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Résumé

Le présent mémoire corrobore 1’hypothése selon laquelle 1’hippocampe, le cortex
préfrontal et le noyau reuniens du thalamus constituent un réseau fonctionnel dans
lequel le noyau reuniens servirait d’interfacé entre I’hippocampe et le cortex
préfrontal. Bien que la voie hippocampo-corticale de ce réseau ait été abondamment
étudiée, cela n’est pas le cas pour la voie reuniens-préfrontale. Nous décrivons ici,
pour la premicre fois, la réponse de neurones du cortex préfrontal médian aux
stimulations du noyau reuniens. Chez des chats sous anesthésie (kétamine-xylazine),
nous avons effectué simulatanément 1) des enregistrements intra- et extracellulaires
dans le cortex préfrontal médian et 2) des stimulations du noyau reuniens ou de
I’hippocampe a 1’aide d’électrodes bipolaires. Nous avons ainsi démontré que la
réponse de neurones du cortex préfrontal médian aux stimulations du noyau reuniens
est distincte des réponses évoquées par des stimulations hippocampiques, que la voie
reuniens-préfrontale est sujette a la plasticité a court terme et qu’une région restreinte

du cortex préfrontal médian sert de relai a la voie hippocampo-cortico-thalamique.
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Abstract

This thesis provides supporting evidence for the claim that the hippocampus,
prefrontal cortex and reuniens nucleus of the thalamus together constitute a functional
network. The reuniens nucleus has been proposed to serve as an interface between the
hippocampus and prefrontal cortex. Implicit in this line of reasoning is the notion that
the reuniens nucleus exerts physiological influences on the prefrontal cortex.
Intracellular and local field potential recordings in the medial prefrontal cortex of
anesthetized cats were performed and both the reuniens nucleus and hippocampus
were stimulated with bipolar electrodes to further elucidate the nature of this
influence. A physiological description of responses of medial prefrontal cortex
neurons to stimulation of the reuniens nucleus is provided here for the first time. It 1s
further demonstrated that the reuniens nucleus and hippocampus exert distinct actions
on neurons of the medial prefrontal cortex, that this pathway is subject to short-term
plasticity and that a restricted locus of the medial prefrontal cortex mediates the

hippocampo-prefronto-thalamic relay.




Forward

“The stage has been set to attack the master unsolved problem of biology: how the
hundred billion nerve cells of the brain work together to create consciousness”.

-Edward O. Wilson

The work presented in this memoir was carried out in the laboratory of Dr. Igor
Timofeev in the department of Anatomy and Physiology at Laval University, Québec,
Canada and in the Centre de Recherche Université Laval Robert-Giffard, Québec,
Canada from Fall 2005 to Winter 2007. It was funded in part by the National Science
and Engineering Research Council, which provided a two year Postgraduate Research
Award. Supplementary funding was provided by an operating grant to Dr. Timofeev
from the Canadian Institutes of Health Research.

[t is with much enthusiasm that [ began my graduate studies at Laval University ready
to join forces with those attacking this unsolved problem of the mind alluded to by
Wilson. In particular, 1 find memory fascinating because of its apparent role in
weaving the Self. Investigations of memory abound as does work on synaptic
plasticity, its putative correlate at the molecular and cellular levels. What is lacking is

work at the systems level: what are the networks of cognition?

Two years later my enthusiasm remains unaltered although I have come to realize that
in my desire to answer such questions, I am in it for the long run. My experience here
leaves me with a new and rich skill set as well as a deepened appreciation and

understanding of neurophysiology research.
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1 Introduction

Both the hippocampus and the prefrontal cortex play well recognized roles in
cognitive processes and their interaction has been shown to be particularly critical to
memory consolidation. The hippocampo-prefrontal pathway, however, is
unidirectional; the prefrontal cortex does not return direct projections to the
hippocampus. On the other hand, the reuniens nucleus of the midline thalamus is
reciprocally connected to both the prefrontal cortex and the hippocampus and is thus
well positioned to serve as an interface between these two structures. Implicit in this
line of reasoning is the notion that the reuniens nucleus exerts physiological
influences on the prefrontal cortex. A physiological description of medial prefrontal
cortex intracellular responses to stimulation of the reuniens nucleus is provided here
for the first time. It is further demonstrated that the reuniens nucleus and
hippocampus exert distinct actions on neurons of the medial prefrontal cortex and that
a restricted locus of the medial prefrontal cortex mediates the hippocampo-prefronto-
thalamic relay. The introductory text that follows is made up of three sections.
Section 1.1. provides a description of the anatomy and electrophysiology of the
prefrontal cortex, hippocampus and reuniens nucleus. Section 1.2. reviews the body
of work pertaining to interactions of these three structures. Section 1.3. provides a
brief overview of spontaneous network activity in the brain with emphasis on
oscillations of the thalamo-cortical and hippocampal systems. In Section 2, the
specific aims of this study are enumerated. Materials, methods, results and discussion
are presented in scientific article format in Section 3 of this Master’s dissertation.
Finally, a general conclusion is found in Section 4 and includes a summary of
findings as well as a discussion of methodological considerations, of functional
implications and of future directions. All references are appended at the end of the

memoir.




1.1 The Prefrontal Cortex, Hippocampus and Reuniens
Nucleus

The following section aims to provide an overview of the prefrontal cortex,
hippocampus and reuniens nucleus of the thalamus, which together are believed to
constitute a functional network. This will set the stage for the subsequent literature

review of studies aiming to elucidate the nature of their interactions.

1.1.1 The Prefrontal Cortex

The prefrontal cortex has been shown to play a crucial role in higher cognitive
functions such as memory and attention. It has been proposed, for example, to play a
key role in incorporating newly acquired information in neocortical networks
(Teixeira et al., 2006; Wiltgen et al., 2004; Fletcher and Henson, 2001). This part of
the frontal lobe is defined as prefrontal by virtue of being densely and reciprocally
connected with the mediodorsal nucleus of the thalamus (Musil and Olson, 1988;
Thierry et al., 2000). It spans from the proreal gyrus to cortex immediately underlying
the genu of the corpus callosum in cat and is similarly localized in rat and monkey
(Musil and Olson, 1988). The prefrontal cortex is further subdivided into medial,
lateral and ventral, or orbital, areas (Berendse and Groenewegen, 1991). The present
memoir is concerned with the medial prefrontal cortex as it is reciprocally connected

to the reuniens nucleus and a target of hippocampal projections.

The medial wall of the frontal lobes was initially segregated into two areas. The
orbitofrontal cortex was that part which was innervated by the mediodorsal nucleus of
the thalamus and the anterior limbic cortex was the one which was innervated by the
anterior thalamic nucleus (Rose and Woolsey, 1948). It was later found, however,
that the anterior limbic cortex also receives inputs from the mediodorsal nucleus
(Leonard, 1969; Krettek and Price, 1977a). The anterior limbic area encompasses
Brodmann’s area 32 and 24, or prelimbic and anterior cingulate area, respectively.
Caudal to the prelimbic area is area 25, or infralimbic cortex, which does not receive

projections from the mediodorsal nucleus but is sometimes included in the prefrontal




cortex (Room et al., 1985; Beckstead, 1979; Groenewegen, 1988; Vertes, 2002). The

prelimbic and infralimbic cortices are areas of particular interest to this work.

While the neocortex is conventionally subdivided into six layers, the organization of
the prefrontal cortex is not distinctly laminar. Indeed, the prefrontal cortex is
considered to be agranular—that is, it lacks much of the small densely packed
neurons that are usually found in the middle layers. In particular, the anterior
cingulate, prelimbic and infralimbic cortices lack a distinct layer IV (Jay and Witter,
1991). The prelimbic cortex, or area 32, is characterized by a relatively well-defined
lamination. In cat prelimbic cortex, layer II is distinguished from layer III on the basis
of higher cell density while layer III fuses with layer V, where the largest cells are
- found (Rose and Woolsey, 1948; Krettek and Price, 1977a; Room et al., 1985; Musil
and Olson, 1988; Vertes, 2002; Jay and Witter, 1991). We will later see that the
reuniens nucleus targets most prominently layers Ia, V and VI of the prelimbic and
infralimbic cortices and that generally, the deep layers V/VI seem to be the

preferential targets of hippocampo-prefrontal projection fibers.

Neurons of the neocortex are physiologically heterogenous. Their response to
synaptic input is largely determined by intrinsic properties such as cell morphology,
channel expression and channel distribution. Electrophysiological cell types
constitute the basic functional unit of neural networks and are identified by the
injection of current steps into the cell. Four basic electrophysiological cell types have
been described in the neocortex based on the characteristics of individual action
potentials such as spike width and afterpotential components, the response to
threshold current pulses and the repetitive response pattern to prolonged current steps.
These cell types are: regular-spiking (RS), intrinsically bursting (IB), fast-rhythmic
bursting (FRB) and fast-spiking (FS). It is important to note, however, that
subcategories exist and that while these cell categories are typical there exist a
continuum of different cell types. In addition it should be noted that cells exhibit
dynamic behavior such that neurons may change their firing pattern under different

conditions, such as shifts in membrane potential (Connors and Gutnick, 1990; Gray
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and Mccormick, 1996; Timofeev et al., 2000b; Steriade et al., 1998b; Steriade, 2004;
Contreras, 2004).

Regular-spiking cells are the most common electrophysiological cell type in the
neocortex. RS cells respond to current injection with sustained repetitive firing. The
spike frequency of RS cells can reach 200-300 Hz and is linearly proportional to
current intensity (Crill and Schwindt, 1984; Stafstrom et al., 1984). RS cells adapt to
maintained stimuli. Fast-adapting cells will have their firing frequency decay to zero
in just a few tens of milliseconds while slowly adapting cells will have their
frequency decay to half of its initial value in a few hundred milliseconds (Agmon and
Connors, 1992; Nowak et al., 2003; Nunez et al., 1993). Spike width in RS cells is
about 1 ms at its base and both afterhyperpolarizations and afterdepoloarizations may
be observed following action potentials (Connors et al., 1982; Mccormick et al.,

1985; Nunez et al., 1993; Steriade et al., 2001).

Intrinsically-bursting cells are characterized by generating clusters of 3-5 spikes
(bursts) at 100-200 Hz either singly or repetitively at interburst frequencies of 5-15
Hz (Connors and Gutnick, 1990; Contreras, 2004; Agmon and Connors, 1992; Nunez
et al., 1993). Within bursts, successive spikes tend to decline in amplitude. IB cells
were first described in layers IV and V of parietal and cingulate cortices of guinea
pigs (Connors et al., 1982). Only 4% of cells are intrinsically bursting during waking
(Steriade et al., 2001).

Fast-rhythmic-bursting cells are also characterized by spike bursts. The bursts of FRB
cells contain 2-5 spikes with intraburst frequencies of 200-600 Hz and little spike
inactivation. Spikes last approximately 0.6 ms and exhibit a clear albeit small
afterhyperpolarization followed by an afterdepolarization. Interburst frequencies are
of 20-80 Hz (Gray and Mccormick, 1996; Steriade et al., 1998b; Brumberg et al,,
2000; Steriade et al., 2001; Steriade, 2004).

Fast-spiking neurons have very fast, thin spikes lasting less than 0.5 ms. They are
characterized by highly repetitive firing patterns with firing frequencies reaching up

to 800 Hz and undergo little to no accommodation. In addition, these cells have the




ability to generate membrane potential oscillations between 20 and 80 Hz (Connors

and Gutnick, 1990; Llinas et al., 1991; Nunez et al., 1993; Contreras, 2004).

Anatomically, RS, IB and FRB are almost always pyramidal neurons (Contreras,
2004). RS cells, however, have also been correlated with spiny stellate and large
GABAergic basket cell morphologies (Kawaguchi and Kubota, 1997). In addition,
some double bouquet, bipolar and martinotti cells have been shown to exhibit RS
electrophysiology. IB and FRB cells may be recorded from layers II-IV (Timofeev et
al., 2000b). FS cells almost exclusively correspond to non-pyramidal aspiny or
sparsely spiny morphologies. They release GABA (Ribak, 1978) and correspond to at
least two types of interneurons: basket cells and chandelier cells. FS cells are almost
always parvalbumin positive and are found in layers I1I-VI (Cauli et al., 1997;

Kawaguchi and Kubota, 1998; Contreras, 2004).

Four main classes of pyramidal cells have been recorded in prefrontal cortex in vivo
and characterized -electrophysiologically as regular-spiking (RS), intrinsically-
bursting (IB), non-inactivating bursting (NIB) and fast-adapting (FA) (Degenetais et
al., 2003; Thierry et al., 2000). NIB cells are characterized by bursts of 3-8 spikes
with average intraburst frequencies of approximately 90 Hz. The duration of
successive spikes within a burst increases and the firing threshold also increases
progressively within bursts. Intracellular recordings were performed in layers II-VI of
the prelimbic and medial orbital cortices of anesthetized rats by Thierry and
coworkers (2000). It was found that RS cells made up the majority of recorded cells
(79%), while FA and IB cells were recorded in lesser and approximately equal
proportions (10% and 11%, respectively) (Thierry et al., 2000). In the Results section
. of this thesis, fast-rhythmic bursting (FRB) cells are also reported to have been

recorded in medial prefrontal cortex of anesthetized cats.

Interneurons have also been recorded in the prelimbic and medial orbital cortices. In a
2004 study by Tierney and colleagues, fifty-nine percent of recorded interneurons
were found in layer V, 31% in layer VI and 10% in layer III. The majority were of
stellate morphology (83%). Of these, most were aspiny (89%) and the remainder

represented sparsely spiny cells. Seven percent of the recorded interneurons were




bitufted (Tierney et al.,-2004). In an earlier ultrastructural study it was found that 6%
of neurons in the rat prefrontal cortex are parvalbumin-containing (PV+) and of
basket and chandelier cell morphology (Gabbott et al., 2002). In the prelimbic cortex,
these local circuit PV+ neurons were most commonly found in layers III and V.
Electrophysiologically, they were characterized as fast-spiking. Diaphorase reactive
local circuit neurons were also found in area 32 but made up less than 1% of all
cortical neurons in this area. Such cells have the ability to synthesize nitric oxide,
which has been implicated in LTP, learning and memory (Gabbott et al., 2002;
Gabbott et al., 1997).

