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Abstract

A variety of fast and slow rhythmic brain oscillations have been revealed to
occur spontaneously during different behavioral states. Fast rhythms are
associated with cognition, and slow rhythms (e.g. spindle, 7-15 Hz; delta, 1-4 Hz;
slow oscillation, 0.3-1 Hz) define the slow-wave sleep. However, the precise
cellular and synaptic mechanisms underlying these different rhythms remain
unclear and much controversial despite intensive investigations in the past two
decades. Even little evidence is available in the auditory system.

The present study investigated the mechanisms underlying the generation,
synchronization and propagation of the spontaneous slow rhythms (< 15 Hz) in
the corticothalamic networks within a given modality and across different
modalities in animals under anesthesia by using multi-channel extracellular
recordings and immunohistochemical method.

In an attempt to study the contribution of the corticofugal projection to thalamic
neurons in the ascending auditory circuitry by using Fos as an activity marker,
we ascertained for the first time, the presence of dense Fos positive neurons in
the ventral division (MGv) of medial geniculate body (MGB) after the auditory
cortex (AC) was activated by injection of bicuculline methobromide (BIM), a
GABAA receptor antagonist. We further investigated the relationship between

c-fos expression in the MGB and corticofugal activation, as well as its pathway



and related neurotransmitters and receptor-types. The result indicated that c-fos
expression in the MGv was triggered by corticofugal projections, specific to the
cortitothalamic activation. C-fos expression could be elicited in the MGB with
direct injection of glutamate in certain conditions, but never with acetylcholine.
Moreover, direct injections of antagonists for all three glutamate receptor types,
NMDA, AMPA and metabotropic glutamate receptors into MGB, have a
determining effect in eliminating the cortically induced c-fos expression in the
MGv.

Multiple electrode recordings showed that BIM injection in the AC triggered
synchronized oscillatory activities (0.3-3 Hz, mainly in 1-3 Hz) with burst firing
patterns recurring sequentially in the AC and MGB. The animals with the
thalamic reticular nucleus (TRN) lesioned by kainic acid, showed no difference
in the slow synchronized oscillation in both the thalamus and the neocortex,
when compared to that of the un-lesioned animals. Cortically induced c-fos
expression in the MGv was not affected by the TRN lesion, either. These results
indicated that the corticothalamic synchronized oscillation evoked by cortical
hyperactivity was not mediated by a pathway involving the TRN. The results
would probably provide us more thought about the traditional notion that all the
thalamic oscillations are associated with the hyperpolarizations derived from
TRN.

We examined MGv neurons under three different conditions: repeatedly

acoustically-stimulated, directly chemically-evoked and corticofugally evoked.



Only animals with cortical activation showed c-fos expression in the MGy,
though MGv neurons showed similar firing rate for all three conditions. The
present results concluded that c-fos expression in the MGv was not simply
associated with firing rate, but with the firing pattern. The synchronized
corticothalamic activities with burst firings were proposed to lead c-fos
expression in the MGv because of the strong association between them. The
bicuculline-induced bursts were different from the spindle LTS bursts. The
association between c-fos expression in the principle thalamic nuclei and the
synchronized slow oscillations in the corticothalamic network was also
envisioned in other sensory corticothalamic circuitry, e.g. visual and
somatosensory systems.

We next investigated the propagations of slow rhythms in the corticothalamic
networks in vivo within a given modality and across different modalities. Sleep-
or anesthesia- related slow rhythms and the bicuculline-induced slow
oscillations were considered in the present study. We found that slow
oscillations typically propagated along the rostrocaudal direction in the dorsal
thalamus when the cortex was activated with BIM injection. The same
propagation in the corticothalamic network was also observed from animals
under anesthesia without cortical BIM injection. During this process, the activity
in cerebral cortex is always preceding that of the thalamic sites, at least within
the same modality. The slow oscillations can be of global distributions, showing

nearly-simultaneous EEG or burst discharges in the bilateral hemispheres, or



more local events of modality-dependence, recurring independently in different
modality systems. However, this modality-specific asynchrony is seldom
observed among the TRN sites of different modalities, indicating strong
intranuclear connections within the TRN. The results would propose that
common principles probably governed the spatiotemporal patterns of different
oscillation types.

In summary, the present study revealed that c-fos expression in the MGB could
be triggered by corticofugal activation. Cortically induced c-fos expression in
the MGB was not mediated by the pathway via the TRN. C-fos expression in
MGv was not simply associated with the firing rate, but the firing pattern.
Burst-firings of possibly high-threshold calcium spikes that were synchronized
with the cortical oscillation are proposed to lead c-fos expression in the MGB.
Slow oscillations in the corticothalamic network typically propagated along the
rostrocaudal direction in the dorsal thalamus. The common principles probably
governed the spatiotemporal patterns of different oscillation types. All in all,
experimental evidence provided by the present study would further our
understanding on the generation and propagation of synchronized excitability

within the corticothalamic network of specific modality and across modalities.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Background of the study

The brain electrical activity has been widely explored in mammalians and
humans for a long time. Multi-site, extracellular and intracellular recordings
from the neocortex and thalamus during different states of vigilance revealed a
variety of fast and slow rhythmic oscillations spontaneously occurring in the
corticothalamic network. These neural activities are state-dependent: three slow
rhythms® (spindle, 7-15 Hz; delta, 1-4 Hz; slow oscillation, 0.3-1 Hz) define the
slow-wave sleep (SWS), and two fast rhythms (beta, 20-30 Hz; gamma, 30-60
Hz) are prevalent during the brain-active states of waking and
rapid-eye-movement (REM) sleep (Steriade et al., 1993b; Contreras and Steriade,
1996; Steriade et al., 1996a; Amzica and Steriade, 1997).

Far from being epiphenomena, it appears that spontaneous brain rhythms during
different states of vigilance may lead to increased responsiveness and plastic
changes in the strength of connections among neurons, a mechanism through
which information is stored (Lee and Wilson, 2002; Steriade and Timofeev, 2003;
Ji and Wilson, 2007; Rasch and Born, 2007; Rasch et al., 2007). Slow wave

sleep, which was previously regarded as associated with global inhibition of the

! Slow rhythms in this thesis are defined as rhythms of a frequency less than 15 Hz.
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cerebral cortex and annihilation of consciousness, shows unexpectedly high
levels of spontaneous neuronal activities when using intracellular recordings of
cortical and thalamic cell types in naturally sleeping animals (Steriade et al.,
2001). Although the thalamic gates are closed for signals from the outside world
during SWS, the intracortical dialogues are maintained and even increased
(Timofeev and Steriade, 1996). These data suggest that SWS, which was
commonly regarded as complete brain quiescence, actually is highly coordinated
and regulated, and may serve important cerebral functions, among which is the
consolidation of memory traces acquired during wakefulness (Steriade and
Timofeev, 2003, Rasch and Born, 2007; Lee and Wilson, 2002; Ji and Wilson,
2007; Rasch et al., 2007).

Although it has been a long time since the brain rhythms were first unraveled, it
is until the recent two decades that their distinct cellular and synaptic
mechanisms were not intensively investigated and elucidated, due to the
introduction of simultaneous multi-site extra- and intracellular recordings from
various brain areas. Studies have shown that to a certain extent, the great variety
in wave frequencies and patterns is ascribed to different intrinsic and synaptic
properties of cortical and thalamic neurons. The thalamus relays sensory
information to the cerebral cortex with an exception of olfaction, and in return,
receives massive feedback projections from the cortex (Jones, 1985; Winer and
Larue, 1987; Ojima, 1994; Steriade et al., 1997). The importance of the

corticothalamic projections is emphasized by the abundance of corticothalamic
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axons, about one order of magnitude larger than that of thalamocortical fibers
(White and Hersch, 1982). The corticothalamic projections are suggested to
provide a gain-control mechanism on the transmission of sensory information
(Murphy and Sillito, 1987; Villa et al., 1991; He, 2003a) and to play an
important role in the generation of neural oscillations (Steriade et al., 1993a;
Golshani and Jones, 1999; Bal et al., 2000).

The thalamic reticular nucleus (TRN) is situated between the cerebral cortex and
the dorsal thalamus, playing an important role in controlling the flow of
information between them, and is particularly well suited for the generation of
spindles. All sleep-related slow rhythms are associated with prolonged
hyperpolarizations of thalamic or cortical neurons, which are effective in
inhibiting the transmission of afferent signals (Steriade et al., 1997). In the
thalamus of rodents, the hyperpolarizations of the thalamic neurons are proven
to derive from the TRN (Steriade et al., 1985). It seems that TRN stands a very
central position in the thalamus functions. However, whether the TRN is really
dispensable in the generations of thalamic rhythms is yet to be further

investigated.

Another important feature of slow rhythms is the sustained long-range
synchronization across different cortical and thalamic nuclei. Although some
isolated neurons can oscillate by virtue of their intrinsic properties, in the intact

brain, these different oscillations coalesce into complex and less stereotyped

10



Chapter 1 Introduction

rhythmic patterns due to the neuronal interactions in the corticothalamic network.
Maping of slow oscillations may provide a functionally useful probe in the study
of highly integrative brain functions. The orderly propagation of correlated
activities along a certain pathway may play a role in the spike timing-dependent
synaptic plasticity (Meister et al., 1991; Wong et al., 1993; Abbott and Nelson,
2000; Steriade and Timofeev, 2003; Rasch and Born, 2007; Rasch et al., 2007).
However, the distribution and coherence of oscillations are far more complicated
and elusive than we had thought. Previous studies regarding the propagation of
neuronal oscillations showed a great discrepancy. Some (Kim et al., 1995;
Massimini et al., 2004) showed a high degree of spatiotemporal variability from
one spindle sequence to the next, while others (Contreras et al., 1996, 1997)
demonstrated that spindle sequences occurred nearly simultaneously even in
distant cortical fields. The cortical-generated slow oscillations (< 1 Hz) have the
virtue of grouping the other two sleep rhythms arising in the thalamus within
slowly recurring wave-sequence due to the high power of the corticothalamic
projections (Steriade et al., 1993c; Contreras and Steriade, 1995).

Although great progress in the study of the brain rhythms has been obtained in
recent decades, little evidence is available in terms of the auditory system. A 10
Hz tone-evoked oscillation was reported in the auditory cortex (AC), medial
geniculate body (MGB) and auditory TRN neurons (Cotillon et al., 2000, 2003).
Recent studies from our laboratory (He, 2003b) also confirmed that the auditory

corticothalamic network participates in the state-dependent forebrain rhythms.
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Chapter 1 Introduction

Since the oscillation is a whole-brain activity, it is not reasonable to explore the

propagation of the oscillations excluding the auditory system.

1.2 Aims of the study

Basically, the present study, by using multi-channel extracellular recordings and
immunohistochemical method, seeks to investigate the mechanisms underlying
the generation, synchronization and propagation of the spontaneous slow
rhythms (< 15 Hz) in the corticothalamic network within a given modality (e.g.
auditory) and across different modalities in animals under anesthesia.

The first specific aim of this study is to examine the effect of corticofugal
modulation from the auditory cortex on the spontaneous activities of the
auditory thalamus. Previous studies have shown that the ventral of the MGB
(MGvV) neurons never showed c-fos expression when activated by the ascending
pathway. In present study, the corticofugal volleys, arising from cortical
bicuculline injections, succeed in inducing dense c-fos expression in the MGy,
which was associated with synchronized oscillations in the corticothalamic
network. We further investigated related neurotransmitter-receptor types, and the
contribution of TRN to this synchronized corticothalamic oscillation type.

The second specific aim of this study is to investigate the propagations of
spontaneous slow rhythms in vivo in the corticothalamic network within a given

modality (e.g. auditory) and/or across different modalities. Sleep- or anaestheia-
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related slow rhythms (<15Hz, mainly spindle oscillations) and the
bicuculline-induced slow oscillations were considered in the present study. The
common principles behind the spatiotemporal patterns of different oscillation

types will be discussed.

1.3 Significance of the study

The present study will provide novel insight into the mechanisms of the
generation and propagation of the oscillations in the corticothalamic network,
which are of fundamental role to understand the highly integrative brain
processes. The study across different modalities can also offer a more general
view on the brain rhythms. Basically, different brain rhythms define different
states of vigilance, such as sleep and wakefulness. The results of this study can
benefit us to better understand the mechanism of arousal as well as how the
outside signals are blocked when sleep. Together with our previous knowledge
from intracellular recordings, the present study will provide a blueprint of the
excitability and connectivity in the corticothalamic network of mammals, and
lead us to the entrance of understanding the organization and functional

significance of the slow oscillations in the corticothalamic network.

1.4 Outline of the thesis

There are six chapters in this thesis.

13
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Chapter 1 introduces the background and objective of this study. The
significance of the present study is also mentioned in this chapter.

Chapter 2 provides a literature review of basic anatomic and physiological
knowledge of corticothalamic network. The molecular, cellular and circuit or
network mechanisms for the generations and synchronizations of the
sleep-related oscillation types are also described.

Chapter 3 lists the methodology employed in this thesis. It explains what the
primary data sources were, how data were collected, and how they were
processed and interpreted.

Chapter 4 illustrates the cortical-bicuculline-induced c-fos expression in the
MGB and its associated synchronized oscillations in the corticothalamic network.
The related neurotransmitter-receptor types, and the contribution of TRN to this
synchronized corticothalamic oscillation type are further explored.

Chapter 5 demonstrates the propagations of spontaneous slow rhythms in vivo in
the corticothalamic network within modality and across modalities in terms of
sleep-related slow rhythms and the bicuculline-induced slow oscillations.
Chapter 6 summarizes the findings and leads to the conclusions of the present

study.

14



Chapter 2 Literature review

Chapter 2

Literature review

Multi-site, extracellular and intracellular recordings of the cerebral cortex and
thalamus during different behavioral states reveal a variety of electrically
synchronized oscillations in the corticothalamic network, including the
fugacious and spatially restricted fast rhythms (20-60Hz) during arousal and
REM sleep, the sustained, long-range synchronized sleep-related slow rhythms:
and the abnormally increased synchrony of cortical and thalamic neurons during
paroxysmal state. This chapter first describes the anatomy and physiology of the
corticothalamic network, then moves to the possible molecular, cellular and
circuit or network mechanisms for the generations and synchronizations of the

sleep-related oscillations, as well as their functional implications.

2.1 Introduction

The cerebral cortex is constantly active, even during slow-wave sleep. Multi-site,
extracellular and intracellular recordings from the neocortex and thalamus
during different states of vigilance revealed a variety of electrical oscillation in
the corticothalamic network (Steriade et al., 1991b; Steriade et al., 1993a;

Steriade et al., 1994; Amzica and Steriade, 1995a, 1995h; Contreras and Steriade,
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1995, 1996; Steriade et al., 1996a; Timofeev and Steriade, 1996; Steriade et al.,
1997; Timofeev and Steriade, 1997). These neural activities are state-dependent,
and spontaneously occur during different behavioral states. Three slow rhythms
(spindle, 7-15 Hz, Figure 2.1, 2.2; delta, 1-4 Hz; slow oscillation, 0.3-1 Hz,
Figure 2.2) define the slow-wave sleep (SWS), and two fast rhythms (beta,
20-30 Hz; gamma, 30-60 Hz, Figure 2.2) are prevalent during the brain-active
states of waking and rapid-eye-movement (REM) sleep. When the brain falls
asleep, electroencephalography (EEG) recordings shift from low-amplitude,
high-frequency rhythms to large amplitude slow oscillations. Far from being
epiphenomena, these fast and slow-frequency oscillations in the forebrain have
been hypothesized to play a role in highly integrative brain functions, e.g.,

consciousness, attentive perception, as well as synapse plasticity and memory.
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Figure 2.1 Cortical spindle waves during natural sleep of humans and cats
(Contreras et al., 1997)
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Figure 2.2 Coalescence of slow oscillation with spindle and gamma rhythms.
Intracellular recordings from cortical and thalamic neurons in cats. Note the
spindle (~10 Hz, up) and fast gamma rhythms (~40 Hz, bottom) during the
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depolarizing phase (from the onset of the negative trough of EEG) of the slow
oscillations. Modified from (Steriade, 2006).

Slow-wave sleep (SWS), which is characterized by synchronized low-frequency
rhythms (<15 Hz), was previously regarded as associated with global inhibition
of the cerebral cortex and the annihilation of consciousness. However, recent
studies, by using intracellular recordings of cortical cell types in naturally
sleeping animals, showed unexpectedly high levels of spontaneous neuronal
activities during SWS. Although the thalamic gates are closed for signals from
the outside world during SWS, the intracortical dialogues are maintained and
even increased (Timofeev and Steriade, 1996). These data suggest that SWS,
which was commonly regarded as complete brain quiescence, actually is highly
orchestrated and regulated, and may serve important cerebral functions, among
which is the consolidation of memory traces acquired during wakefulness ( Lee
and Wilson, 2002; Steriade and Timofeev, 2003; Ji and Wilson, 2007; Rasch and
Born, 2007; Rasch et al., 2007).

By contrast, during brain-active states of waking and REM sleep,
slow-frequency rhythms are suppressed, and synchronized fast rhythms within
the frequency band of 20-60Hz (within the beta/gamma frequency bands)occur
(Steriade et al., 1991b; Steriade et al., 1996a; Steriade et al., 1996b). These fast
rhythms are synchronized among cortical foci, within intrathalamic network, as
well as between cortical areas and related thalamic nuclei. The coherent fast
rhythms have distinct spatial and temporal features, when compared with those

of low-frequency oscillations. These data challenged the conventional notion,
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which postulated a completely desynchronized activity in thalamocortical
network during brain-active states of waking and REM sleep. Instead, they
demonstrated different degrees of synchronization among neurons during
various functional modes of behavioral states. Further study found that fast
rhythms (20-60Hz) are also superimposed upon the depolarizing components of
the slow (<1 Hz) oscillation (Steriade and Amzica, 1996; Steriade et al.,
1996a).The fast rhythms, which are present in the background electrical activity
during the brain-activated states of waking and REM sleep, are also thought to
enhance temporal coherence of responses and firing probability of cortical
neurons.

It appears that spontaneous brain rhythms during different states of vigilance
may lead to increased responsiveness and plastic changes in the strength of
connections among neurons, through which information is stored (Steriade and

Timofeev, 2003, Rasch and Born, 2007; Rasch et al., 2007).

Previous studies have shown that, to a certain extent, the genesis of brain
rhythms and the impact they exert on target structures depend on the intrinsic
properties of thalamic and neocortical neurons, and synaptic connections among
them. Thus, before entering into the core of spontaneous brain oscillations, it is
necessary to make a few introductions on the intrinsic properties of the neurons

and connections in the corticothalamic network.
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2.2 The organizations and properties of the corticothalamic network

The thalamus and cerebral cortex, undissociable in both structure and function,
should be considered as a unified entity or an oscillatory machine (Steriade et al.,
1997). The interconnections and functional interactions between the thalamus
and cerebral cortex are of great interest, because they are not only the physical
basis of sensory information processing, but also the foundation upon which the
state-dependent network activities of the forebrain are built.

The thalamus and cerebral cortex, the two major components of the
corticothalamic network, are intimately linked by means of reciprocal
thalamocortical (TC) —corticothalamic (CT) projections (Steriade et al., 1997).
The corticothalamic network mainly consist of neocortical, thalamic reticular
(TRN) and TC neurons (Figure 2.3), meanwhile subject to the inhibitory and
facilitatory modulation arising from the brain stem and other related forebrain
structures (Pape and McCormick, 1989; McCormick and Wang, 1991,
McCormick and von Krosigk, 1992; Steriade et al., 1997; Monckton and
McCormick, 2002). TC neuron, one neuron type of the dorsal thalamus, which
relays sub-cortical inputs to the cerebral cortex, is also called thalamic relay
neurons. The other thalamic neuron type in the dorsal thalamus is the local
inhibitory interneurons. The thalamic interneurons are greatly different in
numbers across species, and are unlikely to play an active role in the generations
of forebrain oscillations, which are common in all mammals. TRN neuron, the

GABAergic inhibitory neuron and the only neuron type in TRN, which is the
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most prominent part of the ventral thalamus.

