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ABSTRACT

Over the past twenty years, the reuniens and rhomboid (ReRh) nuclei, which constitute the ventral midline thalamus, have received
constantly growing attention. Since our first review article about the functional contributions of ReRh nuclei (Cassel et al., 2013),
numerous (>80) important papers have extended anatomical knowledge, including at a developmental level, infroduced new and
very original electrophysiological insights on ReRh functions, and brought novel results on cognitive and non-cognitive implications of
the ReRh. The current review will cover these recent articles, more on Re than on Rh, and their confribution will be approached
according to their aoffiliation with work before 2013. These neuroanatomical, electrophysiological or behavioral findings appear
coherent and point to the ReRh nuclei as two major components of a multistructural system supporting numerous cognitive (and non-
cognitive) functions. They gate the flow of information, perhaps especially from the medial prefrontal cortex to the hippocampus and
back, and coordinate activity and processing across these two (and possibly other) brain regions of major cognitive relevance.
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Abbreviations: ACC, anterior cingulate cortex; Ad, adapting (neurons); AM, anteromedial nucleus of the thalamus; APV,
aminophosphonovalerate; AP5, 2-amino- 5-phosphonopentanoic acid; CAl, region CAl of the hippocampus; CA3, region CA3 of the
hippocampus; CAM, combined atftention-memory; CB, calbindin; ChR2, channel rhodopsine 2; CMS, chronic mild stress; CNO, clozapine-N-
oxide; CPFE, contfext pre-exposure facilitation effect; CR, calretinin; CS, conditioned stimulus; DA, dopamine; DAB, diaminobenzydine; DG,
dentate gyrus; DMPP, dimethyl-4-phenylpiperazinium iodide; DPC, dorsal peduncular cortex; DREADD, designer receptor exclusively activated
by designer drugs; EC, entorhinal cortex; FS, fast spiking (neurons); FST, forced swim test; HIP, hippocampus; hM4Di, modified human M4 muscarinic
(hM4) receptor that couples with Gi protein; hM3Dq, modified human M3 muscarinic (hM3) receptor that couples with Gq protein; IEG, immediate
early genes; ILC, infralimbic cortex; ILN, intralaminar nuclei of the thalamus; i.p., infraperitoneally; IPl, inter-pair interval (for paired-pulse
stimulations); LEC, lateral entorhinal cortex; LFP, local field potential; LTD, long term depression; LTP, long term potentiation; MEC, medial entorhinal
cortex; mPFC, medial prefrontal cortex; MPP, medial perforant path; MRI, magnetic resonance imaging; N2, or N200, event-related potential
(ERP); NAc, nucleus accumbens; NMDA, N-methyl-D-aspartate; PD, postnatal day; PLC, prelimbic cortex; PFC, prefrontal cortex; PRC, perirhinal
cortex; PRF, pontine reficular formation; PT, paratenial nucleus of the thalamus; PTD, pirithiamine-induced thiamine deficiency; PV, parvalbumin;
PVN, paraventricular hypothalamic nucleus; Re, reuniens nucleus; REM, rapid eye movement sleep; Rh, rhomboid nucleus; RMP, resting
membrane potential; RVLM/CI1, rostral ventrolateral medulla/C1 (catecholaminergic neuron group); SLM, stratum lacunosum moleculare; SO,
slow oscillations; SUM, supramammillary nucleus; SWR, sharp-wave-ripples; SWS, slow wave sleep; TTX, tetrodotoxin; US, unconditioned stimulus;
VBT, ventro-basal nuclei of the thalamus; VHIP, ventral hippocampus; VMT, ventral midline thalamus; VP, ventral pallidum; vSub, ventral subiculum;
VTA, ventral tegmental area; vmPFC, ventromedial prefrontal cortex; Xi, xyphoid.
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1. Introduction