While most cortical and subcortical connections with the prefrontal cortex are
reciprocal, the prefrontal cortex does not receive afferents from the striatum nor send
direct projections to the hippocampus (Thierry et al., 2000). Feline medial prefrontal
cortex receives thalamic input from the mediodorsal, ventromedial, anteromedial,
medial ventroanterior and medial lateroposterior nuclei. It also receives input from
midline thalamic nuclei, namely from the paraventricular, parataenial and reuniens
nuclei. Cortical input originates in the insular cortex, cingulate cortex, lateral frontal
cortex, CA1 region of the hippocampus, parahippocampal cortex, entorhinal cortex,
parasubiculum, subiculum and auditory association cortex. Hypothalamic input arises
most importantly from the lateral hypothalamus but also from the ventromedial
hypothalamus, dorsal hypothalamic area and supramammillary nucleus. Further
afferents arise in the amygdala, diagonal band and claustrum (Musil and Olson, 1988;
Jay and Witter, 1991; Gabbott et al., 2002). In terms of monoaminergic input, the
prefrontal cortex is prominently innervated by dopaminergic fibers from the ventral
tegmental area whose terminals mostly form symmetric synapses onto dendritic
spines and shafts (Carr and Sesack, 1996). The anterior cingulate, prelimbic and
infralimbic cortices project heavily and selectively to the midline thalamus, in
particular to the paratenial, paraventricular, interanteromedial, anteromedial,
intermediodorsal, mediodorsal, reuniens and the central medial nuclei. The medial
agranular cortex, found dorsal to the prelimbic area, projects to the rostral
intralaminar nuclei (central lateral, paracentral, central medial nuclei) as well as to the

ventromedial and ventrolateral nuclei of the thalamus (Vertes, 2002). The anatomy of




the pathways linking the reuniens nucleus and hippocampus to the prefrontal cortex

will be further described in Section 1.2.

1.1.2 The Hippocampus

The hippocampus is phylogenetically older than the neocortex. It is a very well
studied structure in part due to the highly laminated arrangement of its cell bodies and
connections but also because of its role in learning and memory. It is a region of
polysensory convergence required for the processing of information from various
sensory modalities and the encoding of memories (Squire, 1992; Johnston and

Amaral, 2004).

There are different memory systems in the brain and the hippocampus is important
for a specific type of memory known as explicit or declarative memory (Moscovitch,
1982; Schacter, 1985; Tulving, 1985; Wickelgren, 1979; Cohen, 1984; Squire, 1982;
McDonald and White, 1993). This type of memory pertains to what philosopher
Gilbert Ryle (1949) referred to as “knowing that” (e.g. knowing that Ottawa is the
capital of Canada) and can be contrasted with implicit memory which corresponds to
“knowing how” (e.g. knowing how to ride your bike). In particular, the hippocampus
has been repeatedly shown to play a key role in declarative memory consolidation
(Winocur, 1990; Zola-Morgan and Squire, 1990; Cho et al., 1993; Kim et al., 1995).
This process allows newly acquired information to be transferred from short-term
memory to long-term memory and to become permanently “stored”, likely in
neocortical sites (Squire, 1992; Frankland and Bontempi, 2005). Evidence for
hippocampal involvement in memory consolidation comes from many clinical studies
of amnesic patients (Scoville and Milner, 1957; Baddeley, 1982; Milner, 1972;
Cummings et al., 1984; Zola-Morgan et al., 1986) as well as animal studies, notably
in monkey (Zola-Morgan and Squire, 1990; Friedman and Goldman-Rakic, 1988;
George et al., 1989) and rat (Auer et al., 1989; Davis et al., 1987; Winocur, 1990).
The involvement of the hippocampus in memory consolidation, however, is thought
to be time-limited (Zola-Morgan and Squire, 1990; Bontempi et al., 1999). The

hippocampus has also been shown to exhibit several forms of activity-dependent




plasticity, which is widely considered as an important cellular mechanism for
learning and memory (Bliss and Collingridge, 1993; Malenka and Nicoll, 1999;
Bennett, 2000; Martin et al., 2000).

The hippocampal formation consists of three main regions: the dentage gyrus,
Ammon’s horn and the subicular complex. Ammon’s horm is made up of subfields
CA1l, CA2 and CA3 and the subicular complex consists of the presubiculum,
parasubiculum and subiculum. The proximal subiculum is located adjacent to CAl.
The entorhinal cortex is sometimes included in the hippocampal formation and is
itself further subdivided into ventromedial, ventral lateral and dorsal lateral areas
(Krettek and Price, 1977a). The principal cells of the hippocampus are multipolar
neurons called pyramidal cells. They are arranged in a single layer that is 3 to 6 cells
deep. Above the pyramidal layer of the CA fields is the stratum oriens and below are
the stratum radiatum and stratum lacunosum-moleculare. The hippocampus is also

very rich in interneuron varieties (Freund and Buzsaki, 1996).

Anderson and colleagues coined the term trisynaptic circuit to describe the flow of
information through the hippocampal formation (Anderson et al., 1971). The starting
point of this circuit is the entorhinal cortex. The entorhinal cortex receives most of its
input from the perirhinal, postrhinal and retrosplenial cortices (Van Groen and Wyss,
1992; Wyss and Van Groen, 1992). Most of the sensory information ffom various
modalities converges in these cortical areas which, in turn, generally provide
excitatory input to the entorhinal cortex (Martina et al., 2001). Layer II neurons of the
entorhinal cortex then give rise to the perforant path which projects to the dentate
gyrus and CA3 subfield; CA1 and subiculum receive input from layer III entorhinal
cells. The dentate gyrus in turn gives rise to the mossy fibers which terminate on the
proximal dendrites of CA3 pyramidal cells. These cells then project to other CA3
neurons and to CAl pyramidal cells. This latter projection is called the Schaffer
collateral. The CA1 pyramidals project to the subiculum and deep entorhinal layers.
The principal cells of the subiculum also project to the deep layers of the entorhinal
cortex. The deep layers of the entorhinal cortex reciprocate the majority of cortical

projections and it is thought that the hippocampal processing of the initial inputs is




necessary for the formation of long-term memories. Anatomical studies in rat, cat and
monkey have shown that the ventral CA1 and subiculum also project to the medial
prefrontal cortex (Swanson, 1981; Ferino et al., 1987; Jay and Witter, 1991; Carr and
Sesack, 1996; Irle and Markowitsch, 1982; Cavada et al., 1983; Goldman-Rakic et
al., 1984). For this reason, the following section will describe these fields and their

connectivity in greater detail.

The average CA1 pyramidal cell is smaller than the average CA2 and CA3 principal
cell but can receive up to 30,000 excitatory inputs and 1,700 inhibitory inputs
(Johnston and Amaral, 2004). It can fire up to several hundred Hertz but in vivo,
some studies have reported firing rates of approximately 0.5 Hz (Schwartzkroin,
1975; Schwartzkroin, 1977; Xu and Pulsinelli, 1996). Their axons extend in the
alveus or stratum oriens where they project to the subiculum; distal CA1 cells project
to the proximal subiculum, middle CA1 cells to mid-subiculum and proximal CA1
cells to distal subiculum (Johnston and Amaral, 2004; Amaral et al., 1991). CAl is
the first hippocampal field to project back to the entorhinal cortex. More specifically,
the CA1 projects to deep layers of the entorhinal cortex and predominantly to layer V
of the medial entorhinal cortex (Finch and Babb, 1980; Finch and Babb, 1981;Van
Groen and Wyss, 1990). A small number of CAl neurons also project to the
contralateral CA1(Van Groen and Wyss, 1990) while ventral CA1 further projects to
the reuniens nucleus (McKenna and Vertes, 2004a). The CA1 receives input from the
CAZ3, ipsilaterally via the Schaffer collateral and contralaterally via the commissural
pathways. It also receives afferents from the septum and amygdaloid complex
(Krettek and Price, 1977b; Pitkanen et al., 2000; Johnston and Amaral, 2004). The
reuniens nucleus terminates on spines and dendrites of CA1 apical dendrites as well
as interneurons in the stratum lacunosum-moleculare (Wouterlood et al., 1990;

Dolleman-Van der Weel et al., 1997; Dolleman-Van der Weel and Witter, 2000).

As mentioned, the subiculum receives input from the CA1 and entorhinal cortex. The
axons of pyramidal cells of the subiculum form dense collaterals and project, in
addition to the entorhinal cortex, to several subcortical regions such as the nucleus

accumbens, anterior thalamic nuclei, medial mammillary nucleus, lateral septal
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nucleus and presubiculum (Johnston and Amaral, 2004). The subiculum and

presubiculum project to the reuniens nucleus(McKenna and Vertes, 2004).

1.1.3 The Reuniens Nucleus

The reuniens nucleus is a small nucleus lying ventrally on the midline directly above
the 111" ventricle and occupying the anterior third of the thalamus (Van der Werf et
al., 2002). In cat, the reuniens nucleus has a size of approximately 2 mm’. Like the
prefrontal cortex and hippocampus, the reuniens nucleus of the thalamus has been
implicated in memory function, albeit to a much lesser extent. Together with other
midline and intralaminar nuclei it has also been implicated in awareness and vigilance

(Mennemeier et al., 1992; Vann et al., 2000; Van der Werf et al., 2002).

The thalamus is divided into medial dorsal, anterior and lateral groups by the internal
medullary lamina, a Y-shaped strip of white matter. The midline nuclei of the
thalamus are found along the midline, as their name suggests, and consist of a thin
conglomerate of cells spanning the anterior third of the thalamus. They include the
paraventricular, parataenial, intermediodorsal, reuniens and rhomboid nuclei. The
intralaminar nuclei are contained within the internal lamina, lateral to the mediodorsal
nucleus. They include the central medial, paracentral, central lateral, centre médian

and parafascicular nuclei (Van der Werf et al., 2002).

The midline and intralaminar nuclei have long been considered as non-specific nuclei
of the thalamus. The midline and intralaminar nuclei are considered to be the rostral
continuation of the reticular formation as they receive strong inputs from the
mesencephalic, pontine and medullary reticular formation. These inputs were initially
thought to be non-discriminatory with respect to individual nuclei. Further, the
cortical projections of the midline and intralaminar nuclei were described as diffuse
and non-specific. Lastly, electrical stimulation of these nuclei was reported to
produce recruiting effects, where low frequency of stimulation induced both slow
waves in the entirety of the cortical mantle and somnolence; high-frequency
stimulation produced cortical desynchrony and arousal or epileptiform activity in case

of intense stimulation. In short, pronounced yet putatively non-discriminatory inputs
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from the ascending activating systems, diffuse cortical outputs and the ability to
induce recruiting responses together account for the attribution of non-specificity to

the midline and intralaminar nuclei (Van der Werf et al., 2002).

The view of non-specificity has been challenged in recent years (Van der Werf et al.,
2002; Groenewegen and Berendse, 1994). Van der Werf and colleagues (2002) have
proposed, based on similarity of connectivity, that these nuclei be subdivided into
four “functionally homogeneous” groups: (1) the dorsal group includes the
paraventricular, parataenial and intermediodorsal nuclei and is implicated in viscero-
limbic functions; (2) the lateral group, made up of the central lateral, paracentral, and
anterior central medial nuclei, is involved in cognitive function; (3) the posterior
group is made up of the centre médian and parafascicular nuclei and is involved in
limbic motor function, and (4) the ventral group, comprising the reuniens, rhomboid
and posterior central medial nuclei is thought to modulate higher cognitive, affective

and polysensory processing.

The ventral group is distinguished from other groups by its sparse innervation of the
striatum. Its efferents project to superficial and deep layers of most cortical areas but
especially to primary motor, sensory and associative cortices. The reuniens, and
possibly also the rhomboid, also projects to the hippocampus proper. Because sensory
input from different modalities converges in the hippocampus, it has been proposed
that this nucleus may help modulate multimodal processing. Functional data on
ventral group nuclei are scarce, however, in part because selective lesions of these
nuclei in humans has not been reported and in part because very few animal studies

have been carried out due to the small size of these nuclei (Van der Werf et al., 2002).

The nucleus reuniens is part of the ventral group of midline and intralaminar nuclei.
Connections with cortical, thalamic, hypothalamic and brainstem structures have been
reported (Herkenham, 1978; Robertson and Kaitz, 1981; Ohtake and Yamada, 1989;
Azmitia and Segal, 1978). In essence, it appears to receive widespread afferents from
limbic structures but to selectively send efferents to the hippocampus and medial
prefrontal cortex (McKenna and Vertes, 2004). A description of inputs and outputs of

the reuniens nucleus will now be provided.
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According to McKenna and Vertes (2004), who carried out a detailed study of
reuniens afferents, “no other nucleus of the thalamus, and none outside of the midline
thalamus, receives a comparable degree and diversity of inputs”. Inputs to the
reuniens are very different from that of neighboring structures including the central
medial, rhomboid, ventromedial and submedial nuclei of the thalamus and
dorsomedial nucleus of the hypothalamus. Cortical inputs arise from the infralimbic,
prelimbic, orbitomedial, insular, ectorhinal and perirhinal cortices, subiculum and
CALl. In cats, other cortical inputs include those originating in the cingulate cortex,
dorsal and ventral retrosplenial cortices and presubiculum. In contrast with many
brain regions, the reuniens nucleus receives limited thalamic input. These inputs arise
in the reticular nucleus, zona incerta, paraventricular and lateral geniculate nuclei.
Following fluorogold tracer injections into the reuniens nucleus, however, the zona
incerta was reported to be one of the most heavily labelled sites. Hypothalamic
afferents are very pronounced and originate mainly from the anterior and
ventromedial hypothalamic nuclei, premammillary and supramammillary nuclei.
Brain stem inputs arise in the ventral tegmental area, dorsolateral tegmental nucleus,
superior colliculus, central grey, dorsal, median and central raphé and parabrachial
nucleus. Basal afferents originate in the nucleus of the diagonal band and bed nucleus
of the stria terminalis. The reuniens nucleus also receives input from the medial
nucleus of the amygdala. Other inputs include the claustrum, tania tecta, lateral
septum, substantia innominata and lateral preoptic area of the basal forebrain,
periaqueductal gray and pretectal nucleus (McKenna and Vertes, 2004; Van der Werf
et al., 2002; Herkenham, 1978).

Some differences in the patterns of innervation of the rostral versus caudal reuniens
nucleus have been reported. These differences pertained mostly to the densities of
projections. For instance, the caudal part of the reuniens nucleus receives stronger
inputs from the motor agranular, dorsal anterior cingulate, entorhinal and perirhinal
cortices and interpeduncular nucleus. The ectorhinal, perirhinal, reticular and
interpeduncular nuclei in fact do not project to the rostral end of the reuniens nucleus.
On the other hand, the rostral reuniens nucleus receives more inputs from subcortical

regions such as the lateral septum, anterior, ventromedial and posterior hypothalamic
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nuclei, supramammilary nucleus, periaqueductal gray and CAl/subiculum (McKenna

and Vertes, 2004).

The reuniens nucleus projects almost exclusively to the telencephalon. The densest
sites of projection are to the medial and lateral entorhinal, medial frontal polar,
infralimbic, medial and ventral orbital, perirhinal, anterior piriform, prelimbic and
retrosplenial cortices, the claustrum, dorsal tania tecta, CAl and subiculum. It was
reported that injections of phaseolus vulgaris leuccoagglutinin into the reuniens
proper led to bilateral labeling of these structures while injections into the

perireuniens led to less dense, ipsilateral labeling (Vertes et al., 2006).

