Steriade and Contreas, 1995; Timofeev and Steriade,
1996), and it is therefore very interesting to know whether repetitive activations of the
additional calcium pathways mediated by calcium-permeable non-NMDARs at

thalamic CT synapses have any functional impacts.
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Figures

Figure 2.1 Anatomical features of the ventrobasal nucleus (VBN, including VPM

and VPL) of rat thalamus

Acute horizontal (A) and coronal (B) brain slices were prepared from SD rats

(P13-P24). EPSCs were evoked by stimulating either medial lemniscus (ml) or

internal capsule (ic), and then the recorded cells were stained with ABC

histochemistry. Aj~A,, Comparison of the rat brain atlas (Paxinos & Watson, 2007)

and bright field microscopy of horizontal slice. Az, Enlarged view of the dashed box

in A;. In some cases, we observed a small heterogeneous zone locating in the border

of VPL (arrows). Bi~B;, Comparison of the rat brain atlas and bright field microscopy

of coronal slice. Rt, reticulat nucleus.
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Figure 2.2 Morphology of the VBN relay neurons of rat thalamus

A~C, Typical examples of biocytin-filled cells stained with ABC histochemistry after

whole-cell recording. The polygonal shape of soma, “whorl” of the primary dendrites,

and the tufted, bushy patterns of dendritic arborization were consistent with those

described in the previous literature (D, from Peschanski et al., 1984; see also Jones,

2007). Most cells had easily identifiable axons (arrows) projecting toward cerebral

cortex.
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Figure 2.2
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Figure 2.3 Firing modes of VBN relay neurons

VBN relay neurons showed membrane potential (Vy,)-dependent firing properties. A,
In response to steady depolarizing current injection, VBN cells fired in continuous
(tonic / regular) spiking mode at V, ~ -55 mV (A;) while in burst spiking mode at V,,
~ -55 mV (Aj). It has been well characterized that the burst, high-frequency Na"
spiking is triggered by the underlying low-threshold spike (LTS), which is dependent
on the activation of T-type voltage-gated calcium channels (VGCCs). Steady
hyperpolarizing current injection induced a sag at hyperpolarized V,, (star in A;),
termination of which triggered rebound burst spiking (arrows), which can be
explained by the de-inactivation, and thus the increase in the availability of T-type
VGCCs during the hyperpolarized phase. B, VBN neurons can fire broaden spikes
(half-width ~ 35 ms) with significantly slower rising kinetics and smaller amplitude
after intracellular dialysis of QX-314 (5 mM), which was blocked by selective L-type
VGCC blocker nimodipine (10uM) applied in the bath, indicating that their ionic

basis is calcium.
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Figure 2.4 Stimulus-response relationships of the EPSCs elicited by stimulation

of corticothalamic (CT) and lemniscal (ML) fibers

A, Schematic illustration of experimental configuration. Reproduced from Min

(unpublished). B~C, Representative examples of EPSC traces elicited by stimulation

of internal capsule (ic) (CT EPSC) and medial lemniscus (ml) (ML EPSC) (B) and

summary of the peak synaptic responses upon increasing stimulus intensity (C). ML

EPSCs had significantly smaller 10-90% rise time and relatively larger peak

amplitude than CT EPSCs. Typically, ML EPSCs responded to different stimulus

intensity in an all-or-none fashion, while CT EPSCs increased in peak amplitude

monotonically with increasing stimulus intensity, showing a linear relationship. Please

see text for detailed description of pathway characterization. The V,, of VBN neurons

was held at -70 mV.
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Figure 2.5 Short-term plasticity of corticothalamic (CT) and lemniscal (ML)

EPSCs

A, Representative synaptic responses elicited by paired-pulse stimulation of CT and

ML fibers. ML EPSCs showed paired-pulse depression (PPD), whereas CT EPSCs

showed paired-pulse facilitation (PPF). These responses were evoked from the same

relay neuron. B, Summary of paired-pulse ratio plotted as a function of inter-pulse

interval. Short-term plasticity of CT and ML EPSCs was still observed at the interval

of up to 1000 ms. C, Representative responses to high-frequency stimulations (50 Hz)

of CT and ML synapses. ML synapses showed robust short-term depression in that

peak amplitude of ML EPSCs (measured by the difference of peak EPSC and the

current just before the stimulating artifact) reached maximal depression at the 3rd

stimulation (n = 4), while CT EPSC showed short-term facilitation but only strong

enough to overcome the saturation and desensitization of postsynaptic receptors (Sun

and Beierlein, 2011) and the depletion of presynaptic vesicles at the 2nd stimulation

(n = 3). It is noteworthy that the postsynaptic summation of CT EPSC was much

better than ML EPSC, as indicated by the continual increase of the inward current

measured just before every successive stimulus artifact, even after the maximal

change of EPSC had been achieved. These traces were averaged from 3 waveforms.
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Figure 2.6 Comparison of EPSPs elicited by stimulation of internal capsule and

local stimulation

Internal capsule (ic)-evoked EPSPs and locally-evoked EPSPs have similar kinetics

and short-term plasticity, suggesting their common cortical origin.
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Figure 2.7 Peak current ratio of NMDAR- to non-NMDAR-mediated EPSC at

CT and ML synapses

A, At the V,, held ~ -70 mV, both CT and ML EPSC were completely blocked by

10uM DNQX applied in the bath. All traces were averaged from 10~15 consecutive

sweeps. B~C, Representative example (B) of NMDAR- and non-NMDAR-mediated

EPSCs obtained from the same relay neuron, and the summary of data (C), showing a

larger peak current ratio of NMDAR- to non-NMDAR-mediated EPSC at CT than

ML synapses. The non-NMDAR-mediated EPSCs (inward current traces) were

recorded at -90 mV, and then the NMDAR-mediated EPSCs (outward current traces)

were obtained at +60 mV in the presence of 10uM DNQX, which in turn can be

blocked with 100 pM pL-APV. For comparison, the peak current amplitude of

NMDAR-mediated EPSC at ML synapses was scaled to match that at CT synapses.

The summarized data include one experiment in which the CT EPSCs and ML EPSCs

were evoked in the same relay neuron.
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Figure 2.8 Current-voltage (I-V) relationship and rectification property of

non-NMDAR-mediated EPSC at CT and ML synapses

A, The I-V relationship of non-NMDAR-mediated EPSC. The dotted lines represent

the linear fit to the data points recorded at the holding potentials from -90 to 0 mV.

The ML EPSC showed linear I-V relationship; CT EPSC, however, had the I-V

relationship which significantly deviated from linearity (out of the 16 cells tested, 7

were patched with internal solution containing 0.1mM spermine and 9 were patched

without spermine). The traces are averaged from 10 waveforms at each holding

potential. B, The rectification index (RI) of CT EPSC was not significantly different

after 0.1 mM spermine was supplemented in the pipette internal solution. C, Summary

of the RIs of CT and ML EPSCs, showing the inward rectification of CT EPSC, but

not ML EPSC.
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Figure 2.9 The sensitivity of the non-NMDAR-mediated EPSC to

philanthotoxin-433 (PhTx-433) at CT and ML synapses

A representative example (A) and the summary (B) of the effects of 10 uM

Philanthotoxin-433 (PhTx-433), a selective CaP-AMPAR blocker, on the ML and CT

EPSCs recorded from the same relay neurons. After a 5-min stable baseline, PhTx was

applied in the bath, which significantly attenuated the amplitude of CT EPSC but not

ML EPSC. At the bottom are representative traces before (control), during (PhTx),

and after washout of the drug application (wash). Each trace was averaged from 6

sweeps. EPSC Decr., decrease in EPSC amplitude.
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Figure 2.10 The sensitivity of the non-NMDAR-mediated EPSC to

1-naphthylacetyl spermine (NAS) at CT and ML synapses

A representative example (A) and the summary (B) of the effects of 250uM NAS, a

polyamine toxin which selectively blocks CP-AMPARs, on the ML and CT EPSCs.

After a 5-min stable baseline, NAS was applied in the bath, which significantly

attenuated the amplitude of CT EPSC but not ML EPSC. At the bottom are

representative traces before (control) and during (NAS) the drug application. Each

trace was averaged from 10 sweeps. EPSC Decr., decrease in EPSC amplitude.
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Figure 2.11 Paired-pulse ratios (PPRs) of CT and ML EPSCs at different holding

voltage (Vy)

Representative responses evoked by paired pulses with the inter-pulse interval of 50

ms (A), and summary (B) of paired-pulse ratios of CT and ML EPSCs at two different

holding voltage (V4). For every cell tested, PPR of CT EPSC at the V, < 0 mV is

higher than at the Vi, > 0 mV, whereas it was not the case for ML EPSC, suggesting

that activity-dependent relief of polyamine block was selectively occurred at CT

synapses (Rozov et al., 1998; Rozov and Burnashev, 1999). The summarized data

include one experiment in which the CT EPSCs and ML EPSCs were evoked in the

same relay neuron.
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Figure 2.12 Peaked-scaled nonstationary noise analysis of

non-NMDAR-mediated EPSCs at CT and ML synapses

A, Peak-scaled nonstationary noise analysis was applied to compare the weighted

mean single-channel conductance of non-NMDARs at CT and ML synapses. The

mean waveform (black line) of evoked EPSC traces was peak-scaled to individual

EPSCs (gray lines) for calculating the ensemble variance and variance-mean

relationship of EPSC decay phase, in order to isolate the variance associated with

stochastic gating behaviors of single synaptic channels. 26 and 19 EPSCs were

selected (see Methods) for analysis of single-channel conductance at CT and ML

synapses, respectively. At the bottom are the variance-mean relationships; linear

fitting (red dashed lines) was applied to the initial 33% of variance-mean relationship,

yielding the weighted mean single-channel conductance of 5.41 and 3.08 pS at CT

and ML synapses, respectively. Dotted lines denote the variance originating from

background noise, which was constrained during the fitting process. Note the ML

EPSC amplitude is much bigger than CT EPSC; to prevent amplifier from being

saturated, ML ESPCs were normally recorded at a smaller gain (1/2 or 1/4 of that used

for CT EPSCs), as evidenced by the larger variance of background noise. Lines with

different thickness were used for CT and ML EPSCs for proper visualization of noise.

B, Summary of the weighted mean single-channel conductance of non-NMDARs.
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Mean conductance of single non-NMDARSs is significantly larger at CT synapses than

ML synapses (7.3 £ 1.1 pS,n=5and 3.1 £ 0.3 pS, n= 7 for CT and ML synapses,

respectively), which is consistent with our experimental results (Fig. 2.8~2.11) that

CaP-AMPARs are preferentially expressed at CT synapses. The average number of

non-NMDARs open at the peak of EPSC is 95 £ 20 (n=5)and 1732 £ 417 (n=7)

for CT and ML synapses, respectively.
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Tables

Table 2.1 Comparison of dynamic characteristics, short- and long term plasticity
between corticothalamic (CT)-excitatory postsynaptic currents (EPSCs) evoked
by internal capsule (ic) or local stimulations

LS, latency shift (defined as the latency of the 1st EPSC minus the latency of the 2nd
EPSC); LTD, long-term depression; LTP, long-term potentiation. The data are
expressed as the mean £ S.E.M.

" Not significant, by non-parametric Mann-Whitney-Wilcoxon test
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Table 2.1

Internal capsule

Local

10 ~90% rise time (ms)

Weighted decay t (ms)

EPSC onset latency (ms)

LS (ps)

Paired-pulse ratio

NMDAR/ non-NMDAR

ratio

LTP (%)

LTD (%)

LTD + nimodipine (%)

LTD (stepping from

-50mV) (%)
LTP by modified pairing

protocol + nimodipine (%)

LTD of CT EPSPs by

continuous spiking (%)

267021 (n=11)

1025+ 0.57 (n=11)

3.80+048 (n=12)

208 + 86 (n = 10)

232022 (n=14)

3.83+1.20 (n=6)

131.9+13.2 (n=10)

68.3+3.6 (n=4)

99.7+10.1 (n=4)

69.1£93 (n=4)

118.9+10.0 (n=09)

749+ 122 (n=3)

2.82+044 (n=5"

11.69+1.96 (n=5"

441+042 (=6"

423+126 (n=5"

261+£037 (h=6)"

1.70£039 (n=8™

160.0 +18.1 (n=10)

ns

743+52  (n=22)

ns

100.1+39 ((n=7)"

597+71 (n=8"™

117.3+109 (n=5"

855+85 (n=6)"
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Table 2.2 Comparison of the dynamic characteristics and short-term plasticity of
corticothalamic (CT) excitatory postsynaptic currents (EPSCs) and medial
lemniscal (ML) EPSCs

OL, onset latency; RT, 10%-90% rise time; Dt, weighted decay time constant; PPR,
paired-pulse ratio; LS, latency shift (defined as the latency of the 1st EPSC minus the
latency of the 2nd EPSC). The data are expressed as the mean = S.E.M.

* SR, number of experiments in which CT EPSCs and ML EPSCs were
simultaneously recruited in a thalamocortical relay neuron.

* Nonparametric Mann-Whitney-Wilcoxon test.
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Table 2.2

OL (ms)

RT (ms)

Dt (ms)

PPR

LS (ms)

CT EPSCs

4.0+04
n=18

2.7+0.2
n=16

10.7+0.7
n=16

24+02
n=20

0.28 +£0.07
n=15

ML EPSCs

2.7+0.2
n=26

1.0+0.1
n=15

8.1+0.7
n=15

04+0.1
n=26

-0.21 £0.08
n=17

SR*

Statistics*

p <0.001

p<10~

p<0.05

p<10*®

p<10~*

116



Chapter 3

Differential induction of synaptic plasticity

between corticothalamic and medial lemniscal synapses

Abstract

Our experimental results indicated that the composition of iontropic glutamate
receptors at CT and ML synapses are very different. In particular, NMDARSs have a
higher contribution to synaptic responses (as relative to non-NMDARs) at CT than
ML synapses; moreover, CaP-AMPARs are preferentially expressed at CT synapses.
It has been widely appreciated that these two types of glutamate receptors, as
gateways for calcium influx into neurons, serve to play multiple roles in the induction
and expression of long-term synaptic plasticity. Therefore, it is of particular interest to
know whether synaptic plasticity of CT and ML pathways is also very different. We
found that an NMDAR-dependent long-term potentiation (LTP) could be induced by
pairing 1-Hz presynaptic stimulation with postsynaptic depolarization to 0 mV at CT
synapses, but not ML synapses. Interestingly, this LTP was impaired with the pairing
protocol modified in such a way that a phase with V, = -70 mV was retained prior to
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each presynaptic stimulation, which spares activation of NMDARs but de-inactivates

voltage-dependent inactivating conductances. This phenomenon could be explained

by a concomitant expression of an long-term depression (LTD) that was previously

unknown at CT synapses, which could be induced by the same modified protocol

without presynaptic stimulation (thus equivalent to postsynaptic depolarizing pulses),

but depolarizing pulses could not induce long-term plasticity at ML synapses.

Induction of CT LTD is dependent on activation of L-type voltage-gated calcium

channels (VGCCs), but not T-type VGCCs, NMDARs, and CaP-AMPARs. An

additional attempt was made to examine the potential role of CaP-AMPARs in

induction of long-term plasticity at CT synapses. To sum up, under our experimental

paradigms, synaptic strength of CT pathway is more flexible than ML pathway, which

may have profound functional implications for the physiological operation of

somatosensory thalamocortical system.

Introduction

The ventrobasal nucleus (VBN) of the thalamus serves as a major gateway for

relaying somatosensory information to the cerebral cortex (Jones, 2007).
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Thalamocortical relay neurons fire action potentials either in continuous or burst

mode, depending on membrane potential (Vm). In early studies, continuous spiking is

commonly recorded in sensory thalamus when animals are awake and alert, and the

sensory information is faithfully represented in response to peripheral stimuli, while

rhythmic burst spiking is normally recorded when animals are in non-REM sleep or

inattentive, and sensory information is not linearly represented by thalamic activities,

therefore neuronal firing mode is believed to underlie the functional connectivity

between relay neurons and the afferent input (McCormick and Feeser, 1990; Le

Masson et al. 2002; Sherman, 2005; Sherman and Guillery, 2004).

Physiological mechanisms of firing mode switch in relay neurons and thus

transfer of sensory information has been intensively studied, despite most efforts

made on intrinsic membrane properties that govern the activation of T-type VGCCs

and other active conductances. Considering the predominant number of CT synaptic

contacts on relay neurons, cortical feedback signals are generally regarded as an

essential modulator for the properties of thalamic spike transfer (Murphy and Sillito,

1987; Ergenzinger et al. 1998; Krupa et al. 1999; Sillito and Jones, 2002; Sherman,

2005). Following this line, significant roles for synaptic drive in firing mode

regulation has been suggested since recently (Ergenzinger et al. 1998;
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Castro-Alamancos and Calcagnotto, 2001; Hughes et al. 2002; Sillito and Jones,

2002).

Since there are intense reciprocal interactions between cerebral cortex and

somatosensory thalamus, which is critical for sensory processing, use-dependent

modification of synaptic efficacy in the VBN may provide a means by which the

extent of thalamocortico-corticothalamic interactions underlying somatosensory

processes are dynamically regulated. Here, we studied the input-specific competence

of bi-directional synaptic plasticity in the VBN, and found that long-term plasticity

are differentially manifested between these two synapses. A novel form of LTD at CT

synapses is described, which is L-type VGCC-dependent, and synaptic strength of CT

pathway can integrate different induction signals and adapts accordingly in a dynamic

way.

Methods

Preparation of acute slices
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The use of animals in this study was in accordance with the guidelines of the

local ethical committee for animal research of National Taiwan University.

Sprague-Dawley (SD) rats of both sexes aged 13-24 postnatal days (P13-24) were

used, but most were aged P13-16. The animals at these ages were chosen because the

intrinsic and firing properties of rat VBN neurons reach developmental steady-state

after P12, including the resting membrane potential (Vm), input resistance (Ry),

ability to fire full-blown LTS-driven bursting, width of action potential (AP) and

after-hyperpolarization (AHP) (Velazquez and Carlen, 1996). Possibly attributible to

less extent of myelinated fibers, the success rate in obtaining good seal and recording

quality was also significantly higher from animals of this age window, which is

especially critical for the purpose of simultaneous recruitment of CT and ML

synapses.