2.2.1 The thalamus

The thalamus is at the crossroads of the brainstem, basal ganglia and
telencephalic circuits. It is the major gateway for the flow of information toward
the cerebral cortex, these signals including inputs from both the periphery and
from the intrinsic brain structure. In all sensory systems except olfaction, the
cerebral cortex receives sensory signals from the thalamus. The thalamus
actively implicates in shaping afferent signals through the CT feedback, and is
the first station at which the incoming signals can be blocked by synaptic

inhibition during sleep.

Figure 2.3 The oscillatory network in thalamocortical systems basically consist
of pyramidal-shaped long-axoned cortical neurons, TRN GABAergic neurons,
and TC neurons. Direction of axons is indicated by the arrows and excitatory or
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inhibitory effects are indicated by + or -. Modified from Steriade et al.(Steriade
et al., 1993d; Steriade et al., 1993a; Steriade et al., 1993b, 1993c).

Moreover, the thalamus participates in the intracortical propagations via
cortico-thalamo- cortical loops. Therefore, it could not be regarded merely as a
simple passive relay that communicates afferent impulses to the cerebral cortex,
but rather, a component of an elaborate circuit, which is designed to perform the
complicated computation for sensory signals processing. In addition to shaping
the signals and “switching off” the unwanted signals like a filter, another
important role of the CT feedback projections is to affect the firing mode of the
thalamus, which is associated with the behavioral states or the functional mode
of the neocortex. The corticothalamic network participates in the highly complex
integrative functions, and is crucial for shifting the functional mode of the brain
in a continuous way between an adaptive behavioral state, open to the outside
world, and a disconnected state when thalamic gates are closed (Steriade et al.,

1997).

2.2.1.1 Dorsal thalamus: TC neurons

When speaking of the thalamus, it usually refers to the dorsal thalamus, the
largest and most prominent component of the diencephalon. The dorsal thalamus
contains a number of distinct nuclei, each associated with a separate sensory,
motor or limbic function, e.g. the medial geniculate body (MGB) for auditory
system, the lateral geniculate nucleus (LGN) for visual system, and the

ventrobasal nucleus (VB) for somatosensory (Figure 2.5). TC neurons across
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functional systems share common principle with respect to the synapse
organizations and topographic distributions (Jones, 2002). With regard to
sensory nuclei, the ascending projections from the thalamus can be segregated
into two parallel pathway, known as lemniscal (primary) and non-lemniscal
(secondary) pathway (Hu et al., 1994; Sherman and Guillery, 2001; Jones, 2002).
Accordingly, the TC neurons can be divided into two distinct classes, namely
principal and non-primary nuclei. In auditory system, the lemniscal core of
MGB is the tonotopically organized ventral division (MGv). Neurons in the
MGv have extremely uniform properties, which include sharp frequency tuning,
and the shortest latency (8-15 ms) responses to acoustic stimuli. Neurons in
non-lemniscal MGB, the dorsal division (MGd) and medial division (MGm),
however, show broader or less well-tuned frequency response properties, more
variable firing patterns, longer latencies, non-tonotopic organization, and
integrative features for multisensory afferent inputs (Calford and Webster, 1981;

Calford, 1983).

2.2.1.2 VVentral thalamus: TRN neurons

The most prominent part of the ventral thalamus is the TRN, a thin sheet of
exclusively GABAergic neurons, forming a shell of the thalamus between the
thalamus and cerebral cortex, through which thalamocortical and
corticothalamic fibers pass (Jones, 2002). The main inputs of the TRN are the
collateral projections of TC and CT fibers. Unlike dorsal thalamus, ventral

thalamus does not project to cortex but instead targets the dorsal thalamus. TRN
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is the main inhibitory source of the corticothalamic network in many
mammalian species, e.g. rodents (Arcelli et al., 1997), making inhibitory
synapses with TC neurons.

On one hand, neurons in different TRN sectors are devoted to different sensory
modalities, show modality-specific and a topographic connections with the
dorsal thalamus and cortex, though the extensive overlap of dendrite of TRN
neurons make it unlikely that the topographic maps are very accurate just like
dorsal thalamus and primary cortex. In rats (Figure 2.4), the auditory sector of
the TRN is located in the caudoventral region of the nucleus, with the visual
sector situated dorsally to the auditory part, and the somatosensory sector
rostrally to them (Jones, 1975; Shosaku and Sumitomo, 1983). More details
about the precise topographic arrangements in visual (Montero et al., 1977,
Crabtree and Killackey, 1989), auditory (Conley et al., 1991), and
somatosensory (Shosaku et al., 1984; Pinault et al., 1995) systems (for review,

see Mitrofanis and Guillery (1993)) were illustrated in different species.
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Figure 2.4 Sequential coronal sections through the right TRN of the rat, based
on data from (Shosaku and Sumitomo, 1983). Different symbols and colors
represent recorded neurons of different modalities and the range of the
corresponding modality. The numbers represent distance (in mm) from bregma
(based on our unpublished data). S-TR: somatosensory TRN, V-TR: visual TRN,
A-TR: auditory TRN.

On the other hand, the TRN neurons extend dendrite trees within the thin
reticular sheet, which enable them receive from a widespread cortical and
thalamic regions and project to a widespread area in the dorsal thalamus (Liu et
al., 1995, Yu et al., unpublished data), Recent studies show that the TRN is
likely involved in the intrathalamic pathways allowing modality-related and
cross-modality switching in the dorsal thalamus (Crabtree, 1998; Crabtree and
Isaac, 2002).

More details about TRN neuron, please refer to 2.3.2.1.

2.2.1.3 The intrinsic properties of the TC and TRN neurons

Intra- and extracellular recordings in vivo and in vitro have revealed that
thalamic neurons have two basic modes of action potential generation: single
spike activity and rhythmic burst generation (for review see Steriade and
Deschenes (1984); Steriade and Llinas (1988)). Single spike activity is prevalent
during “brain activated” states e.g. wakefulness and REM sleep. Rhythmic burst
firing is dominant during the periods of low vigilance, such as SWS, deep
anesthesia, or absence seizures (McCarley et al., 1983; Steriade et al., 1993d,;
Steriade et al., 1993a; Steriade et al., 1993c, 1993b; Neckelmann et al., 1998;

Steriade and Amzica, 1998; Steriade et al., 1998; Steriade and Contreras, 1998).
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In vivo and in vitro intracellular recordings have revealed that bursting firing is
due to the activation of low threshold Ca?* or T-current (It)(Jahnsen and Llinas,
1984a, 1984b, 1984c; Steriade and Deschenes, 1984; Crunelli et al., 1989). The
T-current is a Ca®* current that is activated by depolarization of the membrane
positively to approximately -80mV after membrane hyperpolarization and
progressively inactivated by depolarization. That inactivation is complete at
around -60mV. Then this Ca*" current activate a high frequency discharge of
between 1 and 8 typical Na' and K' mediated fast action potentials at
frequencies of 250-500 Hz (Jahnsen and Llinas,1984a). The transition from
rhythmic burst firing in SWS to single spike activity during waking and REM
sleep is associated with substantial depolarization of the membrane potential,
which inhibits neuronal burst firing through inactivation of I+ and promotes
single spike activity by moving the membrane potential closer to the single spike
firing threshold (approximately -55mV).

Both TC neurons and TRN neurons are endowed with this calcium-dependent
electrogenic mechanism that leads to generation of phasic bursts of high
frequency spike discharge (Deschenes et al., 1982; Llinas and Jahnsen, 1982;
Mulle et al., 1986; Shosaku et al., 1989), but not local circuit inhibitory
interneurons (Pape and McCormick, 1989), which is why the latter group of
neurons do not appear to participate to any significant degree of synchronous
thalamic network activity (Bal et al., 1995b). The ability to fire high frequency

burst of spikes depends on the expression of sufficient numbers of the T-type
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low-threshold calcium channel (Huguenard, 1996).

Membrane  hyperpolarization,  resulting  from  either  long-lasting
neuromodulatory action (e.g. removal of the cholinergic inputs on TC neurons
originating from the pedunculopontine tegmental (PPT) and laterodorsal
tegmental (LDT) nuclei) (McCormick and Prince, 1987; McCormick and Wang,
1991), or brief inhibitory synaptic events (e.g. compound inhibitory postsynaptic
potential (IPSP) with GABAA and GABAg component on TC relay neurons
arising from TRN)(Steriade and Deschenes, 1984; Crunelli et al., 1988; von
Krosigk et al., 1993; Huguenard and Prince, 1994b, 1994a), enable burst firing
through deinactivation or repriming of the T-type channels (Steriade et al.,
1997).

One consequence of burst firing is that the associated depolarization, which lasts
approximately 20-100ms, can result in activation of secondary voltage- and
calcium-dependent conductances that in turn have long lasting effects on
excitability. In each cell type the secondary conductance is altered (either
activated or inactivated) by the burst itself, resulting in a subsequent
hyperpolarization that leads to repriming of T-type channels and ultimately to
secondary and tertiary burst responses, etc (Steriade et al., 1997). The difference
is that, TC relay neurons tend to oscillate around 4 Hz due to an interaction
between a hyperpolarization-activated current (Iy) and the calcium-dependent
burst response (McCormick and von Krosigk, 1992; Steriade et al., 1997), while

TRN neurons can oscillate at higher frequencies (~8Hz) as a result of a large
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calcium-dependent after-hyperpolarization (AHP) which follows each burst (von
Krosigk et al., 1993).

In summary, TC neurons and TRN neurons can fire calcium-dependent burst
responses after membrane hyperpolarizations, and both cell types have the

capability of auto-rhythmicity under appropriate conditions.

2.2.2 The sensory cerebral cortex

2.2.2.1 Anatomy and physiology of sensory cortex

Similar to the dorsal thalamus, the different sensory cortices show a
commonality of organization, and can be divided into primary and non-primary
areas. Take the auditory cortex as an example, the primary auditory cortex (Al)
is the main target of the lemniscal ascending pathway from MGy, with tonotopic
organization, sharp frequency tuning, and short latency (Winer, 1992). Neurons
with similar characteristic frequencies (CF) occupy cortical bands. In many
species, at least one other auditory field with a regular topography is found
adjacent to Al, forming mirror images of Al. The number of non-primary
auditory fields varies across species, including the secondary or third auditory
cortex (All/ Alll). At the borders of different sensory cortices are multisensory
association areas, in which neurons receive visual or somatosensory in addition

to auditory inputs (Toldi, 1986; Clarey and Irvine, 1990).

2.2.2.2 The Intrinsic properties of CT neurons?

2 Cortical neurons sending projections to thalamus, is called corticothalamic (CT) neurons

28



Chapter 2 Literature review

In neocortex, four basic electrophysiological subtypes of neurons have been
identified, including the regular spiking cells (predominant in middle layers),
burst spiking cells (mainly in deep layers), fast spiking cells (interneurons) and
fast rhythmic bursting (FRB) cells (sometimes called "chattering cells",
morphologically identified as spiny layer I1/111 pyramidal neurons)(Cunningham
etal., 2004).

Since neurons in the deep layers contribute to the corticofugal pathway, the burst
spiking cells in the deep layers have been proposed to play an important role in
the generation of rhythmic activity in the cortex. Burst firing CT neurons can
generate burst of 3 to 6 action potentials either in response to a short or
prolonged depolarizing input, such as excitatory postsynaptic potentials (EPSPs),
in response to the offset of a hyperpolarizing input, or spontaneously in a
rhythmic manner (Steriade et al., 1997). Similar to burst firing thalamic neurons,
burst firing corticothalamic neurons can shift to generating trains of single action
potentials upon tonic depolarization. The axons of them bifurcate repeatedly in
layers V and VI.

All these physiological properties and axonal connections may allow burst firing
neurons to act as the trigger or pacemaker of certain types of synchronized
cortical generated activity, such as delta waves and slow rhythms.

2.2.3 The reciprocal projections and physiological interactions in the
corticothalamic network

Although some isolated neurons can oscillate by virtue of their intrinsic
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properties, these different oscillations coalesce and combine into complex and
less stereotyped rhythmic patterns in the intact brain, due to the neuronal
interactions in the corticothalamic network.

The thalamus and cerebral cortex, the two major components of the
corticothalamic network, are intimately linked by means of reciprocal
projections. However, it is noteworthy that the recipient area of CT projections
and the originating area of TC fibers in the thalamic relay nuclei are not
completely overlapped. In the rodent and monkey, the recipient of Sl cortical
axons in the thalamic relay nucleus was larger than the origin of TV projections
(Hoogland et al., 1987).

Different areas of the cerebral cortex receive inputs from various dorsal thalamic
nuclei. TC pathways begin with excitatory synapses, from TC neurons, such as
the LGN, MGB, and VB neurons, mainly to neurons in layer IV of the visual,
auditory, and somatosensory cortex. In return, the CT neurons of layer V and VI
send the CT projections and innervate both dorsal TC neurons (as well as local
interneurons) and the ventral TRN neurons, all through the same excitatory
neurotransmitters- glutamate acids. The TRN neurons receive excitatory
collaterals of both thalamocortical and corticothalamic fiber, and project back,
however, only to the dorsal thalamus, but not to the cerebral cortex. They make
inhibitory synapses with TC neurons, and also innervate other cells of the TRN

(Figure 2.1, Figure 2.5).
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Figure 2.5 Corticothalamic circuitry in human for the (a) visual, (b) auditory,
and (c) somatosensory systems. All three systems share a similar basic
organization in mammals. TC neurons in the LGN, MGB, and VB send
excitatory projections to neurons in layer IV of primary visual, auditory, and
somatosensory cortex. In turn, neurons in cortical layer VI give rise to excitatory
feedback to the thalamus. Corticothalamic feedback axons terminate directly
onto relay neurons and interneurons in thalamic relay nuclei. Corticothalamic
axons also extend collateral projections into the TRN. TRN neurons then give
rise to inhibitory projections that terminate on thalamic relay neurons (Alitto and
Usrey, 2003).

All these crossing and interweaving axon pathways form the foundation upon
which the state-dependent network rhythmic activities of the forebrain are built,
and hold the key to understand the transmission and integrative mechanism of

the peripheral and intrinsic signals in the forebrain.

2.2.3.1 TC projections

The TC pathways arise from different populations of thalamic neurons
terminating in different areas and layers in the cortex, common in all sensory

systems. The lemniscal pathways relay sensory information from the core TC
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nuclei to the primary sensory cortical areas, which typically contain a map of the
sensory modality they represent and are topographically organized. The
lemniscal pathways carry the main sensory information to be relayed to cortex.
Projections from other non-primary thalamic nuclei are called non- primary TC
pathways, which however project to multiple cortical areas, other than to the
specific primary sensory cortex, including the second sensory cortex,
multisensory areas, or the sensory association cortex. The non-primary TC
pathways carry modulatory information, selectively gating of the sensory
information through the lemniscal pathways, integrating multisensory afferents
(Winer and Morest, 1983; Edeline, 1990; Edeline and Weinberger, 1992), and
leaving the sensory cortex prepared for the incoming signal. In the auditory
system, for example, the organization of MGB projections is quite similar in
different mammals. In cats, the MGv neurons project primary to the Al, and its
mirror region, the anterior auditory field (AAF)(Imig and Morel, 1984). The
MGd neurons project to auditory cortical area outside the primary auditory
cortex, while MGm projects to all auditory cortices including the association
cortex (Winer et al., 1977; Imig and Morel, 1983). MGm also projects to the
somatosensory cortex, prefrontal cortex, as well as amygdale and basal ganglia

(LeDoux et al., 1990; Shinonaga et al., 1994).

2.2.3.2 CT projections

Corticothalamic fibers make excitatory synaptic contacts on the distal dendrites

of thalamic principal neurons (Liu et al., 1995), as well as on inhibitory local
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circuit cells of the main sensory thalamic nuclei and the TRN (Yen et al., 1985).
The importance of the corticothalamic projections is emphasized by the
abundance of corticothalamic axons, about one order of magnitude larger than
that of thalamocortical fibers (White and Hersch, 1982; Steriade et al., 1997).

It is well known that the corticothalamic fibers originate from two distinct
classes of pyramidal cells with somata located in layers V and VI respectively
(Jones, 2002). The latter type (layer V1), the major part and with a narrow
vertical dendritic field centered on a short apical dendrite which ends by
branching in middle layers of the cortex with small terminals (<1um), has
focused projections with a specific thalamic nucleus from which its parent
cortical area receives input. The layer VI neurons play an important role in the
feed-back modulation of the cerebral cortex on the thalamic nucleus where it
receives its main afferents in appropriate topographic order. In contrast, the layer
V neurons in the same cortical area, although in smaller number but consistent,
interact non-specifically with different thalamic nuclei in large terminals
(2-10um). Their projections are not restricted to the area where it cortical parent
receives input, possiblly involving in feed-forward distribution of activity
among different parts of the cerebral cortex (e.g. corticocortcial
communication)(Steriade et al., 1997). Compared with layer VI, layer V neurons
have a stout apical dendrite ascending to layer I of the cortex with a horizontal
distribution of intracortical collateral. Studies also revealed that, the

corticothalamic neurons in layer V1 give off collaterals to TRN neurons, whereas
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the axons of layer V do not. Additionally, the layer V originating axons, after
giving branches to the thalamus, continue on to the tectum (Ojima, 1994), to
other parts of the brainstem or the spinal cord.

CT projections also differ in regional organization. Different cortical areas
receive inputs from various dorsal thalamic nuclei, and project reciprocally to
them. In auditory system of cat, Al and AAF project to MGy, All to the MGd,

and all fields as well as amygdala to the MGm (Andersen et al., 1980).

2.2.3.3 Dual effects of corticothalamic pathway on relay neurons

Undoubtedly, the corticothalamic fibers produce monosynaptic excitatory effects
on TC relay neurons mediated by N-methyl D-aspartate (NMDA), AMPA and
metabotropic glutamate receptors (McCormick and von Krosigk, 1992; Golshani
et al., 1998; von Krosigk et al., 1999). Meanwhile, the cortex exerts a disynaptic
inhibitory influence on the dorsal thalamus through TRN neurons mediated by
both GABAA and GABAg receptors (Jones, 2002). The corticothalamic
activation can generate either inhibitory or excitatory effects, to a large extent,
depending on the functional state of these neurons. When the TC relay cells are
relatively hyperpolarized, as occurred during natural sleep, drowsiness, or under
anesthesia, the disynaptic inhibition via TRN is normally sufficient to overcome
the direct excitatory effects of the CT projections. Hyperpolarized
thalamocortical neurons tend to discharge in burst firing mode after recover
from TRN inhibition. The burst action potentials excite, in turn, the TRN

neurons through the collaterals of the TC fibers. The re-excited TRN neurons
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re-inhibit the relay neurons, which burst again, and the cycle continues as a 7-14
Hz oscillation. This is the spindle generation mechanism that we normally

believe.

2.2.4 Modulatory systems

As mentioned at the beginning, the corticothalamic network are subject to the
modulatory systems located in brainstem reticular formation, posterior
hypothalamus and basal forebrain, which have been proved to play an important
role in changing the functional mode of the corticothalamic network associated
with states of vigilance. A series of studies have shown that a variety of
neurotransmitters, including acetylcholine (Ach), norepinephine (NE), serotonin
(5-HT), histamine(HA), and glutamate, can be released by the these modulatory
systems. All these neurotransmitters help maintain the waking state. Increase of
firing rate in neurons of these modulatory nuclei can predict the advent of the
arousal, and decrease of their activity indicates the drowsiness and sleep.
Electrical stimulation of brainstem cholinergic neurons or direct application of
Ach, results in the depolarization of TC neurons and the hyperpolarization of
TRN neurons (McCormick and Prince, 1986, 1987; McCormick, 1993), which is

associated with the disruption of sleep rhythms.