Most efferent fibers of the reuniens nucleus course ventrolaterally and pass through
the ventromedial nucleus, zona incerta and dorsolateral hypothalamus. They course
through the medial forebrain bundle. Some fibers then descend through the lateral
hypothalamus and medial forebrain bundle to the hypothalamus and rostral midbrain.
Other fibers pass through the lateral hypothalamus and head towards the amygdala
and ventral regions of the perirhinal cortex. Some fibers of this tract also reach parts
of the subiculum. Finally, most fibers will join the internal capsule, ascending
through -the lateral hypothalamus and medial forebrain bundle, to reach the
ventromedial striatum and rostral forebrain They will either terminate in the frontal
cortex or continue on to the hippocampus via the cingulate bundle (Vertes et al.,
2006). Other efferent pathways head towards the medial fourth of the reticular
nucleus and into the inferior thalamic peduncle where they continue to course
rostrally before turning medialward and above the anterior commissure. Some of
these fibers abut in the piriform cortex, claustrum and olfactory tubercle. Two distinct
bundles terminate the rostral and caudal cortical regions. Reuniens efferents to the
hippocampus reach this structure via the cingulate bundle, inferior thalamic peduncle

or stria terminalis (Wouterlood et al., 1990).

The reuniens nucleus consists of a conglomerate of loosely packed cells comprised of
dorsal mediocellular and ventral parvicellular parts (Yanagihara et al., 1987). At its
rostral end, the reuniens nucleus is divided into two by the III" ventricle and more

caudally, these two structures fuse to become a single mass bordered by the
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perireuniens nuclei (Van der Werf et al., 2002). Some studies suggest that the caudal
reuniens innervates the rostral part of the reuniens nucleus (Wouterlood et al., 1990;

Dolleman-Van der Weel et al., 1997).

Neurons in the reuniens nucleus are immunocytologically heterogeneous (Bokor et
al., 2002). Both calretinin and calbindin immunoreactivity have been reported in the
reuniens nucleus (Winsky et al., 1992; Arai et al., 1994). A significant proportion of
cells co-express calbindin and calretinin (Bokor et al., 2002). While little is known
about the functional significance of calbindin and calretinin, it has been reported that
the reuniens of epilepsy-prone rats express lower levels of calbindin mRNA
(Montpied et al., 1995). The majority of hippocampus-projecting cells are calbindin-
positive (Bokor et al., 2002). Cortically projecting neurons have also been shown to
be calbindin positive but not immunoreactive for parvalbumin (Lin et al., 1996;
Bokor et al., 2002). Immunostaining for several neuropeptides such as somatostatin,
cholecystokinin, neuropeptide Y, leucin-enkephalin, substance P, calcitonin gene-
related peptide and vasoactive intestinal polypeptide was reported to be negative

(Bokor et al., 2002) and in the rat thalamus, GABA-immunoreactive parvalbumin

* positive cells are strictly localized in the nucleus reticularis thalami and zona incerta,

therefore absent in the reuniens nucleus (Houser et al., 1980; Ottersen and Storm-
Mathisen, 1984; Lin et al., 1996). In contrast, dense immunolabeling for GABA has
been reported in cat (Rinvik et al., 1987)

1.2 A Role for the Reuniens Nucleus of the Midline
Thalamus in Hippocampo-Prefrontal Interactions

The hippocampo-prefrontal pathway is unidirectional as the hippocampus projects to
the prefrontal cortex but not vice versa. Given that the reuniens nucleus is, on the
other hand, reciprocally connected to both the hippocampus and prefrontal cortex,
this thalamic nucleus has been proposed to serve as an interface between these two
structures (Vertes, 2006). The microcircuits of the prefrontal cortex, hippocampus
and reuniens nucleus have been discussed above and an overview of hippocampo-

cortical, prefronto-thalamic and hippocampo-thalamic interactions will now follow.
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1.2.1 Interactions of the hippocampus and prefrontal cortex

Interactions of the hippocampus and prefrontal cortex have been subjected to
psychological, anatomical and electrophysiological investigation and have been
shown to be necessary to learning and memory. For example, Floresco and colleagues
(1997) have shown that blocking hippocampo-prefrontal communication by injecting
lidocaine into the ventral CAl/subiculum, which projects profusely to the prefrontal
cortex, produces the same effect as prefrontal lesions: it significantly impairs
performance on memory tasks (Floresco et al., 1997; Floresco et al., 1999; Aujla and
Beninger, 2001). It is also known that while the hippocampus is more involved in the
early stages of learning, the prefrontal cortex appears to be more engaged as memory
consolidates (Bontempi et al., 1999; Frankland et al., 2001; Maviel et al., 2004;
Takehara et al.,, 2003). The mechanisms of hippocampo-prefrontal interaction,
however, remain to be elucidated. Before discussing potential mechanisms or a role

for the reuniens nucleus, however, the anatomy of this pathway will be described.

Anatomical studies in rat, cat and monkey have shown that the ventral hippocampus
and subiculum project to the medial prefrontal cortex (Swanson, 1981; Ferino et al.,
1987; Jay and Witter, 1991; Van Groen and Wyss, 1990; Carr and Sesack, 1996; Irle
and Markowitsch, 1982; Cavada et al., 1983; Goldman-Rakic et al., 1984). This
connectivity provides the structural basis for hippocampo-prefrontal interaction. In
spite of pronounced projections from the hippocampus to the medial prefrontal
cortex, however, there are no direct projections from the prefrontal cortex to the
hippocampal formation (Beckstead, 1979; Goldman-Rakic et al., 1984; Room et al.,
1985; Reep et al., 1987; Takagishi and Chiba, 1991). As such, the hippocampo-
prefrontal pathway is, peculiarly, unidirectional. A detailed description pertaining to

its anatomy will now follow.

Few studies have examined hippocampo-prefrontal projections in cat. One of the
earliest was that reported by Irle and Markowitsch (1982). In this report, retrograde
tracer horseradish peroxidase (HRP) was injected in various cortical sites. Dense
labeling was found in the subiculum, indicating that this structure projects to the

medial prefrontal cortex. Later, Musil and Olson (1988) demonstrated that ventral
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deposits of retrograde tracers in the prefrontal cortex of cats also resulted in labeling

of hippocampal cells in CA1.

Studies in rat have been far more numerous and have provided a more detailed
account of hippocampo-prefrontal anatomy. It was reported that hippocampal CAl
and subicular afferents to the prefrontal cortex project heavily to the prelimbic,
infralimbic and medial orbital cortices via the fimbria and precommissural fornix
(Wyss et al., 1980; Swanson, 1981; Jay et al., 1992; Jay et al., 1989; Jay and Witter,
1991; Van Groen and Wyss, 1990). Jay and Witter (1991) further demonstrated that it
is the ventral CAl, and not the dorsal CA1, which projects to the prefrontal cortex
and, likewise, that only the proximal subiculum projects to the mPFC. In this study,
anterograde tracer Phaseolus vulgaris-leucoagglutinin (PHA-L) was injected into the
CAT1 and subiculum. It was reported that following CA1l injections, afferents to the
dorsal prelimbic cortex mainly targeted deep layers V and VI. On the other hand,
afferents to ventral prelimbic cortex innervated both deep and superficial cortical
layers. For its part, the medial orbital cortex was only sparsely labeled but labeling
was seen across all layers, though preferentially in the deeper ones. Following
subicular injections, varicose fibers and terminal plexuses were observed in all layers.
Long, vertically-oriented fibers were seen in layers V and VI, short, ramified fibers
with no preferred orientation were seen in layers II and III and, occasionally, long,
vertically-oriented fibers were seen in layer I in the prelimbic cortex. In the medial
orbital cortex, terminal labeling was diffuse and more intense than that observed

following CA1l injections.

In a later study, Gabbott et al. (2002) found that CA1 injections of anterograde tracer
biotininylated dextran amine (BDA) resulted in terminal labeling of hippocampal
fibers in all layers of the infralimbic, prelimbic and to a lesser extent, anterior
cingulate cortices of the medial prefrontal cortex. Terminal labeling was most dense
in layers V and VI of infralimbic and prelimbic areas, in accordance with Jay and
Witter’s (1991) findings, while axonal varicosities where most prominent in layers II1
and V. Hippocampal afferents further gave rise to collaterals which ascended towards

layer I. The CAl projection fibers were found to preferentially contact dendritic
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spines (95%); synapses were, on occasion, found to occur on dendritic shafts (4%)
and very rarely, on cell bodies (1%). Boutons made one synaptic junction, on
average. By combining anterograde tracing techniques with immunocytochemistry,
Gabbott and coworkers (2002) were further able to demonstrate that CA1 afferents to
the prelimbic and infralimbic cortices of rats innervate not only spiny neurons
(putative pyramidal cells) but also two subclasses of local circuit interneurons,
namely, parvalbumin positive cells and NADPH diaphorase reactive neurons. These
findings built on previous ultrastructural studies that revealed that hippocampal
afferents to the prefrontal cortex preferentially form asymmetrical axospinous
synapses, implying that hippocampal fibers establish excitatory contacts on prefrontal
pyramidal cells. Although far less frequent, however, axodendritic contacts were also
observed suggesting that local circuit interneurons may also be contacted by
hippocampofugal fibers(Carr and Sesack, 1996). Gabbott et al.’s study hence
confirmed this (Gabbott et al., 2002).

Electrophysiological investigations have further contributed to characterizing the
hippocampo-prefrontal pathway. Early reports have shown that conduction velocity
in this pathway is slow. Indeed, by recording antidromic spikes in rat hippocampi
following medial prefrontal stimulation, Ferino et al. (1987) were able to determine
that the conduction delay of the hippocampo-prefrontal pathway is of approximately
15 ms and that therefore, the conduction velocity in these hippocampo-cortical fibers
is of about 0.6 m/s. Other studies have demonstrated that hippocampal afferents to the
medial prefrontal cortex exert excitatory actions (Degenetais et al., 2003; Tierney et
al., 2004; Laroche et al., 2000; Ferino et al., 1987; Laroche et al., 1990; Jay et al.,
1995). Indeed, evidence suggests that this pathway is glutamatergic. For instance, it
was shown that injections of tritiated D-aspartate, in the prelimbic cortex produce
(retrograde) labeling in the ventral hippocampus and ventral/intermediary subiculum.
It was also reported that microiontophoretic appiication of AMPA and NMDA
agonists in the prefrontal cortex activate cells responding to hippocampal stimulation
(Jay et al., 1992). Tritiated D-aspartate is a compound used to identify excitatory

connections; AMPA and NMDA receptors mediate the glutamatergic response.
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Both pyramidal cells and inhibitory neurons were found to mediate the medial
prefrontal response to hippocampal stimulation. Dégenétais et al. (2003) performed
intracellular recordings in anesthetized rats. They observed that hippocampal
stimulation induced, in the vast majority of recorded cells in the prelimbic and medial
orbital cortices (91%), a response composed of an early, likely monosynaptic, EPSP
thought to be mediated by AMPA receptors. This event was immediately followed by
a prolonged IPSP which was found to be mediated, at least in part, by GABA4 and
GABAg conductances. The complexity of the response elicited by hippocampal
stimulation indeed suggests that both pyramidal and non-pyramidal cells in the
prefrontal cortex are involved in mediating responses to hippocampal stimulation. It
was proposed, for example, that the late inhibitory component of the response could
be due to feedforward inhibition and/or to feedback from interneurons activated by
recurrent collaterals of the excited cell. A role for disfacilitation was not ruled out.
The hyperpolarization phase was in turn often followed by a depolarizing rebound.
Rebound activity has also been described in the thalamocortical system and reported
to result from intrinsic properties of thalamocortical neurons (Grenier et al., 1998). A
late EPSP occasionally followed the early excitatory event, perhaps due to recurrent
excitation, reverberating activity within the hippocampus or activation of an indirect
pathway (Degenetais et al., 2003). It is conceivable that this event could be due to the

indirect activation of the reuniens nucleus.

In a study published the following year, Tierney and colleagues (2004) investigated
the role of hippocampal stimulation on medial prefrontal cortex interneurons of
anesthetized rats. In this study, extracellular recordings were performed, coupled with
juxtacellular injections of neurobiotin or biotinylated dextran amine. Interneurons
were identified morphologically and according to spike width. It was found that 70%
of recorded interneurons responded to hippocampal stimulation. While interneuron
response to hippocampal stimulation was similar to that observed in pyramidal cells,
the excitatory component of the response was often crowned by bursts of action
potentials. Some cells did not exhibit an early EPSP but only the long hyperpolarized
component of the response. The response was also deemed monosynaptic and,

notably, its latency was shorter that that observed in pyramidal cells. Indeed, when
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pairs of pyramidal and interneuronal cells were recorded, the interneuron was found
to always fire prior to its pyramidal counterpart. This was proposed to suggest that the
hippocampus is able to exert feedforward inhibition in the medial prefrontal cortex
(Tierney et al., 2004). Large variability in response latencies in this pathway
(Degenetais et al., 2003) further emphasizes that both monosynaptic and polysynaptic
mechanisms are involved in mediating the prefrontal response to hippocampal

stimulation (Siapas et al., 2005).

The hippocampo-prefrontal pathway has, in addition, been reported to exhibit
plasticity. Paired-pulse facilitation, paired-pulse depression, long-term potentiation,
long-term depression and depotentiation have all been observed in this pathway
(Degenetais et al., 2003; Jay et al., 1995; Laroche et al., 1990; Takita et al., 1999;
Burette et al., 1997). The hippocampus, therefore, exerts powerful modulatory actions

at the medial prefrontal cortex.

Lastly, spontaneous activity in the prefrontal cortex and hippocampus has been
shown to exhibit strong synchrony. Siapas, Lubenov and Wilson (2005) demonstrated
that a significant proportion (40%) of medial prefrontal cortex neﬁrons, recorded with
~ chronically-implanted multitetrodes in freely behaving rats, is phase-locked to
hippocampal theta activity. This phase-locking was confirmed not to be due to
intrinsic rthythmicity of neuronal firing; rather, correlative evidence indicates that this
behavior is likely to be mediated by hippocampal input. It was shown, for instance,
that prefrontal neurons spike preferably with a 50 ms delay with respect to
hippocampal theta, suggesting hippocampo-prefrontal directionality, and that medial
prefrontal cortex cells are phase locked if and only if they exhibit significant cross-
covariance with hippocampal units (with lags up to 150 ms). It was further proposed
that local circuit interneurons in the prefrontal cortex could play a role in this theta
phase-locking. Other mechanisms proposed for mediating medial prefrontal neuronal
phase locking to hippocampal theta include the involvement of subcortical structures.
In an earlier study, it was found that during slow wave sleep, hippocampal ripples are
coherent with spindle activity in the medial prefrontal cortex (Siapas and Wilson,

1998). Ripples have been proposed to play a role in mediating cortico-hippocampal
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communication (Ylinen et al., 1995; Buzsaki, 1996). Consequently, the finding that
hippocampal ripples and prefrontal spindles are co-occurrent led the authors of this
study to postulate that co-activation of hippocampal and prefrontal pathways may
contribute to the reorganizing and consolidating of memory traces (Siapas and
Wilson, 1998). It is noteworthy to mention here that spindles are of thalamic origin
(Contreras and Steriade, 1996). Spindles, ripples and theta oscillations will be

described in Section 1.3.