The rats were anaesthetized with isoflurane and decapitated with a small-animal

guillotine, and the brain was quickly removed and placed in ice-cold artificial

cerebrospinal fluid (ACSF). Coronal slices were used for initial experiments. We then

discovered that, in horizontal slices, it was easier to recruit CT and ML EPSCs

simultaneously in the same relay neuron, horizontal preparation was adopted for the

most part of this study. For horizontal preparation, the two halves of the brain were
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first separated, and their ventral portions were trimmed in parallel to the ventral

surfaces of brainstem to ensure standard horizontal cutting orientation in accordance

with traditional stereotaxic coordinates. A block of agar was glued behind the medial

surface of a half-brain to provide physical support during slicing. Horizontal brain

slices (300 um) containing the ventrobasal nucleus (VBN), internal capsule (ic) and

medial lemniscus (ml) fibers were prepared, using the patterns of ic and the fibers in

the ventral posterolateral nucleus (VPL) as landmarks (Fig. 2.1). For coronal

preparation, intact coronal slices were cut and the two halves were separated by blade.

Coronal brain slices (300 um) containing the VBN, ic and ml were prepared, using the

patterns of VBN and its fiber patterns as landmarks (Fig. 2.1).

The slices were cut with a vibroslicer (752M, Campden, Loughborough, England

or ZERO 1, D.S.K., Osaka, Japan). The ACSF contained (in mM): 119 NacCl, 2.5 KClI,

1.3 MgSQy, 26.2 NaHCOs3, 1 NaH,POy, 2.5 CaCl,, and 11 glucose; pH adjusted to 7.4

by gassing with carbogen consisted of of 95 % O, / 5 % CO,. The slices were kept in

oxygenated ACSF (95% O, / 5% CO,) at room temperature (24-25°C) to allow

recovery for at least 90 minutes before recording was started.

Electrophysiology
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Slices were transferred to an immersion-type recording chamber mounted to an

upright microscope (BX50WI, Olympus Optical, Tokyo, Japan), equipped with

water-immersion objectives, a Normaski optic system, an infrared filter and a CCD

camera (XC-E150, Sony, Tokyo, Japan) (IR-DIC system). In horizontal slices, the

VBN, ic and ml were clearly identifiable under low-magnification light microscopy.

In some cases, we noticed that there was a small heterogeneous zone locating in the

border of VPL medial to ic, which indicated a lower density of myelinated fibers (Fig.

2.1A3). Recordings made from this zone was avoided to prevent potential

confounding factors which may originate from functional or biochemical

heterogeneities within VBN (see introduction from more descriptions). Neurons in the

VBN were recorded under visual guidance. The typical number of fast spikes of a

LTS-burst firing is 4~9 as depolarizing current pulses were injected at the V, <

-75mV. Occasionally, some neurons had a spike number of LTS-burst < 3 and were

discarded.

IPSPs were rarely observed in horizontal VBN slices of mice

(Castros-Alamancos, 2002), which could be attributed to the orientation of the slice

preparation so the fibers were not well preserved. Nevertheless, all experiments
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carried out in this study were performed in the presence of 0.1 mM picrotoxin and 1
UM strychnine to avoid any potential confounding effects of GABAergic and

glycinergic IPSPs.

Patch pipettes were pulled from borosilicate glass (1.5 mm outer diameter,
0.32 mm wall thickness; G150F-4, Warner Instruments Corp., Hamden, CT, USA),
and had a resistance of 3~8 MQ. For experiments characterizing basic excitatory
synaptic properties, “cesium internal solution” was used to avoid metabotropic
receptor-dependent potassium conductances (for evoked GABAg IPSC in the VBN of
rats, see Kao and Coulter, 1997). The cesium internal solution contained (in mM):
114.7 CsOH, 17.5 CsCl, 117.6 gluconic acid, 10 HEPES, 2 EGTA, 8 NaCl, 2 ATP, 0.3
GTP, and 6.7 biocytin; pH was titrated to 7.2 by CsOH and osmolarity to 300-305
mOsm. For experiments on the synaptic plasticity, “normal internal solution” was
used, which contained (in mM): 131 K-gluconate, 20 KCIl, 10 HEPES, 2 EGTA, 8
NaCl, 2 ATP, 0.3 GTP, and 6.7 biocytin; pH was titrated to 7.2 by KOH and
osmolarity to 300-305 mOsm. In all experiments in which depolarizing step
commands were used, 5 mM QX-314 was included in the internal solution to block
voltage-gated Na' channels and enhance the voltage control. Signals were obtained by
Axopatch 1D amplifier (Axon Instruments, Union City, CA, USA). Slices were
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continuously perfused with oxygenated solutions at 1~2 ml / min under room

temperature. For voltage-clamp recordings, whole-cell conductance (Gw) and series

resistance (RS) were continuously monitored by a test voltage pulse of 3 mV; Rs was

typically <20 MQ and was not left uncompensated. For current-clamp recordings, the

input resistance (Ry) was continuously monitored by a test current pulse of +30 pA,

and the bridge was balanced by adjusting the RS compensation of the amplifier. Data

were discarded when Rs or Ry varied by more than 20% from its baseline value

during the recording. All signals were low-pass-filtered at a corner frequency of 2 kHz,

then digitized at 10 kHz using a Micro 1401 interface (Cambridge Electronic Design,

Cambridge, UK). Data were collected using Signal (Cambridge Electronic Design,

Cambridge, UK) or Spike 5 (Cambridge Electronic Design, Cambridge, UK) by

episode-based capture. The liquid junction potential was measured to be ~ +10 mV

and left uncorrected (following the method by Neher, 1992).

Stimulation of CT and ML synapses

The best efforts were made to recruit CT and ML synapses at the same relay

neurons in most experiments for a reliable comparison of input-specificity of the

properties examined (Fig. 2.4A). A bipolar stainless steel electrode (PK/12, FHC, St
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Bowdoin, ME, USA) was placed locally within 150 um away from the recorded cell

or in ic for evoking CT EPSCs, and another electrode was placed in ml for evoking

CT EPSCs. No significant differences were observed between the CT EPSCs evoked

by these two conditions (Table 2.1). In some cases, however, only CT EPSCs or ML

EPSCs were evoked, and these data were also pooled for statistical comparison.

In high-magnification IR-DIC images of horizontal slices, we observed a large

number of fiber bundles projecting from the direction of ic, traversing the reticular

nucleus (Rt) and the small heterogeneous zone in the border of VPL (described above)

into VBN. We traced along the fiber bundles proximal to the recorded neuron, back to

their origin in ic, and placed the stimulating electrode accordingly to facilitate the

success rate of recruiting measurable CT EPSCs. A typical stimulus consisted of a

4~100 ps square pulse with the amplitude ranged in 30~800 pA. In some cases, the

stimulating artifact was relatively large, and the synaptic responses were analyzed

after the artifact waveform obtained in 10 uM DNQX, a selective non-NMDARs

antagonist, was subtracted.

For recording the excitatory postsynaptic currents (EPSCs), V., was

voltage-clamped at -70 mV, with 100 uM picrotoxin (PTX) and 1 pM strychnine
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added to the bath ACSF solution to block ionotropic GABA, receptors and glycine

receptors (for the glycinergic transmission in the VBN, see Ghavanini et al., 2005;

Ghavanini et al., 2006), respectively. After the experiments were finished, 10 uM

DNQX were applied in the bath in most cases to confirm the identity of recorded

activities as a non-N-methyl-D-aspartate receptor (non-NMDAR)-mediated

component. EPSCs were evoked at 0.1 Hz; in experiments in which CT EPSCs and

ML EPSCs were simultaneously recruited, alternate stimulations were made to the IC

(or locally) and ML tracts, with the stimulation rate to both inputs being 0.1 Hz.

Long-term synaptic plasticity

For synaptic plasticity experiments, a stable baseline was recorded for at least 5

min, followed by an additional ~ 25 min of recording after induction protocol was

applied. To prevent potential washout of cell content required for induction of

synaptic plasticity, data were discarded if the time of recording after "break-in" into

whole-cell configuration was over 12 min but the induction protocol had not been

applied yet. Amplitude of individual EPSC was normalized with respect to the mean

measurement of all baseline responses before induction, and the normalized

measurements recorded in 18.5~23.5 min after induction were averaged and used for
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statistical comparison.

Drugs

Chemicals used for ACSF and internal solution were purchased from Merck

(Damstadt, Germany). N-2,6-Dimethylphenylcarbamoylmethyl triethylammonium

bromide (QX-314) was purchased from Alomone Laboratories (Jerusalem, Israel).

pL-2-Amino-5-phosphonopentanoic acid (APV), 6,7-dinitroquinoxaline-2,3-dione

(DNQX), nimodipine (Nim), spermine tetrahydrochloride, tetrodotoxin (TTX), and

mibefradil were purchased from Tocris Cookson (Bristol, UK). MgATP, NaGTP,

BAPTA, picrotoxin, strychnine, and nickel chloride were purchased from Sigma (St.

Louis, MO, USA). All drugs were made as stock solutions, stored at -20°C, and

diluted to working concentration immediately before use. The experiments using

nimodipine were performed in darkness to avoid drug deterioration.

Statistics

All data are presented as the mean * S.EM. The nonparametric

Mann-Whitney-Wilcoxon U test was used for statistical comparison between unpaired
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data and Wilcoxon matched-pairs sign-ranks test was used for paired data. The

criterion for significance was P < 0.05 for all statistical tests. Origin (Microcal,

Northhampton, MA, USA) and SAS (SAS, Cary, NC, USA) software were used for

data analysis.

Results

Induction of NMDAR-dependent long-term potentiation (LTP) specifically at CT

synapses

To investigate the potential of long-term plasticity at these two pathways, we

used a brief induction protocol by conjunctive pairing postsynaptic depolarization to 0

mV with 1 Hz extracellular stimulation (Gustaffson et al., 1987; Wang et al., 1997a).

Similar long-term potentiation (LTP) was induced by this protocol for the EPSCs

evoked by stimulating internal capsule (131.9 * 13.2 % compared with baseline, n =

10) and by local stimulation (160.0 = 18.1 % compared with baseline, n = 10) (P >

0.05, Mann-Whitney-Wilcoxon test) and thus pooled together (Fig. 3.1A; LTP = 146.0

* 11.3 % compared with baseline, n = 20). This LTP could be blocked by 50 uM
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bath-applied APV (locally-evoked EPSCs: 96.6 * 7.7 % compared with baseline, n =
9), a specific NMDA receptor antagonist (Fig. 3.1B). These findings suggested that
the induction of LTP at CT synapses was NMDAR-dependent. The same conjunctive
pairing protocol, however, failed to induce LTP at the ML synapses (Fig. 3.1A; 95 *
9 % compared with baseline, n = 7; P> 0.05, Wilcoxon matched-pairs sign-ranks test),
indicating the NMDAR-dependent LTP was input-specific. Interestingly,
accompanying LTP induction at CT synapses, there was a parallel long-lasting
increase in GW (141 £ 12 % compared with baseline, P < 10'4, Wilcoxon
matched-pairs sign-ranks test), which was blocked by APV, and not induced when
pairing was applied to ML pathway (110 £ 6 % compared with baseline; P > 0.05,
Wilcoxon matched-pairs sign-ranks test), indicating such a increase is also
NMDAR-dependent and has the property of input specificity, similar to the case in
CAl pyramidal neurons of hippocampus and could be attributed to a local
upregulation of dendritic hyperpolarization-activated cyclic nucleotide-gated cationic

channels (HCNs) (Campanac et al., 2008; Fan et al., 2005).

Associativity, input specificity, and cooperativity are typical characteristics of
LTP (Bliss and Collingridge, 1993). To test if the LTP was associative, the pairing
protocol was applied without postsynaptic depolarization or 1 Hz stimulation; both
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these protocols failed to induce LTP at CT synapses (Fig. 3.2; without depolarization,

101.2 £ 10.4 % compared with baseline, n = 5; without stimulation, 110.2 = 7.6 %

compared with baseline, n = 4; both locally-evoked EPSCs; both P > 0.05, Wilcoxon

matched-pairs sign-ranks test). Pairing depolarization to -45 mV with 1 Hz

stimulation, a protocol presumably activating NMDA receptors in a relatively

moderate manner, could not induce any synaptic plasticity at CT synapses, either (Fig.

3.3A; locally-evoked EPSCs: 102.5 + 10.4 % compared with baseline, n = 12; P >

0.05, Wilcoxon matched-pairs sign-ranks test), consistent with the requirement of

strong postsynaptic depolarization, and thus sufficient activation of NMDAR, for the

induction of LTP. For a weak test pathway, the requirement of sufficient

depolarization may underlie the dependence of LTP induction on the number of

coincident inputs recruited or synchronized tetanization of a strong pathway, which

was termed "cooperativity" in early studies (Barrionuevo and Brown 1983; Levy and

Steward 1979; Markram et al., 1997; McNaughton et al. 1978). In our horizontal

preparations, stimulation of medial lemniscus (ml) recruited not only all-or-none

responses but also linear responses. In contrast to those all-or-none responses, these

linear EPSCs showed slower rising kinetics, smaller amplitude, and PPF. Despite the

similarity between these EPSCs and CT EPSCs, pairing depolarization to 0 mV with 1

Hz stimulation was unable to induce LTP at this “undefined pathway” (95.9 + 4.4 %
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compared with baseline, n = 10; P > 0.05, Wilcoxon matched-pairs sign-ranks test)

(Fig. 3.3B). This result indicated the input specificity of the LTP at CT synapses.

Accordingly, locally-recruited synapses showed the competence of expressing

NMDAR-dependent LTP, therefore supporting our postulation that the locally-evoked

responses had their corticothalamic origin.

Taken together, the pairing protocol could induce the NMDAR-dependent LTP

specifically at CT synapses, which showed the canonical properties of LTP (Fig.

3.3C).

The modified pairing protocol which retains a hyperpolarized phase prior each

presynaptic stimulation did not induce CT LTP

To further determine whether involvement of voltage-gated channels can play

any roles in the synaptic plasticity of CT synapses, we used a modified pairing

protocol in which the holding voltage (V) returns to -70 mV for 500 ms prior to each

presynaptic stimulation, which presumably de-inactivates and recruits inactivating

conductances more effectively. Intriguing, this protocol did not induce long-term

plasticity at the CT synapses (Fig. 3.4; locally-evoked EPSCs: 97.6 £ 13.6 %
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compared with baseline, n = 11; P > 0.05, Wilcoxon matched-pairs sign-ranks test),

despite the activation of NMDARs were putatively spared since the requirements of

glutamate release and properly-timed postsynaptic depolarization were still satisfied.

Depolarizing steps induced L-type VGCC-dependent LTD specifically at CT synapses

The mask of CT LTP could be attributed to the direct crosstalk between signaling

mediated by NMDA receptors and unknown voltage-gated processes, or a net effect

caused by a parallel expression of unknown synaptic plasticity. In order to distinguish

between the possibilities that inclusion of a modified hyperpolarized phase interferes

with either the induction process of LTP, i.e. the signaling downstream to NMDAR

activation is disrupted, or the expression of LTP, by means of the concomitant

expression of long-term plasticity at CT synapses that was previously unknown, 1-Hz

repetitive postsynaptic depolarizing pulses alone were applied to the recorded cell.

Surprisingly, applying the depolarizing steps alone induced long-term depression

(LTD) for the EPSCs evoked by stimulating internal capsule (68.3 £ 3.6 % compared

with baseline, n = 4) and by local stimulation (74.3 * 5.2 % compared with baseline,

n = 22), which were similar (P > 0.05, Mann-Whitney-Wilcoxon test) and thus pooled

together (Fig. 3.5A; 73.4 £ 4.4 % compared with baseline, n = 26); the same protocol,

133



however, failed to induced significant plasticity at ML synapses (109.0 £ 5.2 %

compared with baseline, n = 10; P > 0.05, Wilcoxon matched-pairs sign-ranks test).

Moreover, from the cases in which CT and ML EPSCs were recruited in the same

neurons, this LTD could also be induced specifically at CT synapses (Fig. 3.5Ay;

locally-evoked EPSCs: 67.4 £ 10.4 % compared with baseline, n = 6; ML EPSCs:

113.6 + 8.2 % compared with baseline, n = 6; P < 0.05, Wilcoxon matched-pairs

sign-ranks test). These results indicated that the depolarizing steps can induce

long-term modification specifically at CT synapses.

This LTD could be blocked by intracellular dialysis of BAPTA, a calcium

chelator (Fig. 3.5B; locally-evoked EPSC: 94.0 = 5.1 % compared with baseline, n =

4), or 10 uM bath-applied nimodipine, a specific L-type VGCC blocker (Fig. 3.5C;

internal capsule stimulation: 99.7 = 10.1 % compared with baseline, n = 4; local

stimulation: 100.1 * 3.9 % compared with baseline, n = 7; P > 0.05,

Mann-Whitney-Wilcoxon test; pooled: 100.0 = 4.1 % compared with baseline, n =

11), indicating its dependence on the rise of intracellular calcium concentration and

activation of L-type VGCCs. It also suggests that local network activities, potentially

driven by repetitive, powerful excitation of the recorded neuron was not sufficient to

this form of LTD.
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The mask of LTP at CT synapses could be partly explained by a concomitant

expression of L-type VGCC-dependent LTD induced by depolarizing steps

The finding of the L-type VGCC-dependent LTD provides a possible explanation

for the mask of LTP by inclusion of the hyperpolarized phases. To directly test this

hypothesis, we applied the modified pairing protocol in presence of 10 puM

bath-applied nimodipine. Upon blockade of L-type VGCCs, an LTP was uncovered

for EPSCs evoked by stimulating internal capsule (118.9 £ 10.0 % compared with

baseline, n = 9) and by local stimulation (117.3 £ 10.9 % compared with baseline, n

= 5) (P > 0.05, Mann-Whitney-Wilcoxon test) and thus pooled together (Fig. 3.6;

1183 * 7.3 % compared with baseline; n = 14). These results supported our

hypothesis, implying the mask of LTP could be explained by the concomitant

expression of L-type VGCC-dependent LTD at CT synapses. However, the magnitude

of the uncovered LTP was smaller (despite not significantly); therefore, a potentially

more complex scenario may need to be considered.