Because animals under anesthesia can hardly display the critical facets of the
fast rhythms faithfully, the fast rhythms are beyond our study with acute

preparations, and therefore, will not be addressed in this literature review.
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2.3 Long-range corticothalamic synchronization of sleep oscillations

Although the history of low-frequency oscillations of brain electrical activity
begins with Caton (1875) who is credited with the first report on electrical
currents of the brain, it is until the recent two decades that the distinct cellular
bases and mechanisms of the three major types of sleep rhythms were not
elucidated. Due to multi-channel simultaneous extracellular and intracellular
recordings from various cortical areas as well as from the thalamus, we have
learned that a variety of slow rhythms, from spindles (7-14 Hz) to delta (1-4 Hz)
and slow oscillations (< 1 Hz), occur from the early stages of sleep to deeper
stage. They are all associated with prolonged hyperpolarizations of TC and
cortical neurons, which are effective in inhibiting the transmission of afferent
signals.

The cortical-generated slow oscillations (< 1 Hz) have the virtue of grouping the
other two sleep rhythms arising in the thalamus within slowly recurring
wave-sequence due to the high power of the CT projections (Steriade et al.,
1993c; Contreras and Steriade, 1995), which explaining some differences
between the genesis and temporal sequence of spindles recorded from various
thalamic foci in animal with fully preserved corticothalamic circuit as opposed
to decorticated preparation. The stereotyped (clock-like) delta rhythm appeared
at an increasing level of hyperpolarization of TC neurons as compared with that
at which spindles appear (Steriade et al., 1991a; Nunez et al., 1992b). Delta

waves are also observed in athalamic cats (Villablanca and Salinas-Zeballos,
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1972), indicating that cortex is capable of generating these oscillations
independently (Metherate and Ashe, 1993), and that at least two components are

involved in generating delta oscillations in the normal and intact brain.

2.3.1 Cortically initiated slow oscillation (<1 Hz)

The slow oscillation was discovered by with intracellular recordings from
different (sensory, motor, association) cortical areas (Steriade et al., 1993d,;
Steriade et al., 1993c, 1993b) of animals under different anesthetics and in
unanesthetized animals with isolated forebrain. It has been further confirmed
with EEG and magnetoencephalography (MEG) recordings during natural sleep
of human and behaving animals (Achermann and Borbély, 1997a; Amzica and
Steriade, 1997; Simon et al., 2000; Fell et al., 2002). The survival of slow
oscillations after extensive thalamic lesions suggests that it is generated within
the neocortex (Steriade et al., 1993c). However, the synchronization of cortical
neurons is a powerful source for driving both TRN and TC neurons (Steriade et
al., 1972). Therefore, the slow oscillations can be reflected in the thalamus by
grouping the two other sleep rhythms arising in the thalamus, namely spindles

and clock-like delta oscillations.

2.3.1.1 Cellular mechanisms of slow oscillation

The slow oscillation consists of slow depolarizing envelopes ("up" phase, lasting
for 0.8-1.5 sec) with superimposed full action potentials or presumed dendritic

spikes, followed by long-lasting hyperpolarizations (“down" phase, up to 1 sec).
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The up phase is formed by non-NMDA-mediated EPSPs, fast prepotentials
(FPPs), a persistent Na* current (Ina), and fast IPSPs which reflect the action
of synaptically coupled GABAergic local cortical cells (Steriade et al., 1993b).
NMDA components seem unlikely to contribute to the maintenance of up states,
at least not essentially, because the slow oscillation is prevalent when animals
are anesthetized with ketamine, a powerful blocker of NMDA receptors.

The slow inactivation of the persistent Na* current (Fleidervish and Gutnick,
1996), as well as the activation of Ca®*- and Na‘-dependent K* currents
(Schwindt et al., 1989) would displace the membrane potential of neurons from
firing level, and the entire network would enter the hyperpolarized down state.
The synaptic depression of active synaptic connections (Tsodyks and Markram,
1997; Galarreta and Hestrin, 1998), probably produced by progressive depletion
of Ca®* during up phase (Massimini and Amzica, 2001), would also contribute to
the hyperpolarization state. However, the local cortical GABAergic interneurons
(electrophysiologically identified as conventional fast-spiking neurons) do not
participate in maintaining the down state, because they do not fire during the
hyperpolarization phase of all other neuronal types. Model studies proposed that
summation of miniature EPSPs during the down phase of the slow oscillation
could activate the Inap) and depolarize the membrane of pyramidal neurons
enough to generate spikes and trigger the next up phase (Timofeev et al., 2000;
Bazhenov et al., 2002).

The prolonged hyperpolarizations of cortical neurons during down phases are
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suggested to play a key role in the generation and synchronization of the cortical
slow oscillations. The transition from the slow sleep oscillation to
brain-activated behavioral states resulted from the erasure of prolonged
hyperpolarizations in cortical neurons and their increased input resistance during
the state of quiet wakefulness (Steriade et al., 2001). The initiation of
hyperpolarizations of cortical neurons should be ascribed to the decreased
release of modulatory transmitters as well as the loss of the excitatory inputs
from the thalamus.

2.3.1.2 Intracortical and corticothalamic synchronization of slow
oscillations

First of all, the slow oscillation is the emergent property of intracortical network,
since it survives the extensive destruction of thalamus. It is synchronously
distributed in distant and functionally different cortical areas. Most of the
cortical neurons (88%), including the regular-spiking and intrinsically-bursting
pyramidal-shaped neurons, as well as local-circuit aspiny stellate interneurons
are engaged in the slow oscillation (Steriade et al., 1993b). Studies showed that
the closely located cells were also closer in time, with shortest time-lags
between adjacent cortical areas (such as suprasylvian area 5 and 7) about 12ms,
and the caudally located neurons precede more rostral ones in 70% of cases. The
time-lags between oscillatory activities from distant sites, such as motor and
visual cortices, are longer, with a mean about 120ms (Amzica and Steriade,

1995a). Three pathways may contribute to the intracortical synchronization:
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intracortical projections, cortico-thalamo-cortical loops and intercortical
connections between bilateral hemispheres. The synchronization of oscillating
cortical foci can be disrupted by reversible inactivation with lidocaine, or
intracortical transections (Amzica and Steriade, 1995a, 1995b), and can fully
recover after the lidocaine-induced inactivation and partially recover even after
transections, of which the latter maybe due to compensatory functions exerted
by the corticothalamocortical circuits or intergyral connections. However, these
rather long time-lags are not necessarily due to a series of excitatory synapses,
because they may be ascribed to inhibition-rebound sequences between different
recorded foci (Steriade, 2002). But the precise mechanisms need further
investigations.

All thalamic nuclei reflect the cortical-generated slow oscillation. The
synchronization of cortical and thalamic neurons during the slow sleep
oscillation, through paired intracellular recordings from these two neuronal
types (Contreras and Steriade, 1995), leads to combined slow and spindle
rhythms. The grouping of these two sleep oscillations, as described in animal
experiments, was also illustrated in human EEG signals during stages two and
three of SWS (Molle et al., 2002).

Studies have shown that the slow oscillation is absent in TRN and TC neurons
which are ipsilateral to a hemi-decortication (Timofeev and Steriade, 1996),
whereas the other sleep rhythms are present. However, this does not exclude the

possibility that, in intact animals, the thalamus provides additional drivers to
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reinforce the depolarizing component of this cortical rhythm.

2.3.2 Thalamic-generated spindle oscillations (7-15 Hz)

Spindle waves typically appear in EEG, during early sleep stages and drowsiness
(Steriade and Deschenes, 1984; Steriade et al., 1993a), and are prevalent under
barbiturate anesthesia. However, it should be noted that barbiturate-induced
spindles are different from the natural sleep spindles (Molle et al., 2002; De
Gennaro and Ferrara, 2003), as the former is unlikely associated with a
K-complex. The spindles are made of rhythmic waxing and waning activity at
7-14 Hz over a 1-4 s period that recurs once every 3-10 s. They are generated in
the thalamus through the interaction between the TRN and TC relay neurons
(von Krosigk et al., 1993), by the combination of intrinsic membrane properties
and connectivity pattern among thalamic neurons. Complete removal of the
cerebral cortex leaves the spindle waves intact in the thalamus, while lesions of
the thalamus result in abolished of spindle waves in the cerebral cortex (Guo et
al., unpublished observation). The TRN is suggested to play a pace-making role
in the genesis of spindle wave, which is demonstrated by the absence of spindle
in thalamic territories disconnected by lesions or naturally devoid of input from
TRN (Steriade et al., 1985; Pare et al., 1987) and the preservation of spindle

rhythmicity in the isolated TRN (Steriade et al., 1987).

2.3.2.1 Mechanisms of spindle rhythms

41



Chapter 2 Literature review

TRN consists of a GABAergic neuronal sheet, and forms a shell of the thalamus
between the thalamus and cerebral cortex, through which thalamocortical and
corticothalamic fibers pass (Jones, 1985). The TRN is heavily innervated by
collaterals of thalamocortical and corticothalamic fibers and in return innervates
TC relay neurons in the thalamus. Thus TRN neurons form reciprocal loops with
glutamatergic TC neurons, and their major source of excitation is the neocortex.
The TRN neurons are inhibited by acetylcholine (Ach) released from projections
of the brainstem PPT and LDT, as well as the basal forebrain. Ach
hyperpolarizes TRN neurons and depolarizes TC relay neurons (McCormick and
Prince, 1986, 1987; McCormick, 1993).

TRN neurons have long dendrite trees extended within the thin sheet. Spindle
sequences in TRN neurons are preceded by prolonged (200-300ms)
hyperpolarizing potentials (Fuentealba et al., 2004), and these hyperpolarizing
potentials could have a dendritic origin, similar to the T-current in TRN neurons.
Dendrodendritic synapses in TRN have been definitely recognized in cat. Indeed,
G-protein-activated inwardly rectifying K* channels mediate this dendritic
hyperpolarization (Fuentealba et al., 2005), and the candidate receptors could be
GABAg receptors, as well as peptidergic receptor for somotostatin and
neuropeptide Y, all of which have been identified by immunostaining in the
TRN.

Spindle generation by a network of GABAergic reticular neurons is supported

by in vivo (Steriade et al., 1987; Fuentealba et al., 2004) and in computo
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(Destexhe et al., 1994; Timofeev et al., 2000) studies demonstrating interactions
between inhibitory reticular neurons that lead to spindle sequences. During
spindle, TRN neurons generate rhythmic (7-14Hz) spike-burst superimposed on
a depolarizing envelope, whereas TC neurons fire rebound bursts when the
IPSPs imposed by TRN neurons are hyperpolarized enough to remove
inactivation of the low threshold Ca®* channels.

Because corticothalamic excitatory volleys could elicit this prolonged
hyperpolarization in TRN neurons, here is the whole picture of spindle rhythms
generated during slow-wave sleep. The firings in cortical neuronal pools could
excite TRN neurons, generating low-threshold spikes (LTS) crowned by spike
bursts (at relatively hyperpolarization levels of membrane potential, as occurring
in slow-wave sleep). These TRN neurons, in turn would induce prolonged
hyperpolarization in adjacent and/or distant TRN neurons through
dendrodendritic GABAergic synapses (Steriade et al., 1985; Fuentealba et al.,
2004) and electrical coupling (Landisman et al., 2002; Fuentealba et al., 2005),
generating rhythmic (7-14Hz) spike-burst, hyperpolarizing TC relay neurons to
remove inactivation of the low threshold Ca?* channels and resulting in the latter
to rebound burst. The inhibitory actions of TRN neurons and rebound spike
bursts in TC neurons are in return responsible for the transfer of spindles to the
cortex. Intracellular recordings from thalamic relay neurons reveal that spindle
wave is associated with barrages of inhibitory postsynaptic potentials (IPSPs)

arising from the TRN neurons. These IPSPs result in the occasional generation
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of rebound low threshold Ca®** spikes of the TC neurons, thereby causing
barrages of EPSPs in cortical neurons and generating the spindle waves of the
EEG.

For the more powerful activation of TRN neurons, which depends on the
enrichment of GIuR4 receptor subunits at corticothalamic synapses on TRN
neurons, the capacity to generate higher amplitude EPSCs in TRN neurons than
in TC relay neurons (Golshani et al., 2001). These ensure that the monosynaptic
EPSPs in the thalamic relay neurons are quickly overcome by the disynaptic
TRN-based [IPSPs. The rebound spike bursts in TC neurons after
hyperpolarizations re-excite TRN neurons, thus promoting continuation of the
oscillation in the spindle range. On the other hand, some studies also showed
that the intrareticular inhibitory interactions, mainly mediated by GABAa
receptors, could serve to dampen the recurrent excitation of TRN neurons by the
bursting relay neurons (von Krosigk et al., 1993; Kim and McCormick, 1998).
Synchronization of the cells is promoted by the blockade orabsence of GABAA
receptor—-mediated inhibition in the TRN, leading to prolonged bursts and
hyper-synchronized slower oscillations, which resembles absence seizures
(Destexhe et al., 1996b; Destexhe, 1998; Blumenfeld and McCormick, 2000).
Notice that activation of GABAAa receptors which are directly coupled to
chloride ionophores, leads to rapid inhibition, while GABAg receptors are linked
through G protein-dependent processes to a slower activation of potassium

channels.
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2.3.2.1.1 Intrathalamic interaction

The equilibrium potential for the synaptic current is quite hyperpolarized in TC
relay neurons, where estimates of the Ec, the chloride equilibrium potential for
GABAA mediated responses, range from -86 to -94mV, which is in the voltage
range where repriming of T currents occurs quite rapidly (Coulter et al., 1989).
Therefore, single IPSPs that reach a peak hyperpolarization, near -90mV, may
result in rebound calcium-dependent burst firing. GABAg receptors activate a
long lasting (~100-600ms) potassium conductance that results in almost
complete repriming of T-type channels. Thus, the combined response of an early
GABAA chloride current and a late GABAg potassium current evokes prolonged
postsynaptic hyperpolarization on thalamic relay neurons and thus robust burst
activation that re-excite the TRN neurons, promoting continuation of the
oscillation.

Excitatory output from TC relay neurons is mediated mainly by ionotropic
glutamate receptors (Huguenard and Prince, 1994a; Bal et al., 1995a), largely of
the AMPA subtype (Bal et al., 1995a), although there also appears to be a
component mediated by NMDA receptors (Huguenard and Prince, 1994a).

As the GABAg IPSPs are long-lasting and deeply hyperpolarizing, their
activation would be a particular effective mechanism for reliable burst
generation in relay neurons. The potassium-dependent synaptic potential may be
responsible for activating relay neurons and recruiting them into a synchronous

network oscillation. TRN intranuclear connections, mediated mainly by GABAa
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receptors (Ulrich and Huguenard, 1996), can actually shunt burst generation in
these cells (Bal et al., 1995b). When recurrent connections are blocked, very
long lasting bursts occur, and enhance the output onto TC relay neurons (von
Krosigk et al., 1993; Huguenard and Prince, 1994b). The resulting de-inhibition
causes enhanced GABAergic output from TRN, with resultant large
GABAGg-dependent IPSPs in TC relay neurons that promote rebound burst

responses in a large proportion of cells.

2.3.2.1.2 Corticothalamic synchronization of spindles

Spindle is distributed to cortical territories by the thalamocortical axons, and
induces rhythmic EPSPs in the cortical neurons, which is the origin of the EEG
spindle waves. In return, spindle wave can also be triggered by the
corticothalamic volleys arising from slow-wave activity generated in the
cerebral cortex (Contreras and Steriade, 1995). The synchronization of spindles
over widespread thalamic and cortical territories is different in vitro and in vivo.
In contrast to the nearly simultaneous spindle sequences seen in the thalamus
and cerebral cortex in vivo, in acutely prepared animals as well as during natural
slow-wave sleep in cats and humans (Contreras et al., 1996, 1997), spindles
propagate along the dorsoventral axis of the lateral geniculate nucleus in slices
from the visual thalamus of ferrets (Kim et al., 1995). The contrast between the
simultaneity of spindle sequences in the intact brain and spindle propagation in
thalamic slices might be due to the absence of the cortex in the latter, simplified

preparation (Fuentealba et al., 2005). In fact, after decortication, the simultaneity
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of spindle sequences throughout the thalamus is disorganized without, however,
showing systematic propagation as in thalamic slices (Contreras et al., 1996).
Compared with the simultaneous occurrence of spindle oscillations in the
functionally intact brain, a diminished spatiotemporal coherence of spindle
oscillations was observed during barbiturate anesthesia, when corticothalamic
neurons display poor spontaneous activity, as well as during states of depressed
cortex, produced by releasing a drop of highly concentrated K™ acetate over the
cortex (Destexhe et al., 1999Db).

The decisive role of the slow oscillation in thalamic spindles is also
demonstrated by the fact that the typical waxing-and-waning pattern of the
spontaneous spindles waves are only envisioned under barbiturate anesthesia or
isolated thalamus. Under ketamine/xylazine anesthesia, the thalamic spindles
display only a waning pattern, with nearly no waxing process, because the
powerful corticothalamic drive recruits almost the maximum TRN and TC
neurons from the beginning of spindle sequences (Contreras and Steriade, 1996).
The waxing pattern of spindle oscillation is due to a progressive entrainment of
units into the oscillation until a maximum number is reached. The same reason
can explain that under all anesthetics, spindles have a waning pattern when
elicited by cortical stimuli, and that only waning pattern of spindles can be seen
in the thalamic relay neurons when ascending pathway is activated.

2.3.2.2 Close phase relations between cortical and thalamic neuronal

activities during the slow EEG oscillation
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Many studies have confirmed the close time-relations between cortical and
thalamic neuronal activities during anesthesia or natural sleep. Under urethane
or ketamine/xylazine anesthesia, spindle sequences are grouped by a cortically
generated slow oscillation and preceded by a depth-positive EEG wave that
corresponded to a prolonged hyperpolarization in all three investigated (cortical,
TC and TRN) cellular types (Contreras and Steriade, 1996). Cortical, TC and
TRN neurons are similarly hyperpolarized during the depth-positive EEG waves
and depolarized during the depth-negative (surface-positive) EEG deflections. In
TC neurons, spindles consist of IPSPs, and could fire spike bursts at the onset of
the EEG depth-negativity. During low-frequency oscillatory states, due to the
high efficiency of the corticothalamic volley in triggering thalamic spindles
(Steriade et al., 1972), the cortical and thalamic neurons display phase relations
that are restricted to narrow time windows. The spontaneous transitions from
less synchronized to more synchronized EEG states are marked by a
simultaneous hyperpolarization, coincident with an overt depth-positive EEG
wave, i.e. this synchronization results from a generalized inhibitory phenomenon

(Contreras and Steriade, 1995).

2.3.3 Stereotyped delta oscillation generated in the thalamus and the delta
EEG waves
That a stereotyped delta oscillation generated in the thalamus was

unambiguously demonstrated in many intracellular studies of TC neurons
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recorded from the dorsal division of LGN and ventroposterior nucleus slices
(McCormick and Pape, 1990b, 1990a; Leresche et al., 1991) and from a variety
of sensory, motor, associational, and intralaminar thalamic nuclei in vivo
(Steriade et al., 1991a; Nunez et al., 1992a; Steriade et al., 1993d). However,
delta waves are also observed in athalamic cat (Villablanca and Salinas-Zeballos,
1972), indicating that the cortex is capable of generating these oscillations
independently. So thalamocortical neurons can generate stereotyped clocklike
delta oscillation due to their intrinsic properties, but it can hardly account for the
rather irregular polymorphous EEG delta waves. Early experiments indicated
that large thalamic lesions suppressed cortical spindles, but EEG delta waves

were preserved in the cortex (Villablanca and Salinas-Zeballos, 1972).