As the largest part of the diencephalon, the thalamus is a paired structure
with about 60 nuclei in rodents, joining at the brain’s midline. Classically, it
gates and modulates information conveyed to and from cortical regions.
Historically, its nuclei have been distinguished as ‘specific’, with projections to
restricted cortical regions, or ‘non-specific’, with diffuse projections (Lorente
de No, 1938). Electrophysiological arguments further supported this
dichotomy (e.g., Dempsey and Morison, 1942; Moruzzi and Magoun, 1949).
The non-specific thalamus contains the reticular thalamic nucleus, the
intralaminar nuclei (ILN), the dorsal and ventral midline subdivisions, which
include the reuniens (Re) and rhomboid (Rh) nuclei, hereafter abbreviated
ReRh when considered indistinctly (Pereira de Vasconcelos and Cassel, 2015;
Vertes et al., 2015).

The non-specificity of this ensemble has been challenged (Bentivoglio et al.,
1991; Groenewegen and Berendse, 1994). Midline and ILN nuclei not only have
cortical terminal fields with limited overlapping (e.g., Bentivoglio et al., 1991;
Hsu and Price, 2007; Van der Werf et al., 2002), but also receive inputs from
different brainstem regions (Krout et al., 2002). Evidence indicate that ReRh
nuclei participate in functions implicating an information flow between the
medial prefrontal cortex (mPFC) and the hippocampus (HIP). They are key
structures in systems-level consolidation of spatial and contextual memories
(Loureiro et al., 2012; Quet et al., 2020a; Ferraris et al., 2021, current issue),
strategy shifting, and cognitive flexibility (Cholvin et al., 2013; see also
Dolleman-van der Weel et al., 2009). They also contribute to the degree of
detail with which a context is encoded (Xu and Stdhof, 2013). More on
cognitive contributions can be found in review papers (e.g., Cassel et al. (2013);
Pereira de Vasconcelos and Cassel (2015); Vertes et al. (2015); see also Griffin
(2015) for Re implications in spatial working memory, Dolleman-van der Weel
et al. (2019) for a recent review of anatomical and functional features).

Important articles recently extended anatomical knowledge, including at a
developmental level, original electrophysiological insights, and cognitive and
non-cognitive data to the ReRh literature. We propose a synoptic overview of
these contributions in filiation with previous work. Given the size of the ReRh
nuclei, it is improbable that using tools like permanent lesions,
pharmacological inactivation, pharmacogenetics and optogenetic approaches,
either one nucleus can be manipulated without affecting functions in the
other. This is important because, despite partly overlapping connectivity
patterns, each nucleus has also specific connections (see Figs. 1-4 hereafter).
We respected, however, the way authors have presented their work when
experimental manipulations were claimed to affect either the Re or the Rh, or
both (ReRh or VMT), we followed this claim.

2. Recent anatomical findings

Details on the connectivity (afferents, efferents, pathways) of the ReRh
nuclei a are found in previous publications (e.g., Cassel et al., 2013;
Herkenham, 1978; Varela et al., 2014; Vertes et al., 2006, 2015; Xu and Stidhof,
2013), and summarized in Figs. 1-4. Neurons of the Re receive information
from more than 30 structures of the central nervous system (CNS). Information
is sent to about the same number of structures. Dense reciprocal connections
have been described between the Re nucleus and region CA1 of the HIP, as
well as the anterior cingular (ACC), infralimbic (ILC), prelimbic (PLC), and
perirhinal (PRC) cortices. According to Hoover and Vertes (2012), 3-6 % (8% in
Varela et al., 2014) of the neurons of the Re nucleus send collaterals to
prefrontal cortex and HIP.

Connectivity of the Rh nucleus is lesser-known. The Rh receives inputs from
a dozen structures — mainly from the cortex and brainstem — and sends
information to about 30 structures. Reciprocal connections have also been
described with region CA1 of the dorsal (not ventral) HIP (projections back to
Rh are sparse), the agranular cortex, as well as ACC, ILC, and PLC cortices.