Role of T-type VGCCs and NMDARs in the induction of LTD at CT synapses
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To assess the role of T-type VGCCs in the induction of LTD at CT synapses, we
looked for specific pharmacological tools. Unfortunately, in our system, nickel (Ni*")
had the concentration of the half-maximal effect on blockade of LTS to be ~ 600 x M
(n = 4, Fig. 3.7A), a concentration much higher than that selectively blocking
low-threshold T-type VGCCs (Avery and Johnston, 1996; Lee et al., 1999; Magee and
Johnston, 1995); mibefradil, a VGCC blocker with moderate selectivity for T-type
channels (ICsp ~ 2.7 uM and 18.6 uM for T-type and L-type channels respectively, as
specified from data sheet provided by the provider), could not block the LTS
effectively at the concentration of less than 20 ~ 50 uM (Fig. 3.7B). Therefore, we
adopted an alternative approach: modifying the protocol to set the holding potential
(Vh) of the hyperpolarized phase to -50mV, at which LTS was completely absent (Fig.
2.3A). This new protocol, however, did not impared expression of LTD at CT
synapses (Fig. 3.7C; internal capsule stimulation: 69.1 = 9.3 % compared with
baseline, n = 4; local stimulation: 59.7 + 7.1 % compared with baseline, n = 8; P >
0.05, Mann-Whitney-Wilcoxon test; pooled: 62.9 £ 5.6 % compared with baseline, n
=12). We also tested if activation of NMDARs or CaP-AMPARs contributes CT LTD,
since both of which can function as channels for calcium influx, and CaP-AMPARSs
have been especially emphasized for their roles in synaptic plasicity. Neither of them

is required for CT LTD, however, as evidenced by the fully expressed LTD induced
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even in presence of APV or PhTx-433 (Fig. 3.8A, B). Taken together, these results

suggested the induction of LTD at CT synapses is dependent on activation of L-type,

but not T-type VGCCs or NMDARs  (Fig. 3.8C).

Role of CaP-AMPARs in induction of synaptic plasticity of CT pathway

The lack of a role of CaP-AMPARSs in induction of CT LTD deepened our

curiosity to their physiological function at CT synapses. Based on the idea that

CaP-AMPARs are also responsible for induction of synaptic plasticity in some

systems (Lamsa et al., 2007; Liu and Cull-Candy, 2000), we tested the effect of an

"anti-Hebbian" protocol on CT EPSCs. This protocol is composed of 2 cycles of

pairing 100-Hz presynaptic stimulation for 1 s with postsynaptic hyperpolarization to

-90 mV, with an interval of 10 s, which potentially maximizes activation of

CaP-AMPARs. The results showed that no long-term plasticity of CT synapses was

significantly induced by this protocol (Fig. 3.9; 110 £ 16 % compared to the baseline,

n="7; P> 0.05, Wilcoxon matched-pairs sign-ranks test). However, some other factor,

such as a simultaneous activation of mGluRs expressed postsynaptically to CT

synapses (Golshani et al., 1998; Hughes et al., 2002; Reichova and Sherman, 2004;

Sherman and Guillery, 2004) during high-frequency stimulation, should be taken into
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consideration for interpreting this result.

Discussion

In this study, we discovered novel long-term plasticity at corticothalamic

feedback in that, LTP induction is NMDAR-dependent and associative, and LTD

induction is L-type VGCC-dependent and non-Hebbian. Our results uphold the

emerging viewpoint that thalamus does not merely serve as a passive channel for

signal relay, emphasizing and providing plausible neuronal basis for active

contribution of thalamus to state-dependent information processing.

Despite the historical importance of thalamus in research of sensory physiology,

only a few studies addressed the issue of long-term synaptic plasticity in thalamus.

The early study of rat dLGN only briefly described the phenomenon of change in

synaptic responses following high-frequency stimulation (Turner and Salt, 1998). A

long-lasting increase in the frequency of spontaneous inhibitory postsynaptic currents

(sIPSCs) in mouse dLGN was also reported (Bright and Brickley, 2008).
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In line with the observation made in thalamic slices of mice (Miyata and Imoto,

2006), we found that the peak current ratio of NMDAR- to non-NMDAR-mediated

EPSCs at CT synapses was significantly higher than that at ML synapses. This

difference could explain the readily inducible NMDAR-dependent associative LTP at

CT synapses, but not at ML synapses. Castro-Alamancos and Calcagnotto (1999)

reported that a homosynaptic LTP at CT synapses induced by presynaptic stimulation

at 10 Hz is NMDAR-independent. The discrepancy of LTP induction between their

report and our results may stem from the difference in induction protocol

(homosynaptic v.s. associative) and / or different species of animals used (mice v.s.

rats).

The pairing protocol for LTP not only induced long-term change in synaptc

strength of CT pathway, but also induced a parallel increase in Gw, which was not

observed when NMDARs were blocked, when depolarization or presynaptic

stimulation was applied alone, or when postsynaptic depolarization was weaker (-45

mV). Furthermore, it was not observed when pairing was applied to ML pathway.

These observations suggest the increase in Gy share similar cellular mechanism and

properties with LTP of CT synapses, i.e. dependence on NMDARs, associativity,

input specificity, and requirement for strong depolarization. In pyramidal neurons of
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hippocampal CA1 area, in parallel with LTP, activation of NMDARSs by paired pre-

and postsynaptic activities upregulates local dendritic HCNI1 channels, and thus

reduce overall neuronal excitability (Fan et al. 2005). Since such a reduction in

cellular excitability, together with synaptic potentiation at specific synapses, can

provide a feedback mechanism for normalizing neuronal output firing and enhancing

specificity of synaptic effectiveness (Fan et al. 2005), it will be very important to

determine whether a similar mechanism underlie the intrinsic plasticity of VBN relay

neurons. Unlike LTP, the induction of LTD of CT EPSC was not associated with a

significant change in Gw.

L-VGCCs in TC relay neurons undergo fast calcium-dependent inactivation

(CDI) during a long period of membrane depolarization (Kammermeier and Jones,

1998; Meuth et al. 2002). This may explain why L-VGCCs appeared to be more

efficiently activated by repeated depolarizing voltage pulses than by steady-state

depolarization, as application of steady-state depolarization to postsynaptic relay

neurons alone did not induce significant LTD (Fig. 3.2A).
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Figures

Figure 3.1 Induction of NMDAR-dependent long-term potentiation (LTP) at CT,

but not ML synapses

Representative example (A;) and summary (A;) of the induction of LTP at CT

synapses, but not ML synapses, by conjunctive pairing postsynaptic depolarization to

0 mV with 1 Hz stimulation for 90 s, which was blocked with 50uM APV, a selective

NMDA receptor antagonist, applying in the bath (B). The upper and lower panels of

A, and B show the time courses of synaptic responses and input conductance (Gw),

respectively, of the cell tested. Accompanying LTP induction at CT synapses, there

was a parallel long-lasting increase in Gy, which was blocked by APV, and not

induced when pairing was applied to ML pathway, indicating such a increase is also

NMDAR-dependent and has the property of input specificity, similar to the case in

CAl pyramidal neurons of hippocampus and could be attributed to a local

upregulation of dendritic hyperpolarization-activated cyclic nucleotide-gated cationic

channels (HCNs) (Campanac et al., 2008; Fan et al., 2005). Traces are averaged from

10 consecutive sweeps of recording. The pairing protocol is shown in the inset of A,.

In A; and B, each point is a 5-point average.
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Figure 3.2 Associativity of the LTP at CT synapses

A~B, As control experiments, the pairing protocol was applied without 1-Hz

presynaptic stimulation (A) or postsynaptic depolarization (B). Neither postsynaptic

depolarization alone nor presynaptic stimulation alone induced long-term synaptic

plasticity at the CT synapses, showing associativity of LTP induction at CT synapses.

Note that the long-lasting increase in Gw was induced in neither cases, indicating a

parallel associativity of induction of such an intrinsic plasticity. The traces are

averaged responses over 10 sweeps of recordings. All conventions are similar to Fig.

3.1.
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Figure 3.3 Input specificity and depolarization requirement of the LTP at CT

synapses

A, A pairing protocol with the postsynaptic depolarization to -45 mV did not induce

long-term synaptic plasticity at CT synapses, consistent with the requirement of

strong postsynaptic depolarization, and thus sufficient activation of NMDAR, for the

induction of LTP. For a weak test pathway, the requirement of sufficient

depolarization may underlie the dependence of LTP induction on the number of

coincident inputs recruited or synchronized tetanization of a strong pathway, which

was termed "cooperativity" in early studies (Barrionuevo and Brown 1983; Levy and

Steward 1979; Markram et al., 1997; McNaughton et al. 1978). B, In some cases,

EPSCs evoked by stimulating medial lemniscus (ml) showing linearity and

paired-pulse facilitation (“undefined pathway”), which reflects the potential

heterogeneity of ml fibers; please see text for detailed discussion of pathway

characterization. For these cases, the pairing protocol for LTP induction at CT

synapses did not induce long-term plasticity, supporting the input specificity of LTP at

CT synapses. All conventions are similar to Fig. 3.1. C, Summary of all experiments

described in Fig. 3.1 ~ 3.3, showing the associativity, requirement of strong

depolarization, and input specificity of the induction of NMDAR-dependent LTP at

CT synapses.
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Figure 3.4 A modified pairing protocol in which the holding voltage (V) returns

to -70 mV for 500 ms prior to each presynaptic stimulation did not induce LTP at

CT synapses

Representative example (A) and summary (B) of time courses of CT EPSCs in

response to a modified pairing protocol. To de-inactivate the voltage- or

calcium-dependent inactivating conductances, so their role in the induction of

long-term plasticity at CT synapses can be tested while the activation of NMDARSs is

presumably spared, the pairing protocol was modified to retain a 500-ms-long phase

with the V,, = -70 mV prior each presynaptic stimulation, and the new protocol is thus

equivalent to a conjunctive pairing of 1Hz presynaptic stimulation with postsynaptic

depolarizing pulses. However, this protocol did not induce long-term plasticity at CT

synapses. Note that long-lasting increase in Gw was not induced, either. The traces are

averaged responses over 10 sweeps of recordings. All conventions are similar to Fig.

3.1.
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Figure 3.5 Repetitive depolarizing pulses induced L-type VGCC-dependent LTD

at CT synapses, but not ML synapses

A, Representative example of time courses of CT and ML EPSCs, evoked from the

same neuron, in response to repeated depolarizing pulses (A;) and the corresponding

summary (A). In order to distinguish between the possibilities that inclusion of a

modified phase prior to each stimulation interferes with either the induction process of

LTP, i.e. the signaling downstream to NMDAR activation is disrupted, or the

expression of LTP, by means of the concomitant expression of long-term plasticity at

CT synapses that was previously unknown, 1-Hz repetitive postsynaptic depolarizing

pulses alone were applied to the recorded cell. A novel LTD was induced selectively

at CT synapses, but not ML synapses; in contrast to LTP, there was no significant

change in Gy paralleling expression of LTD at CT synapses. The data include 6

experiments in which CT and ML EPSCs were simultaneously recruited in the same

relay neuron. All traces were averaged from 7 consecutive sweeps of recording. B,

This LTD was blocked by intracellular dialysis of BAPTA, a fast calcium chelator,

indicating that LTD was dependent on the rise of intracellular calcium concentration.

It also suggests that local network activities, potentially driven by repetitive, powerful

excitation of the recorded neuron was not sufficient to this form of LTD. C, This LTD

was blocked by nimodipine, a selective L-type VGCC blocker, applied in the bath,

149



showing that LTD was dependent on activation of L-type VGCCs. All conventions are

similar to Fig. 3.1.
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Figure 3.6 The blocking effect on LTP by retaining a hyperpolarized phase prior

to presynaptic stimulation can be partly explained by a concomitant expression

of L-type VGCC-dependent LTD at CT synapses

Representative example (A) and summary (B) of time courses of CT EPSC in

response to the modified pairing protocol in the presence of nimodipine applied in the

bath. Blockade of L-type VGCCs uncovered LTP expression at CT synapses,

supporting the hypothesis that absence of LTP in response to returning Vj back to -70

mV in the pairing protocol reflects a concomitant counteracting expression of LTD at

CT synapses induced by activation of L-type VGCCs. It is, however, worth noting

that no long-lasting increase in Gw accompanied CT LTP expression in this condition,

which might be due to the effect made by activation of inactivating conductances

other than L-type VGCCs or some unknown voltage-dependent cellular process. This

hypothesis can potentially explain the similar absence of increase in Gw in Fig. 3.4, as

our results suggest LTP at CT synapses had occurred (despite masked by

simultaneous expression of LTD). Traces are averaged from 10 consecutive sweeps of

recordings. Conventions are similar to those in Fig. 3.1.
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Figure 3.6
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Figure 3.7 LTD induced by depolarizing pulses at CT synapses was not
dependent on activation of T-type VGCCs

Repetitve switches of the Vj, back to -70 mV during depolarizing pulses can
de-inactivate multiple inactivating conductances. To assay the role of T-type VGCCs
in induction of CT LTD, we quantified the blocking effects of Ni*" and mibefradil,
two of the most widely used pharmacological agents for T-type VGCC blockade, on
LTS of VBN relay nenrons so as to assess their specificity and reliability. LTS was
isolated by postivie current injection at Vm ~ -70 mV in the presence of 5 mM
QX-314 (internally-applied) and 10 uM nimodipine (bath-applied) to block Na"
spikes and Ca2" spikes, and the drug to be tested was applied to the bath. A, Ni*" had
a concentration of half-maximal blocking effect on LTS to be ~ 600 uM, which is far
beyond its working range for selective blockade of T-type VGCCs (Avery and
Johnston, 1996; Lee et al., 1999; Magee and Johnston, 1995). B, Mibefradil could not
significantly reduce the amplitude of LTS at the concentration which permits
moderate selectivity for the blockade of T-type VGCCs, as specified by its
commercial provider (ICsy is ~ 2.7 uM and 18.6 uM for blocking T-type and L-type
channels, respectively; from Tocris). Taken together, neither of them could block LTS
effectively at low micromolar concentrations. C, To avoid confounding side effects by
using these pharmacological tools, we adopted a substitutive strategy to prevent
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activation of T-type VGCCs during depolarizing pulses by means of
voltage-dependent inactivation. The hyperpolarized phase of depolarizing pulses was
changed to -50 mV, a voltage at which LTS was completely absent in current-clamp
mode (Fig. 2.3A). Induction and expression of LTD was not affected by this
modification, suggesting the lack of involvement of T-type channels in CT LTD. The
traces were averaged over 10 consecutive sweeps of recordings. Conventions are

similar to Fig. 3.1.
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Figure 3.7

>

804
60 4
404

204

LTS Amplitude Decrease (%)

+

n=4

Y
100 1000

—rrm
10000

Nickel Chloride Concentration (uM)

control 50 100 200

-0 mV

Nickel (uM)

control 0.1 1 10

\_

-0 mV J J

Mibefradil (uM)

800 1600

5mV|

250 ms

50

5mV|

250 ms

156

C
' omV
500ms 500ms
. -50mV
% 500ms 500ms
1404 Depolarizing
pulses
§ 120 1 :’.-r_ .
L)
E 100D ++
3 "
< B04 #
()]
& 604
n=12
407 CT Synapse

0 5 10 15 20 25 30
5 200
< 100pesese Peeeene®etneregtetecenngegye
@ 9

0 5 10 15 20 25 30

Time (min)



Figure 3.8 LTD induced by depolarizing pulses at CT synapses was not

dependent on activation of NMDARs and CaP-AMPARS

A~B, Summary of time courses of CT EPSC in response to depolarizing pulses in the

presence of APV (A) and PhTx-433 (B) applied in the bath to block NMDARs and

CaP-AMPARs, respectively. The results showed that neither receptors contribute to

LTD at CT synapses. All Conventions are similar to Fig. 3.1. C, Summary of all

experiments described in Fig. 3.4 ~ 3.8, with a comparison of the magnitude of LTP

(Fig. 3.1A). L-type VGCC-dependent LTD was selectively expressed at CT synapses,

which does not require activation of T-type VGCCs, NMDARs, and CaP-AMPAR:s,

and can at least partly explain the masked expression of CT LTP in the case of

modified pairing protocol.
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Figure 3.9 "Anti-Hebbian™ pairing protocol could not induce long-term

plasticity at CT synapses.

Representative example (A) and summary (B) of time courses of CT EPSC in

response to an "anti-Hebbian" protocol, which is composed of 2 cycles of pairing

100-Hz presynaptic stimulation for 1 s with postsynaptic hyperpolarization to -90 mV,

with an interval of 10 s, which potentially maximizes activation of CaP-AMPARs

(Lamsa et al., 2007; Liu and Cull-Candy, 2000). The internal solution was

supplemented with spermine. The results showed that no long-term plasticity of CT

synapses was significantly induced by this protocol (110 = 16 %). However, some

other factor, such as a simultaneous activation of mGluRs expressed postsynaptically

to CT synapses (Golshani et al., 1998; Hughes et al., 2002; Reichova and Sherman,

2004; Sherman and Guillery, 2004) during high-frequency stimulation, should be

taken into consideration for interpreting this result. All Conventions are similar to Fig.

3.1
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Figure 3.9
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Chapter 4

The role of ionotropic glutamate receptors

in long-term plasticity of corticothalamic synapses

Abstract

Our findings concerning the differences between CT and ML synapses in the
ability to expressing long-term plasticity are interesting. In view of the coincidences
of higher functional expression of NMDARs, selective expression of CaP-AMPARs,
and bidirectional long-term plasticity of CT pathway, fundamental questions with
regard to the role of these ionotropic gluramate receptors in the synaptic plasticity of
CT pathway were addressed in this chapter. We showed that induction and expression
of LTD are not dependent on NMDARs and calcium-permeable non-NMDARs by
pharmacological experiments. In particular, comparisons of rectification index (RI) of
I-V relationship and weighted mean single-channel conductance before and after LTD
suggested that LTD induction is not accompanied by a significant preferential
downregulation of calcium-permeable non-NMDARs. Our peak-scaled nonstationary
noise analysis also indicated that average number of synaptic non-NMDARs open at
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the peak of EPSC does not change following LTD, together with coefficient of
variation (CV) analysis of EPSC amplitude, implying the expression mechanisms
mainly involve presynaptic modification. To summarize, these results suggested that
expression of L-type VGCC-dependent LTD at CT synapses is independent to
NMDARs and calcium-permeable non-NMDARs, and potentially involve presynaptic

mechanism.

Introduction

Our findings regarding the differences between CT and ML synapses in the
ability to expressing long-term plasticity are interesting, and the induction
mechanisms for the bi-directional synaptic plasticity of CT pathway had been
identified (chapter 3). The intriguing coincidences of selective expression of
CaP-AMPARs, higher NMDAR content, and synaptic plasticity of CT pathway
motivates us to pursue the fundamental question: what is the functional significance
of these ionotropic glutamate receptors to long-term plasticity of CT synapses?
Recent research have demonstrated the functional relationships between
CaP-AMPARs and long-term synaptic plasticity. CaP-AMPARs were reported to
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involve the induction (Lamsa et al., 2007; Liu and Cull-Candy, 2000), expression (Ho

et al., 2007), and consolidation (Plant et al., 2006) of synaptic plasticity. At parallel

fiber-stellate cells synapses of cerebellum, it was shown that CaP-AMPARSs contribute

to the subtype switch of synaptic AMPA receptors in a self-regulated manner (Liu and

Cull-Candy, 2000). Ho et al. (2007) reported that a time-dependent, input-specific

CaP-AMPARs expression at developing mossy fiber-CA3 synapses of hippocampus

coincides with the developmental window only within which an L-type

VGCC-dependent LTD can be induced by a strong depolarizing command in

voltage-clamp recording, and express by means of a preferential downregulation of

synaptic CaP-AMPARs. These findings arouse our curiosity over the parallelism of

CaP-AMPAR and LTD expression. We have touched this question by a preliminary

experiment to test the possibility that they contribute to induction of long-term

synaptic plasticity by an "anti-Hebbian" mechanism (chapter 3). In this chapter, we

continue applying multiple approaches to investigate the relationships between

ionotropic glutamate receptors and long-term plasticity of CT synapses.
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Methods

Preparation of acute slices

The use of animals in this study was in accordance with the guidelines of the

local ethical committee for animal research of National Taiwan University.