2.3.3.1 Spindle and delta

Delta oscillation is generated at a membrane potential (\Vm), more negative than
spindle rhythm (Steriade et al., 1991a; Nunez et al., 1992a; Steriade et al.,
1993d). The transformation of spindles to delta rhythms was also obtained by
means of microinjections of NMDA blockers into the thalamus (Buzsaki, 1991),
likely producing a hyperpolarization of TC neurons. Delta appears during later
stages of sleep than spindles. The occurrence of these two sleep oscillations at
different Vm, led us to postulate a progressive hyperpolarization of TC neurons
with deepening of EEG-synchronized sleep (Steriade et al., 1991a), which is due
to the progressive reduction in the firing rates of brainstem cholinergic and

monoaminergic cells (Steriade, 1990). Similarly, a progressive hyperpolarization
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takes place in TRN. That the spindles and delta oscillations in TRN neurons
occur at different Vm, like in TC neurons, is also suggested by the intracellular
recordings in vivo showing that spindles are triggered in rostrolateral sectors of
RE nucleus at the resting Vm (= -60 mV), while rhythmic spike bursts at delta
frequency require depolarizing pulses applied at -90 mV (Steriade and McCarley,
1990; Steriade et al., 1997). These data support the idea that spindle and delta
oscillations progressively develop during EEG-synchronized sleep as a
consequence of Vm changes in both CT and TRN neurons. The reciprocal
relation between spindles and delta oscillations found support in studies of EEG
patterns recorded from the CL intralaminar thalamic nucleus in naturally
sleeping cats, with spindles being maximal at sleep onset and decreasing

thereafter whereas delta waves increasing gradually (Lancel et al., 1992).
2.3.3.2 Cellular mechanism of delta rhythms in TC neurons

McCormick and Pape (McCormick and Pape, 1990a) have proposed a model of
delta oscillation resulting from the interplay between two membrane intrinsic
currents present in thalamic neurons: (1) a hyperpolarization-activated inward
(anomalous) rectifier carried by Na* and K* (I,)(Pape and McCormick, 1989),
and (2) a transient Ca** current (I) underlying the LTS giving rise to bursts of
high-frequency, fast Na" action potentials (Jahnsen and Llinas, 1984a, 1984b,
1984c).

According to this model, the hyperpolarization of TC neurons activates the I,

which depolarizes the membrane toward threshold for a Ca’*-dependent LTS
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crowned by a burst of Na* fast spikes; this depolarization inactivates the I, and
the resulting hyperpolarizing overshoot again triggers the I, which depolarizes
the membrane toward another LTS.

The delta oscillation is generated by two currents of TC neurons when their V,
is hyperpolarized by about 10-15 mV. This alteration occurs during natural
slow-wave sleep (Hirsch et al., 1983), because of the decrease in firing rates of
activating cholinergic and monoaminergic brainstem neurons (Steriade and
McCarley, 1990). Another factor leading to the hyperpolarization of thalamic
neurons during slow-wave sleep is the decreased firing rates of CT neurons
(Steriade et al., 1978). During waking, the cortical input produces a prolonged
depolarization of thalamic neurons resulting from a reduction in a resting K*
conductance, IKL, through the activation of glutamate metabotropic receptors
(McCormick and von Krosigk, 1992). After removal of the powerful
depolarizing impingement of cortical origin, thalamic neurons are
hyperpolarized by about 10mV and, consequently, spontaneously delta
oscillations are seen in virtually all recorded neurons (Steriade et al., 1993d).
Cortical cellular mechanisms of delta waves have been proposed by Metherate

and Ashe (Metherate and Ashe, 1993).

2.4 Grouping of brain rhythms in corticothalamic network

Each of these brain rhythms stems from distinct neuronal network and is
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generated by the interplay among different synaptic mechanisms or
voltage-gated currents (reviewed in (Steriade et al., 1997)). They may be
recorded in the thalamus (such as spindles) or neocortex (the slow oscillation)
after their complete disconnection. However, it is encouraging to note that, in the
intact brain, different brain rhythms coalesce by the virtue of the reciprocal
loops between the neocortex and thalamus. The major factor behind this
coalescence is the cortically generated slow oscillation. The coherent firing of
cortical neurons during its depolarizing phase impinges upon the thalamus and
triggers less stereotyped and complex wave-sequences, which include different
types of rhythmic patterns within one oscillatory cycle. The experimental
evidence for unified oscillations derived from simultaneous intracellular
recordings of cortical and thalamic neurons in vivo (Steriade et al., 1993b).
Recent studies in humans using global methods provided congruent results of
grouping different types of slow and fast oscillatory activities (Achermann and
Borbély, 1997a).

Another concept of unified brain rhythms is based on basic cellular mechanisms
that underlie generation of brain waves. Therefore, we will not be confused
when we observe a cortical slow oscillation with a frequency of > 1 Hz, which is
assumedly within the delta band. Another example is the thalamic spindle and
delta oscillation. They can be unified by considering hyperpolarization-rebound
discharges under different membrane potentials, regardless of its frequency

range.
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Instead of dissecting various frequency bands of the major oscillations that
characterize the brain electrical activity during states of vigilance, it is

conceptually more rewarding to analyze their coalescence (Steriade, 2006).

2.5 Functional implication of sleep oscillations

Far from being epiphenomena, spontaneous brain rhythms serve highly
integrative brain functions, e.g. consciousness, attentive perception, as well as
synapse plasticity and memory (Lee and Wilson, 2002; Steriade and Timofeeyv,
2003, Rasch and Born, 2007; Rasch et al., 2007).

The cortical and thalamic neurons may use oscillations as a way to
homeostatically adjust the balance of ionic currents and regulatory mechanisms
(LeMasson et al., 1993). The rhythmic spike burst during sleep may provide a
“search light” for a quick transition to an arousal state (Crick, 1984; Steriade et
al., 1993a).

More importantly, it appears that spontaneous brain rhythms during different
states of vigilance may lead to increased responsiveness and plastic changes in
the strength of connections among neurons, through which information is stored.
For example, it is well established that synchronized oscillations occurring in the
immature retina can direct the synaptic development of visual thalamus and
cortex long before the onset of vision (Meister et al., 1991; Tononi and Cirelli,
2006). Similarly, the slow-wave sleep oscillation along a certain pathways

during sleep may play a role in the spike timing-dependent or activity-dependent
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synaptic plasticity. Recently, evidences both from human studies by Born
group (Raschet al., 2007) and from rats by Wilson group (Lee and Wilson, 2002;
Ji and Wilson, 2007) strongly proposed sleep as an off-line period during which
memories are spontaneously reactivated and redistributed in the absence of
interfering external input (Rasch and Born, 2007). The role of slow-wave sleep
oscillation in consolidating memory traces acquired during wakefulness is being
explored in both experimental animals and human subjects (for review see
Steriade and Timofeev (2003), Rasch and Born (2007)).

However, uncovering the function of the sleep-related oscillation will be a hard
and long-standing task, just as understanding the nature of cognitive

representations.
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Chapter 3

Methodology

3.1 Introduction

The methods employed in this thesis consist of observational recordings and
experimental designs. This chapter illustrates our animal model, surgical
procedures, recording techniques, stimulation signals, histological skills and
analytical processes. Some further details are described in Chapter 4 to 5 if

needed.

3.2 Materials and methods
3.2.1 Animal preparation
3.2.1.1 Subjects

Adult Sprague-Dawley rats (220-380 g) and Hartley albino guinea pig, Cavia
porcellus, male or female, were served as the subjects. The inclusion criteria
include clean, intact, infection-free external ears and sensitive pinnae reflex. The
subjects were kept in the Laboratory Animal Unit at constant temperature (22°C)
and on a regular 12-hour light/dark cycle. All experiments were conducted in
compliance with the Principles of Laboratory Animal Care (NIH publication no.

86-23, revised 1985) and the ethical principles of The Hong Kong Polytechnic
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University. All experimental protocols were approved by the Animal Subjects

Ethics Sub-Committee of The Hong Kong Polytechnic University.

3.2.1.2 Animal preparation

Anesthesia was initially administrated with a combination of ketamine/xylazine
(100 and 10 mg/kg, i.p., Alfasan, Holland) or with pentobarbital sodium
(Nembutal 35 mg/kg, i.p., Abott labs, Irving, TX), and maintained by regular
administration of supplemental doses of the same anesthetics (33 mg/kg/hr; 3.3
mg/kg/hr for ketamine/xylazine; 5-10 mg/kg/hr for Nembutal) during the
surgical preparations and recordings. Atropine sulphate (Sigma, 0.05 mg/kg
initially and 0.01 mg/kg/hr, s.c.) was administrated 15 min before anesthesia and
at regular intervals. The subjects were mounted on the stereotaxic device
following the induction of anesthesia, and the body temperature was maintained
at about 37.5°C with an electric thermo-blanket (Homeothermic Blanket
Systems, Harvard Apparatus, South Natick, MA). A midline incision was made
in the scalp, and craniotomies were performed to enable us to vertically access
the AC and MGB or other sensory cortex and thalamus in the right (both)
hemisphere(s). The dura mater was removed above the auditory cortex and at a
position vertically above the auditory thalamus. Cerebrospinal fluid was released
through the foramen magnum. Occasionally, artificial respiration was applied to
the animal, muscles were relaxed after administration of gallamine triethiodide
(Sigma, 50 mg/kg initially 10 mg/kg/hr regularly, i.p.), and the end-tidal carbon

dioxide was monitored.
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In some experiments, ablation of AC was performed by suction after complete

exposure of the AC, including part of the visual cortex and barrel cortex.

3.2.2 Acoustic stimuli

The subject was placed in a double-walled soundproof room (NAP, Clayton,
Australia). Acoustic stimuli were generated digitally by a MALab system
(Kaiser Instruments, Irvine, CA, USA) (Semple and Kitzes, 1993; Achermann
and Borbély, 1997b), or by TDT auditory physiology workstation (Tucker-Davis
Technologies, Alachua, FL). Acoustic stimuli were delivered through sealed
acoustic system using a calibrated earphone (Bayer DT-48, Bayer, Wuppertal,
Germany or EC1, TDT) to left or both ears. The sound pressure level (SPL) of
the earphone was calibrated over the white noise and a frequency range of 100
Hz to 35 kHz under the control of a computer by using a condenser microphone
(1/4 inch, Briel and Kjer, Norcross, GA).

Noise bursts with frequencies ranging from 100 Hz to 35 kHz and pure tones
(duration: 50/100 ms, rise/fall time: 5/10 ms, repetitive rate: 3 Hz to 0.25 Hz)
were employed. In some experiment, simplified visual stimuli were given by
using the custom-made LED matrix, triggered by the TDT auditory physiology

workstation.

3.2.3 Pharmacology: Drug Applications

All drugs were bought from Sigma (US) or Tocris (UK), unless otherwise

specified. A series of pilot experiments were performed to determine the optimal

57



Chapter 3 Methodology

dose of various drugs, including bicuculline methobromide (BIM) (GABAAa
receptor antagonist), kainic acid (KA, an excitatory neurotoxin), antagonists for
different glutamate receptor types: AP-V(for NMDA receptor), CNQX (for
non-NMDA receptor), LY367385 (for metabotropic receptor mGlula),
L-glutamate, acetylcholine (Ach), GABA. Micro-injections were made through
a Hamilton microinjection syringe which was connected to a grass pipette of
25-30-pum diameter. Saline, unless otherwise specified, was used as the internal

vehicle control.

3.2.3.1 BIM injection in AC

BIM (15mM in 0.9% NaCl) was used here to activate the auditory cortex (or
visual and somatosensory cortex). Normally, a volume of 0.2-0.3 ul was used
(Sun et al., 2007). A minimum of 0.1ul was enough for local activation of
injection cortices, and a maximum of 0.4ul was used for wide activation. The
injection needle was perpendicular to the AC, and the tip of the needle was
positioned in the primary auditory cortex (the exact steretaxic coordinates of the
injection site were 4.5mm caudal to the bregma, and 4mm below the interface of
parietal bone and temporal bone on the temporal lobe) at a depth of 1.0 mm
from the cortical surface, aiming at the deep layers. The injection speed was
about 3 min/ul. For vehicle control, two subjects were used in which the same
dose of saline (0.9% NaCl) was injected into the corresponding site in the AC. In
other subjects, the strategy of internal control was applied, and saline was

injected into AC contralateral to the BIM injection.
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The subjects survived for 1-1.5 hr after BIM injection in the AC, and then they

were sacrificed for Fos immunohistochemistry.

3.2.3.2 Direct excitation of MGB neurons

Either L-glutamate (0.3 pul, 100 mM, pH 7-8, n= 7 subjects) or Ach (0.3 ul, 100
mM, pH 4.0, n=3 subjects) was administered for a direct activation of MGB
neurons. The injections were consecutively made for 2-4 times with an interval
of 5-10 minutes. Kainic acid (KA) used in the present study served for two
purposes (McGeer et al., 1978; Steriade et al., 1985; Descheenes and Hu, 1990):
one was to directly activate MGB neurons within a short period (<2 hr), and the
other one was to lesion the TRN neurons after a long time action (> 20 hr). Two
subjects were injected with KA(100 mM, 0.1ul) in the MGB.

In these cases, the subjects survived for 1-1.5 hr after glutamate/ Ach/KA

injection in the MGB before they were sacrificed for Fos immunohistochemistry.

3.2.3.3 Injection of glutamate receptor antagonist

Nine subjects were injected respectively with three different kind of glutamate
receptor antagonist: AP-V (100 mM, pH 8.0, n=3 subjects), CNQX (1 mM, pH
8.5, n=3 subjects) and LY 367385 (0.5 mM, pH 7.4, n=3 subjects), three for each
group. A total volume of 0.3 ul was consecutively injected for four times at
20-minute interval in MGB, starting before the AC was bilaterally activated with
BIM till the sacrifice of subject. The same dose of saline (0.3 ul, 0.9% NaCl)

was injected into the contralateral MGB as vehicle control for all subjects.
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The exact stereotaxic coordinates of the injection sites in MGB were 5.5-5.8 mm

caudal to the bregma, 3.3 mm lateral to the midline and 4.6-4.9 mm in depth.

3.2.3.4 Lesion of TRN with KA

Eight subjects were injected with KA (100 mM, 0.3 pl) in the TRN for a
selective lesion of the TRN neurons two to seven days before BIM injection in
the AC, this survival period being enough to verify histologically the efficacy
and extent of TRN lesions (Steriade et al., 1985; Descheenes and Hu, 1990).
Briefly, prior to any invasive procedures, the shaved area of the animals and the
surgery apparatus were cleaned with 70% alcohol solution. KA was injected in
small amounts (usually 0.05-0.06 ul) at two-six different sites to avoid seizures
over a period of 60-90minutes. The exact stereotaxic coordinates of the injection
sites in TRN were 3.2-3.8 mm caudal to the bregma, 3.6 mm lateral to the
midline and 4.3-5.5 mm in depth. Finally, the bony cavity was packed with
absorbable gelatin sponge and the wound was sutured and treated with lidocaine
(Astra GmbH, Wedel, Germany). For postoperative care, antibiotic ointment
(Furacin, SmithKline Beecham Pharmaceuticals, Johannesburg) was
administered daily to the skin wound. To examine the effectiveness of the KA in
selectively damaging the TRN neurons, coronal sections containing the TRN cut

at 60um were processed with Nissl staining.

3.2.4 Extracellular Recordings
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The gross EEG was recorded monopolarly by means of a screw inserted into the
bone over the cortical pericruciate area, served as monitoring the anesthetic level
of the subject. The subject was mounted in a stereotaxic device following the
induction of anesthesia. Body temperature was maintained between 37.5 and
38.5°C. Before the left ear was freed from the ear bar, the head was fixed with
two stainless steel bolts together with acrylic resin to an extended arm of the
stereotaxic frame. These ensured that the subject's head remained fixed to the
stereotaxic device without movement (He, 1997; He et al., 2002).

Two types of electrodes were used to recording the cortical and thalamic
neuronal activity extracellularly: (1) array of four/six/eight tungsten
microelectrodes in constant inter-electrode distance of 0.2/0.5 mm, with an
impedance of 1-2/5-6 MQ (FHC Inc., Bowdoin, ME); (2) a single tungsten
microelectrode (impedance: 1-2/5-6MQ) attached to a glass micropipette of
diameter of 30-40 um, which was used for drug application.

The electrodes were advanced using a stepping micro-motor, that was controlled
outside the sound-proof room. A preliminary mapping experiment was carried
out to confirm the MGB and AC with acoustic responses. Penetrations were
made according to the rat atlas (Paxinos and Watson, 1998), also referring to the
topography of brain surface vessel (Figure 4.1), perpendicularly to the surface of
the AC and vertically from the top of the brain to the MGB. Normally, the
recording electrode array was placed in thalamus targeting the MGv with

two/three electrodes of the matrix. Briefly, the electrodes were vertically
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penetrated into the MGB, and after recording the first acoustic response, the
electrodes were further advanced by 400-600pum. The MGv neurons are
characterized with short latencies and easy-defined CF. The cortical electrodes
were placed at a depth of 700 to 1100 um targeting at Layers V and VI. The
vertical coordinate of the electrode was determined at a point slightly above the
cortical surface at the first penetration, was kept throughout each experiment for
AC and thalamus respectively (He, 2003a). Spontaneous activities or acoustic
responses of multi-units were simultaneously recorded in the MGB and AC,
before, during and after BIM injection into the AC.

Signals were A/D-converted (Axon Digital 1440, Axon Instruments, Union City,
CA) and filtered (300 Hz-5 kHz) before stored in a computer for off-line
analysis. Spikes of single unit were detected with home-made software:
time-amplitude window-discriminator.

For anatomical confirmation of recording sites, a small lesion was made passing
a current of 1.0-2.0 pA through a recording electrode at the end of the last

recording penetration in some subjects.

3.2.5 Electrical stimulation

Electrical stimuli, a train of 1 t010 monophasic (or biphasic) electric pulses
(50-200 pA, 0.2-ms duration, 10/20-ms interval), were delivered through a

either bipolar low-impedance electrode (He, 2003a; Yu et al., 2004a).

3.2.6 Histology
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3.2.6.1 C-fos immunohistochemistry

After electrophysiological recordings, All subjects were deeply anesthetized
with an overdose of pentobarbital sodium (0.1 mI/100 g, 60 mg/ml, i.p.) and
perfused transcardially with 200 ml 0.9% NaCl, followed by ice-cold 4%
paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). The brains were
quickly removed from the skull and post-fixed for 4 hrs in the same fixative.
After post-fixation, the brains were cryoprotected in 30% sucrose in PB (0.1 M,
pH 7.4) for 2 days at 4°C. Coronal sections (with a thickness of 40 um) were cut
with a freezing microtome. Three serial sections were collected in
phosphate-buffered saline (PBS, 0.01 M): one series was processed for c-fos
expression, one series for Nissl staining, and the last one as reserve.

For c-fos expression, the series of sections were pretreated with a 0.3%
hydrogen peroxide solution, followed by 1% sodium borohydride solution to
remove peroxidase and aldehyde groups left in tissue after fixation with
paraformaldehyde (Lai et al., 2004; Lai et al., 2006). The sections were then
incubated in primary Fos antibody (1:4,000; rabbit polyclonal against a synthetic
N-terminal fragment at residues 4-17 of human Fos; PC38; Calbiochem, La Jolla,
CA) in PBS with 2% normal goat serum (NGS) and 0.3% Triton X-100
overnight at room temperature or 48 hrs at 4°C. After incubation with primary
antibody, the sections were placed in biotinylated goat anti-rabbit 1gG secondary
antibody (Vector; 1:200; in PBS with 2% NGS and 0.3% Triton X-100) for 2 hrs

at room temperature, and avidin-biotin peroxidase complex (ABC, Vector; 1:100
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diluted by PBS) for 1 hr at room temperature.

In between steps, the sections were rinsed three times with KPBS (5 min/rinse)
and then sections were agitated on a rotator during each step. Finally, an
intensified diaminobenzidine tetrahydrochloride (DAB) reaction (DAB, 0.02%
wiv; H20,, 0.002% v/v; in KPBS; Vector, Burlingame, CA, USA) was carried
out for 10 minutes at room temperature (Lai et al., 2004). The reaction was
stopped by washing with KPBS (3 times). Control and experimental tissues from
each group were processed in parallel. No staining was observed on brain
sections with the omission of either the primary or secondary antibody. The
sections were then mounted on gelatin-coated slides and were allowed to air dry
at room temperature. They were dehydrated in a series of different concentration
of ethanol: 50% ethanol (10 min), 70% ethanol (10 min), 90% ethanol (10 min),
absolute ethanol (2 x 10 min) and then in toluene (2 x 10 min). Finally, the
sections were mounted in DPX (BDH chemicals) and covered by glass
coverslips.