To summarize, both the hippocampus and prefrontal cortex play well-recognized
roles in memory function. In particular, these structures are known to interact in the
process of memory consolidation. How they interact, however, remains unclear.
Anatomical studies have revealed that ventral hippocampal and ventral/intermediary
proximal subicular fibers project profusely to the infralimblic and prelimbic cortices
via the fimbria/fornix where they establish excitatory contacts on pyramidal cells and,
to a lesser extent, local circuit interneurons. Generally, the deep layers V/VI seem to
be the preferential target of these contacts. In spite of marked hippocampal input to
the medial prefrontal cortex, the Ilatter does not reciprocate connectivity.
Electrophysiological investigation has provided insight in the processing of
hippocampal input in the medial prefrontal cortex. Most importantly, hippocampal
stimulation produces complex responses that suggest both monosynaptic and
polysynaptic mechanisms, the interplay of excitatory and inhibitory events and the
involvement of pyramidal and non-pyramidal cells. Feedforward inhibition has been
shown to be a viable mechanism in this pathway. The pathway has also been shown
to exhibit various forms of synaptic plasticity. Coupled with the observed
coordination of hippocampal ripples and prefrontal spindles during slow-wave sleep
and medial prefrontal phase-locking to hippocampal theta, such findings start to

narrow in on the physiological bases underlying memory consolidation.
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1.2.2 Interactions of the prefrontal cortex and thalamus
The reuniens nucleus and prefrontal cortex are reciprocally connected. The anatomy
and electrophysiology of the thalamocortical pathway will be considered first and will

be followed by a discussion on cortico-thalamic connectivity.

Several thalamic nuclei project to the medial prefrontal cortex. Musil and Olson
(1988) performed injections of retrograde tracers nuclear yellow and bisbenzimide in
the medial prefrontal cortex of cats and reported that cell labeling was observed most
prominently in the mediodorsal nucleus and ventral complex, but also in the
lateroposterior nucleus and in so-called limbic-associated thalamic nuclei, including
the parataenial, paraventricular, basal ventromedial and reuniens nuclei (Musil and
Olson, 1988). More specifically, Van der Werf and colleagues (2002) analyzed 40
injections of anterograde tracers PHA-L and BDA to identify the efferents of the
reuniens nucleus. They reported that in the cerebral cortex, terminal labeling was
pronounced in layers Ia, V and VI of the prelimbic and infralimbic cortices. Labeled
fibers were also seen in layers Ia, III and V of the medial orbital cortex and agranular
insular cortex layers I, IIl and V. Sparse labeling was seen in the anterior cingulated
and motor cortex; cingular labeling was continuous with that seen in the dorsal
retrosplenial cortex, preferentially targeting layer I (Van der Werf et al., 2002). A
more recent study by Hur and Zaborsky (2005) has specified that glutamatergic cells
from the reuniens nucleus project to the medial prefrontal cortex. By combining
retrograde fluorescent tracing (Fluorogold) with in situ hybridization, these authors
demonstrated that ~90% of Vglut2-containing cells projecting to the medial
prefrontal cortex originate in the thalamus. Most of these cells were found in the
midline and intralaminar nuclei, including the reuniens nucleus (Hur and Zaborszky,
2005). In addition, tritiated D-aspartate in prefrontal cortex had previously been
shown to produce dense labeling in the reuniens nucleus (Pirot et al., 1994). The
majority of efferents from the reuniens nucleus supply cortical regions via the inferior
thalamic peduncle, where they course dorsal to the anterior commissure, first passing
by the medial fourth of the reticular nucleus where they give off collaterals (Van der

Werf et al., 2002).
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Electrophysiological stimulation of the midline and intralaminar nuclei were shown
in the 1940s to cause recruiting effects, where 5-12 Hz stimulation of the midline
thalamus can induce spindle-like activity in the cortical mantle (Morison and
Dempsey, 1942). Interestingly, the reuniens nucleus was specifically shown to
produce such effects in the sigmoidal gyrus (Spencer and Brookhart, 1960). In
contrast with the hippocampo-prefrontal pathway, however, the electrophysiological
actions of the reuniens nucleus on the prefrontal cortex have received little attention.
A recent study by Di Prisco and Vertes (2006) established that stimulation of the
dorsal and ventral midline thalamus (but not of a null zone in between) resulted in
short latency, large amplitude evoked potential in the medial prefrontal cortex. The
most prominent responses were observed in layer V of prelimbic and infralimbic
cortices following stimulation of the rhomboid/reuniens nucleus (Di Prisco and
Vertes, 2006). Note that this is the layer where the hippocampus also preferentially
projects. Evoked responses were characterized by an initial positive deflection
followed by a negative wave which was in turn followed by a late positive
component. The mean latency of the negative event in prelimbic cortex,
approximately 4.5 ms, was deemed to be indicative of monosynaptic effects. It was
also shown that paired-pulse stimulation of the reuniens nucleus could induce
facilitation both in infralimbic and prelimbic cortex, with an 83% increase in evoked
potential amplitude in the former and a 75% increase in the later. The results and
interpretation of the findings of this study are addressed in greater detail in Section 3
of this memoir. Medial prefrontal cortex intracellular responses to stimulation of the

reuniens nucleus have not been previously described.

The medial prefrontal cortex, and especially the infralimbic and prelimbic cortices,
project densely to the reuniens nucleus, thereby reciprocating the thalamo-cortical
connectivity (McKenna and Vertes, 2004; Vertes, 2002; D1 Prisco and Vertes, 2006).
In 2002, Robert Vertes published a report on medial prefrontal cortex projections to
the thalamus. Using anterograde tracer Phaseolus vulgaris-leucoagglutinin, it was
found that all four divisions of the medial prefrontal cortex, namely the infralimbic,
prelimbic, anterior cingulate and medial agranular cortices project heavily to the

reuniens nucleus of the thalamus. In particular, the infralimbic, prelimbic and anterior
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cinglulate fibers terminate predominantly in the lateral region of the reuniens nucleus.
On the other hand, medial agranular fibers terminate mostly in the medial reuniens
(Vertes, 2002). Injections of retrograde label Fluorogold in the reuniens nucleus have
also confirmed the existence of dense projections from the medial prefrontal cortex.
In particular, it was shown that labelling was heaviest in layers 5 and 6 of medial
agranular, prelimbic and infralimbic cortices (McKenna and Vertes, 2004). Much
earlier, Room et al. (1985) had reported, in cat, that the reuniens nucleus was the
major termination field of fibers arising from the infralimbic cortex (Room et al.,
1985). There are no known electrophysiological reports pertaining to this

prefrontofugal pathway.

In short, layers Ia, V, and VI of the prelimbic and infralimbic cortices and layers Ia,
III and V of the agranular insular and medial orbital cortices are the main recipients
of reuniens afferents, which arrive to their destination via the inferior thalamic
peduncle. These afferents are, at least in part, glutamatergic. In turn, layers V and VI
of the medial agranular, prelimbic and infralimbic cortices project back to the
reuniens nucleus. Very limited electrophysiological work has investigated

interactions of the reuniens nucleus and prefrontal cortex.

1.2.3 Interactions of the thalamus and hippocampus

The reuniens nucleus provides the major, “virtually sole” thalamic input to the
hippocampus and parahippocampal structures (McKenna and Vertes, 2004; Vertes et
al.,, 2007; Herkenham, 1978; Su H.S. and Bentivoglio, 1990; Wouterlood et al.,
1990). Evidence that the reuniens nucleus projects to the hippocampal formation
comes from studies done in rat (Bertram and Zhang, 1999; DollemanVanderWeel and
Witter, 1996), cat (Yanagihara et al., 1987) and monkey (Price and Amaral, 1981).
Other thalamic nuclei such as the parataenial (Wyss et al., 1979; Riley and Moore,
1981), lateral dorsal and rhomboid nuclei (Yanagihara et al., 1987) have also been
occasionally shown to project to the hippocampal formation but to a much lesser
extent. Yanagihara et al. (1985, 1987) first investigated the nature of thalamic

projections to the hippocampal formation, subiculum and entorhinal areas in cat.
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Using WGA-HRP both as an anterograde and retrograde tracer, it was found that cells
from the entire rostrocaudal extent of the reuniens nucleus projected to the superficial
layers of the hippocampus, subiculum and entorhinal areas (Yanagihara et al., 1987,
Yanagihara et al., 1985). In particular, terminal labeling of anterogradely labeled
reuniens nucleus efferents to the hippocampus were found in the stratum lacunosum-
moleculare (Yanagihara et al., 1985) and terminal labeling of reuniens efferents were
present in both the first and deepest layers of the restrosplenial areas and in the
superficial layers of the subiculum (Yanagihara et al., 1987). Further, Yanagihara and
colleagues reported that cortical projections of the reuniens nucleus appeared to
exhibit topographical organization. Pre- and parasubiculum projecting fibers
originated medially within the reuniens nucleus. The dorsolateral entorhinal area also
received input from the medial reuniens nucleus while cells projecting to the
ventrolateral and medial entorhinal areas were found in the central part of the
reuniens. Lastly, cells projecting to the ventromedial entorhinal areas were found to

be distributed in the lateral regions of the reuniens nucleus.

In rat, the reuniens nucleus has been shown to project to layers I and III-IV of the
entorhinal cortex (Herkenham, 1978; Wouterlood et al., 1990; DollemanVanderWeel
and Witter, 1996), the stratum lacunosum moleculare of CA1 (heavily so), where the
terminal fibers overlap with the perforant path fibers from the entorhinal cortex
(Herkenham, 1978; Wouterlood et al., 1990), and the molecular layers of the
subiculum, pre-subiculum and parasubiculum (Herkenham, -1978; Baisden et al,,
1979; Su H.S. and Bentivoglio, 1990; Wouterlood et al., 1990; DollemanVanderWeel
and Witter, 1996). In cat, hippocampus—prbjecting reuniens neurons were found
throughout the antero-posterior extent of the reuniens nucleus. They were found to be
widely scattered anteriorly yet confined to the ventral half of the nucleus caudally. In
rat, on the other hand, hippocampus-projecting cells have been found to be located in

clusters in the dorsolateral part of the reuniens nucleus(Bokor et al., 2002).

Hippocampus-projecting fibers originating in the reuniens nucleus, both in rat
(Wouterlood et al., 1990) and cat (Yanagihara et al., 1987), reach the hippocampal

formation via the cingulate bundle. In cat, the fibers will either course dorsolaterally
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along the internal medullary lamina into the stria terminalis or course rostrolaterally
towards the ventral pallidum, diagonal band or septum. Fibers from both trajectories
will then converge in the cingulate fasciculus and fornix at the splenium of the corpus
callosum (Yanagihara et al., 1987). In rat, these. fibers course mainly within the
inferior thalamic peduncle before curving dorsally around the genu of the corpus
callosum where they eventually head in the caudal direction via the cingulated

fasciculus (Wouterlood et al., 1990).

Hippocampus-projecting cells of the reuniens nucleus are glutamatergic and target
both spines and dendrites. Tritiated D-aspartate is selectively taken up retrogradelly
by cells that use glutamate as a neurotransmitter. As such, Bokor et al. (2002)
observed that injections of this tracer into the stratum lacunosum moleculare of the
CAL subfield resulted in a significant amount of (retrogradely) labeled cells in the
reuniens nucleus. Similar results were obtained by Herkenham (Herkenham, 1978),
who also made use of tritiated amino acids to reveal the nature of reuniens input. In
1990, ultrastructural studies by Wouterlood et al. further revealed that reuniens
nucleus axons form exclusively asymmetrical (i.e. excitatory) contacts on spines
(50%) and dendritic shafts (50%) of hippocampal cells, thus further corroborating
evidence for a glutamatergic, excitatory thalamo-hippocampal projection. Taken
together with evidence that reuniens fibers terminate in the stratum lacunosum-
moleculare of CAl, these data suggest that reuniens afferents to the hippocampus
contact the spinous apical dendrites of pyramidal cells and dendritic shafts of local

(aspinous) interneurons (Dolleman-Van der Weel et al., 1997).

The specific question of hippocampal interneuron innervation by reuniens afferents
was ultrastructurally addressed by Dolleman-Van der Weel and Witter in 2000.
Reuniens axons were anterogradely labeled with biotin-conjugated dextran amine
(BDA) while CAl neurons were pre-embeded with a GABA immunolabel.
Approximately 16% of the observed thalamo-hippocampal synapses were found to
occur on the dendrites of GABA-immunolabeled cells. Thalamic input to the
hippocampus via the reuniens nucleus thus partially influences hippocampal

transmission via activation of local inhibitory interneurons (Dolleman-Van der Weel




26

and Witter, 2000). Specifically, the authors propose that the following interneurons
are likely subject to reuniens innervation: (1) interneurons of the lacunosum-
moleculare, (2) VIP-containing interneurons located at the radiatum/lacunosum-
moleculare border, (3) radiatum interneurons containing GABA and CCK and/or
VIP, (4) vertical oriens/alveus cells, (5) basket cells and chandelier cells of the

stratum pyramidale.

Few studies have examined the physiological effects of the reuniens nucleus on the
hippocampus. Two will be discussed here. The first is by Dolleman-Van der Weel et
al. (1997) and the second, by Bertram and Zhang (1999).

Findings that evoked potentials in CA1 following reuniens stimulation and of current
source density analysis strongly suggest a stratum lacunosum-moleculére sink and
radiatum source configuration. Dolleman-Van der Weel et al. (1997) indeed reported
that CA1 field response polarity reversed (following reuniens stimulation) at the
border of the stratum lacunosum-moleculare and stratum radiatum. More
convincingly, current source density analysis revealed a well defined sink at the
lacunosum-moleculare level and a source in the stratum radiatum. The authors also
reported paired-pulse facilitation of reuniens-evoked CA1 field potentials. Population
spikes were, however, not observed in the stratum pyramidale indicating that input
from the reuniens nucleus was unable to discharge pyramidal cells. Extracellularly
recorded unit activity in strata oriens/alveus and distal radiatum, on the other hand,
revealed reuniens-evoked spiking. These data suggest that reuniens input to the
hippocampus may elicit (subthreshold) EPSPs in apical dendrites of pyramidal cells
in the lacunosum-moleculare layer while putatively activating local interneurons of
the strata oriens/alveus and distal radiatum. As discussed above, later work by this
team demonstrated that axons from the reuniens nucleus indeed contact dendrites of

local CAl interneurons.