Within this connectivity network, the ReRh nuclei are ideally placed in the
bidirectional information exchange between mPFC and HIP. Indeed, if HIP
information can reach the mPFC by the way of direct, monosynaptic
connections (Ferino et al., 1987; Hoover and Vertes, 2007; Jay and Witter,
1991; Parent et al., 2010; Swanson, 1981; Thierry et al., 2000), it is not the case
the other way around (e.g. Vertes, 2004). When conveyed from mPFC to HIP,
signals cross more than one synapse in a relay like the entorhinal cortex (e.g.,
Apergis-Schoute et al., 2006) or the ReRh nuclei (e.g., Xu and Studhof, 2013).
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Fig. 1. Brain regions innervating the reuniens (Re) nucleus. The regions
indicated in bold (black) provide dense projections to the Re nucleus. Those
initalics (red) provide sparse innervation. Finally, the regions printed in normal
type (green) provide intermediate innervation densities. Abbreviation: N.
stands for nucleus or nuclei. According to McKenna and Vertes, 2004 (2004);
Van der Werf et al. (2002); Vertes (2002), and to Cholvin (2014, PhD thesis),
from which this figure was inspired.

2.1. Precisions on connectivity in the adult rodent brain

Two recent studies extended knowledge about connectivity. Mathiasen et al.
(2019) compared the origins of the cortical and hippocampal projections to the
mamillary bodies (MB) vs. the Re nucleus. Similarity between cognitive
consequences of lesions of these nuclei and their connectivity patterns with
the HIP and the PFC were two reasons to do it. Using retrograde and
anterograde labelling, Mathiasen et al. found that the Re receives dense
projections from the ILC and PLC (layer VI ; from layer V, projections are weak),
which do not project to the MB (Fig. 5). Projections from layer VI of the ACC to



the Re are dense. This layer does not project to the MB. Layer V of the ACC has
weak projections to the Re and the MB. The deep neurons of the subiculum
(SUB) densely innervate the Re but do not project to the MB. The superficial
neurons of the SUB densely innervate the MB and have weak projections to
the Re. The deep neurons of the dorsal peduncular cortex (DPC) innervate the
Re densely, but weakly the MB. The superficial layer of the DPC projects to the
MB densely, weakly to the Re. In this system, each subregion has a dense
projection to only the Re or only the MB, and weak or no projections to the
MB or Re, respectively.

This pattern could be regarded as typical of largely segregated vs.
complementary connectivity systems supporting divergent functions when
different, and comparable ones when overlapping. For instance, regarding
memory functions, lesions of the ReRh do not impair the acquisition of a spatial
task, although preventing systemic consolidation (e.g., Loureiro et al., 2012;
Ferraris et al., 2021, current issue; Klein et al., 2019). Conversely, lesions of the
MB or the mamillothalamic tract disrupt acquisition of a spatial memory task
(e.g., Sziklas and Petrides, 1998; Vann and Nelson, 2015). Both regions,
however, contribute to working memory (e.g., Santin et al., 1999; Griffin,
2015).

were excitatory. No neuron of the mPFC projected to both targets. These well-
segregated connection patterns argue for possibly different functions
originating from a common conductor. For instance, lesions of the ReRh nuclei
do not impair object recognition (Barker and Warburton, 2018), when lesions
of the PRC do (e.g., Nelson et al., 2016; Olarte-Sanchez et al.,, 2015).
Interestingly, alterations in the PRC (e.g., Pezze et al., 2015) or in the PLC and
ILC both perturb memory for visual objects (e.g., Ragozzino et al., 2002). This
suggests that mPFC projections to ReRh most probably do not contribute to
memory for object recognition.
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Fig. 2. Brain regions innervated by the reuniens (Re) nucleus. The regions
indicated in bold (black) receive dense projections from the Re nucleus. The
regions in italics (red) are sparsely innervated. Those printed in normal type
(green) receive intermediate innervation densities. Abbreviation: N. stands for
nucleus or nuclei. According to Krout and Loewy (2000); Van der Werf et al. (2002);
Vertes (2002); Vertes et al. (2010), and to Cholvin (2014, PhD thesis), from which
this figure was inspired.
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Fig. 3. Brain regions innervating the rhomboid (Rh) nucleus. The region
indicated in italics (red) is sparsely innervated. For the other regions, the literature
lacks on precision as to the innervation density. Abbreviation: N. stands for
nucleus or nuclei. According to Dolleman-Van der Weel and Witter (1996); Vertes
et al. (2006, 2010), and to Cholvin (2014, PhD thesis), from which this figure was
inspired.