Fos-positive neurons in subcortical auditory nuclei including the MGB were
examined under a light microscope (Axioplan 2 imaging, Zeiss) and captured
with a CCD camera (Spot; Diagnostic Instrument). Images of captured files

were assembled using Adobe Photoshop 6.0.

3.2.6.2 Nissl staining

Nissl staining was used to confirm the selective lesion of TRN with KA, ablation

of AC. Sub-divisions of the MGB were parceled based on the Nissl staining ,
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referring to the atlases of Paxinos (1998).

3.2.6.3 Cell counting and Statistical Analysis.

Numerical results are expressed as means + standard deviation (SD).
Fos-positive neurons were analyzed in terms of density, cells per unit area,
which allowed the contribution of cells from different animals to be normalized
in case the animals are different sizes or different numbers of sections are used
in different animals. Moreover, the labeling in different subdivisions of MGB
would not be related to the size of the subdivisions. The total number of
Fos-positive neurons of each anatomically demarcated nucleus of MGB (i.e.
MGv, MGd and MGm) in each section was counted under a brightfield
microscope at 100X magnification. The nomenclature of cell groups was in
conformity with that described in the brain atlas of adult rats (Paxinos et al.,
1998; Paxinos and Watson, 1998). Only cells in which the level of DAB reaction
product in the nucleus was significantly higher than the tissue background levels
were counted. This was based on an average gray level cutoff of 130 units (of
255) when the labeled neurons were analyzed with the digital image analysis
system (Image version 1.61, W. Rasband, NIH; Lai et al., 2004). To facilitate
the counting and to ensure the scientificity, the MGB was divided into three
sub-areas: rostral, middle and caudal. Two or Three sections per sub-area and at
least two animals per group were included, and the density of Fos-positive
neurons was calculated by averaging those of all the selected sections. A

student’s t-test was used to examine the differences between two groups.
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Analysis of variance (ANOVA) was used to examine the differences among
three or above groups. The confidence level was taken at 95% (P<0.05).

Synchrony among different recording channels was quantified through
cross-correlogram. For some descriptive analysis, a representative sample of the

raw data was included.
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Chapter 4

Corticothalamic Synchronization Leads to c-fos Expression in the Auditory

Thalamus
4.1 Introduction

The thalamus relays sensory information to the cerebral cortex with an exception
of olfaction, and in return, receives massive feedback projections from the
cortex (Jones, 1985; Winer and Larue, 1987; Ojima, 1994; Steriade et al., 1997).
Corticothalamic projections are suggested to provide a gain-control mechanism
on the transmission of sensory information (Murphy and Sillito, 1987; Villa et
al., 1991; He, 2003a) and to play an important role in the generation of neural
oscillations (Steriade et al., 1993a; Golshani and Jones, 1999; Bal et al., 2000).
In the auditory system, high frequency oscillation can be generated in the cortex,
evoked by acoustic stimuli, and modulated by thalamic stimulation (Barth and
MacDonald, 1996). A slow oscillation of < 1 Hz and a spindle-like oscillation of
5-10 Hz have also been described recently in the auditory thalamus (He, 2003b).
The thalamic reticular nucleus (TRN) is situated between the cerebral cortex and
the dorsal thalamus, playing an important role in controlling the flow of
information between them, and is particularly well suited for the generation of

spindle oscillations (7-14 Hz) that characteristically appear during early stages
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of sleep. Moreover, the TRN has been proposed as a bridge linking the specific
and non-specific pathways, leading to a large-scale coordination of neuronal
processes (Llinas and Pare, 1997) by virtue of intranuclear connections through
dendrodendritic GABAergic synapses (Steriade et al., 1985; Fuentealba et al.,
2004) and electrical coupling (Landisman et al., 2002; Fuentealba et al., 2005).
Neuronal expression of Fos protein following novel physiological input
constitutes a useful marker for polysynaptic activation, allowing subpopulations
of neurons in specific neuronal circuits to be identified (Morgan et al., 1987,
Sagar et al., 1988). Fos-immunoreactivity has been used to identify functionally
activated neurons in the ascending auditory system (Keilmann and Herdegen,
1997; Luo et al., 1999; Saint Marie et al., 1999; Zhang et al., 2003; Sun et al.,
2007). C-fos, however, did not express in the ventral and dorsal divisions of the
MGB when the animal was exposed to acoustic stimulation in isolation (Zhang
etal., 2003; Sun et al., 2007).

GABA is the major inhibitory neurotransmitter in cerebral cortex (Curtis and
Johnston, 1974; Winer, 1992) where it acts on GABAa-and GABAg-receptors
(Bormann, 2000; Chebib and Johnston, 1999). GABAAa-receptors mediate fast
inhibitory postsynaptic potentials (Metherate, 1998; Li et al., 1996) which are
particularly well-suited to generate or sharpen receptive field properties of
cortical neurons (Sillito, 1975a, 1975b). Injections of bicuculline, an antagonist
of GABAA-receptors, into the sensory cortex can block the inhibitions on the

cortical neurons and thus induce cortical hyperactivity (Sillito, 1975a; 1975b;
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Johnson and Seutin, 1997; Sun et al., 2007).In an attempt to study the
contribution of the corticofugal projection to thalamic neurons in the ascending
auditory circuitry using Fos as an activity marker, we ascertained for the first
time, the present of dense Fos-positive neurons in the ventral division (MGv) of
medial geniculate body (MGB) after the auditory cortex (AC) was activated by
injection of bicuculline methobromide (BIM), even though the acoustic stimuli
are not present. We further investigated the relationship between c-fos
expression in the MGB and corticofugal activation, as well as its pathway and

related neurotransmitter- receptor types.
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4.2 Materials and methods

Please refer to Chapter 3 for details about the animal preparation, application of
drugs, multi-channel extracellular recording and histological procedures. All
data in this chapter came from SD rats. EEG was recorded from the pericruciate
area unless otherwise noted.

In this part, the following questions will be answered.

For the c-fos expressions in MGB:

1) What is the role of AC in inducing the c-fos expression in MGB
(AC>MGB)? Can the same results be observed in other sensory systems in
the corticothalamic network, e.g., the visual cortex (VC) —->the lateral
geniculate nucleus (LGN), and the somatosensory cortex (SC)-> the
ventrobasal nucleus (VB)?

2) What are the related transmitters and receptors, excitatory glutamate,
modulatory Ach or inhibitory GABA?

3) TRN neurons also expressed Fos protein. What is the role of TRN? Which
corticothalamic pathway is involved, the direct excitatory one or the indirect
inhibitory one via TRN?

For neuronal activities associated with c-fos expression in MGB:

1) What happened inside the corticothalamic network, which maybe underlie
the c-fos expression in MGB after BIM injection in AC?

2) Which factor(s) is (are) more related with c-fos expression in MGB, the

firing intensity or the firing pattern?
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4.3 Results

4.3.1 Primary mapping in MGv and AC

The tonotopic organizations of the AC and MGB, especially the primary
auditory area (Al) and MGv, were roughly mapped by using extracellular
recording over several animals (four for AC, three for MGB) to identify the
recording sites, injection sites and stimulation sites. For the MGB, sections
stained with Nissl method were superimposed on the physiology map, by using
the electrode penetration tracks and the electrical lesion as guidance. For the AC,
the brain surface vessels were served as the landmark to superimpose the
recording results from different animals.

We found that Al was identified in the posteriolateral neocortex in temporal lobe
(Figure 4.1 showing the location and tonotopic organizations of Al, data from
three animals), characterized by short latency responses to noise bursts and
tonotopic organization with high frequencies represented rostrally and low
frequencies caudally. Cells of similar characteristic frequencies formed the
isofrequency contours in a dorsoventral orientation. These observations were
well consistent with previous studies (Sally and Kelly, 1988; Gaese and Ostwald,
1995). Moreover, we found visual neurons located caudal and dorsal to the AC
and somatosensory neurons, responding to the touch of the contralateral
whiskers, within an area rostral and dorsal to the AC, namely barrel cortex.
Neurons in MGv were characterized with short latency(less than 10ms) and

easily-defined characterized frequency (CF). The tonotopic organization of MGv
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was impressive with low frequency represented dorsally and high frequency
ventrally (Figure 4.2). From the histological and electrophysiological results, we
knew that the MGB extended about 1.7 mm (6.4-4.7 mm caudal to bregma) in
caudorostral orientation, 1.3 mm or so (2.7-4.0 mm lateral to the midline)
lateromedially, and about 1.5 mm ventrodorsally, and that the MGv is the

principal nucleus which takes up the large majority of MGB.

4.3.2 C-fos expression in the MGB is specific to the corticothalamic

activation

4.3.2.1 No Fos expressed in MGv and MGd neurons activated by ascending

inputs in isolation

Acoustic stimuli elicited no c-fos expression in the MGv and MGd of
anesthetized animals. Various acoustic stimuli, including pure tones of different
frequencies and noise bursts with repetitive rates of 1-3 Hz (60-75 dB SPL),
were applied to the animals for 1-4 hrs. Although c-fos expression was found in
the cochlear nucleus, superior olivary complex and inferior colliculus (Figure
4.3, lower panel), only a few Fos-positive neurons were detected in the MGB,
with no labeling in the MGv and only sporadically scattered labeling in the
MGm (Figure 4.3, upper panel).

Moreover, a variety of electrical stimulation strategies were adopted to either the

inferior colliculus or the MGB, and no Fos-positive neurons could be detected in
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MGv and MGd (data not shown).

4.3.2.2 C-fos expression in the MGB triggered by cortical activation

By contrast, the MGv and MGd showed extensive c-fos expression following
cortical BIM (a GABAA antagonist) injection (Figure 4.4). Both MGv and MGd
were most strongly labeled, extending along the rostrocaudal dimension. Control
saline injections did not result in cortical and thalamic c-fos expression (data not
shown). Furthermore, c-fos expression following unilateral cortical BIM
injection was restricted to the ipsilateral MGB and cortex (Figure 4.4). Similar
results were also observed in other sensory systems. The activation of the
specific sensory cortex, e.g. VC (n=2 subjects) and SC, with BIM injection,
resulted in c-fos expression in the related primary (lemniscal) dorsal thalamic
nuclei, e.g. the dorsal division of LGN (dLGN, Figure 4.5) and VB (Figure 4.6).
In Figure 4.5, a small volume (0.1ul) of BIM was injected in the primary visual
cortex. C-fos was expressed mainly in the dorsal division of LGN (dLGN) and
the visual sector of TRN, when compared with the contralateral side. No
Fos-positive neurons were found in other sensory thalamic relay nucleus, e.g.
MGB and VB, and the auditory sector of the TRN with a small volume (0.1pl)
of BIM injection in VC.

In another example (Figure 4.6), a larger volume (0.3 pl) of BIM was injected in
the somatosensory barrel cortex, where neurons could respond to the touch of

the contralateral whiskers. Fos-positive neurons were remarkably detected in the
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VB nucleus and TRN (Figure 4.6A and B). C-fos expression was also found in
other sensory thalamus (Figure 4.6B and C) when compared with the small
volume (0.1ul), e.g. MGB, the auditory sector and visual sector of TRN.
However, there were few Fos-positive neurons found in the dLGN. It is
noteworthy that BIM injection in barrel cortex was much easier to induce c-fos

expression in MGB than that in visual cortex with the same dose.

4.3.2.3 AC is an indispensable component in the cortically-induced c-fos

expression in the MGv

Although we found that MGB neurons could express Fos protein after BIM
injection in the barrel cortex, we could not rule out the active role of AC in this
process. In the following experiments (Figure 4.7), we extensively ablated the
AC before BIM (0.3 or 0.4ul) was injected in the barrel cortex (n=3 subjects).
No Fos-positive neurons were detected in the MGv when compared with that of
un-ablated animals (Figure 4.7 C and D), indicating that AC is indispensable for
the c-fos expression in the MGv. However, c-fos expression was still detected in
the auditory sector of TRN (Figure 4.7 B), implying that the activations of MGB
and AC neurons is not the only way that could induce the c-fos expression in the
auditory sector of TRN, and that the TRN intranuclear connections might also

contribute it.

4.3.3 C-fos expression is mediated by glutamate and its receptors
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4.3.3.1 C-fos expression is elicited by glutamate but not acetylcholine

To understand the dependence of c-fos expression on neurotransmitters that are
related to descending and ascending projections, we injected glutamate
(excitatory neurotransmitters, n=7 subjects), Ach (neuromodulator in the
forebrain, n=3 subjects) and GABA (inhibitory neurotransmitters, n=3 subjects)
in the MGB.

Direct injection of glutamate in the auditory thalamus could elicit c-fos
expression in MGB neurons, while injection of Ach did not evoke c-fos
expression in the MGv (Figure 4.8A). And glutamate-induced c-fos expression
was also widely distributed, about 0.8 mm (n=3 subjects) in caudorostral
orientation, reflecting of a population activity of neurons, though its range was
much smaller than that derived from the BIM injection in AC. No Fos-positive
neurons were envisioned in the MGv and MGd after GABA injection in the
MGB (data not shown).

The induction of c-fos expression in the MGB by glutamate injection, however,
depended on the level of anesthesia (Figure 4.8B). Animals (n=3) that were not
administered with further anesthetic after glutamate injection procedure showed
c-fos expression as in Figure 4.8, while those (n=4) which were supplemented
with ketamine/xylazine to maintain their anesthesia level as normally during
their survival period showed no c-fos expression in the MGB (Figure 4.8B, right
panel). In both conditions, Fos-positive neurons were found in the AC, reflecting

of the activation of the AC neurons and the efficacy of the glutamate injection in
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MGB (Figure 4.8B).

4.3.3.2 Cortically-induced c-fos expression can be blocked by glutamate

receptor antagonists

Then the next questions came up. What glutamate receptor types are involved in
c-fos expression in the MGB? After BIM injection in the auditory cortex, we
respectively injected three antagonists for different glutamate receptor
types-APV (for NMDA receptor, n=3 subjects), CNQX (for AMPA receptor, n=
3 subjects) and LY 367385 (for metabotropic glutamate receptor, mGluR1a, n=3
subjects) in the MGB. The results (Figure 4.9) showed that all of the three
antagonists had a strong suppressive effect on the c-fos expression elicited by
corticofugal activation (BIM injection in the auditory cortex).

Figure 4.9B-D illustrates that the spread of injection demarcated by mixing of
the antagonist with pontamine skyblue (1%). In the approximate areas of the
injection sites in the MGB, the suppressive effects were even more obvious. For
example, the injection of CNQX, shown in Figure 4.9C, was locally restricted to
the caudal MGB so that the suppression of c-fos expression in the middle and
rostral MGB was relatively weaker than that produced by the injection of
NMDA and mGIuR1 receptor antagonists that spread more rostrally (Figure
4.9B and D). All of the three antagonist types for glutamate receptors had an

effect in diminishing c-fos expression in the MGuv.
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4.3.4 Activation of the auditory cortex triggers the synchronized

corticothalamic oscillations

4.3.4.1 Activation of the auditory cortex triggers the corticothalamic

synchronization

To find out what happened to the MGB and AC neurons after BIM injection in
the AC, and the physiological relationship between them, we simultaneously
monitored neural activities in the thalamus and cortex through multi-channel
extracellular recordings. We found an increased spontaneous activity and
rhythmic burst firings in MGB neurons, which were synchronized with that in
the AC. Figure 4.10A showed multi-channel extracellular recordings from the
MGB (MGB1-4) and the auditory cortex (AC) before, during, and after BIM
injection in the auditory cortex. Spontaneous neuronal activities were observed
in all recordings in the MGB and the auditory cortex. These activities were not
well synchronized before BIM injection in the cortex (Figure 4.10A, left panel).
The auditory cortex started a rhythmic activity during the course of BIM
injection into the cortex (Figure 4.10A, middle panel).

Corticothalamic synchrony developed 6.8 = 3.9 min (n=13 subjects) after
cortical BIM injection. The right panel of Figure 4.10A shows neuronal
activities of the thalamus and cortex 12 min after BIM injection. In this case, the
cortex and thalamus developed a highly synchronized activity with a rhythm of

2.8 Hz and a lag time of less than 50 ms. From the expanded traces (right panel
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of Figure 4.10A), it was found that bursts in the cortex occurred before those of
the thalamus. The cross-correlograms (bottom row of Figure 4.10A) revealed
that there were no obvious correlations between the cortical and thalamic events
before BIM injection. Rhythmic activity and the synchrony between the MGB
and AC started during BIM injection (middle panel) and fully developed after
BIM injection (right panel) with the AC preceding the MGB. This phenomenon
was confirmed in all animals with a rhythmic oscillation of 0.3-3 Hz after BIM

injection in the AC.

4.3.4.2 The strong association between c-fos expressions and the synchronized

corticothalamic activities

The Fos-immunohistochemical results showed that there were no Fos-positive
neurons in the MGB contralateral to injections site (Figure 4.4), so we
simultaneously recorded the neuronal activities from the bilateral MGB after
BIM injection (Figure 4.11A). Consistent with the histology, no synchronized
activity was observed between bilateral MGB neurons, and no such strong burst
firings as that in the ipsilateral MGB neurons were perceived in the contralateral
side.

Similarly, we could not find synchrony between the MGB neurons and VB
neurons in animals (Figure 4.11B), the AC of which was ablated before BIM
injection in the barrel cortex. The synchrony among the VB sites was in line

with the histological results that Fos protein was detected here (Figure 4.7).
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In Figure 4.11C, we injected BIM in the frontal cortex (5-6 mm rostral to
bregma, n=2 subjects). We failed to find the increase of both intensity and
synchrony in the MGB and AC neuronal discharges. Histology also showed no
c-fos expression herein.

In Figure 4.11D, a deep coronal section was made at 5.0 mm caudal to bregma
from the brain surface deep into the rhinal sulcus (n=2 subjects), disconnecting
the caudal MGB from the rostral MGB, TRN and the cerebral cortex (lower
row). After that, BIM was injected into the AC. The synchronized
corticothalamic oscillations were only observed in sites rostral to the section,
where the cortical connections remained intact, not in the caudal MGB sites (up
left), the acoustic responses of which were good (up right).

All in all, we found a strong association between the c-fos expressions and the

occurrence of synchronized corticothalamic activities.

4.3.5 Firing patterns and c-fos expression

4.3.5.1 C-fos expression in the MGv is not a simply reflection of neuronal

activity or the increment of neuronal activity

As c-fos is considered as a marker of incremental activity (Sagar et al., 1988;
Morgan and Curran, 1991), the correlation between c-fos expression and
neuronal activity was examined. Eighteen single units, eight recorded before and

ten after BIM injection in the auditory cortex, were isolated from two BIM
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(small volume)->AC animals. Eighteen other single units, eight recorded before
and ten during the presentation of acoustic stimulus (AS, noise burst, 75dB SPL,
3 times/s), were isolated from two AS animals. Another eight single units,
recorded at about ten min after the injection of kainic acid (KA) to the MGB,
were isolated from two KA->MGB animals. KA, known to selectively destroy
cells in the injected region but not axons coursing through the area (McGeer et
al., 1978; Steriade et al., 1985; Descheenes and Hu, 1990), was used here to
activate MGB neurons for a short period of 1.5 hr.

Figure 4.12A illustrated the raster displays of three single neurons, respectively
from the three preparations listed above. The left column in Figure 4.12A shows
the spontaneous neuronal activities before (control) and after BIM injection. The
middle column shows spontaneous activities before (control) and after the
delivery of repeated acoustic stimuli. The right column illustrates spontaneous
activities after KA injection. It was obvious that the firing rates after BIM or KA
injection in the auditory cortex and during acoustic stimulus were significantly
higher than those under control conditions (Figure 4.12A and B). The
spontaneous firing before KA injection can be assumed to be similar to the
spontaneous firings shown in the other controls of the upper row.