In 1999, Bertram and Zhang demonstrated that the reuniens nucleus provides a potent
direct excitatory input to the CAl region of the hippocampus and that this input
induces different physiological effects on CA1 pyramidal cells than that provided by

CA3 innervation. It was found that electrical stimulation of the midline thalamus
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induced similar responses to those induced by contralateral CA3 stimulation but in
contrast to the findings reported by Dolleman-Van der Weel (1997), well developed
field EPSPs and large population spikes with monosynaptic latency were observed
following thalamic stimulation. This was attributed to the use of different stimulating
electrodes. Although responses induced by contralateral CA3 and reuniens nucleus
stimulation had similar morphology in the pyramidal layer, these inputs exhibited
different laminar response profiles and were deemed to have disparate physiological
effects on CAl population responses. For instance, thalamic inputs were able to
induce augmenting responses whereas CA3 stimulation was not. Further, paired pﬁlse
facilitation was observed following thalamic stimulation whercas paired pulse
depression was observed in the case of CA3 stimulation. It was shown that inducing
LTP in the CA3-CA1 pathway did not affect the response to thalamic stimulation and
thus, that the two stimulated pathways were indeed distinct. The authors mention that
the relative importance of thalamic and contralateral hippocampal influence may vary

according to state of arousal.

The reuniens nucleus, therefore, influences hippocampal activity in a dual fashion.
First, it may induce (subthreshold) depolarization of CA1 pyramidal cells and second,

it may activate interneurons of the stratum oriens/oriens.

In turn, the hippocampus projects back to the thalamus. The deep layers of the dorsal
subiculum have been known for some time to project to the anteromedial and
anteroventral thalamus via the internal capsule and postcommissural fornix (Swanson
and Cowan, 1975; Meibach and Siegel, 1977). Herkenham further reported that the
reuniens nucleus also receives massive input from the subiclum (Herkenham, 1978).
In this study, HRP was injected in the reuniens nucleus. As this retrograde label is
taken up by cells and axons of passage alike, the afferents of the nucleus could not be
precisely identified. More recently, McKenna and Vertes set out to clearly identify
the afferents of the reuniens nucleus by performing injections of retrograde tracer
Fluorogold into the reuniens nucleus of rats. They reported that this midline nucleus
receives pronounced input from hippocampal structures, namely from Ammon’s

horn, the pre-and postsubiculum, both the dorsal and ventral subiculum, and the
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perirhinal and lateral entorhinal areas (McKenna and Vertes, 2004). There are no

known electrophysiological studies pertaining to the hippocampo-reuniens pathway.

1.3 Spontaneous Network Activity in the Brain

The brain generates various rhythms. Oscillatory behavior is thought to have
important implications for brain function and notably contributes to synchronizing
activity across neural networks. This section provides a brief overview of
spontaneous network activity in the brain with emphasis on oscillations of the

thalamo-cortical and hippocampal systems.

[t has been postulated that synaptic plasticity associated with thalamocortical rhythms
could contribute to memory formation (Steriade and Timofeev, 2003) and several
studies provide evidence for the claim that sleep is necessary to learning and memory
(Rasch et al., 2007; Marshall et al., 2006; Huber et al., 2004; Stickgold et al., 2000;
Qin et al., 1997). In particular, a recent study by Rasch and coworkers (2007)

provided compelling evidence for the hypothesis that

memory consolidation evolves from repeated covert reactivation of newly
encoded hippocampal representations during slow wave sleep, which takes
place in a synchronized dialogue between thalamocortical and hippocampal
circuitry and which eventually leads to the transfer of the representations to
neocortical regions for long-term storage (Rasch et al., 2007).

As discussed in section 1.2., spontaneous activity in the prefrontal cortex and
hippocampus exhibit strong synchrony, both in sleeping and behaving animals. To
reiterate briefly, it has been shown that a significant proportion of medial prefrontal
cortex neurons are phase-locked to the hippocampal theta rhythm of freely behaving
rats (Siapas et al., 2005) and that during slow wave sleep, hippocampal ripples are co-
occurent with medial prefrontal spindles (Siapas and Wilson, 1998). This co-
activation of hippocampal and prefrontal activities during slow wave sleep has been
postulated to contribute to the reorganization and consolidation of memory traces
(Siapas and Wilson, 1998). A description of theta, ripple and spindle oscillations will

shortly follow but first, a discussion on sleep and the slow oscillation.
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During sleep, the brain is far from being devoid of activity. Indeed, sleep is
characterized by distinct oscillations which have been taken to reflect the default state
of the brain (Buzsaki, 2006). In the thalamocortical system, several sleep rhythms
have been described including sleep spindles (7-14 Hz), ultrahigh-frequency
oscillations (300-600 Hz), delta waves (1-4 Hz), and the slow oscillation (0.5-1 Hz)
(Steriade et al., 1993a; Steriade, 1997; Steriade and Amzica, 1998; Steriade, 2003;
Steriade, 2006; Buzsaki, 2006).

The slow oscillation has a frequency of less than 1 Hz (generally 0.5-1 Hz) and
dominates cortical activity during natural sleep and certain types of anesthesia such as
ketamine/xylazine and urethane (Steriade et al., 1993c; Contreras and Steriade, 1995;

Amzica and Steriade, 1998; Timofeev et al., 2000b; Steriade et al., 2001).

The slow oscillation was first described by Mircea Steriade and colleagues in a series
of papers published in the Journal of Neuroscience in August of 1993 (Steriade et al.,
1993c; Steriade et al., 1993b; Steriade et al., 1993d). This oscillation is characterized
by alternvating membrane depolarizations and hyperpolarizations of neocortical
neurons which give rise to depth-negative and depth-positive waves, respectively, in
the electroencephalogram (EEG). While it has been shown that the slow oscillation is
of cortical origin (Steriade et al., 1993d; Amzica and Steriade, 1995; Timofeev and
Steriade, 1996b; Timofeev et al., 2000a; Sanchez-Vives and Mccormick, 2000), the
thalamus has been shown to be entrained by the cortex (Contreras and Steriade, 1995;
Steriade et al., 1993b; Timofeev and Steriade, 1996a). Indeed, nucleus reticularis
thalami and thalamocortical neurons have been shown to exhibit behavior similar to
cortical neurons—that is, of alternating patterns of membrane depolarization and
hyperpolarization associated with EEG depth-negativity and positivity (Contreras et
al., 1996; Timofeev and Bazhenov, 2005).

The slow oscillation has been reported to occur in the prefrontal cortex and indeed to
have a greater tendency to originate in this region of the brain (Massimini et al., 2004;

Gao et al., 2007).
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The slow oscillation regroups other sleep rhythms such as spindles (Amzica and
Steriade, 1998; Contreras and Steriade, 1995). The latter consist of waxing-and-
waning field potentials of 7 to 14 Hz usually lasting 1-4 seconds and recurring at 5-15
second intervals (Contreras and Steriade, 1996; Timofeev and Bazhenov, 2005).
Spindle oscillations are usually observed during early sleep and during the active
(depolarized) phases of the slow oscillation. Studies have demonstrated that this
rhythm is of thalamic origin (Contreras and Steriade, 1996; Timofeev and Steriade,
1996a) and more precisely, that it results from the interaction of the thalamic reticular
nucleus and thalamocortical cells (Steriade et al., 1985; Deschenes et al., 1985;

Steriade and Llinas, 1988; von Krosigk et al., 1993).

It has been proposed that spindles may contribute to memory consolidation in sleep
(Steriade and Timofeev, 2003; Siapas and Wilson, 1998). Increases in spindle density
following learning have been correlated with better recall on declarative memory
tasks (Gais et al., 2002) and spindle oscillations havev been shown to mediate short-
term synaptic plasticity (Steriade and Timofeev, 2003). The augmenting response
allows for the study of spindle-associated plasticity and consists in the increased
magnitudeyof evoked potentials (or intracellular responses) to successive stimuli
applied at 7-14 Hz (spindle frequency band) (Morison and Dempsey, 1943). There
are thalamic and cortical components to the augmenting response (Steriade et al.,
1998c; Timofeev and Steriade, 1998; Timofeev et al., 2002; Steriade and Timofeev,
2003; Timofeev and Bazhenov, 2005). In the Results section of this thesis, such
responses are described in medial prefrontal neurons following stimulation of the

reuniens nucleus of the thalamus.

Ripples are fast oscillations with frequencies exceeding 100 Hz and have been
proposed to play a role in mediating cortico-hippocampal communication (Ylinen et
al., 1995; Buzsaki, 1996). They were first described in the CAl subfield of the
hippocampus and in the perirhinal cortex under conditions of behavioral immobility,
anesthesia or natural sleep (Ylinen et al., 1995; Chrobak and Buzsaki, 1996; Collins
et al, 1999; Csicsvari et al., 1999). Subsequently, ripple activity has also been
observed in the neocortex (Kandel and Buzsaki, 1997; Jones and Barth, 1999; Jones
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et al., 2000; Grenier et al., 2001). Under pathological conditions, these oscillations
are often correlated with seizure onset (Allen et al., 1992; Fisher et al., 1992; Steriade

et al., 1998a; Grenier et al., 2003).

Finally, the theta oscillation is a local field potential oscillation of 4-10 Hz. The theta
rhythm constitutes a “defining electrophysiological signature” of the hippocampus in
exploratory behaviour and REM sleep (Buzsaki, 2006; Green and Arduini, 1954,
Vanderwolf, 1969; Buzsaki, 2002). It is known to modulate activity in hippocampal
(Buzsaki and Eidelberg, 1983; Fox et al., 1986), subcortical (Vinogradova and
Brazhnik, 1977; Kocsis and Vertes, 1992; Pedemonte et al., 1996; Natsume et al.,
1999; Gambini et al., 2002), limbic (Alonso and Garcia-Austt, 1987; Pare and
Gaudreau, 1996), and cortical (Colom et al.,, 1988) structures. In turn, the
supramammillary nucleus and posterior nucleus of the hypothalamus are known to
modulate hippocampal theta and project heavily to the reuniens nucleus (Vertes,
1992; Vertes et al., 1995; McKenna and Vertes, 2004; Vertes and Kocsis, 1997). As
such, it has been proposed that the reuniens may play a role in theta control at CAl
(McKenna and Vertes, 2004). Theta oscillations have also been recorded in the
prefrontal cortex (“frontal theta™) and have been correlated with attention (Delorme et

al., 2007; Schutter and van Honk, 2006; Demiralp et al., 1994).
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2 Specific Aims

Interactions of the hippocampus and prefrontal cortex have been shown to be
important in mediating cognitive functions such as memory. How these two
structures interact remains obscure, however, especially in light of the fact that the
prefrontal cortex does not reciprocate hippocampo-prefrontal projections. The
reuniens nucleus has been proposed to serve as an interface between the hippocampus
and prefrontal cortex because it is reciprocally connected to both. If the reuniens
nucleus serves as an interface between the hippocampus and prefrontal cortex, then it
should exert physiological actions on these structures. At present,
electrophysiological investigations pertaining to the reuniens-prefrontal pathway have
strictly examined evoked potentials in medial prefrontal cortex fields following

stimulation of the reuniens nucleus. No intracellular data is available. Thus:

e The first aim of this study was to provide electrophysiological evidence
corroborating the claim that the hippocampus, prefrontal cortex and reuniens
nucleus constitute a functional network by characterizing intracellular
responses of medial prefrontal cortex neurons, in vivo, to stimulation of the

reuniens nucleus.

e A second aim consisted in comparing this response with that elicited by

hippocampal stimulation.

Intracellular recordings of responses in vivo allow for a holistic and highly
physiological approach to the study of network interactions by taking into account the
impact of synaptic bombardment and modulatory influences to which cells are
subjected to in intact networks. The data should contribute to further elucidating
mechanisms of hippocampo-prefrontal interactions and ultimately help to better

understand the physiological bases of cognition.




3 Reuniens nucleus and hippocampus exert distinct
synaptic actions on medial prefrontal cortex
neurons: An in vivo study in the cat

3.1 Abstract

Interactions of the hippocampus and prefrontal cortex are vital to cognition. The
reuniens nucleus of the midline nucleus has been proposed to serve as an interface
between these two structures. We provide an intracellular description of the synaptic
influence of the reuniens nucleus on medial prefrontal cortex neurons of cats under
ketamine/xylazine anesthesia and contrast this influence with that of the
hippocampus. Thalamic and hippocampal stimulation evoked complex responses
consisting of an initial excitatory component followed by a long lasting
hyperpolarization. Reuniens stimulation elicited responses with significantly shorter
latencies than hippocampal stimulation. We found antidromic responses to thalamic
stimulation to occur in a restricted locus of the medial prefrontal cortex that overlaps
with the site of hippocampal projections, providing electrophysiological evidence for
a hippocampo-prefronto-thalamic relay. We further report that the pathway linking

the reuniens nucleus to the prefrontal cortex is subject to short-term plasticity.

3.2 Introduction

Interactions of the hippocampus and prefrontal cortex are vital to cognition. In
particular, their involvement in memory function has been well documented (Squire,
1992; Kim et al., 1995; Floresco et al., 1997; Fletcher and Henson, 2001; Wiltgen et
al., 2004; Frankland and Bontempi, 2005; Teixeira et al., 2006). Much remains to be

elucidated with respect to zow these two structures interact.

The reuniens nucleus has been proposed to serve as an interface between the
hippocampus and prefrontal cortex because it is reciprocally connected to both of
these structures (Vertes et al., 2007; Vertes et al., 2006; Hur and Zaborszky, 2005;
McKenna and Vertes, 2004; Van der Werf et al., 2002; Bokor et al., 2002;
Wouterlood et al., 1990; Musil and Olson, 1988). This is of particular interest because
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hippocampo-prefrontal connectivity is unidirectional, with the prefrontal cortex
failing to return projections to the hippocampus (Beckstead, 1979; Goldman-Rakic et
al., 1984; Room et al., 1985; Reep et al., 1987; Takagishi and Chiba, 1991).

Implicit to the claim that the reuniens nucleus may serve as an interface between the
hippocampus and prefrontal cortex is that it exerts physiological influences on both of
these structures. Electrophysiological investigation of these interactions remains
sparse. .Previous studies have shown that the reuniens nucleus exerts excitatory
actions at the CA1 (Bertram and Zhang, 1999; Dolleman-Van der Weel et al., 1997,
Dolleman-Van der Weel and Witter, 2000). In the medial prefrontal cortex,
influences of the reuniens nucleus remain poorly characterized as only field potential
data is available (Di Prisco and Vertes, 2006). The present paper aims to further
elucidate the nature of this influence by providing evidence from intracellular

recordings, in vivo, of medial prefrontal cortex neurons of anesthetized cats.