The second study (Jayachandran et al, 2019) established another
segregation: separate populations of mPFC neurons innervate either the Re
nucleus or the perirhinal cortex (PRC). Using viral tracing and retrograde
labelling, Jayachandran et al. found that mPFC neurons projecting to the Re
were located in layers II/1ll, V and VI of mainly the ventral PLC and ILC. Those
projecting to the PRC were located in layers II/1ll and V, not VI. All neurons

2.2. Connectivity pattern of Re afferents: differences between mice and rats

Most studies on the afferents of the Re nucleus were made in rats (e.g.,

McKenna and Vertes, 2004). Little is known about this connectivity in mice.
Recently, Scheel et al. (2020) found that most Re afferents recapitulated the
descriptions made so far in rats. However, some regions documented in rats
were not confirmed in mice. These encompassed all divisions of the bed
nucleus of the stria terminalis, the medial and lateral preoptic area, the
anterior paraventricular thalamic nucleus, the lateral hypothalamic area, all
nuclei of the amygdala, the lateral habenula, the dorsomedial hypothalamic
nucleus, the premammillary nucleus, the substantia nigra, and the lateral
entorhinal cortex. As some differences concerned the amygdala, species-
specific differences on implications of Re in fear-related (and perhaps other
emotion-based) behaviors might exist. If so, findings made in mice on the
implication of the Re in at least fear behaviors would not necessarily be in
extenso transposable to rats, and vice versa.
Although similar on some aspects (e.g., Blanchard et al., 2001), fear and
defense behaviors in response to an animate threat, whether a conspecific or
not, may also show species-related differences. For instance, when confronted
to a vital threat, rats and mice respond differently. Rats emit ultrasonic alarm
vocalizations intended to alert their colony. Mice do not. Rats are more
colonial than mice (Kondrakiewicz et al., 2019). It is therefore possible that
projections of the amygdala to the Re in rats permit more elaborated
responses to threat by the way of a wider distribution of amygdala-generated
emotional signals, which, after a relay/integration in the Re, could be conveyed
to other structures, including those involved in alarm signaling. In mice, which
are more solitary animals (Kondrakiewicz et al.,, 2019), defense responses
could be more direct and require less information sharing or relaying between
the amygdala and other brain structures.
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Fig. 4. Brain regions innervated by the rhomboid (Rh) nucleus. The regions
indicated in bold (black) receive dense projections from the Rh nucleus. The
regions in italics (red) are sparsely innervated. Those printed in normal type
(green) receive intermediate innervation densities. Abbreviation: N. stands for
nucleus or nuclei. According to Dolleman-Van der Weel and Witter (1996); Vertes
etal. (2006, 2007, 2010), and to Cholvin (2014, PhD thesis), from which this
figure was inspired.

populations in dorsal and dorsolateral areas. CB+/CR + were mostly found
along the lateral and ventral borders of Re; amounting 55 % of CR + cells and
41 % of CB + cells. In the Rh, few CR + cells were present, mostly localized to
medial part of the nucleus. CR+/CB + cells amounted 50 % of CR + and 9% of
CB + cells.

In the caudal level, the ventral part of the Re contained no CB + or CR +
cells, but a network of CR + fibers was close to the third ventricle, spreading
over this region, along with few CR + cells located laterally. There were few CR
+ cells in periRe mostly along the lateral borders and strongly overlaping with
CB + cells. The latter were abundant in the periRe. CR+/CB + cells accounted
for 65 % of CR + cells and 58 % of CB + ones. In the caudal Rh, CB + cells were
numerous and located in the lateral wings, while CR + were largely absent.
CR+/CB + cells amounted 31 % of CR + and 9% of CB + cells. Finally, Viena et al.
showed that Re neurons monosynaptically projecting to both the HIP and
mPFC do not express CB or CR, but are surrounded by rings of CR+, CB + or
CB+/CR + cells. This cell population might participate in the synchronization of
oscillations and communication in the mPFC-HIP memory system (Dolleman-
van der Weel et al., 2019).