The mean firing rates over 20 s was calculated for neurons and was summarized
in Figure 12B. The means of all controls were similar (BIM>AC: 1.10 + 0.62
spikes/s; AS: 1.57 = 0.67; p>0.05, ANOVA). The firing rate increased

significantly in all experimental conditions compared with controls (BIM—>AC:

80



Chapter 4 Results |

4.77 £ 1.87 spikes/s; AS: 5.20 + 1.42; p<0.05, t-test; KA: 4.79 + 0.98; Figure
4.12B). However, there were no significant differences in neuronal firing rates
among the different experimental groups (p>0.05, ANOVA). Despite that they
showed comparable spikes per unit time, their temporal patterns of the rasters
(Figure 4.12A, lower panel) were different: BIM—>AC showed spontaneous
synchronized burst-like firings (indicated by red underline), and the other two
showed much more single spikes.

An example of c-fos expression in the MGB for each of the three conditions is
shown in Figure 4.12C. In both conditions of AS and KA->MGB, no c-fos
expression was elicited in the MGv. C-fos expression was only detected in the
MGv of BIM—>AC animals. Considering that all three conditions had similar
firing rates or increments in firing rate, the result that only BIM->AC animals
had c-fos expression in the MGB could lead to the conclusion that c-fos
expression in the MGv was not a simply reflection of neuronal activity or the

increment of neuronal activity.

4.3.5.2 Burst firings associated with c-fos expressions are different from those

in spindle oscillations

As we known, it is the hyperpolarizations derived from the activities of TRN
that activate a hyperpolarization-activated inward current (Iy)(Pape and
McCormick, 1989), which in turn, depolarizes the membrane potential of the TC

neurons toward threshold for a Ca®*-dependent low-threshold spike (LTS)
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crowned by a burst of Na* fast spikes (LTS burst firings), eventually generating
the spindle oscillations in the thalamocortical network. Spontaneous spindle
oscillations recurred when the animals were anesthetized with either
ketamine/xylazine or pentobarbital. In many cases of ketamine/xylazine (Figure
4.13), the firing rates of MGB neurons were as high as that of BIM-induced
oscillations, or even stronger, and the firing patterns also showed burst
discharges, which have been well documented in previous studies (Steriade et al.,
1993a; Contreras and Steriade, 1996; Steriade et al., 1997; Sanchez-Vives and
McCormick, 2000). However, we failed to find any Fos-positive neurons in the
MGv and MGd of those animals (data not shown).

Moreover, the BIM-induced bursts showed a relative constant inter-spike
intervals (ISI), which were different from the progressively increasing ISls
observed in the spindle bursts (Figure 4.13C; Hu and He, 2002; Hughes et al.,
2004). In the latter experiments, we found that the BIM-induced burst firings
remained nearly intact after the complete TRN lesion (for details, see 4.3.6),
which, again, was different from the spindle bursts.

All these results led us to conjecture that burst firings associated with c-fos
expressions after cortical BIM injection are different from those in spindle
oscillations, and a high-threshold burst was more possibly involved(Jahnsen and
Llinas, 1984c; Hughes et al., 2004).

However, further studies, especially intracellular arguments, are needed to prove

our speculation that burst firings associated with c-fos expressions in MGv are
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high-threshold calcium current dependent.

4.3.6 BIM-induced corticothalamic synchrony and thalamic c-fos expression

do not depend on the TRN

4.3.6.1 C-fos expressions in the TRN neurons after BIM injection in the AC

We understand that the TRN is engaged in most corticothalamic oscillations.
Strong TRN inhibition would cause a prolonged hyperpolarization of MGB
neurons, which might lead to low-threshold calcium spikes or spike bursts
(Steriade et al., 1993a; Golshani and Jones, 1999; Bal et al., 2000; Xiong et al.,
2004) within spindle or delta rhythms. Our results also showed that Fos-positive
neurons were obviously found in the TRN (Figure 4.5, 4.6, 4.7 and 4.13)
ipsilateral to the BIM injection site.

On one hand, neurons in different TRN sectors showed modality-specific and a
topographic connection with the dorsal thalamus and neocortex. For example, a
small volume (0.1ul) of BIM injections local in the primary visual cortex led to
c-fos expressed only in visual sector of the TRN (Figure 4.5).

On the other hand, TRN also exhibited the cross-modality features in c-fos
expressions. As mentioned above (Figure 4.6 and 4.7), BIM injection in the
barrel cortex could not induce c-fos expressions in the MGv after AC ablation.
The TRN, however, still could find Fos-positive neurons, which might be due to

the intranuclear interaction within the TRN, or the widespread projections from
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the barrel cortex to the TRN of different modality. The TRN has been proposed
as a bridge linking the specific and non-specific pathways, leading to a
large-scale coordination of neuronal processes (Llinas and Pare, 1997) by virtue
of intranuclear connections through dendrodendritic GABAergic synapses
(Steriade et al., 1985; Fuentealba et al., 2004) and electrical coupling

(Landisman et al., 2002; Fuentealba et al., 2005).

We had already known that the BIM-induced corticothalamic activation was
mediated by glutamate and its receptors, and so far we also have known that
TRN neurons were also activated by the cortical BIM injection, it was, however,
unknown whether the corticothalamic synchrony and the c-fos expressions
caused by cortical BIM injection depended on the TRN, and to what extent the
TRN played a role herein. To examine this problem, one of the strategies is
separate the corticofugal direct effects from those mediated by the collateral
activation of TRN neurons by removal or selectively lesion of the TRN (McGeer

et al., 1978; Steriade et al., 1985; Descheenes and Hu, 1990).

4.3.6.2 Complete lesion of the auditory sector of the TRN

We injected with kainic acid in the TRN for a selective lesion of the TRN

neurons two to seven days before the detection section (n=8 subjects), this

survival period being enough to verify histologically the efficacy and extent of

TRN lesions (Steriade et al., 1985; Descheenes and Hu, 1990). Histological
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results showed that, there was a complete damage of the TRN neurons (Figure
4.14), extending widely along the caudorostral axis, which almost covered the
whole TRN region. KA injections resulted in nearly complete cell loss in the
right TRN. In Figure 4.14A, the perikarya of lesioned TRN neurons disappeared
with only some dusty Nissl substance perceived (right). In contrast, Nissl bodies
in the control side were well-defined (left, indicated by the arrow head). Dorsal
thalamic damage was observed in the ventroposterolateral nucleus (VPL, a
nucleus of VB, adjacent to the TRN) of some animals.

The animals were injected with BIM in the AC two-seven days after the TRN
lesion. No Fos-positive neurons could be detected in the auditory sector of the
TRN after lesion (Figure 4.14B, right), also confirming that the auditory TRN

neurons were damaged.

4.3.6.3 TRN lesion does not abolish the BIM-induced corticothalamic

synchrony and thalamic c-fos expression.

Although almost the whole TRN, especially the auditory sector of the TRN was
completely lesioned, c-fos expression in the MGv (Figure 4.15Aa, left) was
almost unaffected when compared with those without TRN lesion, indicating
that the indirect pathway of AC-TRN-MGB did not exert a decisive effect on
c-fos expression in the MGB. A parallel experiment, in which GABA was
directly injected to the MGB before BIM injection in the AC (Figure 4.15Aa,

right), had no qualitatively positive effect on the c-fos expression in the MGB.
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Both experiments demonstrated that the TRN has no obvious effect on c-fos
expression in the MGB.

Figure 4.15B showed the effect of TRN lesion on the BIM-induced
synchronization in the corticothalamic network. TRN lesion did not destroy the
synchrony between the AC and MGB (Figure 4.15B), with no changes in the
oscillation frequencies and the firing patterns of both the AC and MGB neurons.
This indicated that the direct corticofugal pathway prevailed over the indirect

pathway in producing this synchrony in the MGB.
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4.3 Discussions

By combining the multi-channel extracellular recordings with Fos immunohisto-
chemical methods, the present study illustrated a cortically BIM-induced
synchronized oscillation in the corticothalamic network in vivo and its triggered
c-fos expression in the primary thalamic nucleus, e.g. MGv. Five major findings
are reported here. (1) We ascertained for the first time, that the MGv neurons can
express Fos protein when AC is activated with cortical BIM (a GABAA receptor
antagonist) injections (Figure 4.4, 4.6, 4.9A, 4.14B, 4.12 left, 4.15A), no matter
whether acoustic stimuli are present or not. Instead, the corticothalamic inputs
are critical (Figure 4.4-4.7, 4.12). (2) The BIM-induced synchronized
corticothalamic oscillations with burst firing patterns are proposed to lead to the
c-fos expression in the MGv (Figure 4.4-4.7, 4.10-4.12, 4.15). The association of
c-fos expression and the synchronized corticothalamic oscillations is also
observed in the other sensory corticothalamic network (Figure 4.5-4.6, 4.11),
suggesting a common principle behind. (3) The c-fos expression in the MGB and
the synchronized corticothalamic oscillations triggered by the BIM-induced
cortical activation are elicited through a direct excitatory corticothalamic
pathway, not by the indirect inhibitory pathway via the TRN (Figure 4.9, 4.14,
4.15). However, the present study can not rule out the active role of the TRN in
this process. (4) The BIM-induced c-fos expressions in the TRN show both
specific and cross—modality features (Figure 4.5, 4.7). (5) The BIM-induced

burst discharges of the thalamocortical neurons are different from the
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spindle-related LTS burst firings (Figure 4.13-4.15). The present results
conclude that c-fos expression was not simply associated with firing rate, but

rather with the firing pattern.

4.3.1 C-fos expression in the auditory pathway

Neuronal expression of Fos protein following novel physiological input
constitutes a useful marker for polysynaptic activation, allowing subpopulations
of neurons in specific neuronal circuits to be identified (Morgan et al., 1987,
Sagar et al., 1988). Fos-immunoreactivity has been used to identify functionally
activated neurons in the ascending auditory system (Keilmann and Herdegen,
1997; Luo et al., 1999; Saint Marie et al., 1999; Zhang et al., 2003; Sun et al.,
2007).

In the present study, we could not elicit c-fos expression in the MGv with an
acoustic stimulus, repeated electrical stimulation of the inferior colliculus, or
direct KA injection in the MGB. Physiological experiments have shown that the
MGB neurons responded to sound stimuli even in the anesthetized condition.
The present results demonstrate that the corticofugal projection is crucial to
elicit c-fos expression in MGv. Another implication of these results is that the
descending cortical projection in the thalamus is much more physiologically
powerful than the ascending projection from the inferior colliculus.

Previous studies have shown that cochlear nuclear neurons and inferior
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colliculus neurons express c-fos upon activation by acoustic stimulus (Rouiller
et al., 1992; Adams, 1995; Carretta et al., 1999; Saint Marie et al., 1999) as well
as cortical neurons (Scheich and Zuschratter, 1995; Zuschratter et al., 1995). In
the MGB, Fos-positive neurons were restricted to the medial divisions (MGm)
while the ventral division (MGv) neurons, alternatively, showed no c-fos
expression in response to acoustic stimuli (Saint Marie et al., 1999; Zhang et al.,
2003; Sun et al., 2007), Figure 4.3). Only one other experiment has shown c-fos
expression in the MGv (Newton et al., 2004). In that experiment, c-fos
expression was elicited in the MGB after the animal acquired a visually cued
conditioned fear. The authors concluded that the c-fos expression was elicited by
a newly established pathway from the retina directly to the MGB. This was a
highly speculative explanation, as there was no anatomical proof for the
formation of such a circuit, and it was unclear whether the new circuit could be
formed within 14 weeks. Additionally, there was no report that the ascending
pathway could activate c-fos expression in the MGv. It is more likely that the
fear conditioning caused an activation of the corticothalamic projection, which
in turn activated the MGB by a process similar to that observed in the present

study.

4.3.2 Neuronal activity and c-fos expression

Generally, c-fos has been considered as a marker of neuronal activity or a marker
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of the increment of neuronal activity at certain conditions (Sagar et al., 1988;
Morgan and Curran, 1991; Saint Marie et al., 1999; Mouritsen et al., 2004).
Although similar firing rates were observed in MGB neurons after (i) BIM
injection to the AC, (ii) receiving a fast-repetitive acoustic stimulus, or (iii)
direct kainic acid injection to the MGB, only BIM injection to the AC produced
dense c-fos expression in the MGB (Figure 4.12).

Kainic acid is an excitotoxic agent that increases spontaneous neuronal activity
within 2-4 hr and damages neurons morphologically after 20 hr (Steriade et al.,
1985; Lee et al., 1994). In the present study, Hyperactivity in the MGB was
recorded after kainic acid was injected into the MGB, and the animal was
sacrificed 1.5 hr after injection. Although we could not exclude the possibility of
neuronal damage by kainic acid injection, the high firing rate of the MGB
neurons gave evidence for their functionality.

It was necessary to activate the corticofugal pathway in order to induce c-fos
expression in the MGv. Cortical activation caused synchronized burst firings in
the MGB, suggesting that c-fos expression in the MGB may be linked to the

burst firing pattern rather than the firing rate.

4.3.3 C-fos expression in the thalamus

In animals exploring for a new environment, Montero and colleagues showed
that c-fos expression in the TRN and LGN was elicited by the corticofugal

pathway (Montero, 1997; Montero et al., 2001). The sensory thalamic nuclei
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received both ascending inputs from the brainstem and descending projections
from the cortex, and meanwhile were modulated by acetylcholine release from
the brainstem or the basal forebrain (Steriade et al., 1997). Corticothalamic
terminals activate the TC neurons that expressed NMDA and non-NMDA
ionotropic receptors, as well as mGIuR receptors (Jones, 1985) (Scharfman et al.,
1990; McCormick and von Krosigk, 1992; Turner et al., 1994; Golshani et al.,
1998; Tennigkeit et al., 1999), while the ascending sensory terminals activated
thalamocortical neurons that expressed only NMDA and AMPA ionotropic
receptors (Salt and Eaton, 1996; Steriade et al., 1997).

Direct injection of acetylcholine did not elicit c-fos expression, while glutamate
elicited dense c-fos expression in the MGv (Figure 4.8). The present result
proposes that c-fos expression in the MGv is related to the corticothalamic
inputs mediated by AMPA, NMDA and mGIuR receptors. C-fos expression has
been proposed to link with calcium influx, which then triggers a cascade of
Ca®*-sensitive gene expression (Sheng et al., 1988; Sheng et al., 1990; Lerea et
al., 1992; Jinnah et al., 2003). Extracellular Ca** influx can occur through
various channels, such as NMDA receptors and T-type and L-type
voltage-operated Ca** channels. The mGIuR1 receptor can also affect Ca®*
homeostasis and can trigger Ca®*-sensitive gene transcription in neurons. The
present results show that all of the three glutamate receptor types are involved in

c-fos expression in MGv.
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4.3.4 Thalamocortical oscillations and c-fos expression

Neurons in the thalamus and cerebral cortex showed spontaneous synchronized
activities also before the cortex was injected with BIM. The GABAA antagonist
can activate the auditory cortex. The interplay between the cortical and thalamic
neurons (possibly including the TRN neurons) caused a rhythmic oscillation at a
frequency of 0.3-3 Hz. This oscillation gradually spread from the auditory cortex
to the thalamus, resulting in a synchrony between them.

The generation of the oscillation in the present study seemed not to depend on
the TRN, since TRN inhibition only applied to the thalamus, and the cortex
could develop the oscillation of similar rhythm before the thalamus. To further
confirm whether the thalamic oscillation was directly driven by the
corticothalamic projections or by the rebound from hyperpolarization derived
from the TRN, we selectively destroyed the TRN neurons, with little effects on
the fibers coursing through the TRN (McGeer et al., 1978; Steriade et al., 1985;
Descheenes and Hu, 1990), and found that the MGB still showed the
synchronized oscillation as that in the AC (Figure 4.15B). Using a similar
preparation, Timofeev and colleagues (1998) concluded that thalamic neurons
reflected cortical events as a function of the membrane potential in TRN/TC
neurons and the degree of synchronization in cortical neuronal network. The
present result indicates that the synchronized oscillation in the MGB could be
generated without the participation of the TRN. In addition, the frequency and

duration of the firing bursts in the thalamus did not change in TRN-lesioned
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animals.

As we known, low-threshold-spike (LTS) burst firings of the thalamocortical
neurons, underlying the generations of the spindle oscillations, arise from the
hyperpolarizations, which were derived from the activities of TRN. However,
we failed to find any Fos-positive neurons in the MGv of those animals, even
though the firing rates of MGB neurons were as high as that of BIM-induced
oscillations, or even stronger, and the LTS burst discharges were also
synchronized with the cortical activity.

All these results led us to conjecture that burst firings associated with c-fos
expressions after cortical BIM injection was different from those in spindle
oscillations, and a high-threshold (HT) burst was more possibly involved
(Jahnsen and Llinas, 1984c; Hughes et al., 2004).

However, further studies, especially intracellular arguments, are needed to prove
our speculation that burst firings associated with c-fos expressions in MGv are
high-threshold calcium current dependent. Our result from the in-vivo
preparation showing that thalamocortical oscillations could occur without the
participation of the TRN is a great addition to our present understanding that
most thalamocortical oscillations need the inhibitory interaction of the TRN
neurons (Steriade et al., 1993a; Destexhe et al., 1996a; McCormick and Bal,
1997; Guillery and Sherman, 2002; Timofeev et al., 2002).

The association between c-fos expression in the principle thalamic nuclei and the

slow synchronized oscillations in the corticothalamic network was also applied
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to other sensory corticothalamic circuitry, e.g. visual and somatosensory system.

Another striking finding is that the cortex started the oscillatory spontaneous
activity before the thalamus (Figure 4.10). By suppressing the GABAA, receptors
after the cortical BIM injection, the cerebral cortex would be excitotoxically
activated, as shown in the c-fos expression in the cortex (Figure 4.4, 4.6 and 4.7),
especially in the deep layers, when compared with animals without c-fos
expression in the primary thalamic nuclei (Figure 4.5). The hyperactivity of the
cortex may activate the MGv directly via the projection neurons in layer VI of
the auditory cortex (Rouiller and Welker, 1991; Ojima, 1994; He, 2003b). In
contrast, the contralateral auditory cortex showed no c-fos expression (Figure
4.4A, left). A very weak synchrony was detected in the electrodes that were
implanted in the contralateral cortex (data not shown). This indicates that there
is @ much stronger interaction between the cortex and thalamus within the same

hemisphere than that between the cortices of the two hemispheres.