Sprague-Dawley (SD) rats of both sexes aged 13-24 postnatal days (P13-24) were

used, but most were aged P13-16. The animals at these ages were chosen because the

intrinsic and firing properties of rat VBN neurons reach developmental steady-state

after P12, including the resting membrane potential (Vm), input resistance (Ry),

ability to fire full-blown LTS-driven bursting, width of action potential (AP) and

after-hyperpolarization (AHP) (Velazquez and Carlen, 1996). Possibly attributible to

less extent of myelinated fibers, the success rate in obtaining good seal and recording

quality was also significantly higher from animals of this age window, which is

especially critical for the purpose of simultaneous recruitment of CT and ML

synapses.

The rats were anaesthetized with isoflurane and decapitated with a small-animal

guillotine, and the brain was quickly removed and placed in ice-cold artificial
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cerebrospinal fluid (ACSF). Coronal slices were used for initial experiments. We then

discovered that, in horizontal slices, it was easier to recruit CT and ML EPSCs

simultaneously in the same relay neuron, horizontal preparation was adopted for the

most part of this study. For horizontal preparation, the two halves of the brain were

first separated, and their ventral portions were trimmed in parallel to the ventral

surfaces of brainstem to ensure standard horizontal cutting orientation in accordance

with traditional stereotaxic coordinates. A block of agar was glued behind the medial

surface of a half-brain to provide physical support during slicing. Horizontal brain

slices (300 um) containing the ventrobasal nucleus (VBN), internal capsule (ic) and

medial lemniscus (ml) fibers were prepared, using the patterns of ic and the fibers in

the ventral posterolateral nucleus (VPL) as landmarks (Fig. 2.1). For coronal

preparation, intact coronal slices were cut and the two halves were separated by blade.

Coronal brain slices (300 um) containing the VBN, ic and ml were prepared, using the

patterns of VBN and its fiber patterns as landmarks (Fig. 2.1).

The slices were cut with a vibroslicer (752M, Campden, Loughborough, England

or ZERO 1, D.S.K., Osaka, Japan). The ACSF contained (in mM): 119 NacCl, 2.5 KClI,

1.3 MgSQy4, 26.2 NaHCOs3, 1 NaH,POy, 2.5 CaCl,, and 11 glucose; pH adjusted to 7.4

by gassing with carbogen consisted of of 95 % O, / 5 % CO,. The slices were kept in
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oxygenated ACSF (95% O, / 5% CO,) at room temperature (24-25°C) to allow

recovery for at least 90 minutes before recording was started.

Electrophysiology

Slices were transferred to an immersion-type recording chamber mounted to an

upright microscope (BX50WI, Olympus Optical, Tokyo, Japan), equipped with

water-immersion objectives, a Normaski optic system, an infrared filter and a CCD

camera (XC-E150, Sony, Tokyo, Japan) (IR-DIC system). In horizontal slices, the

VBN, ic and ml were clearly identifiable under low-magnification light microscopy.

In some cases, we noticed that there was a small heterogeneous zone locating in the

border of VPL medial to ic, which indicated a lower density of myelinated fibers (Fig.

2.1A3). Recordings made from this zone was avoided to prevent potential

confounding factors which may originate from functional or biochemical

heterogeneities within VBN (see chapter 1 for detailed descriptions). Neurons in the

VBN were recorded under visual guidance. The typical number of fast spikes of a

LTS-burst firing is 4~9 as depolarizing current pulses were injected at the V, <

-75mV. Occasionally, some neurons had a spike number of LTS-burst < 3 and were

discarded.
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IPSPs were rarely observed in horizontal VBN slices of mice

(Castros-Alamancos, 2002), which could be attributed to the orientation of the slice

preparation so the fibers were not well preserved. Nevertheless, all experiments

carried out in this study were performed in the presence of 0.1 mM picrotoxin and 1

UM strychnine to avoid any potential confounding effects of GABAergic and

glycinergic IPSPs.

Patch pipettes were pulled from borosilicate glass (1.5 mm outer diameter,

0.32 mm wall thickness; G150F-4, Warner Instruments Corp., Hamden, CT, USA),

and had a resistance of 3~8 MQ. For experiments characterizing basic excitatory

synaptic properties such as rectification index (RI) of I-V relationship (Fig. 4.2 A~B),

“cesium internal solution” was used to avoid metabotropic receptor-dependent

potassium conductances (for evoked GABAg IPSC in the VBN of rats, see Kao and

Coulter, 1997). The cesium internal solution contained (in mM): 114.7 CsOH, 17.5

CsCl, 117.6 gluconic acid, 10 HEPES, 2 EGTA, 8 NaCl, 2 ATP, 0.3 GTP, and 6.7

biocytin; pH was titrated to 7.2 by CsOH and osmolarity to 300-305 mOsm. For

experiments on the synaptic plasticity, “normal internal solution” was used, which

contained (in mM): 131 K-gluconate, 20 KCI, 10 HEPES, 2 EGTA, 8 NaCl, 2 ATP,
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0.3 GTP, and 6.7 biocytin; pH was titrated to 7.2 by KOH and osmolarity to 300-305
mOsm. In all experiments in which depolarizing step commands were used, 5 mM
QX-314 was included in the internal solution to block voltage-gated Na" channels and
enhance the voltage control. Signals were obtained by Axopatch 1D amplifier (Axon
Instruments, Union City, CA, USA). Slices were continuously perfused with
oxygenated solutions at 1~2 ml / min under room temperature. For voltage-clamp
recordings, whole-cell conductance (Gw) and series resistance (RS) were continuously
monitored by a test voltage pulse of 3 mV; Rs was typically <20 MQ and was not left
uncompensated. Data were discarded when Rs varied by more than 20% from its
baseline value during the recording. All signals were low-pass-filtered at a corner
frequency of 2 kHz, then digitized at 10 kHz using a Micro 1401 interface
(Cambridge Electronic Design, Cambridge, UK). Data were collected using Signal
(Cambridge Electronic Design, Cambridge, UK) or Spike 5 (Cambridge Electronic
Design, Cambridge, UK) by episode-based capture. The liquid junction potential was
measured to be ~ +10 mV and left uncorrected (following the method by Neher,

1992).

Stimulation of CT and ML synapses
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A bipolar stainless steel electrode (PK/12, FHC, St Bowdoin, ME, USA) was

placed locally within 150 pm away from the recorded cell or in ic for evoking CT

EPSCs. No significant differences were observed between the CT EPSCs evoked by

these two conditions (Table 2.1). In occasion, stimulation of ic antidromically

discharged relay neurons; however, antidromic responses showed apparent all-or-none

behavior and no short-term plasticity normally displayed by synaptic responses,

therefore easily identifiable.

In high-magnification IR-DIC images of horizontal slices, we observed a large

number of fiber bundles projecting from the direction of ic, traversing the reticular

nucleus (Rt) and the small heterogeneous zone in the border of VPL (described above)

into VBN. We traced along the fiber bundles proximal to the recorded neuron, back to

their origin in ic, and placed the stimulating electrode accordingly to facilitate the

success rate of recruiting measurable CT EPSCs. A typical stimulus consisted of a

4~100 ps square pulse with the amplitude ranged in 30~800 pA. In some cases, the

stimulating artifact was relatively large, and the synaptic responses were analyzed

after the artifact waveform obtained in 10 uM DNQX, a selective non-NMDARs

antagonist, was subtracted.
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For recording the excitatory postsynaptic currents (EPSCs), V., was

voltage-clamped at -70 mV, with 100 uM picrotoxin (PTX) and 1 pM strychnine

added to the bath ACSF solution to block ionotropic GABA, receptors and glycine

receptors (for the glycinergic transmission in the VBN, see Ghavanini et al., 2005;

Ghavanini et al., 2006), respectively. After the experiments were finished, 10 uM

DNQX were applied in the bath in most cases to confirm the identity of recorded

activities as a non-N-methyl-D-aspartate receptor (non-NMDAR)-mediated

component. EPSCs were evoked at 0.1 Hz.

Long-term synaptic plasticity

For synaptic plasticity experiments, a stable baseline was recorded for at least 5

min, followed by an additional ~ 25 min of recording after induction protocol was

applied. To prevent potential washout of cell content required for induction of

synaptic plasticity, data were discarded if the time of recording after "break-in" into

whole-cell configuration was over 12 min but the induction protocol had not been

applied yet. Amplitude of individual EPSC was normalized with respect to the mean

measurement of all baseline responses before induction, and the normalized

measurements recorded in 18.5~23.5 min after induction (16.5~21.5 min after
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induction for LTD induction in the presence of APV) were averaged and used for

statistical comparison.

Peaked-scaled nonstationary noise analysis

In order to investigate the expression mechanism of synaptic plasticity, we used

peak-scaled nonstationary noise analysis to compare the postsynaptic parameters

before and after the plasticity induction (Benke et al., 1998; Hartveit and Veruki, 2007;

Heinemann and Conti, 1992; Lei et al., 2003; Robinson et al., 1991; Silver et al., 1996;

Traynelis and Jaramillo, 1998; Traynelis et al., 1993) mostly following Traynelis et al.

(1993) and Hartveit and Veruki (2007). Only the data which were sufficiently

amplified before digitization with good signal-to-noise ratio and almost perfectly

stable recording quality (series resistance) were chosen for analysis. Their EPSC

waveforms were then visually examined to exclude those contaminated by

spontaneous synaptic activities or sudden changes of the holding current; only the

waveforms showing smooth rising and decaying phases were selected, with the total

of 18-63 EPSC waveforms for each analysis. To evaluate potential time-dependent

drift / run-down, and the presence of differential electrotonic filtering of the EPSCs,

they were tested for time stability and correlations between waveform parameters
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(Hartveit and Veruki, 2007); that is: (1) the time stability of 10-90% rise time, decay

time constant obtained by mono-exponential curve fitting, and peak amplitude (2) the

correlations between the data of each pair among 10-90% rise time, decay time

constant, and peak amplitude. All the correlations were tested for statistical

significance by Spearman’s rank-order correlation test, and only the data with all P >

0.05 were selected for further analysis.

The EPSC waveforms were first aligned on the point of the steepest rise, and the

results of alignment were visually inspected to check the adequacy. Among the 5 data

sets from the selected neurons, one of them seemed to be aligned more poorly after

the alignment procedure compared with that without alignment. For the evoked

EPSCs, responses are presumably aligned by the stimulus (Hartveit and Veruki, 2007),

and we therefore cancelled the alignment procedure for this case. To isolate the

current fluctuation associated with stochastic channel gating, the averaged EPSC

waveform was scaled to set its peak to the value of individual EPSC waveforms at the

corresponding time point, and the ensemble variances were calculated for each point

in the decay period of 10 times the decay time constant of the averaged waveform.

The amplitude of the averaged EPSC waveform was then divided into 30

equally-sized bins, and the ensemble variances were pooled according to their
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corresponding ones. The binned variances were plotted against the binned currents,
and the postsynaptic parameters were estimated by the least-squared fitting of the
variance-current relationship according to o*=1i 1 — 1%/ N° + o> (Sigworth, 1980)
with the on> constrained, where o is the variance, | is the current, i is the
weighted-mean single channel current, N” is the average number of channels open at
the peak of the EPSC (not the total number of channels exposed to neurotransmitters),
and sz is the variance of the background noise, which was estimated from the
pre-stimulus period. The weighted mean single-channel conductance, y, was
determined by y =1/ V, where V is the driving force (the holding potential minus the
measured reversal potential of +2 mV at CT synapses). All mathematical
manipulations were implemented with MATLAB (The MathWorks, Natick, MA,

USA).

One of the most important concerns for applying this method to our system is
that CT synapses are morphologically distal to recording site (Liu et al., 1995), which
could severely compromise the space clamp. However, it has been reported that the
estimated electrotonic length of relay neurons in dorsal and ventral lateral geniculate
nucleus (LGN and vLGN) of rats (Crunelli et al., 1987) is ~ 0.7, suggesting that
thalamic relay neurons may be relatively electrotonically compact. In all analyzed
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cases of CT pathway, the variance-current relationships were skewed to the right (Fig.
4.3), which was independent of the situations of alignment and existed even in the
case of almost perfect alignment; therefore, that may be attributable to the kinetic
properties of the non-NMDARs or asynchronous release (Hartveit and Veruki, 2006;
Momiyama et al., 2003; Traynelis et al., 1993). Although the estimates of N” would be
unreliable under this condition (Hartveit and Veruki, 2007; Heinemann and Conti,
1992; Robinson et al., 1991; Silver et al., 1996; Traynelis and Jaramillo, 1998;
Traynelis et al., 1993), we fitted the initial 33% of the variance-current relationships
linearly to give estimates of weighted mean single-channel currents, which were
proposed to be relatively insensitive to the skewness of the relationships and the
electrotonic distance between the recording and synaptic sites (Benke et al., 2001;
Hartveit and Veruki, 2006; Robinson et al., 1991; Traynelis and Jaramillo, 1998;
Traynelis et al., 1993). NP was calculated from 1° / i, where I is peak amplitude of

averaged EPSCs (Silver et al., 1996).

Drugs

Chemicals used for ACSF and internal solution were purchased from Merck

(Damstadt, Germany). N-2,6-Dimethylphenylcarbamoylmethyl triethylammonium

174



bromide (QX-314) was purchased from Alomone Laboratories (Jerusalem, Israel).

pL-2-Amino-5-phosphonopentanoic acid (APV), 6,7-dinitroquinoxaline-2,3-dione

(DNQX), and spermine tetrahydrochloride were purchased from Tocris Cookson

(Bristol, UK). MgATP, NaGTP, picrotoxin, strychnine, and philanthotoxin-433

tris(trifluoroacetate) salt (PhTx-433) were purchased from Sigma (St. Louis, MO,

USA). All drugs were made as stock solutions, stored at -20°C, and diluted to working

concentration immediately before use.

Statistics

All data are presented as the mean + S.EM. The nonparametric

Mann-Whitney-Wilcoxon U test was used for statistical comparison between unpaired

data and Wilcoxon matched-pairs sign-ranks test was used for paired data. The

correlation analysis was performed by non-parametric Spearman’s rank-order

correlation test. The criterion for significance was P < 0.05 for all statistical tests.

Origin (Microcal, Northhampton, MA, USA) and SAS (SAS, Cary, NC, USA)

software were used for data analysis.
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Results

Induction and expression of LTD at CT synapses is not dependent on NMDARs and

calcium-permeable non-NMDARs

In order to understand the role of ionotropic glutamate receptors in long-term

plasticity and the expression mechanism of LTD at CT synapses, multiple approaches

were applied. We have found that LTP induction at CT synapses is dependent on

activation of NMDARs (Fig. 3.1). On the contrary, LTD could be induced with APV

applied in the bath throughout the whole experiment (62 + 8% of the baseline, n = §;

Fig. 4.1B), indicating that neither induction nor expression requires activation of

NMDARs.

To clarify the functional relationship between calcium-permeable non-NMDARs

and LTD expression at CT synapses, we started with the induction of LTD upon

blockade of CaP-AMPARs. LTD was induced in the presence of 10 uM bath-applied

PhTx-433 throughout the whole experiment (64 + 3% of the baseline, n = 8; Fig.

4.1A), suggesting that neither induction nor expression of LTD depends on

CaP-AMPARs. The independence of LTD expression to the preferential regulation of
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calcium-permeable non-NMDARs is further supported by the following experiments:
first, rectification index (RI) of I-V relationship of non-NMDAR-mediated EPSC
before and after LTD induction was compared. As shown in Fig. 4.1B and C, the RI
during baseline was 0.56 + 0.08 (n = 6), which was not significantly different from

that after LTD induction (RI=0.61 £ 0.06).

Second, peak-scaled nonstationary noise analysis was applied to compare
postsynaptic single-channel conductances before and after LTD induction (Fig. 4.2)
(Benke et al., 1998; Hartveit and Veruki, 2007; Heinemann and Conti, 1992; Lei et al.,
2003; Robinson et al., 1991; Silver et al., 1996; Traynelis and Jaramillo, 1998;
Traynelis et al., 1993). To isolate current fluctuation associated with stochastic
channel gating, the averaged EPSC waveform has to be peak-scaled to individual
EPSC waveforms for calculating ensemble variances. Although the estimates of N°
(average number of channels open at the peak of EPSC) was unreliable by fitting due
to the skewness (Hartveit and Veruki, 2007; Heinemann and Conti, 1992; Robinson et
al., 1991; Silver et al., 1996; Traynelis and Jaramillo, 1998; Traynelis et al., 1993), we
linearly fitted the initial 33% of the variance-current relationships to estimate
weighted mean single-channel current (Fig. 4.2A), which were proposed to be
relatively insensitive to the skewness of the relationship (Hartveit and Veruki, 2006;
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Robinson et al., 1991; Traynelis and Jaramillo, 1998; Traynelis et al., 1993). After

LTD induction, the fitting yielded the weighted mean conductance of 6.2 + 1.3 pS (n

= 5), which was not significantly different from that under baseline condition, 7.3 +

1.1 pS (n = 5) (Fig. 4.2B; all locally-evoked EPSCs; P > 0.05, Wilcoxon

matched-pairs sign-ranks test). Therefore, the expression of LTD at CT synapses was

not accompanied by a significant change of mean conductance of synaptic

non-NMDARs. Average number of channels open at the peak of EPSC was also

calculated (see Methods). Theoretically, the results that the RI of I-V relationship (Fig.