2.3. Calretinin and calbindin expression in the ReRh

Previous data showed that the Re contained numerous calretinin (CR) and
calbindin-D28k (CB) neurons with a similar distribution for both proteins. There
is less of such proteins in the Rh. There are no parvalbumin(PV)-positive cells
in the Re and Rh (Arai et al., 1994; Bokor et al., 2002; rev Cassel et al., 2013).
These proteins are key regulator of Ca** homeostasis and are involved in extra-
and intra-cellular functions such as synaptic Ca** signaling. In some brain areas
(e.g., HIP, neocortex), CR and CB are molecular markers of discrete GABAergic
neurons (e.g. Freund and Buzsaki, 1996; Kubota et al., 2011).

Two recent papers presented a detailed map of the localization of CR + and
CB + neurons in the midline thalamus, including the Re and Rh nuclei, their
specific connections with the HIP and mPFC (Viena et al., 2020), and their role
during HIP oscillations (Lara-Vasquez et al., 2016). The paper by Viena et al.
(2020) investigated the distribution of PV, CR and CB, exploring the Re
population projecting to the HIP and mPFC.

In the rostral level, CR+, CB + and CR+/CB + neurons were clustered in
defined zones, with CR + in the dorsal, middle and ventral regions, CB +
throughout the entire Re, and more packed and separated from CR + cells in
the dorsolateral regions. In dorsal and medial Re, CR + and CB + were
distributed throughout, and cell size was largest in the dorsolateral regions.
Dual-labeled CR+/CB + cells represented about 55 % of CR + cells and about 40
% of CB + cells.

In the mid-levels, Re and Rh showed different patterns: the Re CR + cells
were abundant with a slight shift in location ventrally and laterally vs. the
rostral level. CB + cells were localized throughout Re with independent

Fig. 5. Innervation patterns of the reuniens nucleus (Re) as compared to the
mammillary body (MB). Fibers originate in layers V or VI of cortical regions (ACC:
anterior cingular bundle; ILC: infralimbic cortex; PLC: prelimbic cortex) and in deep
(Dp) or superficial (Sp) regions of the dorsal peduncular cortex (DPC) or the
subiculum (SUB). Notice that if one distinguishes layers V and VI in the ILC, PLC
and ACC, and deep and superficial subregions of the DPC and SUB, each of these
layers/subregions has a dense projection (thick full lines) to only the Re (orange)
or only the MB (blue), and a weak (thin stippled lines) or no projections to the Re
(orange) or MB (blue), respectively. lllustration redrawn according to Mathiasen
et al. (2019).

A summary of the quite complex distribution of CR+, CB + and CB+/ CR +in
the Re is shown in Fig. 7 of the article by Viena et al. At a functional level, the
authors proposed that these detailed CR + and CB + topographies might
represent separate thalamo-cortical circuits. CB + cells are found throughout
the midline thalamus with terminals in the superficial cortical layers and
involved in processing information from multiple brain regions (rev Cassel et
al., 2013; Dolleman-van der Weel et al.,, 2019; Pereira de Vasconcelos and
Cassel, 2015; Vertes et al., 2015). Knowledge about the role of CR + cells is too
sparse to enable any speculation. The description of these different
subpopulations of neurons in the Re extends a former report by Arai et al.
(1994) and calls for more investigation of the functional contributions of each
neuronal subpopulation, which could belong to microcircuits associated with
distinct rhythmicity and synchronizations (e.g., theta, gamma, sharp-wave
ripples). It is perhaps time, therefore, to give up considering the Re as a
relatively homogeneous functional entity made of mainly glutamatergic
neurons with overall excitatory functions. Viena et al. (2020) further supported
(Hoover and Vertes, 2012; Varela et al., 2014) that Re neurons projecting
collaterals to both the mPFC and HIP constitute a clearly distinct neuronal




ensemble that could have a sui generis function, perhaps that of providing, in
parallel and/or synchronized ways, the same information to both target
structures.