In summary, c-fos expression in the MGB triggered by cortical activation was
elicited via a direct corticothalamic pathway, not by the pathway through the
TRN. C-fos expression in the MGB had a link to glutamate receptors (viz.
NMDA, AMPA and mGIuR receptors), but not to acetylcholine receptors. The
present results conclude that c-fos expression was not simply associated with
firing rate, but rather the firing pattern. Burst firings of possibly high- threshold

calcium spikes, which synchronized with the cortical oscillation, are proposed to
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lead to c-fos expression in the MGB. The present results also imply that the
corticothalamic projection is much stronger than the ascending collicular
projection to the thalamus, and is much stronger than the commissural projection

between the two hemispheres.
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Figure 4.1 The location and tonotopic organizations of the primary auditory
cortex (Al) in rats. (A) The brain surface vessels in the temporal lobe, Al
indicated by dotted area. (B) The brief tonotopic map of Al with high
frequencies represented rostrally and low frequencies caudally, data from three
animals, superimposed according to the surface vessels. Numbers indicate
neuronal characteristic frequencies (in kHz), and pentacle indicates the
bicuculline injection site in the AC.
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Figure 4.2 Coronal sections with Nissl staining showing the location and
tonotopic feature of the medial geniculate body (MGB) in rats. (A)-(C) Number
on the down-left corner of each section denotes the distance from bregma (-:
caudal to bregma, in mm). This convention here applies to the following figures
unless otherwise noted. (A) Series sections from the same animal showing the
sub-divisions of the MGB. (B)-(C) from another animal. Two recording
penetrations are shown in (C). Vertical coordinate indicates the depth from the
cortical surface. Horizontal coordinate indicates the lateromedial distance from
midline (in mm). Numbers beside the black circles indicate the characteristic
frequency (CF, in kHz). The coordinate is re-constructed based on the electrical
lesion area (marked with pentacle) and the electrode tracks (marked with arrow
head). MGv: the ventral division of MGB, MGm: the medial division of MGB ,
MGd: the dorsal division of MGB. The conventions apply to the following
figures. Scale bar: 400 pm.
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Figure 4.3 C-fos expressions in the inferior colliculus (IC) and MGB with
acoustic stimulation in isolation. Upper: Acoustic stimuli evoked no Fos labeling
in the MGB. Stimuli included pure tones (100 Hz and 10 kHz) and noise bursts.
Lower: Noise burst induced c-fos expression in the IC, with bands-pattern
distributions of Fos-positive neurons. Scale bar: 400 um.
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Figure 4.4 C-fos expressions in the bilateral AC and MGB after unilateral BIM
injection in AC. (A) Photomicrographs of the bilateral AC and MGB at
low-power magnification. (B)-(C) Two different caudorostral levels at high-
power magnification. Regions in (A) marked with 1 and 2 were depicted in (B).
Histogram shows the densities of Fos-positive neurons in the different MGB
divisions. Significant differences (P<0.01, paired t-test) were found in different
MGB divisions between bilateral sides. Scale bars: 400um.

99



Chapter 4 Figures |

Figure 4.5 C-fos expressions in the dLGN and TRN(V) in two coronal sections
at different caudorostral levels after a small volume (0.1 pl) of BIM injection in
the primary VC (the exact stereotaxic coordinates of the injection site were 6.3
mm caudal to the bregma and 3.2 mm lateral to midline). SC: somatosensory
cortex, VB: ventrobasal nucleus, LGN: lateral geniculate nucleus, vVLGN: ventral
division of LGN, dLGN: dorsal division of LGN, AuD: secondary auditory
cortex, TRN: thalamic reticular nucleus, TRN(A): auditory TRN, TRN(V):
visual TRN, IGL: intergeniculate leaf, VVC: visual cortex. The conventions apply
to the following figures. Scale bars: 400pum.
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Figure 4.6 C-fos expressions in the VB, MGB and TRN in three coronal
sections at different caudorostral levels after a large volume (0.3 ul) of BIM
injected in the SC (the exact stereotaxic coordinates of the injection site were 2.5
mm caudal to the bregma and 5.2 mm lateral to midline) . Scale bars: 400um.
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Figure 4.7 C-fos expressions in the VB, MGB and TRN in four coronal sections
at different caudorostral levels. The AC was extensively ablated (B-D) before a
large volume (0.4ul) of BIM injected in the SC (the exact stereotaxic
coordinates of the injection site were 2.5 mm caudal to the bregma and 5.2 mm
lateral to midline). Scale bars: 400um.
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Figure 4.8 C-fos expressions in the MGB after injection of glutamate or
acetylcholine in the MGB. (A) C-fos expressions in two coronal sections at
different caudorostral levels after injection of glutamate (left) or acetylcholine
(right) in the MGB. Histogram shows the densities of Fos-positive neurons in
the different MGB divisions. Significant differences (P<0.01, paired t-test) were
found in different MGB divisions between the two groups. (B) C-fos expressions
in the MGB after injection of glutamate in the MGB. Left: No further anesthetic
was administered after glutamate injection procedure. Right: Anesthesia level
was maintained as normally during their survival period. Scale bars: 400pm.
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Figure 4.9 Suppression of c-fos expressions in the MGB by glutamate receptor
antagonists. The MGB was injected with saline (A) or with antagonists of
NMDA receptor, AP-V (B), antagonist of AMPA receptor, CNQX (C), and
antagonist of metabotropic glutamate receptor, LY367385 (D) before and after
BIM injection in AC. The upper two rows show two coronal sections at different
rostrocaudal levels. Regions marked with 1, 2, 3, and 4, in the middle row are
shown in the lower row with a higher magnification. The boundary of MGB is
indicated with dotted lines. Scale bars: 400 um. Histogram in the bottom panel
shows the densities of Fos-positive neurons in MGv under these different
conditions. Significant differences (P<0.01, one-way ANOVA followed by post
hoc Tukey) were found between the saline control group and the antagonist
applied groups.
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Figure 4.10 Multi-channel recordings of neuronal activities in the MGB and
AC. (A) Recordings before, during, and after BIM injection in the AC. MGB1-4:
5.9, 5.4, 5.0, 4.5 mm caudal to bregma, 4500um in depth. AC: 0.8 mm in depth,
upper row showing the neuronal activities in a long time scale; middle row
showing those in short time scale. The lower row showing the
cross-correlograms between the recordings of MGB2 and the AC. Cross-
correlogram was computed from 5 consecutive epochs with a time window of
500 ms. The center vertical dashed representing zero phase lag. (B) Neuronal
responses to repeated noise-burst stimuli in the same recording sites as in (A).
Recordings were carried out before the BIM injection to confirm MGB and AC.
The marked episode in the left panel is expanded in the right panel.

The conventions apply to the following figures.

The recording sites are denoted on the left of each trace.

EEG recorded from the pericruciate area unless otherwise noted.

EEG(A), EEG(V): EEG recorded from the AC, VC.

Th: thalamic sites, but neither MGB nor VB, or can not confirmed.

AC(1,2...), MGB(1, 2...),VB (1,2...), etc: signals (local field potential or
neuronal discharge) from extracellular recording electrode in the AC, MGB, VB,
etc.
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Figure 4.11 Multi-channel recordings of neuronal activities in the thalamus and
cortex under four different conditions. (A) Recordings from the bilateral MGB
after unilateral BIM injection in the AC. Upper three traces from the
contralateral side of the injection site and lower four from the ipsilateral side. (B)
The AC was extensively ablated before BIM injection in SC. (C) Recordings
before and after BIM injection in the frontal cortex. (D) A deep coronal section
performed to separate the caudal MGB from the TRN and AC before the BIM
injection in the AC. (a) Spontaneous activity after section. (b) Acoustic response
after section. (c) The locations of the recording thalamic sites are indicated with
dots marked with 1-7. Section was made between electrode 3 and 4, at 5.0 mm
caudal to bregma. (d) The rectangle denotes the range of section from the brain
surface deep into the level of rhinal sulcus.
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Figure 4.12 Neuronal activities and c-fos expressions in the MGB under three
different conditions. (A) Raster displaying show spontaneous firing before and
after the BIM injection in the AC (BIM—>AC, left panel), spontaneous firing and
neuronal response to acoustic stimulus (AS, middle panel), and the spontaneous
firing after KA injection into the MGB (KA->MGB, right panel). Raster
displays show spontaneous activities or auditory responses of neurons for 20 s
(60 trails of 333 ms). (B) Bar chart showing the mean firing rate in different
conditions as shown in (A). Comparisons between the mean firing rates before
and after BIM->AC, and the mean firing rates before and during AS, were
significantly different (**P <0.01, t-test). Comparison between the mean firing
rates before BIM—>AC and before AS, and comparisons among the means of
firing rates after BIM->AC, during AS, and after KA->MGB, were not
significant (ANOVA, P> 0.05). n indicating the number of isolated single cells
(C) Photomicrographs showing c-fos expression under the three conditions. (D)
Histogram showing the densities of Fos-positive neurons in the different
divisions of MGB after BIM—>AC, after AS, and after KA->MGB. Significant
differences (P<0.01) were found among them. Scale bar: 400 pum.
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Figure 4.13 Spontaneous spindle activities grouped within slow oscillations (~1
Hz) in animals anesthetized with ketamine/xylazine. (A) Synchronized spindle
oscillations in the thalamus. (B) Synchronized spindle oscillations in the cerebral
cortex and thalamus. The firing rate was as high as that of BIM-induced
oscillations, or even higher, however, no Fos protein was detected in these
animals. (C) Plots of inter-spike interval (I1SI) showing the difference between

the spindle bursts and the BIM-induced burst. The intervals are normalized by taking
the 1st ISI as 100%.
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Figure 4.14 Selective lesion of TRN neurons with kainic acid injection 2 days
before the cortical BIM injection. (A) Photomicrographs of Nissl-stained
coronal sections of the TRN from the control side (left) and kainic acid-lesioned
side (right) of the same animal. Note nearly total neuronal loss on the lesioned
side (right). In contrast, Nissl bodies in the control side were well-defined (left),
indicated by arrow head. (B) C-fos expressions in the TRN from the same
animal as (A). No Fos detected on the lesioned side. Scale bar: 400 pm.
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Figure 4.15 C-fos expressions and spontaneous neuronal activities after BIM
injection in the AC of the TRN-lesioned animals. (Aa) Photomicrographs show
c-fos expressions in different coronal levels of the MGB after BIM injection in
the AC of the TRN-lesioned animal (left), and after GABA injection in the MGB
followed by BIM injection in the AC (right). Scale bar: 400 um. (Ab) Histogram
showing densities of Fos-positive neurons in different divisions of MGB after
BIM - AC, TRN lesion group, and GABA->MGB group. No significant
differences (P> 0.05) in the MGv and MGd were found among them. (B)
Spontaneous oscillations in the thalamus and AC after BIM injection in the AC
of the TRN-lesioned animals (a and b).
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Chapter 5

Corticothalamic and Intrathalamic Distributions of Slow Oscillations (<15

Hz) in vivo

5.1 Introduction

Oscillatory active ities in neural networks, especially in the corticothalamic
network, have been intensively studied over the past years. Neuronal
oscillations have been suggested as the basis of many different behavioral
patterns, as well as the perception and attention mechanisms. While some
cellular mechanisms underlying these neuronal oscillations have already been
reported (von Krosigk et al., 1993; Bal et al., 1995a, 1995b), the distribution,
coherence and recurrence of oscillations are far more complicated and elusive
than we had thought. Nevertheless, neural maps of slow oscillations may
provide a functionally useful probe in studying the highly integrative brain
functions. The propagation of correlated activities or oscillations along neural
pathways has also been implicated in synaptic development (Meister et al.,
1991), synaptic consolidation (Steriade and Timofeev, 2003) and
spike-timing-dependent synaptic plasticity (Abbott and Nelson, 2000).

Previous studies regarding the propagation of neuronal oscillations showed a
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great discrepancy. Some reported a high degree of spatiotemporal variability
from one spindle sequence to the next, while others demonstrated that spindle
sequences occurred nearly simultaneously even in distant cortical fields. In
lateral geniculate-perigeniculate slice of ferrets, clear-cut propagation of spindle
sequences was observed (Kim et al., 1995). In in vivo preparations of both
animals (anesthetized or conscious) and humans, however, Contreras and
colleagues (1997) revealed a simultaneity of spontaneous spindle sequences in
the intact brain, but could not find propagations of spontaneous spindle. In
addition, the spontaneous spindle oscillations throughout the thalamus were less
organized in decorticated animals (Contreras et al., 1996, 1997). These results
lead to a conclusion that the strong corticothalamic projections played a great
role in the synchronization of the spindles. Another study in humans using
high-density EEG recordings, demonstrated each cycle of the slow oscillations
was a traveling wave during natural NREM sleep. Each cycle was characterized
with a definite originate and a continuous pathway of propagation over the scalp,
which probably varied from one cycle to the next. Waves originated more
frequently in prefrontal-orbitofrontal regions and traveled in an anterioposterior
direction (Massimini et al., 2004).

In the present study, we investigated the propagations of spontaneous slow
rhythms in vivo in the corticothalamic network within a given modality (e.g.
auditory) and across different modalities. To compare the spatiotemporal

dynamics of the slow oscillations, sleep- or anesthesia-related slow rhythms
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(<15Hz, mainly spindle oscillations) and the bicuculline-induced slow
oscillations were considered in the present study. Both rats and guinea pigs were
studied in the present investigation to determine whether the pattern of slow
oscillation propagation was comparable across species. We found that in
different preparations studied slow oscillations typically propagated along the
rostrocaudal direction in the thalamus within given modalities or across
modalities. Such spatiotemporal patterns of the slow oscillations were highly
reproducible across subjects of different species. The present results would
propose that common principles probably governed the spatiotemporal patterns
of different oscillation types, thus providing the framework for functional

studies on the efficacy of connectivity in the corticothalamic network.
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5.2 Materials and methods

Please refer to Chapter 3 for details about the animal preparation, application of
drugs, multi-channel extracellular recording and histological procedures. Both
SD rats and guinea pigs were used in this experiment. And the penetrations and
cell parcellations in guinea pigs were performed according to atlas of (Rapisarda
and Bacchelli, 1977) and previous accumulations of our laboratory (He et al.,
2002; Xiong et al., 2004; Yu et al., 2004b, 2004a; Zhang et al., 2007).

For electrophysiological recordings, local field potential (LFP) was also
obtained at the extracellular recording electrodes with a bandpass of 0.1-40 Hz.
Additionally, recordings of local EEG were also performed at the surface or
depth of motor, somatosensory, visual, and/or auditory cortices with monopolar

low-impedance electrodes.
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5.3 Results

5.3.1 Propagation of BIM-induced oscillations in the corticothalamic

network

Extracellular multiunit recordings revealed that the BIM-induced oscillations
(0.3-3 Hz) propagated within the corticothalamic network (Figure 5.1). After
BIM injection in the primary AC, the corticothalamic synchronization in the
thalamus was first observed in the MGB sites, where neurons probably were
tonotopically matched with the cortical injection site (not confirmed).
Sequentially, the synchronized oscillations traveled bidirectionally along the
caudorostral axis. A full corticothalamic synchrony developed 6.8 £ 3.9 min
(n=13 subjects) after cortical BIM injection. Although a certain degree (about
15-25%) of irregular epochs (see epoch 1, Figure 5.1) were observed amongst
the synchronized oscillations, examination of tens of consecutive epochs
revealed a preferential propagation direction from the rostral to the caudal in the
thalamus. The burst discharges in the AC preceded the oscillations of all the
thalamus sites, irrespective of their different modality attributions, e.g. MGB
(for the auditory) and VB (for the somatosensory) in Figure5.1.

Furthermore, when we looked into the details of the irregular epochs (epoch 1),
purely-thalamic short burst jitters were always found in MGB sites, but never in
the ventrobasal nucleus (VB) site in this case. Accordingly, the time order

between AC and VB maintained constant even in the irregular epochs. It is
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reasonable to postulate that the short thalamic jitters were the reason behind the
abnormal distributions of oscillation in the MGB. Another noteworthy
observation was that jitters only disrupted the preferential propagation direction
when they occurred shortly before next BIM-induced oscillation. If they
occurred long before (epoch 3) or after the BIM-induced oscillations (epoch 2),

the preferred propagation would still continue.

5.3.2 Propagation of slow oscillations (<15 Hz) in the corticothalamic

network

To investigate whether the slow oscillation (<15 Hz) also traveled in a
preferential direction in anesthetized animals without BIM injection, similar
experiments were conducted in rats or guinea pigs anesthetized with
pentobarbital or ketamine/xylazine. Barbiturate anesthesia produced spindle
oscillations (7-15 Hz) with a waxing and waning pattern, recurring once every
3-10 s (see for example Figure 5.4 and 5.5A). Ketamine/xylazine, however,
produced a coalescence of slow oscillations (~1 Hz) with spindle rhythms,

which was more likely prevalent in deep sleep (Figure 5.5B).

5.3.2.1 Spindle oscillations propagate in the same preferential direction as

BIM-induced oscillations in the AC and MGB

Similar to the BIM-induced oscillations, the spindle oscillations were also found

to propagate caudally along the rostrocaudal axis (Figure 5.2).
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Representative data illustrating the propagation of 8 consecutive spindle waves
obtained from a pentobarbital-anesthetized guinea pig were shown in Figure 5.2.
Spontaneous spindle oscillations regularly recurred approximately once every
3-5 s in both MGB and AC. Recordings from four AC sites (with an
inter-electrode distance of 0.5mm) revealed a high degree of spindle synchrony,
with nearly equal inter-burst intervals at different sites. The positive deflection
in the local field potential (LFP) at AC4 corresponded to burst discharges at
AC1, AC2 and AC3, which was more obvious in the late stage of a spindle
sequence (low panel). In the thalamus, however, a spatiotemporal distribution
pattern was observed in three MGB sites with an inter-electrode distance of 0.5
mm. Spindle oscillations were propagating from rostral to caudal in about 70%
of the total epochs, which is a much higher rate than would be predicted by
chance. Furthermore, the activities of AC sites were found to precede the
oscillations of MGB neurons. The results were confirmed in other experiments.

In Figure 5.3, two TRN, four MGB and four AC sites were simultaneously
monitored. Spindle oscillations were found propagating from rostral to caudal in
the MGB (the third epoch marked as 1 in Figure 5.3A and expanded in Figure
5.3B). The AC showed a nearly simultaneity of spindle rhythms (neuronal
firings in AC1; and LFPs in AC2, AC3 and AC4). Neuronal spindle discharges
of two TRN sites (top two traces) were also found grouped within slow waves.
However, no synchrony between the TRN and AC-MGB was envisioned, which

may be due to their different modality attributions. While acoustic responses
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were observed in AC and MGB recording sites, no response was found in TRN
sites. However, the cross-modality interactions were observed in these two TRN
sites, where the TRN neurons responded to the electrical stimulation of the AC
(Figure 5.3D, stimulus indicated by the up arrow). The present results indicated
that the distribution of slow oscillations, to some extent, was modality-specific,
i.e. spindle oscillations in different modality nuclei could occur independently or

in a semi-independent manner, to a certain extent.

5.3.2.2 The distribution of spindle oscillations, to a certain extent, is

modality-dependent

Experiments were further conducted to further confirm the spatial restriction or
modality specificity of spindle distribution. Figure 5.4 illustrated spontaneous
recurrence of spindle oscillations in the somatosensory and auditory systems. A
well-defined synchronization was observed respectively, between the AC and
MGB, as well as between the somatosensory cortex (SC) and somatosensory
thalamus, namely ventrobasal nucleus (VB). However, the inter-spindle
frequencies for the auditory system and somatosensory system were different
(~0.1 Hz for auditory system vs. ~0.16 Hz for somatosensory system). This
implies that spindle rhythms recurred independently in the auditory and
somatosensory systems. Such a difference could not be attributed to the

occurrence of local components (see Figure 5.5, LSC, indicated by rectangle) or
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the loss of some epochs resulting from the discrepancy of refractory periods in
individual neurons.

In contrast, this modality-specific asynchrony was seldom observed among the
TRN sites of different modalities, indicating strong intranuclear connections
within the TRN. TRN has been proposed as a bridge linking the specific and
non-specific pathways, leading to a large-scale coordination of neuronal
processes (Llinas and Pare, 1997) by virtue of intranuclear connections through
dendrodendritic GABAergic synapses (Steriade et al., 1985; Fuentealba et al.,
2004) and electrical coupling (Landisman et al., 2002; Fuentealba et al., 2005).

It should be mentioned that in some cases, synchrony was observed in
widespread thalamic and cortical territories, as two examples shown in Figure
5.5. In Figure 5.5A, EEG signals simultaneously recorded from different cortical
regions on the bilateral hemispheres, showed a highly coherence among all
recording sites by the virtue of intracortical, cortico-thalamo-cortical and
callosal connections, Occasionally, a more local spindle sequence could be
discerned, as an example shown in the somatosensory cortex of the left
hemisphere (Figure 5.5A, LSC, indicated by rectangle). In Figure 5.5B,
spontaneous neuronal discharges were recorded from three cortical sites (two
VC and one SC), while EEG were recorded from the pericruciate area of the
ipsilateral hemisphere. Clearly, signals from all channels exhibited highly

coherence despite the long physical distance between the recording sites.
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The next question to be addressed is whether the preferential direction of the
spindle propagation is common in other modalities or even across modalities

when the whole forebrain operates as an entity.