4.1B) and the weighted mean single-channel conductance (Fig. 4.2B;) did not change

following LTD induction could also be explained by a proportionate downregulation

of calcium-permeable and -impermeable non-NMDARs. This may not be the case,

however, because the average number of open synaptic non-NMDARs was not

reduced (baseline: 95 + 20; LTD: 91 + 29; P > 0.05, Wilcoxon matched-pairs

sign-ranks test). This result is also consistent with the implication of the CV analysis

(Fig. 4.3B) that expression of LTD mainly involves presynaptic modification (see

following). Taken together, our experiments showed that both induction and

expression of LTD do not depend on NMDARs and -calcium-permeable

non-NMDARs, and LTD expression is not accompanied by alteration of

non-NMDAR content at CT synapses.
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Analysis of coefficient of variation (CV)

Assuming that releasing behavior of presynaptic releasable quanta is a Bernoulli
process, and the probability of the number of quanta released upon each presynaptic
action potential is binomial, coefficient of variation (CV) of EPSC amplitude can
reflect presynaptic quantal content (Malinow and Tsien, 1990). CV analysis showed
that 1 / CV* of EPSC amplitude increased after LTP induction (Fig. 4.3A; normalized
1/CV*=3.10 £ 1.21, n = 20; P < 0.001, Wilcoxon matched-pairs sign-ranks test; the
figure does not include one case in which EPSC failed before but did not fail after
LTP induction, giving the normalized 1 / CV * as high as 25.59); in contrast, 1 / CV?
of EPSC amplitude decreased after LTD induction (Fig. 4.3B; normalized 1 / CV? =
0.70 £ 0.07, n = 26; P < 0.001, Wilcoxon matched-pairs sign-ranks test). Change in 1 /
CV* may reflect the modifications of presynaptic quantal content, which is consistent
with the implications from Fig. 4.2 that expression of LTD at CT synapses may

mainly involve presynaptic mechanisms.

Interpretation of CV analysis should be made carefully, especially in a system
whose synaptic plasticity can be mediated by the activation of silent synapses
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(Malenka and Nicoll, 1997). In some cases, no measurable synaptic response was
evoked by stimulation of internal capsule (ic) fibers at the holding voltage (Vy) of -70
mV, while a clear outward current with slow kinetics comparable to that of
NMDAR-mediated EPSC (c.f. Fig. 2.7B) could be revealed simply by switching the
Vi, to +60 mV without changing the stimulus intensity (Fig. 4.3C). CT EPSCs at Vj, =
-70 mV are mediated by non-NMDARs; the lack of non-NMDAR responses in the
presence of NMDAR responses implies the existence of "silent synapse" among
certain population of CT synapses (Isaac et al., 1995; Issac et al., 1997). If
postsynaptically silent synapses exist in CT pathway in our system, it opens the
possibility that a change of 1 / CV* following LTP induction might be contributed by
the conversion of silent synapse (with functional NMDARs only) into active one
(with both functional NMDARs and non-NMDARs) (Isaac et al., 1996; Liao et al.,
1995; Malenka and Nicoll, 1997). On the other hand, whether a reverse process can
underlies LTD expression in physiological systems remains uncertain (Feldman and

Knudsen, 1998; Feldman et al., 1999).
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Discussion

Interpretation of results

Our experimental and analytical attempts described in this chapter did not

support a causal relationship between regulation of CaP-AMPARSs and the expression

of LTD at CT synapses, making the question of how input specificity of this plasticity

to be achieved open. However, several lines of information were revealed related to

these analyses. First, preferential downregulation is not a possible mechanism for

LTD expression (Fig. 4.2). Second, weighted mean single-channel conductance of

non-NMDARs did not change following LTD (Fig. 4.3), keeping an equal

downregulation of calcium-permeable and calcium-impermeable non-NMDAR

possible. However, the pharmacological experiments using PhTx-433 seemed to

exclude any possible involvement of Ca-AMPAR downregulation. It should be kept in

mind that practically, noise analysis has limitation in resolution. Ho et al. (2007)

reported that preferential downregulation of CaP-AMPARs underlies L-type

VGCC-dependent LTD at developing mossy fiber-CA3 synapses. Even then, the

results of peak-scaled nonstationary noise analysis from the same research team

yielded the single-channel conductance unchanged following LTD (Lei et al., 2003),
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possibly reflecting the limitation of this technique as well as insufficient resolution for
this particular question. In our system, the similarity of mean single-channel
conductance before and after LTD induction at CT synapses does not necessarily
exclude postsynaptic involvement in LTD expression, such as a downregulation of
calcium-impermeable AMPARs. Caution should be taken in interpretation of this
result, and more supportive experimental approaches will be very helpful to untangle
this mystery. Third, CV analyses suggest presynaptic modification accompanying
synaptic plasticity, but the possible existence of silent synapses reminds us of the
potential complexity of a real biological system. Furthermore, 1 / CV* provides only
presynaptic information of the number of releasable quanta and release probability,
while some lines of studies have suggested that certain presynaptic parameter not
traditionally appreciated, such as "postfusional" regulation of released glutamate
concentration and profile, may also contribute to expression of LTP at slilent synapses

(Choi et al., 2000).

Other candidate mechanisms underlying LTD expression at CT synapses

One main finding in this study is that depolarizing steps can induce LTD at CT

synapses. Depolarization-induced long-term synaptic modification has been reported
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in other systems, dependent on L-type VGCCs (Cummings et al., 1996; Lei et al.,

2003) or NMDARs (Bright and Brickley, 2008). The earliest discovery of synaptic

modification induced by postsynaptic depolarization is depolarization-induced

suppression of inhibition (DSI) (Llano et al., 1991; Pitler and Alger, 1992), which has

been well-linked with cannabinoid systems (Wilson and Nicoll, 2001); besides, this

retrograde signaling can also mediate LTD (Auclair et al., 2000). The LTD induction

at CT synapses depends on postsynaptic depolarization and calcium influx, similar to

the requirements for endocannabinoid release (Auclair et al., 2000; Diana and Marty,

2004; Wilson and Nicoll, 2001), and CV analysis also implies presynaptic

involvement in expression. For the above reasons, cannabinoid is a reasonable

candidate for downstream signaling to mediate LTD expression, though other

retrograde signals for long-term modification cannot be excluded, such as nitric oxide

(NO) (Bright and Brickley, 2008) or endocannabinoids (Sun et al., 2011). It was also

reported that some LTD can be induced by the co-activation of L-VGCCs and either

group I metabotropic glutamate receptors (Lin et al. 2006; Adermark and Lovinger,

2007; Naie et al. 2007) or type 1 cannabinoid receptors (Auclair et al., 2000; Diana

and Marty, 2004; Chevaleyre et al. 2006), and the differential expression of these

receptors may account for the selective expression of L-VGCC-dependent LTD at CT,

but nor at ML, synapses.
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Figures

Figure 4.1 Induction and expression of L-VGCC-dependent LTD at CT synaspes

do not involve CaP-AMPARs and NMDARs

A, Representative example (A;) and summary (A;) showing the induction of LTD at

CT synapses in the presence of bath-applied PhTx-433 to block CaP-AMPARs. LTD

was spared, suggesting that neither induction nor expression of LTD involves

CaP-AMPARs. The traces are averaged over 10 sweeps of recordings. B,

Representative example (B;) and summary (B;) showing the induction of LTD at CT

synapses in the presence of bath-applied APV, and demonstrating the measurement of

RI of the I-V relationship of non-NMDAR-mediated EPSC before and after induction

of LTD at CT synapses. The outward and inward currents were recorded with the Vi,

clamped at +50 and —70 mV, respectively. The traces are averaged over 5—8 sweeps of

recordings. C, summarized results showing that expression of LTP at CT synapses

was not accompanied by a significant change of RI. The data include results from 6

cells, with each pair of open circles connected by dotted lines indicating the RI

measured before (baseline) and after (LTD) LTD was induced. The filled circles

represent the mean = S.E.M. of these data. All conventions are similar to Fig. 3.1.
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Figure 4.1
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Figure 4.2 Expression of the LTD at CT synapses was not accompanied by a

significant change of weighted mean single-channel conductance of non-NMDAR

and average number of non-NMDAR open at the peak of EPSC

A, Peak-scaled nonstationary noise analysis was applied to compare the weighted

mean single-channel conductance of non-NMDARs at CT synapses before and after

induction of the LTD. The mean waveform (black line) of evoked EPSC traces was

peak-scaled to individual EPSCs (gray lines) for calculation of ensemble variance and

the variance-mean relationship of EPSC decay phase, in order to isolate the variance

associated with stochastic gating behaviors of single synaptic channels. 26 and 63

EPSCs were selected (see methods and materials) for analysis of single-channel

conductance at CT synapses before (baseline) and after (LTD) LTD was induced. At

the bottom are the variance-mean relationships; linear fitting (red dashed lines) was

applied to the initial 33% of variance-mean relationship, yielding the weighted mean

single-channel conductance of 5.3 and 4.0 pS before and after the LTD induction,

respectively. Dotted lines denote the variance originating from background noise,

which was constrained during the fitting process. B, Summary of the weighted mean

single-channel conductance (B;) and average number of channels open at the peak of

EPSC (B;) before (baseline) and after (LTD) LTD induction at CT synapses. By, No

significant change of single synaptic conductance following LTD induction is
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consistent with the implication of Fig. 4.1 that expression of LTD does not involve

subtype switch of synaptic non-NMDARs (e.g. preferential downregulation of

CaP-AMPARs) at CT synapses. B, The average number of non-NMDAR open at the

peak of EPSC did not change following LTD induction. Theoretically, if

calcium-permeable and -impermeable non-NMDARs are downregulated by the same

proportion, i.e. their percentages keep the same, the RI of I-V relationship (Fig. 4.1B)

and the weighted mean single-channel conductance (Fig. 4.2B;) will not change. This

may not be the case, however, because the average number of open non-NMDARs

was not reduced, consistent with the implication of Fig. 4.3B that expression of LTD

mainly involves presynaptic modification. Each pair of open circles connected by

dotted lines indicates data from the same neuron. The filled circles represent the mean

+ S.E.M. of these data.
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Figure 4.2
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Figure 4.3 Analysis of coefficient of variation (CV) of EPSC amplitude before
and after induction of long-term synaptic plasticity at CT synapses

A~B, Summary of normalized 1/CV? of EPSC amplitude before (filed circle) and
after (square) induction of NMDAR-dependent LTP (A) and L-VGCC-dependent
LTD (B) at CT synapses (1/CV* after induction was normalized with respect to that
before induction for each cell tested). The increase of EPSC amplitude for LTP was
accompanied by an increase of 1/CV% on the contrary, the decrease of EPSC
amplitude for LTD was accompanied by an decrease of 1/CV2. Change in 1/CV? may
reflect the modification of quantal content following induction of long-term plasticity
at CT synapses, implying potential presynaptic involvement of plasticity expression.
C, In some cases, no measurable synaptic response was evoked by stimulation of
internal capsule (ic) fibers at the holding voltage (Vy) of -70 mV, while a clear
outward current with slow kinetics comparable to that of NMDAR-mediated EPSC
(c.f. Fig. 2.7B) could be revealed simply by switching the V; to +60 mV without
changing the stimulus intensity. The arrows indicated stimulating artifacts. CT EPSCs
at Vy = -70 mV are mediated by non-NMDARs (Fig. 2.7A); the lack of non-NMDAR
responses in the presence of NMDAR responses implies the existence of "silent
synapse" among the population of CT synapses (Isaac et al., 1995; Issac et al., 1997).
If postsynaptically silent synapses exist in CT pathway in our system, it will open the
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possibility that the one potential mechanism contributing to the change of 1/CV?
following LTP induction (A) is the conversion of silent synapse (with functional
NMDARSs only) into active one (with both functional NMDARs and non-NMDARs)
(Isaac et al., 1996; Liao et al., 1995; Malenka and Nicoll, 1997); however, whether a
reverse process can underlies LTD expression in physiological systems remains
uncertain (Feldman and Knudsen, 1998; Feldman et al., 1999). The age of animal for

this case 1s P14.
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Chapter 5

Induction of long-term synaptic plasticity at corticothalamic synapses

by physiologically-relevant spiking patterns

Abstract

Relay neurons in the somatosensory thalamus transmit somatosensory
information to cerebral cortices and receive sensory (ML) and feedback
corticothalamic (CT) synaptic inputs. A fundamental question of thalamus physiology
is that how the thalamic information relay is dynamically tuned in response to internal
states of the system and external stimuli. The duality of firing modes of relay neurons,
burst and continuous, was thought to underlie state dependence of thalamic
information transfer, but the impact of different firing patterns on synaptic weights
was rarely explored. In relay neurons of the ventrobasal nucleus (VBN) of rat
thalamus, we addressed this question by two sets of experiments. In light of the
experimental paradigms used to induce LTP and LTD at CT synapses (chapter 3), we
tried to induce long-term synaptic plasticity by similar physiological firing patterns in
current-clamp mode. In the first series of experiments, 1-Hz periodic groups of
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neuronal spiking, which mimics the repetitive depolarizing pulses used in their
voltage-clamp counterpart, were triggered by current injection at depolarized (~ -55
mV) or hyperpolarized (~ -70 mV) V,, for 90 s, therefore resulting in cycles of
continuous spiking or burst spiking driven by low threshold spike (LTS), respectively.
Interestingly, the results showed that continuous spiking, but not LTS-burst spiking,
induced L-type-VGCC dependent LTD at CT synapses. To further investigate the role
of burst spiking in long-term synaptic plasticity, CT EPSP was paired with
LTS-burst spiking triggered at V,, ~ -70 mV repetitively at low frequency (0.167 Hz)
for 100 times. This protocol induced LTP at CT synapses, which was dependent on the
timing of EPSP and postsynaptic burst spiking, and was blocked by a combination of
NMDAR antagonist APV and calcium chelator BAPTA. However, pairing EPSP with
high-frequency spiking, which was triggered at V,, ~ -55 mV by short pulses (1~2 ms)
of current injection, mimicking the fast Na" spikes of natural burst spiking of relay
neurons but without underlying LTS, could not induce long-term plasticity at CT
synaspes. This is consistent with the proposition that backpropagating action
potentials (bAPs) are not sufficient for induction of LTP, and LTS initiated by T-type
VGCCs fulfills the requirement of postsynaptic depolarization (a form of
cooperativity) for LTP induction at CT synapses. In conclusion, our results showed
that synaptic strength of CT pathway can be modified differently according to specific

193



physiological spiking patterns of relay neurons, and the biophysical properties of
L-type and T-type VGCCs enriches the mechanistic arrays of synaptic plasticity
induction in response to complex internal and external statuses. Given our current
understanding that CT input is essential to modulation of information relay and
receptive filed properties of thalamic relay neurons, the effectiveness of ML sensory
input on cortical activities may be dynamically tuned, jointly by specific spiking
patterns driven by powerful ML synapses and global states, in a self-regulated

manner.

Introduction

The ventrobasal nucleus (VBN) of thalamus serves as a major gateway for
relaying sensory information from periphery to cerebral cortex (Jones, 2007). VBN
relay neurons receive primary sensory information conveyed by medial lemniscal
(ML) synapses and corticothalamic (CT) feedback from higher cortical areas (Jones,
2007; Liu et al., 1995; Sherman and Guillery, 2004; Spacek and Lieberman, 1974).
There are two types of CT fibers (Deschénes et al., 1998; Landisman and Connors,
2007; Li et al., 2003; Reichova and Sherman, 2004; Rouiller and Welker, 2000),
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namely, those arising from cortical layer V and layer VI pyramidal neurons; the

corticothalamic projections to the VBN of rodents were found to originate mainly

from layer VI (Deschénes et al., 1998; Killackey and Sherman, 2003; Reichova and

Sherman, 2004; Rouiller and Welker, 2000; Van Horn and Sherman, 2004).

Considering the predominant number of CT synaptic contacts onto relay neurons

(Jones, 2007; Sherman and Koch, 1986), many studies proposed that CT input plays

an essential modulatory role in controlling thalamic spike transfer (Destexhe, 2000;

Destexhe and Sejnowski, 2002; Ergenzinger et al., 1998; Fanselow et al., 2001; Jones,

2007; Krupa et al., 1999; Murphy and Sillito, 1987; Sherman, 2005; Wolfart et al.,

2005).

The firing duality of thalamic neurons, burst and continuous spiking, is critically

dependent on the voltage-dependent inactivation property of T-type voltage-gated

calcium channels (VGCCs): at depolarization, T-type channels are inactivated and the

neurons fire continuously and regularly; at hyperpolarization, in contrast, T-type

channels are de-inactivated and available for activation, which initiate a low threshold

spike (LTS) and drive the neurons to fire a high-frequency burst of action potentials

(APs) (Deschénes, 1982; Jahnsen and Llinas, 1984a, 1984b; Llinas and Jahnsen, 1982;

Suzuki and Rogawski, 1989). Continuous spiking is typically observed in the
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thalamus of awake and vigilant animals, while burst spiking is mostly associated with

inattentive, drowsy, anesthetized states or slow-wave sleep, which prompted the

suggestion that, in the burst mode, thalamus is functionally disconnected from cortex

(Jones, 2007; Le Masson et al., 2002; Livingstone and Hubel, 1981; McCormick and

Bal, 1997; McCormick and Feeser, 1990); emerging evidence has, however, indicated

that bursting also occurs in awake animals and can serve as a powerful mode of

thalamocortical information transfer (Crick, 1984; Fanselow et al., 2001; Guido et al.,

1992; Guido et al., 1995; Guido and Weyand, 1995; Lu et al., 1992; Mukherjee and

Kaplan, 1995; Ramcharan et al., 2000; Reinagel et al., 1999; Swadlow and Gusev,

2001; Weyand et al., 2001).

Despite a significant role for CT synaptic drive in firing mode switching, and

thus state-dependent information processing, of thalamus has been proposed

(Castro-Alamancos and Calcagnotto, 2001; Ergenzinger et al., 1998; Fanselow et al.,

2001; Godwin et al., 1996; Hughes et al., 2002; McCormick and Von Krosigk, 1992;

Sherman, 2001; Sillito and Jones, 2002; Wolfart et al., 2005), factors capable of

modulating the efficacy of CT input onto relay neurons were relatively less

investigated (see Alexander and Godwin, 2005; Castro-Alamancos, 2002;

Castro-Alamancos and Calcagnotto, 1999; Miyata and Imoto, 2009; Ulrich et al.,
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2007); in particular, little is known regarding the impact of physiologically relevant

firing patterns on the strength of CT synapses, which may provide a firing

mode-dependent mechanism for self-regulation of thalamic transfer function.