2.4. Re dopaminergic neurons and the paraventricular nucleus-rostral
ventrolateral medulla/C1 circuit

Ogundele et al. (2017) described, in mice, a small population of
dopaminergic neurons (DA) in the Re and the zona incerta (ZI). Tyrosine
hydroxylase (TH)-positive cells were counted in the Re, paraventricular nucleus
(PVN) and ZI. Re dopaminergic neurons are mostly bipolar (80 %) with
angulated cell bodies. Some of them project from the lateral part of the Re to
its contralateral one, bidirectionally. The authors proposed that these thalamic
DA neurons regulate activity in the hypothalamic PVN- rostral ventrolateral
medulla (RVLM)/C1 circuit. This circuit controls various physiological functions
such as body energy balance and response to acute stress (Bell et al., 2000).
Given the implication of the RVLM in the regulation of vasomotor tone and of
the mPFC-Re connection in defense behavior (see 4.8.4.), it is not impossible
that these dopaminergic projections from the Re to the PVN vehicle
information enabling the RVLM to adapt the vasomotor tone to a threatening
situation or an imminent behavioral response to it.

2.5. ReRh nuclei and postnatal connectivity development

In a recent study, Hartung et al. (2016) investigated, in neonatal rats, the
interplay between the mPFC and the HIP. They focused on the PLC, which is
the rostral region of the mPFC receiving the strongest hippocampal drive.
Because this interplay is well described in adults (e.g., Igarashi et al., 2014;
Morales et al., 2007), Hartung et al. especially focused on how it emerged early
in life. Brockmann et al. (2011) showed that axonal projections from HIP to PLC
exist at the end of the first postnatal week, and that no direct projections back
to the HIP are detected at this age (but also later; see e.g., Takagishi and Chiba,
1991; Vertes, 2004). Using Fluoro-Gold, Hartung et al. examined the
connectivity among structures of interest (tracer injected at PD1 and/or PD5)
and described projections from ReRh (VMT) to PLC and HIP, from HIP and PLC
to VMT, and from LEC to HIP and PLC (see Fig. 6). Conversely to observations
in adult rats (Kerr et al., 2007), projections from PLC or HIP to LEC were not
found, indicating their establishment at a later developmental stage.

Thus, most of the connectivity described in adult rats is present as early as
after one postnatal week. Interestingly, functional characteristics of this circuit
have been investigated recently by electrophysiological tools in neonates
(Hartung et al., 2016) and adults (Dolleman-van der Weel et al., 2017). It is
difficult to believe that this circuit operates in neonates as it does in adults
(sensory inputs, motor possibilities, and maturation stages of neocortical
structures are much too different). Noteworthy, however, is that the presence
of this circuit at such an early age is compatible with the idea that activations
therein, whatever the profile, could contribute to a progressive, post-birth
stabilization of the connectivity. This stabilization could be necessary to the
postnatal emergence of cognitive functions implicating the ReRh nuclei.
Indeed, it is known for long that neonatal activity in central nervous system
pathways is crucial for a normal consolidation of connections (Bower, 1990),
which start to establish before the function’s emergence. This might be true
for spatial memory functions, which emerge during or slightly after the second
postnatal week in rats (e.g., Baram et al., 2019; Tan et al., 2017). For instance,
allocentric memory emerges around PD16, place cells are there at about the
same moment, boundary and grid cells just a couple of days later (Baram et al.,
2019; Bjerknes et al., 2018; Tan et al., 2017). Interestingly, cells such as place
cells, head direction cells, and boundary cells have been described in the Re
nucleus of adults (see below). Oscillations of the theta or gamma type also
appear at a very early stage (Tan et al., 2017), and the Re is known to play a
role in their coherence, at least in adults (see below).
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Fig. 6. Cortico-thalamo-hippocampal connectivity patterns in the
neonatal rat. Solid lines indicate the connectivity between the lateral
entorhinal cortex (LEC), the prelimbic cortex (PLC), the ventral midline
thalamus (VMT) and region CA1 of the hippocampus, as described in Hartung
et al. (2016) in the neonatal rat. The hatched lines were described in adults
(Kerr et al., 2007), but could not be evidenced in neonates. Notice that there
are no direct projections from the PLC to CA1, confirming older and more
recent findings (Fillinger et al., 2017; Jay and Witter, 1991; Xu and Sudhof,
2013). Greyish arrow heads indicate directionality. Redrawing according to
Hartung et al. (2016).