5.3.2.3 Spindle oscillations propagate from rostral to caudal across thalamic

nuclei of different modalities

Data were obtained from simultaneous recordings in the TRN, the dorsal
thalamus and cortical region of different modalities.

In Figure 5.6, extracellular signals from five TRN sites were recorded.
Electrodes TRN5 to TRN1 were arranged in a rostrocaudal fashion with an
inter-electrode distance of 200 um. Only two sites (TRN2 and TRN3) responded
to acoustic stimuli. Although signals recorded from TRN 4 and TRN5 were
weak, a rostrocaudal propagation of spindles could still be observed across the
five TRN sites. The propagation continued into MGB sites, which were situated
caudally to the TRN. Consequently, the spindle oscillations propagated caudally
across the TRN sectors of different modalities and the MGB in the thalamus.

In another example shown in Figure 5.7, the spindle oscillation sequentially
traveled in a rostral to caudal fashion across two TRN sites, both of which
showed no acoustic response, and two MGB sites, irrespective of the modalities
they represented (two epochs depicted in B and C). In this case, both the local
field potentials (LEP: recorded from TRN3 and MGB?2 sites) and EEG signals

(two from AC; two from motor cortex, MC) faithfully reflected cellular events
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of local neuronal populations (Figure 5.7D). The positive deflections of the
MGB2 corresponded to the burst discharges of the same electrode. It seemed
like that the large-scaled LFP signals were as useful as the fine neuronal firing
signals in the study of propagations of the oscillations. Technically, the former is
much easier to be obtained than the latter.

Unfortunately, that the LFPs in the thalamus faithfully reflected cellular events

of local neuronal populations was not commonly encounted in our recordings.

5.3.3 LFPs in the thalamus show a relatively low fidelity to the cellular

events of local neuronal populations

In most of our recordings, both EEG and the LFPs in cerebral cortex were found
to faithfully reflect the cellular events of local neuronal populations (two
examples were shown in Figure 5.8, also see Figure 5.9). This became
particularly obvious when neuronal discharges developed into burst firing. In
Figure 5.8A and B, the cortical LFPs and the multiunit discharges were recorded
from the same electrode, showing that the negative deflections in LFPs
corresponded to burst discharges.

However, the thalamic LFP showed a relatively low fidelity to the local cellular
events of neuronal populations. A representative case was illustrated in Figure
5.9 which showed the relationships between LFP and neuronal discharges of the
cerebral cortex and thalamus. The AC continuously showed a stereotyped delta

rhythm (AC1-4, ~4 Hz) interpolated with short spindles (AC2), while the
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thalamus exhibited spindle oscillations (MGB1, Th2-6, 6-7 Hz). The LFPs at
AC2 were coherent with the neuronal discharges at an adjacent electrode AC1
with the negative deflection corresponding to the burst firings, especially when
all of the three AC sites came into synchrony (epoch 2). The waves of LFPs at
both MGBL1 and Th3, however, shared great similarity with that of the cortical
LFP (AC2), though some small deflections could be discerned to superimpose
on the cortically-derived big waves when the spindle oscillation occurred in
local thalamic sites (epoch 1 and 2). The association between the
positive/negative deflections and the neuronal spindle bursts in the thalamus
were too weak to be identified, even when they were recorded from the same
electrode (Th3, epoch 1 and 2).

A possible factor, which might also contribute to the difference between local
cellular discharges and LFPs, is volume conduction (Massimini et al., 2004;
Kawakubo et al., 2007). Hence, the different thalamic nuclei could operate as an
entity, and therefore have the same LFPs. This factor is also tenable in the
cerebral cortex, however, there is no such a powerful input to the cortex just like
the corticothalamic volley to the thalamus.

In the light of these results, we propose that due to the high impact of the
corticothalamic projections on the thalamus, the thalamic LFPs could not always
faithfully reflect cellular events of local neuronal populations. Although highly
speculative, such a notion was reasonable, since the principle underlying the

LFP is the postsynaptic potentials. Therefore, the great simultaneity of thalamic
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LFPs at different sites probably did not represent the highly coherence of the

thalamic neuronal activity, but indicated a strong external impact on them.
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5.4 Discussions

By using multi-channel extracellular recordings in large thalamic and cortical
territories of in vivo preparations, we have reported five major findings. (1) Both
bicuculline-induced slow oscillations and sleep- or anesthesia-related slow
oscillations (<15 Hz) propagated in the same preferential direction from rostral
to caudal in the thalamus within a given modality and across modalities (Figure
5.1-5.3, 5.6, 5.7, 5.9). (2) When synchronized, the activity in cerebral cortex
precedes that of the thalamic sites, at least within the same modality (Figure
5.1-5.4, 5.6-5.8). The results would propose that common principles probably
governed the spatiotemporal patterns of different oscillation types. (3) The slow
oscillations could be of global distributions, showing nearly-simultaneous EEG
or burst discharges in the bilateral hemispheres (Figure 5.5), or more local
events of modality-dependence (Figure 5.4), recurring independently in different
modality systems. (4) However, this modality-specific asynchrony was seldom
observed among the TRN sites of different modalities. (5) LFPs in the thalamus
showed a relatively low fidelity to the cellular events of local neuronal
populations (Figure 5.9), due to the high impact of the corticothalamic volleys

on the thalamus.

5.4.1 Propagations of slow oscillations in the corticothalamic network
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Our present results of rostrocaudal propagation of thalamic slow oscillations that
were preceded by those of the cortex agreed with a prediction of the wave
generation model put forth by Andersen and Andersson (Andersen and
Andersson, 1968) that the successive recruitment of neighboring neurons into
the spindle wave should appear as propagation wave through the neural network.
The waxing pattern of spindle waves was proposed to result, at least partially,
from the recruitment of more and more cells into the synchronized oscillations.
The propagation of spindle waves was previously reported in various thalamic
nuclei of cats with both in vivo (Andersen et al., 1966) and in vitro preparations
(Kim et al., 1995). Some earlier experiments in anesthetized or naturally
sleeping monkeys also occasionally observed spindle waves propagate though
the thalamus (Verzeano and Negishi, 1960; Verzeano et al., 1965). Our results,
based on multi-site extracellular recordings, in rats and guinea pigs would
support the notion that oscillations propagate in the thalamus of mammals.

Moreover, in present study, both bicuculline-induced slow oscillations and
sleep- or anesthesia-related slow oscillations (including the thalamic spindles
and the cortically-generated slow oscillations (~1 Hz)) propagated in the same
preferential direction from rostral to caudal in the thalamus within a given
modality and across different modalities. The results would propose that
common principles probably governed the spatiotemporal patterns of different

types of oscillation in the corticothalamic network.
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5.4.2 Contribution of the corticothalamic volleys to the spindle

synchronizations

Contreras and colleagues (1997) reported that spindle oscillations, triggered by
low intensity electrical cortical stimulation, propagated in the anterioposterior
axis of thalamus. Increasing the intensity of the stimulation, however, induced
spindle wave simultaneously started in all leads. In decorticated animals, the
thalamic propagations were also suggested to be possible. Obviously, by
presenting this result, the authors tried to explain the near simultaneity of spindle
waves as the result of strong corticothalamic inputs, and tried to find the bridge
between the near simultaneity and propagation of the spindle oscillation
described by others.

Indeed, investigations of patterns of spindle oscillation in the anesthetized
animals demonstrated that spindles were strongly influenced by the occurrence
of other spontaneous oscillations.  Corticothalamic volleys are highly effective
in triggering and potentiating the generation of spindles in the thalamus
(Steriade et al., 1993d; Contreras and Steriade, 1995, 1996; Steriade et al., 1997;
Meeren HKM et al., 2002). Cortical-generated slow oscillations play a
decisive role in pacing thalamic spindles and determining their patterns
(Contreras et al., 1996; Timofeev and Steriade, 1996; Destexhe et al., 1999a;
Destexhe et al., 1999b).In fact, almost in all our experiments, the oscillations in
cortical sites were found to precede those in thalamic sites, at least when they

were within the same modality. It should be emphasized that the degree of
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synchronization of the cortical-generated slow oscillations is far higher than that
of spindle (Contreras and Steriade, 1997). Similar result was also illustrated in
our experiments: the stronger the cortical-generated slow oscillations (~1 Hz),
the smaller the time dispersion of the thalamic-generated spindles (Figure 4.13,
5.5B vs. other figures).

Nevertheless, time-lag between different cortical sites during slow oscillations
was also unraveled. In vivo studies from cats showed that neighboring cortical
cells discharged closely, and that oscillatory waves traveled in a
posterior-to-anterior direction (Amzica and Steriade, 1995a). Propagations of
slow oscillations were also observed on the human scalp (Hughes, 1995;
Massimini et al., 2004). It is noteworthy that our preliminary results also
showed propagation in a preferential direction occasionally appeared in cerebral

cortex (Guo et al., unpublished observation, also see Figure 5.5B).

5.4.3 Contribution of the rostral TRN sector to the spindle synchronizations

Another possible mechanism that may contribute to the highly coherence of
spindle oscillations, is the divergent connections between the rostral part of TRN
and the dorsal thalamus (Steriade et al., 1984). In the present study, the
asynchronies between both cortical and thalamic sites of different modalities
were never observed in different TRN sectors of different modalities, by virtue
of intranuclear connections through dendrodendritic GABAergic synapses

(Steriade et al., 1985; Fuentealba et al., 2004) and electrical coupling
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(Landisman et al., 2002; Fuentealba et al., 2005). In decorticated conditions,
the projections from the rostral TRN sectors may account for some propagation
phenomenon (Contreras et al., 1997). TRN projections to the intralaminar and
midline thalamic nuclei are much more diffuse than those to specific dorsal
thalamic nuclei (Kolmac and Mitrofanis, 1997). The difference between the
relatively  topographically organized connectivity linking TRN and
thalamocortical cells and the more diffuse connectivity link TRN and
intralaminar thalamic nuclei might explain the different results due to different
thalamic sectors investigated. In our experiments, spindle propagations
occurred in the TRN sites, especially in caudal TRN, an area known to be related
to primary sensory modalities, including auditory, visual and somatosensory

modalities.

In summary, the slow oscillations (<15 Hz) could be of global distributions, or
more local events of modality-dependence, recurring independently in different
modality systems. Both bicuculline-induced slow oscillations and sleep- or
anesthesia-related slow oscillations propagated in the same preferential direction
from rostral to caudal in the thalamus within a given modality and across
different modalities. When synchronized, the activity in cerebral cortex preceded
that of the thalamic sites, at least within the same modality. However,
modality-specific asynchrony was seldom observed among the TRN sites of

different modalities, indicating strong intranuclear connections within the TRN.
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The results would propose that common principles probably governed the
spatiotemporal patterns of different oscillation types. All in all, experimental
evidence provided by the present study would further our understanding on the
shaping and propagation of synchronized excitability within the corticothalamic

network of specific modality and across modalities.
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Figure 5.1 Propagation of BIM-induced slow oscillations across the AC and
thalamic sites after the corticothalamic synchronization fully developed. Three
epochs marked with 1, 2, 3 are expanded below. The auto-correllogram of the
AC activity and the cross-correlograms between the recordings of each thalamic
(MGB1-3, VB4) site and the AC site are shown in the upper right panel.
Correlogram was computed with a time window of 200 ms. The center vertical
dashed line represents the zero time lag, the time above each correlogram
denotes the time lag, computed from 3 consecutive epochs. R->C denotes the
arrangement of the thalamic electrodes with an inter-electrode distance of 0.5
mm (R: rostral, C: caudal). These conventions apply to the subsequent figures,
unless otherwise stated. Note that the activities of AC preceded those of all the
thalamic sites. The dashed rectangle denotes the purely thalamic components, as
these short jitters occurred before the bursts of the AC, indicating their
independence of activities of the AC. Data obtained from SD rat.
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Figure 5.2 Propagation of spontaneous spindle oscillations across the AC and
MGB. The epoch marked with 1 is expanded below. Animal was anesthetized
with pentobarbital. Spindle sequences recurred once every ~5 s. The right panel
shows the auto-correllogram of the AC activity and the cross-correlograms
between the recordings of each thalamic (MGB1-3) site and the AC site.
Correlogram was computed with a time window of 2 s. The spindles propagated
from rostral to caudal in the MGB, with the AC sites preceding the MGB sites,
similar to the cortically BIM-induced slow oscillations. Data obtained from
guinea pig.
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Figure 5.3 Propagation of spontaneous spindle oscillations across the AC, MGB
and TRN (non-auditory). The epoch marked with 1 is expanded below (B).
Animal was anesthetized with pentobarbital. Spindle sequences recurred once
every ~5 s. The spindles are revealed to propagate from rostral to caudal in the
MGB, with the AC sites preceding the MGB sites. No synchrony was observed
between the TRN (non-auditory) and AC-MGB. (C) No acoustic responses to
noise, were found in both TRN sites. (D) Responses to electrical stimulation of
the AC (indicated by the upward arrow). (E) Auto-correllogram of the MGB4
activity and the cross-correlograms between the recordings of MGB1-3 and
MGB4 sites. Correlogram was computed with a time window of 5 s. Data
obtained from guinea pig.
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Figure 5.4 Spatially restricted distributions of spindle oscillations in different
modalities (auditory vs. somatosensory). Animal was anesthetized with
pentobarbital. Part marked by the horizontal line is expanded below. The oblique
lines denote the correspondences of the epochs between AC and MGB, as well
as between SC and VB. The inter-spindle frequencies for the auditory system
and somatosensory system are different (~0.1 Hz for auditory system vs. ~0.16
Hz for somatosensory system), i.e., spindle rhythms recurred independently in
the auditory and somatosensory systems. Data obtained from SD rat.
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Figure 5.5 Global distributions of spindle oscillations in cerebral cortex across
different modalities. Animals were anesthetized respectively with pentobarbital
(A) and ketamine/xylazine (B). (A) Part marked by the horizontal line is
expanded below. All signals were EEG, recorded from bilateral hemispheres.
LAC: left auditory cortex, RAC: right auditory cortex, LMC: left motor cortex,
etc. A more local spindle sequence in LSC is denoted by rectangle. Data
obtained from guinea pig. (B) Neuronal discharges of VC and SC, as well as the
pericruciate EEG were from the same hemisphere. Data obtained from SD rat.
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Figure 5.6 Propagation of spontaneous spindle oscillations across different
modalities. Electrodes TRN5 to TRN1 were arranged from rostral to caudal with
a inter-electrode distance of 200 um. Only TRN2 and TRN3 responded to
acoustic stimuli. A rostrocaudal propagation of spindles can be observed across
the five TRN sites of different modalities. The propagation continued onto MGB
sites, which are situated caudally to the TRN. MGB1 and MGB2 are in the same
coronal section. Data obtained from guinea pig.
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Figure 5.7 Propagation of spontaneous spindle oscillations across different
modalities. The spindle oscillation travelled sequentially in a rostral to caudal
fashion across two TRN sites (non-auditory) and two MGB sites, despite their
different modalities. Two epochs are expanded in (B) and (C). (D) Local field
potentials (LFP) from TRN3 and MGB2 also included. These local field
potentials (including four EEG signals) faithfully reflected cellular events of
local neuronal populations. Note that the positive deflections of the MGB2
corresponded to the burst discharges of the same electrode. Data obtained from

guinea pig.
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Figure 5.8 High fidelity of cortical LFPs to the local cellular events of neuronal
populations. Two examples are shown in (A) and (B). (A) Synchronized spindle
oscillation in the MGB and AC. The lower two traces (multiunit discharge and
LFP, respectively) were recorded from the same electrode in the AC. (B)
Synchronized spindle oscillation in the VB and SC, The upper two traces
(multiunit discharge and LFP, respectively) were recorded from the same
electrode in the SC. Parts marked with 1 and 2 are expanded on the right panel.
The gray vertical lines denote the correspondences of the negative deflections in
LFP to the burst discharges. Data obtained from SD rats.
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Figure 5.9 Correspondence of LFPs to the local cellular events of neuronal
populations in the cerebral cortex and thalamus. Parts marked by 1, 2, 3 are
expanded. The LFPs at AC2 were coherent with the neuronal discharges at an
adjacent electrode AC1 with the negative deflection corresponding to the burst
firings (epoch 1 and 2). The waves of LFPs at both MGB1 and Th3 shared great
similarity with that of the cortical LFP (AC2), though some small deflections
could be discerned to superimpose on the cortically-derived big waves when the
spindle oscillation occurred in local thalamic sites (epoch 1 and 2). The
correspondence between the positive/negative deflections and the neuronal
spindle bursts in the thalamus, however, was too weak to be identified, even
though they are recorded from the same electrode (Th3, epoch 1 and 2). Data
obtained from SD rat.
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Chapter 6

Summary of findings and conclusions

The present study investigated the mechanisms underlying the generation,
synchronization, and propagation of the spontaneous slow rhythms in the
corticothalamic network within a given modality and across different modalities
in animals under anesthesia by using multi-channel extracellular recordings and
immunohistochemical method.

Our results in Chapter 4 illustrated a cortically BIM-induced synchronized
oscillation in the corticothalamic network and its triggered c-fos expression in
the MGv. Five major findings are reported here. (1) We ascertained for the first
time, that the MGv neurons can express Fos protein when AC is activated with
cortical BIM (a GABAAa receptor antagonist) injections, no matter whether
acoustic stimuli are present or not. Instead, c-fos expression in the MGv is
specific to the corticothalamic activation. (2) The BIM-induced corticothalamic
synchronized oscillations of burst firing patterns are proposed to lead to the c-fos
expression in the MGv. The association of c-fos expression and the
corticothalamic synchronized oscillations is also envisioned in the other sensory
corticothalamic network, suggesting a common principle behind. (3) The c-fos
expression in the MGB and the corticothalamic synchronized oscillations

triggered by the BIM-induced cortical activation are elicited through a direct
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excitatory corticothalamic pathway, not by the indirect inhibitory pathway via
the TRN. (4) The present study can not rule out the active role of TRN in this
process, and the BIM-induced c-fos expressions in the TRN show both specific
and cross—modality features. (5) BIM-induced burst discharges of the
thalamocortical neurons are different from the spindle-related LTS burst firings.
The present results conclude that c-fos expression is not simply associated with
firing rate, but rather the firing pattern.

Our results in Chapter 5 demonstrated the propagations of slow rhythms in the
corticothalamic network in vivo within a given modality (auditory) and across
modalities in terms of BIM-induced and sleep or anesthesia-related slow
oscillations. Four major findings are reported here. (1) Both bicuculline-induced
slow oscillations and sleep- or anesthesia-related slow oscillations (<15 Hz)
propagate in the same preferential direction from rostral to caudal in the
thalamus within modality and across modalities. (2) When synchronized, the
activity in cerebral cortex precedes that of the thalamic sites, at least within the
same modality. (3) The slow oscillations can be of global distributions, showing
nearly-simultaneous EEG or burst discharges in the bilateral hemispheres, or
more local events of modality-dependence, recurring independently in different
modality systems. (4) However, this modality-specific asynchrony is seldom
observed among the TRN sites of different modalities, indicating strong
intranuclear connections within the TRN. The results would propose that

common principles probably governed the spatiotemporal patterns of different

140



Chapter 6 Summary

oscillation types.

As a whole, the thesis can deepen our present understanding of the mechanisms
for the generation, synchronization and propagation of the spontaneous activity
in the corticothalamic network. Our result from the in vivo preparation showing
that thalamocortical oscillations could occur without the participation of the
TRN is a great addition to our present understanding that most thalamocortical
oscillations need the inhibitory interaction of the TRN neurons. A study across
different modalities can offer a more general view on the brain rhythms,
suggesting that common principles probably govern the spatiotemporal patterns
of different oscillation types. All in all, experimental evidence provided by the
present study would further our understanding on the generation and
propagation of synchronized excitability within the corticothalamic network of

specific modality and across modalities.
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