We have found that: 1) responses to reuniens stimulation consist in a depolarizing
event followed by a long hyperpolarization; 2) a significant proportion of medial
prefrontal cortex neurons respond to stimulation of the reuniens nucleus
orthodromically, antidromically or orthodromically and antidromically; 3) response
latency to reuniens stimulation is significantly shorter than that to hippocampal
stimulation; 4) a restricted locus of medial prefrontal cortex mediates the
hippocampo-prefronto-reuniens relay and 5) the reuniens-prefrontal pathway is
subject to short-term plasticity. We conclude that the reuniens nucleus exerts

powerful actions on medial prefrontal cortex neurons.

3.3 Materials and Methods
All experimental procedures used in this study were performed in accordance with
the Canadian guidelines for animal care and were approved by the committee for

animal care of Laval University.
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3.3.1 Preparation

Adult cats (n=20) were anesthetized with ketamine and xylazine (10-15 mg/kg and 2-
3 mg/kg IM). Pressure points were infiltrated with lidocaine (2%). When the
electroencephalogram (EEG) showed low-frequency, high-amplitude oscillations as
in resting sleep, the animals were paralyzed with gallamine triethiodide and
artificially ventilated by maintaining the end-tidal CO, concentration at 3.5-3.8%.
The EEG was monitored continuously and additional doses of anesthetics were
administered at the slightest tendency toward an activated pattern. Body temperature

was maintained at 37-39 °C.

3.3.2 Recording and Stimulation

Intracellular recording of medial prefrontal cortex neurons were performed with
micropipettes filled with a solution of 3 M potassium acetate (DC resistances of 30-
60 MQ). Recordings of mPFC were performed anterior, or slightly posterior, to the
cruciate sulcus. The stability of intracellular recordings was ensured by cisternal
drainage, hip suspension, and bilateral pneumothorax and by covering the
decorticated hemisphere with a warm agar solution (4% in 0.9% saline). A high-
impedance amplifier with active bridge circuitry was used to record from and inject
current into neurons. Thalamic (H+1 LO A+12) and hippocampal (H-4.5 L10.5
A+7.2) field potentials were recorded through bipolar (coaxial) electrodes, also used
for stimulation. Stimuli (0.2 ms, 0.3-1.5 mA) were delivered at 1 Hz and in trains of 5
pulses delivered every 2 seconds at 5 Hz, 10 Hz, 20 Hz and 100 Hz. Signals were
recorded with a bandpass of 0.1 Hz-10 KHz, and digitized at 20 KHz for offline
computer analysis. A total of 50 neurons were recorded in 11 animals. Neurons that
were held long enough—that is, beyond the duration of the stimulation protocol—
were given current pulses (300 ms, 0.5-1.25 nA) in order to characterize their firing

discharge pattern.

Arrays of 4 tungsten microelectrodes (9-12 MQ) were positioned in the medial
prefrontal cortex of 9 animals to study the antero-posterior and dorso-ventral response

profiles to thalamic and/or hippocampal stimulation. These arrays were positioned as
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close to the midline as possible in pericruciate gyrus sigmoidus and lowered manually
in 1 mm steps. The stimulation protocol was the same as that applied during

intracellular recordings.

Antidromic events were tested for in accordance with previously described methods

(Lipski, 1981).

3.3.3 Histology

At the end of experiments, electrolytic lesions were performed by delivering 0.75
mA, 1 s current pulses every 3 s for 5 minutes in order to confirm stimulation sites.
Animals were subsequently perfused intracardially, first with physiological saline
(0.9%), followed by 4% paraformaldehyde solution for fixation and 10% sucrose
dissolved in 4% paraformaldehyde for cryoprotection. Brains were then placed in
20% and 30% sucrose solutions over a total of approximately one week, for further
cryoprotective purposes. Following this procedure, brains were sectioned (100 pm
thickness) by use of a freezing microtome. Sections were mounted on gelatinized
glass slides, dried, and subsequently stained for Nissl bodies with Cresyl Violet

according to standard staining procedures.

3.3.4 Analysis

Analysis was performed offline with Igor Pro 4.0. software by WaveMetrics (Lake
Oswego, OR). Stimuli were detected manually and minimal binomial smoothing was
performed to diminish noise on occasion. The latency of orthodromic responses was
calculated as the time when the response reached 10% of the maximal amplitude of
the sigmoidal fit of the rise of the EPSP. The amplitude of the EPSP was calculated as
the maximum of this sigmoidal fit, and the slope of the EPSP calculated as the
maximum of the differentiation of this fit. A horizontal line was drawn across the
response from the base of tbe early EPSP and the interception of this line by the
hyperpolarizing potential was used to calculate the duration of this latter component.
Responses to sweeps of five pulse stimulation trains were averaged with an IgorPro

algorithm (N~30 per stimulation protocol). The EPSP response magnitude elicited by
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the stimulation of the reuniens nucleus was computed by computing the area below
the curve. Average response areas evoked by pulses 2 through 5 of the train were
subsequently normalized by dividing by the response evoked by the first pulse. Data
were collected in 7 cells (5 Hz, 10 Hz) and 4 cells (20 Hz). Responses to hippocampal
trains of stimulation were not quantified because stimuli did not evoke responses

reliably within trains (figure 3).

3.3.5 Statistics

Statistical analyses were performed with JMP 5.01 (a SAS software, Cary, NC). The
experimental design was that of a mixed model with repeated measures. We
replicated measurements in all recorded cells, which by virtue of the methodology
were randomly sampled. To assess whether reuniens stimulation and hippocampal
stimulation evoked distinct responses in neurons of the medial prefrontal cortex, we
performed #-tests for each of the following parameters: latency of response, slope of
EPSP, amplitude of EPSP and duration of hyperpolarization. For each group
(hippocampal stimulation and reuniens stimulation), repeated measurements were
pooled from 6 cells, with 8 to 10 replications per cell. Within cell analysis was carried
out for one cell that responded to both hippocampal and thalamic stimulation.
Outliers were excluded in calculation of the means when indicated. They were
defined as values exceeding the first and third quartiles by 1.5 times the interquartile
difference. Normality was assessed by normal quantile plots and Shapiro-Wilk tests.
Homogeneity of variance was assessed by Levene’s test. Confidence intervals were

set at 95% (p<0.05).

The effect of trains of stimulation delivered in the reuniens nucleus was assessed with
a standard least squares model (R=0.82, N=60). We quantified the difference in
amplitude of response elicited by different pulse number and frequencies of
stimulation, and the interaction between these two parameters. ANOVA was used
when data was normally distributed and variance homogeneous, Welch ANOVA
when variance was non-homogeneous. Failing normality, such differences were

assessed by non-parametric testing. Post-hoc analyses were used to identify
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differences between groups. The Tukey HSD test was used where the data were
normally distributed. When the data was non-normally distributed, we used the
ranked scores. Two-tailed #-tests or Wilcoxon signed rank tests were used to compare

group means with null hypothesis of 1 (because responses were normalized).

3.4 Results

3.4.1 Electrophysiological Cell Types

The data set used to describe the recorded cells represents neurons of the pericruciate
medial prefrontal cortex. The slow oscillation was observed in all recorded neurons.
A total of 33 cells from 11 animals were characterized in terms of their discharge
pattern and classified according to electrophysiological criteria (Figure 1A), which
are well documented in the literature (Connors and Gutnick, 1990; Gray and
Mccormick, 1996; Steriade et al., 2001; Contreras, 2004). They were also retained for
ahalysis due to the stability and quality of recording; in particular, they possessed
action potentials overshooting 0 mV, at minimum, and in most cases, 15 mV.
Twenty-two of these were regular-spiking (RS, 67%), of which 5 were fast-adapting
(FA). The remaining cells displayed intrinsically bursting (IB, 21%) and fast-
rhythmic bursting (FRB, 12%) behavior. We did not record any fast-spiking cells.
The distribution of cell types with respect to depth of recording (from the cortical

surface) is shown in figure 1B.

3.4.2 Intracellular Responses to Single Pulse Stimulation of the
Reuniens Nucleus and Hippocampus

Intracellular recordings of 29 neurons in the medial prefrontal cortex of 10 cats were
obtained whilst delivering single pulse stimulation to the reuniens nucleus. Of these,
38% (11/29) responded to the stimulation either orthodromically (8/11, or 73%,
figure 2A) antidromically (2/11, figure 2B) or both orthodromically and
antidromically (1/11, figure 2C). Orthodromic responses were characterized by an
early depolarizing event followed by a long-lasting hyperpolarizing component, the

latter often followed by a rebound that was in turn occasionally crowned by spikes
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(figure 2). The early depolarization was sometimes followed by a second (data not
shown). Of the 8 responding with a strictly orthodromic response, 6 were analyzed.
We quantified the latencies of the early and late EPSPs, the amplitude and slope of
the former and the duration of the hyperpolarizing event. Intracellular recordings of
15 neurons in the mPFC were obtained whilst delivering single pulse stimulation to
the ventral CAl/subiculum region of the hippocampus. Six of these elicited
responses, or 40%. The morphology of responses elicited by hippocampal stimﬁlation
was similar to that elicited by thalamic stimulation, allowing us to quantify the
similarities and differences between the two responses. One notable finding was that
stimulation of the ventral hippocampus led to a high variability of responses. In a
single responding cell, some stimuli elicited no response at all while others evoked
the above described EPSP-IPSP sequence; still others elicited both early and late
EPSPs followed by a long-lasting hyperpolarization. The evoked patterns of
responses were therefore variable yet repeatable. This was also observed during trains
of stimulation (Figure 3). We also observed a reversal of the response around resting
membrane potential with a hyperpolarization of the response at more depolarized
membrane potentials and a depolarization of the response at more hyperpolarized

membrane potentials (Figure 3A, right).

Response latency to stimulation of the reuniens nucleus was significantly shorter than
that to stimulation of the hippocampus (p<0.0001) in neurons of the medial prefrontal
cortex. The average response latency (+ standard deviation) to thalamic stimulation
was 6.05+3.6 ms (exluding 3 outliers), the median latency 5.3 ms, the minimum
latency 1.8 ms and the maximum latency 36 ms (N=57). Mean response latency to
single pulse stimulation of the hippocampus was 9.95+4.6 ms, median latency, 9.1
ms, maximum latency 20 ms and minimum latency 1.2 ms. Response amplitude in
medial prefrontal cortex neurons was significantly larger following stimulation of the
hippocampus (8.4+4.1 mV, N=60) than it is following stimulation of the reuniens
nucleus (3.1£2.0 mV, N=55) (p<0.0001). The slopes of the rising EPSP were
significantly different following hippocampal and reuniens stimulation (p<0.0001).
The rise of the EPSP due to thalamic stimulation was of 0.56+0.27 V/s (N=55) and
that due to hippocampal stimulation was of 1.9+0.9 V/s (N=60). The means of the
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duration of hyperpolarization events evoked by reuniens and hippocampal stimulation
were not significantly different (p>0.2). Responses to thalamic stimulation were
normally distributed with a mean and standard deviation of 254+108 ms (n=57).
Responses to hippocampal stimulation were also normally distributed with mean and

standard deviation of 278+94 ms (n=60). Response histograms are shown in figure 4.

One cell out of 19 (5.3%) responded to both hippocampal and thalamic stimulation.
This cell was recorded approximately 5200 pm below the cortical surface. Within cell
analysis revealed that response latency, EPSP amplitude, EPSP slope and
hyperpolarization duration of responses were significantly different when evoked by
reuniens stimulation compared to those evoked by hippocampal stimulation. See

Figure 5.

Antidromic responses were recorded 6050-6600 microns below the surface in three
different animals; the cell responding to reuniens stimulation both antidromically and
orthodromically was recorded 6050 um below the surface (figure 6B). The nature of
antidromic responses was confirmed with collision tests (e.g., figure 6C). The average
latency of antidromic spikes was 2.9+0.25 ms (mean+standard error). Within cells the
mean antidromic latency and standard deviation were 4.5£0.51 ms, 3.7+0.14 ms and
0.90+0.07 ms. We further observed putative antidromic events in field recordings of
the medial prefrontal cortex following stimulation of the reuniens nucleus. These
events were depth negative and had both a short latency and a fast rise. They were
found to occur in a restricted locus of the prefrontal cortex (figure 6A) where ventral

hippocampus stimulation induced large amplitude responses (Figure 6A).

3.4.3 Intracellular Responses to Trains of Stimulation

Nine neurons recorded in 6 cats were used to investigate prefrontal cortex
intracellular response to 5 Hz stimulation of the reuniens nucleus, 9 neurons recorded
in 6 cats to investigate response to 10 Hz stimulation and 4 neurons in 3 cats to
investigate responses to 20 Hz stimulation. Fifteen neurons recorded in 7 animals

were used to investigate prefrontal cortex intracellular response to single pulse
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stimulation of the hippocampus and 4 cells in 2 animals to investigate prefrontal

response to hippocampal trains of stimulation.

There was a significant difference in the average normalized response area (V-s)
elicited by different frequencies of stimulation (p<0.0001). The least square mean of
normalized average responses elicited by 5 Hz stimulation was 1.48 V-s (N=6), that
of responses elicited by 10 Hz stimulation was 1.89 V*s (N=6) and that of responses
elicited by 20 Hz stimulation was 0.97 V-s (N=4). Within any frequency level, there
were no differences in response amplitude between responses elicited by pulses 2
through 5 of the stimulation train although there appeared to be an incremental trend

within 10 Hz stimulation trains. Responses to pulses 2 through 5 of 10 Hz stimulation

- trains were significantly greater than those elicited by pulse 1 by up to 120%. There

was also a slight decreasing trend in response magnitude at 20 Hz (figure 7).

In certain cells we observed augmenting responses following 10 Hz stimulation. An
example of such a response is shown in figure 8. Two components of the depolarizing
event could be distinguished. The primary component decreased in amplitude from
pulse 1 to pulse 2 while the magnitude of the secondary component of the
depolarization underwent a marked increase from pulses 1 through 4. Such
phenomena have been previously described in other thalamocortical systems
(Steriade et al., 1998c). Note that at 20 Hz, there was synaptic depression of the
response and that at 5 Hz, only stimuli falling during the hyperpolarizing phase could

elicit increases in response magnitude.