3. Recent electrophysiological findings

Given the connections between the ReRh and both the mPFC and the HIP,
it is reasonable to expect that the ReRh nuclei influence cortical and
hippocampal functions, and that, in return, these structures influence activity
in the ReRh. First evidence supporting an influence of midline thalamic nuclei
on the activity of cortical regions was reported almost 80 years ago (Dempsey
and Morison, 1942; Morison and Dempsey, 1942). More recently, Viana Di
Prisco and Vertes (2006) reported that stimulations of the Re nucleus induced
large amplitude evoked potentials in the PLC. The recorded N2 deflection
corresponded to excitatory evoked potentials at monosynaptic latencies,
compatible with a direct excitatory projection from Re to the mPFC.
Furthermore, the authors reported on paired-pulse facilitation induced by Re
stimulation, with the largest changes in the ILC (+83 %) and PLC (+75 %)
cortices, comparable to those observed in the dorsal HIP (+62 %). Eleore et al.
(2011) also found paired-pulse facilitation in the mPFC by Re stimulation in
mice.

There was also evidence for a contribution of Re to hippocampal function.
Hirayasu and Wada (1992a,b) reported that intra-Re infusions of N-methyl-p-
aspartate (NMDA) induced EEG discharge patterns in the HIP characteristic of
generalized limbic seizures; hippocampal kindling was also observed.
Furthermore, selective pharmacological blockade of thalamic midline nuclei
suppressed limbic seizure activity in a model of CA3 kindling (Bertram et al.,
2001), and this was accompanied by neuronal loss in the ReRh. However, none




of these studies explicitly showed a direct influence of the ReRh on
hippocampal activity.

Dolleman-Van der Weel et al. (1997) were the first to propose an
anatomical-functional model in which Re neurons monosynaptically (when
rostral) or disynaptically (when caudal) have an excitatory influence on CA1
pyramidal neurons via synapses on apical dendrites at stratum lacunosum
moleculare (SLM). Other Re afferents to CA1 might synapse on dendrites of
inhibitory interneurons and then extend branches from stratum radiatum to
SLM to exert an excitatory influence, which, together, would result in dual
inhibitory/excitatory actions on CA1 pyramidal cells. A final population of
hippocampal interneurons influenced by the Re was located in the alveus and
stratum oriens, which exerted feed forward inhibition on pyramidal cells when
activated. Via the subiculum, pyramidal neurons project back to the Re,
thereby closing a functional loop, which has been prevised in the 2019 review
by Dolleman-Van der Weel et al. In this loop, Re activity may i) modulate CA1
activity and/or ii) be modulated by information from the HIP. Bertram and
Zhang (1999) showed that Re or CA3 stimulation had excitatory effects on CA1
neurons, with shorter response latencies after Re than after CA3 stimulation.
High frequency stimulation of the Re, but not CA3, induced LTP in CAl. These
findings show that Re and CA3 exert independent effects on CA1 neurons. Re
stimulation elicited shorter-latency potentials at CA1 during theta activity
(spontaneous or tail pinch-induced) compared to non-theta states, and Re
neurons showed a marked increase in rate of discharge before or after theta
periods as opposed to non-theta periods (Morales et al., 2007).

All these studies have shed light on how Re or Rh affects cortical and
hippocampal functions. Recent experiments have added to this knowledge by
the way of ex vivo/in vitro approaches focusing on particular circuits, and of
local field potential or single unit recordings in either anesthetized or awake
rodents.