Here, these questions were approached first by analyzing the functional

outcomes of physiological spiking patterns in current-clamp mode, which mirror the

voltage-clamp experiments (chapter 3), to strength of CT EPSP. We extended our

findings to spike-timing-dependent plasticity (STDP), a cellular correlate of

timing-based Hebbian learning (Dan and Poo, 2004; Markram et al., 1997). We paired

CT EPSP with LTS-burst spiking, and identified a novel spike-timing-dependent LTP

at CT synapses. Intriguingly, pairing CT EPSP with high-frequency spiking of APs

alone failed to induce synaptic plasticity, suggesting LTS initiated by T-type VGCCs

is critical to LTP induction at CT synapses. Our results support the view that

backpropagating APs are not sufficient for induction of LTP (Lisman and Spruston,

2005).
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Methods

Preparation of thalamic slices

The use of animals in this study was in accordance with guidelines of the Ethical

Committee for Animal Research of National Taiwan University. Sprague-Dawley rats

aged 13~24 days were used. The rats were anaesthetized with isoflurane and

decapitated with a small-animal guillotine, and their brains were quickly removed and

placed in ice-cold artificial cerebrospinal fluid (ACSF). The ACSF contained (in mM):

119 NaCl, 2.5 KCI, 1.3 MgSQy4, 26.2 NaHCOs, 1 NaH,PO4, 2.5 CaCl,, and 11 glucose;

the pH was adjusted to 7.4 by gassing with 95% O,/ 5% CO,. For horizontal slices,

the two halves of the brain were first separated, and their ventral portions were

trimmed in parallel to the ventral surfaces of brainstem to ensure standard horizontal

cutting orientation in accordance with traditional stereotaxic coordinates. A block of

agar was glued behind the brain tissue to provide physical support during slicing.

Horizontal brain slices (300 um) containing the ventrobasal nucleus (VBN), internal

capsule (ic) and medial lemniscus (ml) fibers were prepared (Fig. 2.1). Coronal slices

of 300 um thickness containing the VBN and internal capsule were cut using a

vibroslicer (ZERO 1, D.S.K., Osaka, Japan) (Fig. 2.1). The slices were kept in
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oxygenated ACSF (95% O,/ 5% CO;) at room temperature (24-25 °C) to allow

recovery for 60~ 90 min before recording commenced.

Electrophysiology

Slices were transferred to an immersion-type recording chamber mounted to an

upright microscope (BX50WI, Olympus Optical, Tokyo, Japan), equipped with an

infrared-differential interference contrast microscopic video. The VBN and ic were

clearly identified under low magnification in coronal slices (see Fig. 2.1B). Neurons

in the VBN were recorded under visual guidance with patch pipettes pulled from

borosilicate glass (1.5-mm outer diameter, 0.32-mm wall thickness; G150F-4, Warner

Instruments, Hamden, CT, USA). The patch electrodes had a resistance of 3~8 MQ

when filled with a solution consisting of (in mM): 131 K-gluconate, 20 KCI, 10

HEPES, 2 EGTA, 8 NaCl, 2 ATP, 0.3 GTP, and 6.7 biocytin; the pH was adjusted to

7.2 by KOH and osmolarity to 300~305 mOsm. Recordings were made with an

Axopatch 1D amplifier (Axon Instruments, Union City, CA, USA) at room

temperature. For current-clamp recordings, the input resistance (Ry) was constantly

monitored by applying a current pulse of -10 ~ -30 pA, and the bridge was balanced

by adjusting the Rs compensation of the amplifier. Data were discarded when Ry
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varied by > 20% of its original value during the recording. All signals were

low-pass-filtered at the corner frequency of 2 kHz and then digitized at 10 kHz using

a Micro 1401 interface (Cambridge Electronic Design, Cambridge, UK). Data were

collected using Signal software (Cambridge Electronic Design).

The slices were constantly perfused with ACSF containing 0.1 mM picrotoxin

(PTX) and 1 pM strychnine to isolate pure excitatory activity after they were

transferred to a recording chamber. After the experiments were finished, 10 uM

DNQX were applied in the bath in most cases to confirm the identity of recorded

activities as a non-N-methyl-D-aspartate receptor (non-NMDAR)-mediated

component. A bipolar stainless steel electrode (FHC, St. Bowdoin, ME, USA) was

placed locally in the VBN or in the ic (in horizontal slices) for CT EPSP recruitment;

no significant differences were observed between the responses evoked by these two

conditions (see chapter 2). In high-magnification IR-DIC images of horizontal slices,

we observed a large number of fiber bundles projecting from the direction of ic,

traversing the reticular nucleus (Rt) and the small heterogeneous zone in the border of

VPL (described above) into VBN. We traced along the fiber bundles proximal to the

recorded neuron, back to their origin in ic, and placed the stimulating electrode

accordingly to facilitate the success rate of recruiting measurable CT EPSCs. Unless
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specified, the V,, values of the recorded TC relay neurons were held (or clamped) at

-70 mV. The estimated liquid junction potential was ~ +10 mV and was left

uncorrected (following the method by Neher, 1992). For recording of EPSP activity in

current-clamp mode, data were accepted if the EPSP had a smooth rising phase and an

exponentially decaying phase; the data in which the EPSPs had any signs of

NMDAR-mediated activities on the decaying phase (characterized by the appearance

of a slow component; see Landisman and Connors, 2007) or an abnormally fast rising

phase (maybe indicative of the occurrence of antidromic excitation or fast dendritic

spike), were discarded.

For LTP experiments, a stable baseline was recorded for at least 5 min, followed

by at least 30 min of recording after pairing EPSP with LTS (low-threshold

spike)-burst spiking or high-frequency spiking at 0.167 Hz for 100 times. EPSPs were

evoked at 0.1 Hz. Time interval of pairing (At) was defined by the average difference

in time between the onset of EPSP and the peak of the 1st action potential (AP). We

referred to "positive" (At > 0) pairing as the EPSP onset leads the 1st AP, whereas the

"negative" (At < 0) pairing as the EPSP onset lags the 1st AP. LTS-burst spiking was

induced by 1~2-ms or 200-ms somatic current injections with Vm held at ~ -70 mV,

and the data showed no significant differences for synaptic plasticity between these
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two conditions (for At =0 ~ 30 ms, 1~2 ms: 141 £ 17%, n=15; 200 ms: 144 + 13%, n

=6;P>0.05; for At=0~-30ms, 1~2 ms: 115 £ 11%, n =9; 200ms: 109 + 18%, n =

5; P> 0.05) and thus were pooled together. High-frequency spiking was induced by

five 1-ms somatic current injections at 125 Hz (the average number and frequency of

AP spiking of a typical LTS-burst) with Vm held at ~ -55 mV.

Drugs

The chemicals used for the ACSF and internal solution were purchased from

Merck (Darmstadt, Germany). pL.-APV and nimodipine (Nim) was purchased from

Tocris Cookson (Bristol, UK). MgATP, NaGTP, BAPTA, picrotoxin, strychnine were

purchased from Sigma (St. Louis, MO, USA).

Data analysis and statistics

Weighted decay time constant was calculated from the time constants of double

exponential fit to the decay phase of EPSCs. For LTP experiments, the initial slope of

EPSP was monitored and normalized to that of baseline average response, and the

average EPSP slope recorded 25~30 min after pairing was used for statistical
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comparison. LTS depolarization (Fig. 5.3B3) was measured as the difference between

the membrane potential of the baseline and that just after the last AP of LTS-burst

spiking, typically at ~ 40 ms after the 1st AP. Sometimes the plateau potential

following the last AP reached the threshold and evoked an additional AP; however, it

was included for analysis as long as the additional AP firing did not affect the

measurement. For residual depolarization following high-frequency spiking, the

difference between the membrane potential of the baseline and that just after the 5th

somatic current injection (also at ~ 40 ms after the 1st AP) was measured. AP

attenuation (Fig. 5.3B4) was calculated as the ratio of the amplitude of the Ist AP to

that of the last AP of the LTS-burst spiking, both of which were measured from the

membrane potential of the baseline.

All data are presented as mean + S.E.M. Statistical significance was assessed

with nonparametric Mann-Whitney-Wilcoxon U test or Wilcoxon matched-pairs

sign-ranked test. For correlation analysis, statistical significance was assessed by

nonparametric Spearman’s rank-order correlation test. The criterion for significance

was P < 0.05.
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Results

L-type VGCC-dependent LTD at CT synapses could be induced by repetitive tonic

firing

In current-clamp mode, sufficient calcium influx via L-type VGCCs could

probably be induced by repetitive activity patterns; in order to investigate the

appropriate conditions for the induction of the LTD at CT synapses in a relatively

physiological context, we tested the effects of the repetition of two distinct

physiologically relevant firing patterns of VBN neurons on the CT EPSCs. After a

5-min stable baseline, repetitive continuous spiking was induced by 1Hz, 500pA,

500ms-long depolarizing current injection at Vi, ~ -55 mV (Fig. 5.1A). The averaged

rate of continuous spiking gradually declined presumably caused by the accumulative

inactivation of voltage-gated sodium channels, with that induced by the first current

injection of 68.4 +£ 4.9 Hz (n = 12). After repetitive continuous spiking, similar LTD

was induced for the EPSCs evoked by stimulating internal capsule and by local

stimulation (P > 0.05, Mann-Whitney-Wilcoxon test) and thus pooled together (Fig.

5.1C; 82 £ 7 % compared with baseline; n = 9), which was to the same level of CT

LTD induced by depolarizing pulses (P > 0.05, Mann-Whitney-Wilcoxon test). In
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addition, this LTD was also blocked by 10uM bath-applied nimodipine (Fig. 5.1C;

internal capsule stimulation: 114.1 + 4.9 % compared with baseline, n = 10), showing

L-type VGCC-dependent LTD could also be induced by natural firing pattern. Note

that as shown in Fig. 5.1C (the lower panel), the averaged Rn for recordings at 20-25

min after LTD induction in control ACSF or in the presence of nimodipine was 94 +

3% or 97 + 4% of corresponding baseline, respectively; the difference was not

significant. The range of the mean spiking frequency of the relay neurons was 35-85

Hz and no significant correlation was seen between the mean frequency of spiking

and the magnitude of the induced LTD.

In contrast, repetitive burst firing, which was induced by 1Hz, 1lms-long

depolarizing current injection at V, ~ -70 mV (Fig. 5.1B), failed to induce significant

synaptic plasticity at CT synapses (Fig. 5.1D; local stimulation: 115.8 + 17.7 %

compared with baseline, n = §; P > 0.05, Wilcoxon matched-pairs sign-ranks test).

Taken together, these results suggested that the induction of synaptic plasticity at CT

synapses was dependent on specific activity patterns of VBN neurons, conferring the

dynamic flexibility on CT inputs according to recent firing history of VBN neurons.

Spike-timing-dependent plasticity of CT EPSP induced by pairing EPSP with
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LTS-burst spiking

The burst firing of TC relay neurons mediated by T-type VGCCs was considered

to be critical to conscious states and information relay (Bal and McCormick, 1993;

Jones, 2007; Le Masson et al., 2002; McCormick and Feeser, 1990; Sherman, 2001;

Sherman, 2005); however, the impact of this firing pattern on synaptic plasticity in

thalamus is currently unknown, which may contribute to the understanding of

thalamic information processing. To address this question, we paired CT EPSP with

LTS-burst spiking, which was induced by somatic current injections with Vm held at

~-70mV, at 0.167 Hz for 100 times (Fig. 5.2A,, 5.2B>). By changing the time interval

of pairing (At), we found that LTP could be induced by positive pairing conditions (At

=0~ 30 ms: 143 £ 10 % of the baseline, n = 11; P < 0.01), but not by negative ones

(At=0~-30 ms: 113 =9 % of the baseline, n = 14; P > 0.05) (Fig. 5.2).

The spiking-timing-dependent LTP of CT EPSP could be blocked by the

combination of including NMDA receptor (NMDAR) antagonist APV (50 uM) in the

bath and calcium chelator BAPTA (10 mM) in the internal solution (At = 0 ~ 30 ms:

84 + 5 % of the baseline, n = 2; P < 0.05 compared withAt = 0 ~ 30 ms without APV

and BAPTA; Fig. 5.3A), indicating the LTP is NMDAR- or / and calcium- dependent,
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can be blocked pharmacologically, and therefore is not an artifact of system drift.

Intrinsic variability of LTS-burst spiking

During the pairing, we observed trial-to-trial variability of LTS-burst spiking,

especially in the number (range of average AP number: 3.5 ~ 8) and timing of APs.

The variability may be attributable to the intrinsic variability of neuronal properties,

such as biophysical states of active conductances, which can lead to the variability of

pairing conditions (variability in total AP number and temporal relationships of EPSP

and APs during the pairing). In order to examine if such kinds of variability obscure

the relation between At and synaptic plasticity, we further tested the correlation

between these factors and synaptic plasticity. The results showed that plasticity was

correlated to neither the average spike number of LTS-burst spiking (Fig. 5.3B;, P >

0.05 for At > 0 andAt > 0 separately or together) nor the timing of APs in terms of the

(average) EPSP onset positions relative to AP spike number (Fig. 5.3B,, P > 0.05 for

At > 0 andAt > 0 separately or together), suggesting the failure of plasticity induction

by negative pairing could not be accounted for by the confounding effect of these

variables.
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It has been shown that spike-timing-dependent LTP is correlated with

postsynaptic depolarization (Clark and Normann, 2008; Sjostrom et al., 2001). Our

results is consistent with this observation: within a similar time window, LTP could be

induced by pairing EPSP with burst spiking with LTS (Fig. 5.2A; LTS depolarization:

32.8 £ 1.7 mV); on the contrary, no significant LTP could be induced by pairing EPSP

with high-frequency spiking which mimics the AP spiking of LTS-burst without the

underlying LTS (see below, Fig. 5.4A; residual depolarization following

high-frequency spiking: 6.1 £ 0.6 mV). A closer examination revealed that intrinsic

variability of LTS depolarization and attenuation of APs within a LTS-burst spiking

exists, which were inversely correlated with each other (LTS depolarization v. s. AP

attenuation, P < 0.001); nevertheless, this variability did not confound the results of

synaptic plasticity, either, since none were correlated with plasticity (Fig. 5.3B3, 5.3B4;

P > 0.05 for At > 0 andAt > 0 separately or together). Taken together, these analyses

showed that despite the existence of the variability of LTS-burst spiking, it did not

confound the results of synaptic plasticity. Furthermore, any single factors discussed

above failed to account for the failure of plasticity induction in the negative-pairing

experiments (Fig. 5.2B).

Spike-timing-dependent LTP of CT EPSP is dependent on LTS
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Is the high-frequency spiking of APs alone sufficient to induce the LTP of CT

EPSP? Alternatively, the LTS might be necessary for the induction. To investigate the

induction mechanism of spike-timing-dependent LTP, we paired CT EPSP with

high-frequency spiking, which was induced by five brief somatic current injections at

125 Hz (the average number and frequency of AP spiking of a typical LTS-burst) with

Vm held at ~ -55 mV, at 0.167 Hz for 100 times (see materials and methods; Fig.

5.4A,, B). In this way, the high-frequency spiking mimics the AP spiking but lacks

the LTS of a single LTS-burst. In contrast with the case of pairing EPSP with

LTS-burst spiking, we found that no plasticity could be induced neither by positive

pairing conditions (At =0 ~ 50 ms: 121 £ 23 % of the baseline, n = 6; P > 0.05) nor by

negative ones (At =0~ -55ms: 112 £ 19 % of the baseline, n = 4; P > 0.05) (Fig. 5.4).

Our results indicated that, for the spike-timing-dependent LTP of CT EPSP, bursts of

APs are not sufficient, and it require the involvement of LTS during the pairing.
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Discussion

Synaptic plasticity of CT synapses induced by physiological spiking patterns

In the current-clamp recordings, sufficient calcium influx can occur during this

continuous spiking activity, leading to LTD of CT pathway. In contrast, only a small

number of overshooting spikes were generated when TC relay neurons were driven to

fire in burst mode. Under this condition, the influx of calcium might have been

insufficient to induce significant change in the strength of CT pathway. This

spiking-pattern-dependent modification of synaptic inputs of cortical origin is

functionally intriguing. Provided cortical feedback can change the status of spiking of

relay neurons (Murphy and Sillito, 1987; Ergenzinger et al. 1998; Krupa et al. 1999;

Sillito and Jones, 2002), particular physiological spiking of relay neurons would

modify the strength of cortical inputs onto themselves. In other words, this LTD of

cortical inputs provides a means by which cortical modulation of the transfer of

somatosensory information can be dynamically tuned (see chapter 6).

Many efforts have been made to elucidate the functional significance of different

firing modes in thalamus. As to thalamic relay neurons, bursting activity is also
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intrinsic to many other systems such as hippocampal pyramidal neurons (O’Keefe and

Recce, 1993; Ranck, 1973) and neocortical pyramidal neurons (Connors et al., 1982;

Llinas, 1988; McCormick et al., 1985; Williams and Stuart, 1999), which is often

considered as a qualitatively distinct signaling unit with various functional impacts,

such as reliable synaptic activation / improved stimulus detectability (Babadi, 2005;

Beierlein et al., 2002; Fanselow et al., 2001; Guido et al., 1995; Guido and Weyand,

1995; Lisman, 1997; Sherman, 2001; Swadlow and Gusev, 2001; Williams and Stuart,

1999), learning-related associative plasticity, reorganization of cortical circuits,

synaptic downscaling, memory consolidation, and gene expression (Birtoli and Ulrich,

2004; Clark and Normann, 2008; Fields et al., 1997; Frank et al., 2001; Paulsen and

Sejnowski, 2000; Pick et al., 1999; Remy and Spruston, 2007; Steriade, 2006; Thomas

et al, 1998); on the contrary, the functional importance of the other

mode—continuous spiking—to synaptic physiology of thalamus draws little attention.

Our results show the first evidence that repetitive tonic firing can induce LTD at

corticothalamic synapses, and suggested that corticothalamic modulation can be

bi-directional modified according to recent history of neuronal activities as well.

Multiplicative gain modulation of neuronal transfer function has been theoretically

proved to be necessary for as well as occurs in several in vivo behavioral tasks (Tovee

et al., 1994; Brotchie et al., 1995; Salinas and Abbott, 1995; Pouget and Sejnowski,
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1997), and one important strategy to achieve this mathematical operation is to utilize

synaptic background noise (Chance et al., 2002; Debay et al., 2004; Shu et al., 2003);

considering the dominant number of corticothalamic synapses onto thalamic relay

neurons, Wolfart et al. (2005) showed that the condition of synaptic barrages is critical

to neuronal transfer function and the boundary between tonic and burst spikes. From a

comparative point of view, the anatomically-distinct, secure lemniscal input is

qualitatively similar to the cerebellar climbing fiber input onto Purkinje cells, known

as the “instructive” pathway (Coesmans et al., 2004; Ito, 2001; Ito et al., 1982), and

can provide necessary driving force for VB neuron firing. For the periods during

which some assembly of relay neurons is relatively suppressed, as may happen in

inattentive / drowsy states with respect to its corresponding receptive field, new

somatosensory stimuli conveyed by lemniscal pathway can act as the “wake-up calls”

(Sherman, 1996), leading to cortical activation, state switch of relay neurons to tonic

mode, and thus enable a linear, faithful reconstruction of the sensory inputs in higher

cortical areas (Sherman, 2005). If the stimuli are repetitively presented in the same

receptive field, strong synaptic inputs will drive tonic firing in the relevant relay cells

and, paired with corticothalamic inputs or not, as dictated by the cortical instructions

like directed attention, can consequently enable the dynamic regulation of

corticothalamic barrages and thus fine tuning of neuronal gain. Together with the
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detailed topology of corticothalamic circuitry (Sherman, 2005; Temereanca and

Simons, 2004; Tsumoto et al., 1978), spatiotemporal sensory gating originating from

thalamocortical short-term depression (Aguilar and Castro-Alamancos, 2005;

Castro-Alamancos, 2002b; Castro-Alamancos and Oldford, 2002; Hirata and

Castro-Alamancos, 2006), and spike transfer control imposed by reticular inhibitory

feedback (Le Masson et al., 2002), activity-dependent modulation of corticothalamic

inputs is presumably able to dictate the spatiotemporal patterns of thalamic

information relay according to the state of vigilance. The influence of neuronal

activities on the synaptic background noise and input-output relationship of VB

neurons, as a testable prediction of the functional hypothesis described here, can be

further investigated in this system.