Four cells produced clear responses to 5 Hz and 10 Hz stimulation of the ventral
hippocampus. Responses were not as reliable as those evoked by stimulation of the
reuniens nucleus. Some trains produced no responses at all while in other trains, only
I response was evoked. A few trains elicited 2 or more responses, sometimes
consecutively. Similar patterns of evoked responses within the trains were

reproducible. See figure 3.
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3.5 Discussion

We have provided a description of intracellular responses to reuniens stimulation in
neurons of the medial prefrontal cortex of ketamine/xylazine anesthetized cats and
have found that the reuniens nucleus and the ventral hippocampus exert distinct
actions on neurons of the medial prefrontal cortex. We found antidromic responses to
thalamic stimulation to occur in a restricted locus of the medial prefrontal cortex that
overlaps with the site of hippocampal projections. Finally, we reported that the
pathway linking the reuniens nucleus to the prefrontal cortex is subject to short-term

plasticity.

With the exception of one study by Di Prisco and Vertes (2006), who examined the
extracellular effects of midline thalamus stimulation on medial prefrontal cortex, no
previous study has examined the physiological influence of the reuniens nucleus on
prefrontal cortex. Thus, intracellular medial prefrontal cortex responses to reuniens
stimulation were described here for the first time and as recordings were carried out
in vivo, these neuronal responses reflect the impact of synaptic bombardment and
modulatory influences to which cells are subjected to in intact networks (Steriade et

al., 2001).

Our intracellular data reflects the behavior of medial prefrontal cortex neurons
responding to stimulation of the reuniens and/or hippocampus. We recorded regular-
spiking (RS), fast-adapting (FA), intrinsically bursting (IB) and fast-rhythmic
bursting (FRB) cells (Figure 1). Twenty-one percent of the characterized cells
displayed IB firing patterns and made up the greatest proportion of cells recorded in
the depth of the mPFC (Figure 1). A further 12% of recorded cells exhibited FRB
behavior. To our knowledge, this cell type has not previously been reported to occur
in prefrontal cortex. We encountered fewer RS cells than reported in previous studies
(Degenetais et al., 2002; Nunez et al., 1993) but a high population of bursting cells.
This could be of particular interest in light of the findings that the slow oscillation
most often originates in the frontal lobes (Massimini et al., 2004) and that
intrinsically bursting cells tend to fire at the onset of the active state of the slow

oscillation (Volgushev et al., 2006). It is also significant in light of reports asserting
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the importance of bursting activity for information processing in the brain reward
circuit, including the prefrontal cortex (Cooper, 2002). The recorded
electrophysiological cell types generally correspond to pyramidal cell morphology
although exceptions have been known to occur (Kawaguchi and Kubota, 1997;

Kawaguchi and Kubota, 1998; Steriade, 2004).

We did not record any fast-spiking cells, which correspond almost exclusively to
interneuron morphology (Cauli et al., 1997; Kawaguchi and Kubota, 1998; Contreras,
2004). To our knowledge, intracellular recordings of prefrontal cortex interneurons
have not been carried out in vivo. Extracellular recordings have however been
performed and most electrophysiological studies of prefrontal cells have been carried
out in the slice preparation (Tierney et al., 2004; Krimer and Goldman-Rakic, 2001;
Yang et al, 1996; de la Pena and Geijo-Barrientos, 1996). Parvalbumin positive
interneurons of basket and chandelier morphology only make up approximately 6%
of neurons of the prefrontal cortex (Gabbott et al., 1997) and are typically smaller
than pyramidals. They are therefore arguably more difficult to encounter by blind
intracellular impalements but have been recorded in this laboratory in associative

cortical areas (Volgushev et al., 2006).

With respect to intracellular responses elicited by hippocampal stimulation, our
observations are, overall, in line with previous studies (Degenetais et al., 2003;
Thierry et al., 2000; Tierney et al., 2004; Laroche et al., 2000; Gigg et al., 1994;
Laroche et al., 1990; Ferino et al., 1987). We observed a response rate of 40%, which
corroborates previous findings where a 42% response rate in the prelimbic cortex of
rats was reported in one study (Laroche et al., 1990) and where a 32% response rate
was observed in the prefrontal cortex of rats in yet another study (Gigg et al., 1994).
These results are to be contrasted, however, with those of Dégenétais and colleagues
(2002) who reported that 91% of intracellularly recorded cells in the prelimbic and
medial orbital cortices of rats were responsive to hippocampal stimulation. This
difference is probably due to the fact that we did not limit our sampling to the
prelimbic and medial orbital cortices, nor did Laroche et al. (1990) or Gigg and
colleagues (1994).
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The latency of responses to hippocampal stimulation were shorter than previously
reported (Ferino et al., 1987; Degenetais et al., 2003; Thierry et al., 2000). This likely
reflects species specificity. The mean latency of responses to hippocampal
stimulation was of approximately 9 ms while in rat it has been rep‘orted that the
conduction delay of the hippocampo-prefrontal pathway is slow, resulting in response.
latencies of 18 ms (Ferino et al., 1987; Laroche et al., 1990; Degenetais et al., 2003).
The conduction velocity of the hippocampo-prefrontal pathway in cat remains to be

tested.

Evidence suggests that both pyramidal cells and inhibitory neurons mediate the
hippocampo-prefrontal response. In cells of the prelimbic and medial orbital cortices,
the early component of the response is thought to be monosynaptic and primarily
mediated by AMPA receptors (Degenetais et al., 2003; Jay et al, 1992). The
subsequent prolonged IPSP is mediated, at least in part, by GABA, and GABAp
conductances (Degenetais et al., 2003). A role for disfacilitation has not been ruled
out. Interneurons have been shown to respond to hippocampal stimulation similarly to
pyramidal cells, although response latency in interneurons is shorter than that
observed in pyramidal cells, which suggests that the hippocampus is able to exert
feedforward inhibition in the medial prefrontal cortex (Tierney et al., 2004).
Responses in the mediodorsal thalamo-prefrontal pathway have been shown to be
mediated by similar mechanisms (Gigg et al., 1992). Projections from the reuniens
nucleus are glutamatergic (Hur and Zaborszky, 2005; Pirot et al., 1995). The primary
response to reuniens stimulation in medial prefrontal cells is likely also mediated by
AMPA receptors and the hyperpolarizing component by GABA inhibition but this

remains to be tested.

It has been reported that there is a large variability in response latency in the
hippocampo-prefrontal pathway (Degenetais et al., 2003) which has been taken to
emphasize that both monosynaptic and polysynaptic mechanisms are involved in
mediating the prefrontal response to hippocampal stimulation (Siapas et al., 2005). In
the present study We further observed variability in response patterns. Patterns were

however repeatable, suggesting that different yet recurring network states may
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modulate prefrontal responses to hippocampal stimulation. For example, we observed
that responding cells may not respond at all within a stimulation train that otherwise
evokes responses (Figures 3 and 5). This may reflect the role of shunting/feedforward
inhibition via the activation of local inhibitory cells, or of cholinergic,
monoaminergic or thalamic gating mechanisms (Gigg et al., 1994; Williams and
Goldman-Rakic, 1995; Floresco and Grace, 2003; Gioanni et al., 1999; Robbins,
2005; Mansvelder et al., 2006). The precise positioning of the stimulation electrode
along the antero-posterior axis of the hippocampus may also play a decisive role in
shaping responses seen in medial prefrontal neurons. In sum, hippocampal
stimulation produces complex responses that suggest both monosynaptic and
polysynaptic mechanisms, the interplay of excitatory and inhibitory events and the

involvement of pyramidal and non-pyramidal cells

In contrast with the hippocampo-prefrontal pathway the electrophysiological actions
of the reuniens nucleus on the prefrontal cortex have received little attention. The
mean response latency in prefrontal neurons to reuniens stimulation was 6 ms
(median 5 ms). The latency of antidromic spikes was approximately 3 ms. Taken
together, these data suggest that the early excitatory potentials observed following
reuniens stimulation were monosynaptic. These findings confirm those of Di Prisco
and Vertes (2006) who observed prominent evoked potentials in prelimbic and
infralimbic cortices with putatively monosynaptic latencies of 4.5 ms following

stimulation of the reuniens/rhomboid nucleus (Di Prisco and Vertes, 2006).

We also observed synaptic plasticity of responses following stimulation of the
reuniens nucleus. The most significant change was observed for interstimulus
intervals of 100 ms, or 10 Hz trains. Paired-pulse facilitation of medial prefrontal
evoked potentials following reuniens nucleus stimulation has previously been
observed with this same interstimulus interval. Prior work has shown that paired-
pulse stimulation of the reuniens nucleus induces 83% and 75% increases in response
magnitude in the infralimbic and prelimbic cortices, respectively. In contrast, changes
in the medial orbital cortex are less, at 22% (Di Prisco and Vertes, 2006). In line with

these previously published observations, we observed at 10 Hz stimulation a 66%
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increase, on average, from pulse 1 to pulse 2 (N=6). Our slightly lower increase in
response magnitude from pulse 1 to pulse 2 may thus be due to the inclusion of cells
recorded dorsal to the prelimbic cortex. Paired-pulse facilitation has also been
observed in medial prefrontal cortex following the stimulation of other afferents such
as the hippocampus and anterior and intralaminar thalamic nuclei (Christoffersen et

al., 2003; Izaki et al., 2003; Jay et al., 1995; Kung and Shyu, 2002).

We observed augmenting responses in certain cells following 10 Hz stimulation. In
contrast, 20 Hertz stimulation of the same pathway led to synaptic depression and 5
Hz stimulation was only efficient in increasing responses when stimuli were
coincident with non-activated epochs. We hypothesize that, in line with previous
reports of augmenting responses in thalamocortical systems (Steriade et al., 1998c),
the observed augmenting response is due to intrinsic properties of thalamocortical

cells. Further studies are required to investigate this possibility.

There was also an incremental trend in response magnitude elicited by subsequent
pulses, suggesting that the reuniens-prefrontal pathway is not only subject to paired-
pulse facilitation but also to augmenting, in like manner to other thalamo-cortical
pathways (Timofeev and Steriade, 1998; Bazhenov et al., 1998). Augmenting
responses are physiologically relevant manifestations of short-term plasticity which
ultimately could contribute to the consolidation of memory traces during sleep

(Timofeev et al., 2002; Steriade and Timofeev, 2003).

Due to its reciprocal connections with the prefrontal cortex and hippocampus, the
reuniens nucleus has been proposed to serve as an interface between these two
structures, whose interactions are known to play a key role in memory processing
(Vertes, 2002; Vertes, 2006; Vertes et al., 2007; Vertes et al., 2006; McKenna and
Vertes, 2004; Bontempi et al., 1999; Frankland et al., 2001; Maviel et al., 2004;
Takehara et al., 2003; Floresco et al., 1997; Van der Werf et al., 2002; Musil and
Olson, 1988; Hur and Zaborszky, 2005; Wouterlood et al., 1990). As stated by Di
Prisco and Vertes, the reuniens nucleus is “pivotally positioned to synchronize the
activity of these two important forebrain structures (Di Prisco and Vertes, 2006)”.

Demonstrations that the nucleus reuniens exerts excitatory actions at the CAl and
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also at the prefrontal cortex (intracellularly confirmed and described in this study)
provides supporting evidence for this claim (Bertram and Zhang, 1999; Dolleman-
Van der Weel et al., 1997; Di Prisco and Vertes, 2006). We have also found that
strong responses to hippocampal stimulation were evoked in cortical areas coincident
with the recording site of antidromic events following reuniens stimulation. Such
findings provide electrophysiological evidence for a prefrontal locus mediating a
hippocampo-prefronto-thalamic relay and, together with recent ultrastructural
evidence demonstrating that prefrontal cortex cells project onto hippocampus-
projecting cells of the reuniens nucleus (Vertes et al., 2007) supports the calim that
the reuniens nucleus, hippocampus and prefrontal cortex together constitute a

functional loop.

We have further shown that at least three populations of putatively pyramidal cells of
the medial prefrontal cortex mediate responses to hippocampal and reuniens
stimulation: (1) cells which strictly respond to hippocampal stimulation; (2) cells
which respond to reuniens stimulation either orthodromically, antidromically or both
orthodromically and antidromically and (3) cells that respond to both hippocampal
and reuniens stimulation. The latter subpopulation is presumably the smallest, with
only 1 cell out of 19 (5.3%) exhibited this behavior. Such cells could have
considerable importance in integrating limbic information from the reuniens nucleus
with hippocampal outputs to the prefrontal cortex which is of particular interest in
light of the fact that memory consolidation is strongly influenced by emotion

(McGaugh, 2000).

In conclusion, the reuniens nucleus elicits complex synaptic responses in neurons of
the medial prefrontal cortex. This provides corroborating evidence for the claim that
the reuniens may serve as an interface between the hippocampus and prefrontal
cortex. Further, some cells would appear to respond both to hippocampal and
reuniens stimulation. Responses to reuniens stimulation are however distinct from
those elicited by hippocampal stimulation and the underlying mechanisms mediating
the former remain to be elucidated. The reuniens-prefrontal pathway is subject to

short-term plasticity.
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3.6 Figure Legends

Figure 1. Proportion of electrophysiological cell types recorded from various
depths along the medial surface of the pericruciate prefrontal cortex. A
Characteristic discharge patterns in response to current pulse injection of the four
electrophysiological cell types that were recorded in medial prefrontal cortex of 11
cats. Regular spiking (RS, blue), fast-adapting (FA, pink), fast-rhythmic bursting
(FRB, green) and intrinsically bursting (IB, red). B Histograms depicting the number
of cells recorded with respect to depth from the cortical surface (bins, 1 mm).
Following the color scheme in 4, RS cells are plotted in blue, FA cells in pink, FRB
cells in green and IB cells in red. The unfilled bars on each graph represent the total
number of characterized cells (n=33) recorded at each respective depth, allowing for
the visualization of the proportion of sampled electrophysiological cell types. C
Schema of pericruciate cross-section of medial prefrontal cortex. Dots depict
recorded cell. Circled dots are cells that responded antidromically to reuniens

stimulation.

Figure 2. Intracellular responses to single pulse stimulation of the reuniens
nucleus. 4 Example of an orthodromic response to single pulse stimulation of the
reuniens nucleus in a medial prefrontal cortex cell recorded 8500 pum below the
cortical surface. B A strictly antidromic response to single pulse reuniens stimulation,
recorded in a neuron lying 6050 um below the cortical surface. C One neuron was
found to exhibit both orthodromic and antidromic spiking following thalamic
stimulation. This cell was also found 6050 pm below the cortical surface, but in a
different animal. In all three cases, the top panel depicts a superposition of 5
responses; the middle panel overlaps and expands these traces. Note the jitter in the
timing of orthodromic spikes, in contrast with that of antidromic spikes, in panel C.
The bottom traces are single examples, with an expansion of the early response action
potentials in inset. Arrowheads indicate putative rebounds, a, antidromic spikes, o,

orthodromic spikes and *, increased spiking following rebound activity.
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Figure 3. Intracellular response to hippocampal stimulation. 4 Response to
hippocampal stimulation in a single cell. Top right, Reversal of response with
depolarization. B Responses to 5 Hz stimulation. In both cases, note the variability

but repeatability of the response patterns.