Synaptic plasticity and burst spiking pattern

The duality of firing modes of relay neurons was considered to underlie state

dependence of thalamic information transfer (Deschénes, 1982; Llinds and Jahnsen,

1982; Jahnsen and Llinas, 1984a, 1984b; Jones, 2007; Le Masson et al., 2002;

McCormick and Feeser, 1990; Sherman, 2001; Sherman, 2005; Weyand et al., 2001).

Concerning the differences in the signal processing of thalamocortical systems
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between distinct behavioral states, the impact of physiologically relevant firing

patterns on the synaptic weight of sensory thalamus was, however, little studied

previously (but see Hsu et al., 2010). Our preliminary study addressed this question

by examining the effect of pairing EPSP with LTS-burst spiking on CT EPSP, and

identified a novel form of spike-timing-dependent LTP at CT synapses, which

required LTS initiated by activation of T-type voltage-gated calcium channels.

Intriguingly, more than simply providing high-frequency spiking of APs, which alone

failed to induce synaptic plasticity, LTS itself seemed to play an indispensable role for

the LTP induction at CT synapses. Our results may support the proposition that

backpropagating AP is not sufficient for induction of synaptic plasticity (Lisman and

Spruston, 2005; see below for further discussions).

Since the discovery of long-term synaptic plasticity (Bliss and Lemo, 1973; Levy

and Steward, 1983), one critical concern in this field has been to understand how

natural spiking patterns dictate long-term synaptic plasticity in vivo (Czarnecki et al.,

2007; Dobrunz and Stevens, 1999; Froemke and Dan, 2002; Hsu et al., 2010; King et

al., 1999; Perrett et al., 2001; Rosanova and Ulrich, 2005). Many studies put their

focus on postsynaptic burst spiking, a fundamental module of in vivo activities under

various physiological states, such as information encoding, feature detection, active
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exploration and slow-wave sleep (Crick, 1984; Guido et al., 1992; Guido and Weyand,

1995; Kandel and Spencer, 1961; Lisman, 1997; Otto et al., 1991; Paulsen and

Sejnowski, 2000; Reinagel et al., 1999; Steriade et al., 2001; Weyand et al., 2001).

While burst spiking can enhance LTP (Debanne et al., 1998; Froemke et al., 2006;

Harnett et al., 2009; Nevian and Sakmann, 2006; Pike et al., 1999; Sjostrom et al., 2001;

Thomas et al., 1998; Tzounopoulos et al., 2004; Wittenberg and Wang, 2006), it can

also induce LTD (Birtoli and Ulrich, 2004; Ho et al., 2009), result in variable synaptic

modification (Clark and Normann, 2008), or exert no influence upon synaptic strength

(Hsu et al., 2010), showing the diverse impacts of complex spike patterns on synaptic

plasticity. It is noteworthy that, in contrast with the "breakdown" of spike timing

dependence and the predominance of LTP under high-frequency burst spiking

observed in other systems (Froemke et al., 2006; Sjostrom et al., 2001), the spike

timing requirement for the LTP at CT synapses was retained (Fig. 2, Fig. 3B),

suggesting a different mechanism underlying spike-timing-dependent LTP at CT

synapses.

Possible reasons for the requirement of LTS for LTP inudction

Postsynaptic LTS-burst spiking initiated by T-type calcium channels is a
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signature of electrophysiological properties of thalamic relay neurons (Deschénes,

1982; Llinas and Jahnsen, 1982; Jahnsen and Llinas, 1984a, 1984b), which was

correlated with information relay. In this study, we provided the first account of the

LTP of thalamic relay neurons induced by pairing EPSP with LTS-burst spiking.

Given the importance of high-frequency burst spiking as well as backpropagation of

AP to LTP (see above; Magee and Johnston, 1997; Markram et al., 1997), the need for

LTS to induce LTP could be attributed to the need for a potent driving force for

triggering postsynaptic high-frequency AP spiking. This is, however, not the case,

since even the high-frequency burst of APs were intact, LTP failed to be induced by

pairing in the similar time window (Fig. 5.4A), suggesting LTS, and perhaps the

underlying T-type calcium channels, contribute more than simply driving

high-frequency AP spiking of postsynaptic neurons.

T-type voltage-gated calcium channels may play a significant role in the

induction of LTP at CT synapses, which requires further investigation. In the earliest

description of spike-timing-dependent plasticity, it has been reported that

low-frequency pairing of presynaptic and postsynaptic neurons did not induce LTP

(Markram et al., 1997), which could be rescued by prior somatic depolarization

(Sjostrom et al., 2001). One possible mechanism of this phenomenon is the
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enhancement of the backpropagation of AP by depolarization (Lisman and Spruston,

2005; Stuart and Hausser, 2001), which, under burst-pairing condition of other

experimental systems, can be provided by after-depolarization of prior AP (Sjostrom

et al., 2001). Of particular interest, although the high-frequency spiking protocol used

to mimic burst spiking was unable to induce LTP, our finding is still explainable by

this mechanism since the difference of postsynaptic depolarization between LTS-burst

spiking (Fig. 5.2A) and high-frequency spiking (Fig. 5.4A) was huge, which, in this

system, is caused by differential recruitment of T-type calcium channels at different

membrane potentials. In thalamic relay neurons, direct patch-clamp recording,

calcium imaging, modelling, and immunocytochemistry studies indicated that T-type

calcium channels are expressed throughout the dendritic arbor, especially

concentrated at proximal dendritic compartments, with a peak density and activation

at ~ 10-60 pm from the soma (McKay et al., 2006; Munsch et al., 1997; Zhou et al.,

1997; Destexhe et al., 1998; Williams and Stuart, 2000). Dendritic T-type calcium

channels are critical for generating and shaping the LTS response of thalamic relay

neuron (Destexhe et al., 1998). It is possible that the backpropagation of AP is

enhanced by dendritic T-type calcium channels, perhaps increasing the amplitude and

duration of the spike arriving at synapses (Lisman and Spruston, 2005; Magee and

Johnston, 1997; Stuart and Hausser, 2001), thereby facilitating the induction of LTP at
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CT synapses of VBN relay neurons. The reason why high-frequency spiking alone

was insufficient to induce LTP at CT synapses is unknown. Simply considering the

biophysics of AP backpropagation in dendrites, this is, however, not surprising,

because it has been shown that invasion of backpropagating AP to dendrites is less

effective as their frequency is increased (Callaway and Ross, 1995; Spruston et al.,

1995). In VBN relay neuron, the buildup of residual depolarization provided by prior

APs might not enhance backpropagation of AP to activated CT synapses effectively.

Other possible mechanisms by which LTS contributes to LTP induction at CT

synapses is through a direct involvement of T-type calcium channels in the induction

process, biophysically or / and biochemically. It is worth noting that the experimental

condition in which high-frequency spiking was induced and LTS was inactivated, the

membrane potential during pairing was depolarized (~ -55 mV; Fig. 4A), possibly

corresponding to a strong propagation state for AP backpropagation (Stuart and

Hausser, 2001); it is unknown that to what extent the LTS (Fig. 5.2A) would be more

effective than steady-state depolarization (Fig. 5.4A) in boosting the backpropagation

of AP to activated synapses. In addition to generating LTS, T-type calcium channels

were also shown to be instrumental to synaptic plasticity (Aizenman et al., 1998; Oliet

et al., 1997). Experimental evidence has invoked the proposition that backpropagating
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AP may be neither necessary nor sufficient for synaptic plasticity in many
physiological conditions (Golding et al., 2002; Hardie and Spruston, 2009; Lisman
and Spruston, 2005; Markram et al., 1997; Sjostrom et al., 2001). Alternatively, the
requirement for postsynaptic depolarization can be met by active involvement of
dendritic conductance (Golding et al., 2002; Hardie and Spruston, 2009; Kampa et al.,
2007; Letzkus et al., 2006; Lisman and Spruston, 2005; Thomas et al., 1998). As
thalamic relay neurons, T-type calcium channels are also predominantly localized in
dendrites of neocortical pyramidal neurons, and the coupling between dendritic
calcium channels and axonal AP generation has been well understood. Dendritic
calcium events can be activated by high-frequency burst of backpropagating APs
(Larkum et al., 1999a; Letzkus et al., 2006; Williams and Stuart, 1999) or pairing
distal synaptic input with AP (Larkum et al., 1999b), which can, under some
circumstances, trigger and/or shape Ca*’-spike-associated burst of axonal AP spiking
(Kamondi et al., 1998; Larkum et al., 1999a, 1999b; Schiller et al., 1997). In thalamic
relay neurons, it is also shown that dendritic calcium spike occurs as T-type calcium
channels are recruited (Williams and Stuart, 2000) despite its detailed interaction with
axonal AP firing is relatively less studied (but see Destexhe et al., 1998). The critical
depolarization required for LTP induction might be achieved by this kind of dendritic
events associated with T-type calcium channels.
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Otherwise, T-type calcium channels might contribute to LTP at CT synapses

biochemically, as they are coupled to specific downstream signaling mechanisms in

thalamic neurons, such as adenylyl cyclase (AC) system (Pape et al., 2004) or

calcium-induced calcium release (CICR) (Richter et al., 2005). The aforementioned

candidate mechanisms for LTP at CT synapses are not mutually exclusive, which

needs to be elucidated experimentally. Moreover, Hsu et al. (2010) showed that

repetitive LTS-burst spiking (without pairing with evoked synaptic input) could not

induce synaptic plasticity of CT EPSP in VBN relay neurons, which implies that

glutamate-dependent processes are likely required for LTP at CT synapses, such as

activation of metabotropic and/or ionotropic glutamate receptors, which can interact

with high-frequency backpropagating APs and affect calcium release from internal

stores (Larkum et al., 2003; Nakamura et al., 1999).

In this preliminary study, LTS-burst spiking was artificially triggered by current

injection via somatic patch electrode; in realistic in vivo conditions, however, it can be

provided or affected in a variety of ways. Provided the dendritic distribution profile of

T-type calcium channels, the intrinsic bursting mechanism of thalamic relay neurons

is tightly controlled by inputs onto dendrites (Antal et al., 1996; Destexhe et al., 1998;
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Destexhe and Sejnowski, 2002; Krahe and Gabbiani, 2004; Zhan et al., 2000), which
may be of sensory origin or sources that exert modulatory influences regarding
conscious or physiological states (Liu et al., 1995; Sherman and Guillery, 1996). For
example, medial lemniscal (ml) input, which conveys primary somatosensory
information from periphery to ventrobasal thalamus, forms giant, powerful glomerular
synapses onto proximal dendrites of relay neurons (Liu et al., 1995; Spacek and
Lieberman, 1974), where T-type calcium channels are highly expressed. At
hyperpolarized membrane potentials, minimal stimulation of ml fiber secures
full-blown LTS-burst spiking (data not shown). Because the depolarization
requirement for LTP at CT synapses has been fulfilled, traditional cooperativity
(spatial summation of enough synaptic inputs) is no longer needed; therefore, minimal
sensory information carried by ml fiber can provide a reliable associative signal for
LTP induction of CT synapses. Alternatively, LTS-burst spiking can be induced or
shaped by CT input, which forms synaptic contacts onto distal dendrites of relay
neurons (Liu et al., 1995). Early studies indicated that cortex can modulate firing
mode of thalamic neurons by descending control (McCormick, 1992; McCormick et
al., 1993) or massive inhibition (through recruitment of feedforward inhibitory
reticular neurons and generation of IPSP-rebound sequence in relay neurons; see
Destexhe and Sejnowski, 2002; Jones, 2007); LTS-burst spiking can also be triggered
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by excitation of CT input under some conditions (e.g., Williams and Stuart, 2000).

Despite a less expression of T-type calcium channels in the dendritic compartments

where CT synapses contact, studies still suggested that corticothalamic feedback is an

effective switch for bursting excitability control of thalamic relay neurons (Destexhe

and Sejnowski, 2002; Zhan et al., 2000). One of such switches occurs when relay

neurons receive corticothalamic bombardment (Steriade, 2001); in other systems,

correlated synaptic inputs trigger active dendritic events (Gasparini et al., 2004;

Losonczy and Magee, 2006; Williams and Stuart, 2002), which can either be in

isolation from axonal AP generation or induce bursts of AP spiking (Larkum et al.,

1999b; Schiller et al., 1997; Williams and Stuart, 2002). Together with other

CT-associated mechanisms discussed above, corticothalamic feedback and denritic

events may dictate LTP induction at CT synapses according to behavioral context.

In conclusion, the present study identified a novel form of

spike-timing-dependent LTP at CT synapses of thalamic relay neurons. Whereas

high-frequency spiking of APs alone was not sufficient, LTS mediated by T-type

voltage-gated calcium channels was necessary for LTP induction. In more

physiological conditions, T-type calcium channels, their associated burst firing of APs

and dendritic calcium spike can be activated or shaped by multiple mechanisms,
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which influence synaptic plasticity at CT syanpses, and, therefore, corticothalamic

bombardment onto dendrites of relay neurons. Wolfart and colleagues (2005) has

shown that transfer function of thalamic relay neurons can be modulated by

background synaptic noise; as a consequence, spike-timing-dependent plasticity at CT

synapses can respond to various physiologically relevant variables, and dynamically

fine-tune thalamocortical information relay accordingly.
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Figures

Figure 5.1 L-VGCC-dependent LTD at CT synapses was induced in a spiking

pattern-dependent manner

In order to characterize the natural spiking patterns ideal for induction of L-type

VGCC-dependent LTD at CT synapses, two different types of repetitive physiological

spiking of relay neurons were tested, as experimental counterparts mimicking the

voltage-clamp experiments using depolarizing pulses (Fig. 3.5A). A, Representative

example of time course of CT EPSC (top) in response to 1-Hz, 90 cycles of repetitive

continuous spiking of relay neurons at Vy, ~ -55 mV (bottom), which were elicited by

90 depolarizing current injections of + 500 pA in magnitude with a 50 % duty cycle,

as illustrated in the inset at the bottom. B, Representative example of time course of

CT EPSC (top) in response to 1-Hz, 90 cycles of repetitive LTS-burst spiking of relay

neurons at Vi, ~ -70 mV (bottom), which were elicited by 90 depolarizing current

injections of +2 nA in magnitude with a 0.2 % duty cycle, as illustrated in the inset at

the bottom. C~D, Summary of time courses CT EPSC in response to repetitive

continuous spiking (continuous) and LTS-burst spiking (burst), showing that

continuous spiking is favorable for induction of LTD at CT synapses. This LTD was

also dependent on activation of L-type VGCCs (C), indicating it is mechanistically

equivalent to the CT LTD induced in voltage-clamp experiments. Please note that
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recording quality was routinely monitored by assessing the voltage response to small

current injection and the calculated input resistance (Ry), which was stable over the

whole experiment, and no difference of RN was observed between different

experimental groups. All conventions are similar to Fig. 3.1.
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Figure 5.2 Spike-timing-dependent plasticity of CT EPSP induced by pairing

EPSP with LTS-burst spiking

A, Typical example (A;), representative trace during the pairing (A;), and summary

(A3) of LTP induced by pairing CT EPSP with LTS-burst spiking at positive intervals

(0 ~ +30 ms). B, Typical example (B,), representative trace during the pairing (B;),

and summary (Bj3) of the experiments with CT EPSP paired with LTS-burst spiking at

negative intervals (0 ~ -30 ms). The inset traces in Ay and B; are the responses

averaged over 10 sweeps during baseline (black) and 30 min after pairing (red). The

line drawings in A, and B, indicate the timing of extracellular stimulation ("Pre") and

somatic current injection ("Post"). Note the Vm during pairing is ~ -70 mV, and a

significant LTP was induced only with positive pairing.
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Figure 5.3 The synaptic plasticity was blocked by the combination of

bath-applied APV and BAPTA included in the internal solution, and was

independent of the average spike number of a single LTS-burst, relative timing

of EPSP and AP spikes, LTS depolarization, and AP attenuation

Ay, Typical example of the positive-pairing experiments carried out in the presence of

APV and BAPTA. The inset traces are the responses averaged over 10 sweeps during

baseline (black) and 30 min after pairing (red). A;, Summary of the experiments in

Fig. 2A and Fig. 3A;. B, The failure of plasticity induction by negative pairing (Fig.

2B) is not related to the average spike number (Bq), the temporal relationships of

EPSP and APs (B;), the depolarization contributed by LTS (B;), and the AP

attenuation within LTS-burst spiking (B4) during the pairing process. "EPSP - AP" and

"AP-EPSP" correspond toAt > 0 andAt < 0, respectively.

229



Figure 5.3
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Figure 5.4 Pairing EPSP with high-frequency spiking, which mimics fast Na"
spiking but lacks the underlying LTS of natural LTS-burst spiking of relay
neurons, could not induce synaptic plasticity of CT EPSP

A, Typical example (A;), representative trace during the pairing (A;), and summary
(A3) of the experiments with CT EPSP paired with high-frequency spiking at positive
intervals (0 ~ +50 ms). B, Typical example (B;), representative trace during the
pairing (B;), and summary (B3;) of the experiments with CT EPSP paired with
high-frequency spiking at negative intervals (0 ~ -55 ms). The inset traces in A; and
B, are the responses averaged over 10 sweeps during baseline (black) and 30 min
after pairing (red). The line drawings in A, and B, indicate the timing of extracellular
stimulation ("Pre") and somatic current injection ("Post"). Note the Vm during pairing

1s held ~ -55 mV.
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Figure 5.4
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Chapter 6

Conclusions

Significance of this study

Thalamus is not only the major gateway of sensory information relay from
periphery to higher cortical areas, but also serves as an important node of multiple
integrated networks involved in various physiological or pathological processes, such
as attention, motor function, epilepsy and central pain syndrome (Jones, 2007; Kandel
et al., 2000; Sherman and Guillery, 2004). Especially, somatosensory thalamus of
rodents is an invaluable and widely used model system for central sensory processing
of higher mammals, and the solid knowledge of which is, therefore, critical to the
in-depth understanding of the physiology of sensation / perception and also an

important clue to potential targets for therapeutic interventions of related diseases.

State-dependent, top-down influences of higher cortical origins on sensory
processes have been widely appreciated, especially via the actions of corticothalamic
pathways (e.g. Briggs and Usrey, 2008; Fanselow et al., 2001; Krupa et al., 1999;
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Sherman, 2005; Wolfart et al., 2005); however, one of the most important questions in

this field remains: what kinds of cellular and synaptic mechanisms, and how these

mechanisms, underlie the dynamic nature of corticothalamic modulation in response

to variable internal and external stimuli? My work partly answered this question by

systematically comparing the fundamental differences of synaptic transmission and

synaptic plasticity between the two major excitatory input pathways to the ventrobasal

nucleus of rat thalamus (Fig. 6.1). In particular, our data revealed their differential

roles in the operation of somatosensory thalamus: ML synapses tends to act as a

reliable, secure channel for information transmission, while CT synapses

demonstrates impressive versatility, which renders itself ideal for reflecting and

presenting the dynamic information of network status. CT synapses achieves this aim

by virtue of unique glutamate receptor composition and flexibility of synaptic strength

(chapter 2 and 3). We also reported that pairing-induced activation of NMDARs also

resulted in a parallel long-lasting decrease of neuronal input resistance (chapter 3),

which could serve as a feedback mechanism following LTP induction to normalize

overall neuronal output and therefore specifically enhance effectiveness of CT input.

Noteworthily, despite the negative results for our experimental attempts to elucidate

the physiological function of the preferential expression of CaP-AMPARs at CT

synapses (chapter 3 and 4), their roles in thalamic function and neuropathology are
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very intriguing, given that CaP-AMPARs can be activated even at basal
low-frequency synaptic activation of CT pathway (at the V, held ~ -70 mV) (chapter
2), and Ca?* is one of the most multifunctional and universal intracellular messengers
to our knowledge; recent studies have also indicated that CaP-AMPARs are involved
in diverse regulatory functions of synaptic plasticity, learning, neurodevelopment, and
neurological diseases (for reviewed, see Cull-Candy et al., 2006). Most importantly,
this is the first experimental account establishing the linkage between physiological
spiking patterns of relay neurons and excitatory synaptic plasticity in thalamus
(chapter 5), which provides a mechanistic framework for unraveling the mysterious

parallelism of state-dependent neuronal firing properties and thalamic functions.

Activation of T-type VGCCs is one of the most dramatic differences in thalamus
during the transition from awake consciousness to inattentive or sleep state (Crunelli
et al., 2006); in this study, we also proposed a critical role of T-type VGCCs in the
induction of a novel-form of STDP at CT synapses (chapter 5), which not only adds to
our understanding of the relations of the active conductance contingent upon global
conscious states and excitatory synaptic plasticity of thalamus, but also echoes the
proposition that backpropagating AP is not sufficient for induction of synaptic
plasticity (Lisman and Spruston, 2005), providing insights into general principles of
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synaptic physiology in the central nervous system.

One thing worth mentioned is that technical advance was also made in this study:

reliable comparisons of input-specific properties require simultaneous recruitment of

the two pathways in the same relay neuron; it is, however, very challenging, due to

considerable distance between internal capsule (ic) and medial lemniscus (ml) and,

therefore, limited preserved fibers converging onto the same cell in brain slices. Out

work provides the first convincing evidence for the identity of locally-evoked EPSCs

as of cortical origin (chapter 2), hence permitting the systematic analysis of

input-specific properties of CT and ML pathways. Taken together, this study refines

our current knowledge regarding thalamic physiology, which aids in both basic and

clinical aspects of thalamus research.

A working model of dynamic thalamic information relay incorporating the synaptic

plasticity of corticothalamic feedback

Corticothalamic synapses constitute the majority of synaptic contacts onto VBN

relay neurons (Erisir et al. 1997; Jones, 2007; Latawiec et al. 2000; Sherman and
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Koch,1986), and are believed to be responsible for the “high-conductance state” or

“synaptic barrages” of neurons observed in vivo (Steriade, 2001; Wolfart et al., 2005).

Multiplicative and additive gain modulations of neuronal transfer function have been

theoretically and experimentally shown to be critical for animals to perform several

behavioral tasks (Tovee et al., 1994; Brotchie et al., 1995; Salinas and Abbott, 1995;

Pouget and Sejnowski, 1997), and the biophysical implementations of both can

involve CT pathway. Multiplicative modulation (change in the slope of transfer

function) can be achieved putatively by the so-called "ceiling effect” via adjusting the

level of synaptic background noise (Chance et al., 2002; Debay et al., 2004; Shu et al.,

2003), as shown in thalamic relay neurons (Wolfart et al., 2005), while additive

modulation (shift of transfer function) can be realized via the action of balanced

excitation and inhibition, which exerts an effective influence over neuronal input

resistance, with the net effect on membrane potential only marginal (Chance et al.,

2002). In addition, a tonic GABAergic conductance has been reported in the relay

neurons of mouse dorsal lateral geniculate nucleus (dLGN) under physiological

temperature (Bright et al., 2007), which may be another molecular mechanism

underlying gain modulations, as tonic conductance provides not only a shunting effect

but also background noise by stochastic gating of ionotropic GABA receptors. An

example of how these might operate in a real thalamic system is described as follows
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(cf. Sherman and Guillery, 2004): strong peripheral somatosensory input leads to

powerful activation of ML fibers and thus increases firing levels of VBN relay

neurons. If the input is so high that firing frequency of relay cells approaches

saturation, their operational range is way beyond the linear range of the transfer

function, and cells under this condition can no longer faithfully signal the input

strength in terms of firing frequency. However, this robust activation of relay cells

plausibly leads to increased neuronal activities in the target cortical areas, which in

turn recruits massive CT feedback. CT fibers have collaterals also projecting to

GABAergic neurons in thalamic reticular nucleus (Liu et al. 1995; Sherman and

Guillery, 2002), and therefore the increase in feedback CT input may have two

functional consequences according to the aforementioned biophysical mechanisms:

the increase in background noise (glutamatergic and GABAergic) downregulates the

gain of neuronal transfer function, and the concurrent recruitment of excitation (i.e.

CT EPSCs) and inhibition (i.e. reticular IPSCs) reduces the input resistance of relay

cells with V, only minimally affected, both of which modulate the sensitivity of the

neuronal output in response to the lemniscal input, and therefore restore the operation

of relay cells into a linear scheme of transfer function.

Our discovery of corticothalamic plasticity further enriches this scenario (chapter
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3, 5): presumably, the pairing of feedback CT input with neuronal spiking driven by

strong peripheral sensory input activates NMDARs effectively, leading to LTP of CT

synapses, which in turn results in a long-lasting multiplicative downregulation of

neuronal gain, aiding in the restoration of transfer linearity; the balance between

excitation and inhibition delivered to relay neurons is, nevertheless, difficult to predict,

due to the lack of the knowledge regarding synaptic plasticity of reticulo-thalamic

GABAergic input so far. Even then, upon activation of NMDARs at CT synapses, an

additive modulation can be achieved via another mechanism: intrinsic plasticity of

relay neurons. A long-term decrease in input resistance reduces overall excitability of

relay neurons (Fig. 3.1A); especially, considering the possibility that it is mediated by

a local upregulation of dendritic Iy, so the corresponding influences on resting Vi, may

be spatially restricted to distal dendritic compartments, the net effect is, therefore, a

long-lasting additive downregulation of neuronal information transfer, while the

synaptic effectiveness of CT pathway is specifically spared given that LTP has

occurred in parallel, or even enhanced if the potential local depolarizing effect (that

may facilitate forward propagation of CT EPSP) introduced by upregulation of

dendritic 1, is taken into account, which even boosts the multiplicative

downregulation of neuron gain.
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Taking a more speculative step, another condition in which such pairing and

NMDAR activation at CT synapses could potentially occur is when thalamic relay

neurons are in the status of slow oscillation, i.e. during deep non-REM sleep (Crunelli

et al., 2006; Jones, 2007), as slow oscillatory activity is of cortical origin and may be

partly contributed by corticothalamic activation of postsynaptic mGluR1a (Zhu et al.,

2006; Jones, 2007), having the requirement of properly timed glutamate release at CT

synapses and neuronal burst spiking to be satisfied. The resultant multiplicative

downregulation of neuronal gain can suppress the responsiveness of relay neurons to

sensory input, which is compatible with the view that sensory thalamus is functionally

disconnected from its primary afferent during sleep.

On the other hand, depending on the intracortical interactions and specific

spatiotemporal properties of lemniscal input (which may be contingent upon global

conscious states and modulatory inputs from subcortical areas), insufficient CT

feedback, plausibly reflecting limited excitation of the corresponding corticothalamic

neurons, supplies little released glutamate for activating glutamate receptors, while

L-type VGCCs can be activated in the presence of enough neuronal spiking, leading

to LTD of CT synapses, which results in a long-lasting multiplicative upregulation of

neuronal gain, subserving to impose the nonlinear operational scheme on relay cells
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and thus "wake up" the neurons in their target cortical areas. Similarly, however, the

impact of CT LTD on the long-lasting additive modulation is hard to predict. It is

noteworthy that, under the condition in which LTP and LTD induction requirements

are simultaneously fulfilled (chapter 3), their expression (or / and induction) can

counteract each other. Therefore, CT synapses, and thus the properties of neuronal

transfer function, have the "memory" of the recent activity history of thalamic system

and are able to be fine-tuned in an integrative way.

There are several factors needed to be considered for this working model. It has

been shown that pairing frequency of presynaptic and postsynaptic activities is critical

to the induction of spike-timing-dependent LTP (Markram et al., 1997; Sjéstrom et al.,

2001). Therefore, although we showed that pairing EPSP with high-frequency spiking

(without LTS) is not effective in inducing LTP at CT synapses, particular caution must

be taken to interpret it as an evidence for that no LTP can be induced by pairing with

single tonic spikes usually observed under awake state. In other words, the realistic

temporal profile of the lemniscal input and cortical feedback in in-vivo condition is an

important determinant for the induction of long-term plasticity at CT synapses. It is

also noteworthy that, in the dorsal lateral geniculate nucleus (ALGN) of mice, both

repetitive burst spiking and tonic spiking can induce a sustained increase in the
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frequency, but not amplitude, of spontaneous vesicular GABA release, which depends

on activation of NMDARs and the release of nitric oxide (Bright and Brickley, 2008).

However, the raising of spontaneous GABA release onto the recorded neuron does not

alter the tonic GABAergic current, thus imposing marginal effect on the input

resistance measured by somatic recording. This might be explained by the argument

that, compared to pharmacological methods by which ambient GABA concentration is

elevated globally across the entire slice (and thalamus), this increase of spontaneous

GABA release induced by somatic current- or voltage-clamp is relatively local (Bright

and Brickley, 2008). If this putative presynaptic GABAergic synaptic plasticity also

exists in the VBN, the scenario of the model discussed above will be more

complicated. Activity-dependent plasticity of GABA release can contribute to

multiplicative gain modulation by introducing different levels of background

fluctuation; nevertheless, its global and local influences on the input resistance of

different dendritic compartments in realistic conditions are not clear.

Perspectives and future work

The working model | propose above is critically dependent on two hypothetical
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building blocks: first, the sensory information transmitted via ML synapses or slow

oscillation of membrane potential drives appropriate neuronal activities as required

for the induction of long-term plasticity at CT synapses; second, the long-term

plasticity of CT synapses, potentially involving presynaptic expression, can modulate

the transfer function of VBN relay neurons in a dynamic manner. Based on the above

discussion, it is also of particular interest to know the properties of synaptic plasticity

of reticular GABAergic input onto relay neurons of VBN, not only phasic but also

tonic conductances. This is especially important for predicting the functional

outcomes after specific activity patterns are presented to the thalamocortical system.

In addition, although the efforts have been made to examine the roles of

CaP-AMPARs in induction and expression of synaptic plasticity in this study,

additional experiments are required for clarifying the relation of calcium-permeable

non-NMDARs and LTP at CT synapses. For example, CaP-AMPARs was reported to

play a significant role in consolidation of LTP (Plant et al., 2006), which is worth

more investigation in this system.

From a comparative point of view, the powerful glomerular lemniscal synapse is

morphologically and electrophysiologically similar to that of cerebellar climbing-fiber

input onto Purkinje cells, which is known as an “instructive” pathway for its role in
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dictating synaptic plasticity of parallel-fiber input in cerebellum (Coesmans et al.,

2004; Han et al., 2007; Ito, 2001; Ito et al., 1982); it is worthy of further investigation

that whether ML input can also serve as an instructive signal for influencing synaptic

plasticity of CT pathways, especially through local interactions with proximal

dendritically-located T-type VGCCs, thereby regulating information transfer and

sensory processing in a complex, self-regulated manner. Moreover, it is also very

interesting to know whether long-term plasticity of CT synapses can occur given that

CT EPSP is paired with periodic burst spiking driven by slow oscillation, which might

be induced by agonist of mGluR1a or high-frequency stimulation of CT fibers

(Hughes et al., 2002; Zhu et al., 2006). More importantly, because the magnitude of

synaptic plasticity is a function of pairing frequency (see above), to obtain a complete

picture of the dynamic range of plasticity induction in-vivo, it is necessary to

understand the dependence of long-term plasticity at CT synapses on pairing

frequency. These works will deepen the physiological significance of our results as

well as expand our horizons of how molecular, synaptic and cellular entities

contribute to the emerging behaviors of sensory systems in higher mammals.

To test the second hypothesis, we can measure the basal fluctuation of membrane

potential and quantify the transfer function of VBN relay neurons before and after
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induction of LTP and LTD at CT synapses. Toward this end, identification of detailed

molecular mechanisms underlying synaptic plasticity of CT pathway, such as nitric

oxide (Bright and Brickley, 2008) or endocannabinoids (Sun et al., 2011), is of

particular importance, because based on our experiences, relay neurons have a very

low basal level of spontaneous background synaptic activities in the slice condition,

therefore, increase in basal activities or robust induction of long-term plasticity at

massive CT synapses, possibly by chemical means, may be critical (or at least helpful)

for the modulatory effects of CT input via change in background noise to be

measurable; another alternative experimental approach, promising but more technical

demanding, is to apply optogenetic technology for massive excitation of

genetically-defined population of synaptic inputs or neurons (Zhang et al., 2010),

which may also aid in induction of slow oscillation in vitro (for testing the first

hypothesis), and is especially beneficial to extend these studies to in-vivo whole

animal system, thus ideal for studying the functional impact of CT plasticity on the

sensory processes of awake and anesthetized animals.
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Figures

Figure 6.1 Schematic summary of the properties of excitatory synaptic

transmission and plasticity of corticothalamic (CT) and medial lemniscal (ML)

synapses onto relay neurons in the ventrobasal nucleus (VBN) of rat thalamus
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Figure 6.1
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Appendix

List of Abbreviations

ACSF artificial cerebrospinal fluid

ADP afterdepolarization

AHP after-hyperpolarization

AMPAR a-amino-3-hydroxyl-5-methyl-isoxazolepropionic acid
receptor

bAP back-propagating action potential

CA Cornu Ammonis (denoting subfield of hippocampus)

CaP-AMPAR calcium-permeable AMPA receptor

CO cytochrome oxidase

CT corticothalamic (as an adjective)

CVv coefficient of variation

EPSC excitatory postsynaptic current

EPSP excitatory postsynaptic potential

GABA y-aminobutyric acid

HCN hyperpolarization-activated cyclic nucleotide-gated cationic
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HTB

IPSC

LGN

LTD

LTP

LTS

MF

mGIuR

ML

ml

NMDAR

non-REM

POm

PPD

channel

high-threshold burst

internal capsule

hyperpolarization-activated nonselective cationic current

inhibitory postsynaptic current

lateral geniculate nucleus of thalamus

long-term depression

long-term potentiation

low-threshold spike

mossy fiber (the fibers projecting from granule cells of

dentate gyrus to CA3 of hippocampus)

metabotropic glutamate receptor

medial lemniscal (as an adjective)

medial lemniscus (as a noun)

N-methyl-D-aspartate receptor

non-rapid eye movement (sleep)

medial portion of posterior complex of thalamus (posterior

thalamic nuclear group)

paired-pulse depression
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PPF paired-pulse facilitation

PPR paired-pulse ratio

Prv principal trigeminal nucleus (pincipalis)

Rt reticular nucleus of thalamus

Sl primary somatosensory cortex

S2 secondary somatosensory cortex

SD Sprague- Dawley (strain name of rats)

SF Schaefer-collateral fiber

SpV spinal trigeminal nucleus

SpVc caudal subnucleus of SpV (caudalis)

SpVo oral subnucleus of SpV (oralis)

SpVi interpolar subnucleus of SpV (interpolaris)
SpVic interpolar subnucleus of SpV, caudal territory
SpVir interpolar subnucleus of SpV, rostral territory
STDP spike-timing-dependent plasticity

VBN ventrobasal nucleus of thalamus

VGCC voltage-gated calcium channel

VPI ventral posterior inferior nucleus of thalamus
VPL ventral posterior lateral nucleus of thalamus
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VPM

VPMc

VPMdm

VPMvI

VPMh

VPPC

VMb

ventral posterior medial nucleus of thalamus

core subdivision of the barreloid in VPMdm

dorsal medial division of VPM ("core" compartment)

ventral lateral division of VPM ("tail" compartment)

head subdivision of the barreloid in VPMdm

parvocellular part of ventral posterior nucleus of thalamus

basal ventral medial nucleus of thalamus
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APV

BAPTA

DAB

DNQX

glycine

PTX

mibefradil

NAS

2+
Ni

Nim

PhTx-433

QX-314

strychnine

Trans-ACPD

List of Pharmacological Agents

pL-2-Amino-5-phosphonopentanoic acid

1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid

3,3’-diaminobenzidine

6,7-dinitroquinoxaline-2,3-dione

glycine

picrotoxin

mibefradil

1-naphthylacetyl spermine

nickel (in the form of chloride salt)

nimodipine

philanthotoxin-433 tris(trifluoroacetate) salt

N-2,6-Dimethylphenylcarbamoylmethyl triethylammonium

bromide

strychnine

(¥)-1-aminocyclopentane-trans-1,3-dicarboxylic acid
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