Figure 4. Reuniens nucleus and hippocampus exert distinct responses on medial
prefrontal cortex neurons. Histograms of response latency (4), EPSP amplitude
(B), EPSP slope (C) and duration of the hyperpolarizing component of the response
(D) following stimulation of the reuniens nucleus (left panel) and of the

hippocampus. **p<0.0001.

Figure 5. Single cell response to stimulation of both the reuniens nucleus and the
hippocampus. 4, Representative example of responses to reuniens stimulation, top,
and to hippocampal stimulation, bottom. Note the variability in responses to
hippocampal stimulation, as in figure 3. B, Mean and standard deviation of the
duration of the hyperpolarizing component, amplitude of EPSP, latency of response
and slope of EPSP. ** p<0.01.

Figure 6. Extracellular and intracellular evidence for a hippocampo-prefronto-
thalamic relay in medial prefrontal cortex. 4 microelectrode recording array was
positioned along the antero-posterior axis of the medial prefrontal cortex and lowered
from the cortical surface (S) in 1 mm steps. 4,Threshold intensity stimuli were
delivered at 1 Hz to the REUN (left panel), and to the HP (right panel). All traces
represent average responses. Electrolytic lesions confirmed the stimulation site in
both cases (top). Thalamic responses were evoked across a much wider territory than
were hippocampal responses. Interestingly, large hippocampal responses were
observed in areas coinciding with regions where antidromic responses to REUN
stimulation were elicited (highlighted in black). Evidence for antidromic events lie in
the observation of short latency depth negative events (see red inset (**), and
compare with response lacking this event (*), also in inset). B Three cells in 3
different animals responded antidromically to REUN stimulation. They were all
recorded between 6 and 6.5 mm below the cortical surface. One cell responded both

antidromically and orthodromically. C The nature of intracellularly recorded
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antidromic spikes was confirmed with collision tests. g, antidromic spike; o,

orthodromic spike.

Figure 7. Responses of medial prefrontal cortex neurons to trains of stimulation
applied to the reuniens nucleus. 4, /eft panel. Representative intracellular responses
to a single train of stimulation following 5 Hz (top), 10 Hz (middle) and 20 Hz
(bottom) stimulation. Right panel, sweep averages. B, Normalized average response
area by pulse number and frequency. Bars represent mean and standard error (N=6

for 5 and 10 Hz stimulation, N=4 for 20 Hz stimulation

Figure 8. Augmenting responses in neurons of the medial prefrontal cortex
following stimulation of the reuniens nucleus. Left, medial prefrontal cortex
responses to 5 Hz (top), 10 Hz (middle) and 20 Hz (bottom) stimulation. Five traces
are overlapped in all cases. Right, average responses. At 5 Hz stimulation, there is an
increase in response magnitude from pulse 1 to pulse 2, where the second stimulation
falls when the cell is hyperpolarized (arrow). Pulse 3 coincides with cell activation
(arrow) and results in a marked decrease in response magnitude. At 10 Hz, there is a
clear decrease in the primary response from pulse 1 to pulses 2 (unfilled arrows). The
response area of the secondary response increases from pulse 1 to pulse 4. At 20 Hz,

there is a marked depression of the response. Avg, average.



4 Conclusion
An overview of the principal findings and a discussion of methodological
considerations, functional significance and potential future directions will now follow

and conclude this Master’s dissertation.

4.1 Summary

In this memoir, corroborating evidence in support of the claim that the reuniens
nucleus serves as an interface between the hippocampus and prefrontal cortex was
presented. This claim makes the tacit assumption that the reuniens nucleus exerts
physiological actions on the prefrontal cortex. These actions, however, remained
poorly characterized with no intracellular data available. Such data was provided here
for the first time. It was shown that the reuniens nucleus elicits complex synaptic
responses in a significant proportion (38%) of neurons of the medial prefrontal
cortex. The responses consisted of a depolarizing event followed by a long
hyperpolarization with response latencies significantly shorter than those of responses
to hippocampal stimulation. Furthermore, the reuniens-prefrontal pathway was found
to be subject to short-term plasticity. Finally it was shown that a restricted locus of

medial prefrontal cortex mediates the hippocampo-prefronto-reuniens relay.

It was further shown that at least three populations of putatively pyramidal cells of
the medial prefrontal cortex mediate responses to hippocampal and reuniens
stimulation: (1) cells which strictly respond to hippocampal stimulation; (2) cells
which respond to reuniens stimulation either orthodromically, antidromically or both
orthodromically and antidromically and (3) cells that respond to both hippocampal
and reuniens stimulation. The latter subpopulation is presumably the smallest, with
only 1 cell out of 19 (5.3%) exhibiting this behavior. A role for local circuit
interneurons is also posited based on the observed reversal of some hippocampal
responses near resting membrane potential, suggesting a chloride conductance
putatively mediated by GABA,, and based on previous studies (using barbiturate
anesthésia) which have: a) implicated both GABAA and GABAg conductances in the
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mediation of the hyperpolarizing component of prefrontal responses to hippocampal
stimulation, b) provided evidence for feedforward inhibition in the hippocampo-
prefrontal pathway and c) presented anatomical evidence for hippocampo-prefrontal
synapses onto interneurons. Responses to reuniens stimulation are hypothesized to be
mediated, at least in part, by similar mechanisms. A conceptual scheme of
microcircuits of the medial prefrontal cortex involved in mediating interactions with

the reuniens and hippocampus is shown in figure 9.
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Figure 9. Conceptual scheme of medial prefrontal cortex microcircuits
mediating interactions with the reuniens nucleus and hippocampus. At least three
populations of putatively pyramidal cells of the medial prefrontal cortex mediate
responses to hippocampal and reuniens stimulation: (1) cells which strictly respond to
hippocampal stimulation; (2) cells which respond to reuniens stimulation either
orthodromically, antidromically or both orthodromically and antidromically and (3)
cells that respond to both hippocampal and reuniens stimulation. A role for
interneurons is also posited (see text). ‘

4.2 Methodological Considerations

Very few studies have investigated the electrophysiology of pathways liking the
reuniens with the prefrontal cortex and hippocampus. In this study, intracellular
recordings were performed in the anesthetized cat preparation. Methodological

considerations are discussed below.
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One of the greatest strengths of this study is that it provided the first description of
intracellular responses of medial prefrontal cortex neurons to stimulation of the
reuniens nucl'eus, data that was not previously available in this pathway. This data

was however awaited:

Unlike the well organized laminar structure of the hippocampus, the
cellular organization of the medial prefrontal cortex is not distinctly
laminar but contains multiple cell layers with apical dendrites of
pyramidal cells extending across all layers. As such, the analysis of the
properties of the field potentials at the medial prefrontal cortex is not as
straightforward as for the hippocampus, and seemingly requires combined
cellular (intracellular) and field analyses to resolve characteristics of
evoked potentials at the medial prefrontal cortex (Di Prisco and Vertes,
2006).

Intracellular recordings indeed provide high temporal resolution as well as a valuable
window into single cell physiology, providing insight into the microcircuits of the

prefrontal cortex and possible response mechanisms.

As 1n all in vivo electrophysiological experiments, however, a major question that
arises is what structures are stimulated. This is particularly true in this case because
high intensity of stimulation was used (0.3-1.5 mA) and because the reuniens nucleus
is such a small nucleus. Indeed, very few animal studies have been carried out on the
reuniens nucleus due to its small size (Van der Werf et al., 2002). To ensure that the
reuniens nucleus was the site of stimulation, the reuniens and hippocampus were
stimulated and recorded from in turn at the start of each experiment to ensure that
each structure could evoke responses in the other. In addition, at the end of
experiments electrolytic lesions were performed in most cats. In cases where
stimulation sites were not histologically confirmed, there remains the possibility that
stimulation of structures lying slightly outside the reuniens nucleus evoked responses
in both the hippocampus and prefrontal cortex. In such cases, response morphology
was corroborated, as much as possible, with those evoked by stimulation of
histologically confirmed sites. As the reuniens is practically the only thalamic nucleus
projecting to the hippocampus, however, such responses to stimulation of sites
outside of the reuniens could be caused by the recruiting of the latter by current

spread. That other midline structures were likewise recruited by reuniens stimulation
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is also a possibility but this is a methodological pitfall which can only be partially

circumvented by use of minimal stimulation intensities.

It may be objected that intensity of stimulation was too high and non-physiological.
The use of high intenéity of stimulation could however mimic the effects of
synchronization of inputs/outputs in physiological conditions. High intensity
stimulation may also help overcome local inhibitory influences, as the cat reuniens
nucleus contains many GABAergic interneurons. It should also be noted that equal
and even higher stimulation intensities, up to 1.8 mA, have been used in previous
studies, for example to stimulate the hippocampo-prefrontal pathway (Floresco and

Grace, 2003).

In this study we do not specify the layer of the recorded cells. It has been shown,
however, that the reuniens nucleus projects to layers la, V and VI of the prelimbic
and infralimbic cortices as well as to layers I, III and V of the medial orbital and
agranular insular cortices(Van der Werf et al.,, 2002). The ventral hippocampus
projects most profusely to layers V and VI of the infralimbic and prelimbic cortices
with collaterals ascending towards layer I (Jay and Witter, 1991; Gabbott et al.,
2002).

Another question that may arise is why the cat preparation was chosen when most
studies pertaining to the reuniens nucleus have been carried out in rat. First, relatively
few studies have been carried out on this midline nucleus because its small size
makes it difficult to investigate (Van der Werf et al., 2002). In cat, this nucleus spans
approximately 2 mm’ and allows for the simultaneous stimulation and recording of
the reuniens nucleus, hippocampus and prefrontal cortex (intracellularly and
extracellularly). In addition, the mechanisms of sleep have been extensively studied
in cat (Steriade et al., 1993c; Timofeev et al., 1996; Amzica and Steriade, 1998;
Timofeev et al., 2000a; Steriade et al., 2001). Sleep plays crucial roles in learning and
memory and in particular, slow wave sleep has been shown to mediate hippocampo-
prefrontal communication (Rasch et al., 2007; Marshall et al., 2006; Sirota et al.,
2003; Maquet, 2001; Siapas and Wilson, 1998; Steriade, 1999; Qin et al., 1997). If

the reuniens nucleus plays a role in mediating these interactions, the study of its



63

influence on medial prefrontal cortex during slow oscillations, here induced by
ketamine/xylazine anesthesia, is of high physiological relevance. Lastly, cats can be
trained to sleep in a stereotaxic frame (Steriade et al., 2001; Nita et al., 2007). The
present study was carried out in an acute preparation but sets the stage for future
studies in chronic animals where responses in natural sleep could be investigated,
possibly following learning, with the aim of helping to elucidate the role of the

reuniens nucleus in slow wave sleep-mediated memory consolidation.

Lastly, an ambiguous point in this study was the observation of a clear augmenting
trend following 10 Hz stimulation that nonetheless lacks statistical significance.
Increasing the sample number may resolve this issue but care must be taken not to
bias the experimental design by accumulating data until the desired outcome is
achieved. Also, while increasing the sample number is always desirable in conjuring
more convincing generalizations it invariably begs the question: how much is
enough? One way around this problem will be to compute an N value in accordance

with the desired power of the statistical tests.

4.3 Future Directions

The underlying mechanisms mediating medial prefrontal responses to reuniens
stimulation remain to be elucidated. Reuniens afferents to prefrontal cortex are
glutamatergic and likely exert their actions via AMPA and/or NMDA receptors. As
discussed previously, it is hypothesized that the mechanisms mediating the
subsequent hyperpolarization component of the response is similar to those mediating
that of the hippocampal response. These mechanisms probably involve GABA-
mediated inhibition, either feedforward or feedback. A role for disfacilitation or

subcortical gating is also possible.

Future investigations delving into the mechanisms mediating medial prefrontal
responses to reuniens stimulation are thus a logical next step. Specifically, the

following hypotheses could be tested:
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1. The depolarization component of the response is mediated by AMPA and/or

NMDA receptors.

2. The hyperpolarization component of the response is mediated by GABA4 and
GABAGg.

3. The hyperpolarization component of the response is mediated in part by

disfacilitation.

These hypotheses are non-exhaustive. Metabotropic glutamate receptors may for

instance also be involved in prefrontal responses to reuniens stimulation.

Other interesting avenues of research include the ultrastructural characterization of
reuniens afferents to medial prefrontal cortex: what proportion of pyramidal cells are
targeted? Of interneurons? Are the preferred synaptic targets proximal dendrites,
distal dendrites or the perisomatic region? What proportion of cells receives both
hippocampal and reuniens input and what cellular compartment do each target? Also
of interest would be to tease apart the microcircuits of the medial prefrontal cortex
mediating interactions with the hippocampus and reuniens nucleus. A simplified
scheme of these microcircuits was proposed above and represented in figure 8. At

best, however, this conceptualization still represents a gross approximation.

Future studies elucidating the nature of interneuron response to reuniens stimulation
promise to be of value in elucidating the prefrontal microcircuits mediating
interactions of the reuniens nucleus and hippocampus, especially in the light of
evidence supporting their role in regulating the activity of PFC pyramidal cells

involved in working memory (Lewis et al., 2002).

Intracellular staining of recorded neurons, increasing of the sample number and
testing of the conduction velocity in the hippocampo-prefrontal pathway of cats will

be undertaken in the near future.
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4.4 Functional Implication

The reuniens nucleus appears ideally positioned to modulate hippocampo-prefrontal
interactions. It is reciprocally connected to and exerts physiological actions on both of
these structures. Why the prefrontal cortex does not reciprocate connections with the
hippocampus remains puzzling. One may conjecture that the involvement of the
reuniens nucleus ensures that feedback from the prefrontal cortex is integrated with
limbic information before modulating hippocampal processing. It is known that
memory consolidation is strongly influenced by emotion (McGaugh, 2000) and it was
proposed by Llinas and coworkers (1998) that the non-specific thalamus may mediate
communication between the cortex and other parts of the brain (Llinas et al., 1998).
In addition, Robert Vertes and colleagues have also proposed that the “reuniens
serves to gate the flow of information between the medial prefrontal cortex and
hippocampus thereby controlling the type of prefrontal information that gains access
to the hippocampus for its long term storage (Vertes et al., 2007)”. At this time, these

claims remain hypotheses.

Finally, a deeper understanding of reuniens nucleus physiology promises to be of
clinical value. For instance, damage to the midline nuclei, including the reuniens
nucleus, has been implicated in memory impairments (Mennemeier et al., 1992). The
reuniens nucleus has also been implicated in Alzheimer’s disease (Braak and Braak,

1991; Braak and Braak, 1998) and in epilepsy (Montpied et al., 1995).
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