3.1. Ex vivo/in vitro electrophysiological experiments

3.1.1. Firing properties of Re neurons in mice

In brain slices of C57-BI/6 male mice (age 14-18 weeks), Walsh et al. (2017)
recorded the activity of rostral Re neurons (loose-patch, cell-attached, whole
cell mode). Their average resting membrane potential (RMP) was of about -64

3.1.2. Arousal driven by the Rh is potentiated by an orexin-gated excitatory
feedforward loop in the cortex

Using rat brain slices, Hay et al. (2015) explored the role of the neocortical
layer Vlb (parietal cortex) in the modulation of arousal by combining patch-
clamp recording and optogenetics. These authors built on the facts that i) layer
VI receives dense projections from the non-specific thalamus (e.g.,
Herkenham, 1980), ii) the role of layer VI in thalamocortical activity during
sleep/wake cycle is critical, notably via wake-promoting neurotransmitters
such as acetylcholine (Kassam et al., 2008), and iii) layer Vb is the only cortical
lamina reactive to orexin; it is also sensitive to acetylcholine acting on nicotinic
receptors (e.g., Bayer et al., 2004). Hay et al. first showed that pyramidal
neurons from cortical layer Vlb were excited by a nicotinic agonist, as well as
by orexin, and that a low concentration of nicotine potentiated the effect of
orexin. By the way of viral transfection, neurons of the Rh were brought to the
expression of channel rhodopsin2 (ChR2). When the ChR2-bearing fibers
arising from the Rh were photostimulated, the spike-timing precision of the
neurons from layer Vla were increased by application of orexin to layer Vib.
The authors conclude that the cortical layer Vib could be an orexin-gated
excitatory feedforward loop potentiating arousal driven by the Rh.

3.1.3. Rh regulates contextual information inputs into parietal cortex
receiving sensory inputs

mV. During the 60 first seconds of the whole cell mode, most neurons (88 %)
fired one or more spontaneous action potentials, but activity was lost rapidly
in about 20 % of them. In most of the others, the resting membrane potential
(RMP) was of -61.4 mV, the average firing frequency of 9.2 Hz, with about 2/3
of neurons firing in the 4- 10 Hz range. Recordings made under blockade of
AMPA/kainate, NMDA and GABA. receptors neither abolished the
spontaneous firing (69 % cells were still active) nor affected the discharge
frequency in dramatic ways (mean frequency =8 Hz), indicating that action
potential firing in vitro relied on properties of the neurons, not on synaptic
inputs. When the membrane potential was forced to - 80 mV and short
depolarizing currents were injected, two types of neurons were identified:
some with one action potential at their rheobase, others with up to six.
Blockers had no effect on rheobase values. These neurons showed diverse
firing patterns, some with an initial burst of firing at 115- 145 Hz, which then
decreased to 10- 30 Hz, others lacking this initial burst and showing a more
regular pattern of firing. With a membrane potential held at - 72 mV and
current injections, initial bursts were seldom observed.

Part of these characteristics suggest the presence of T-type Ca?* channels,
which have a low activation threshold and are inactivated at a slightly
depolarized resting potential. Walsh et al. (2017) could demonstrate that T-
type Ca?* channels were implicated in the ability of Re neurons to generate a
very high frequency of action potentials (> 300 Hz) after these neurons had
rested at a negative potential (ca. - 80 mV) for a short period of time. This
burst firing potential could be eliminated by prior application of a theta-burst
firing protocol, which resulted in a 6 mV hyperpolarization gain of the
membrane potential. From this very descriptive work, which is the first of that
type, one can retain that the resting potential of Re neurons might determine
how these neurons communicate with their targets: i) a tonic firing for cells
around - 65 mV, ii) single spikes or a period of low-frequency regular spiking
for neurons resting more depolarized than - 72 mV, and iii) robust multispike
bursts on activation for Re cells at - 80 mV or below. Given that the firing
pattern of Re neurons is determined by the value of their resting potential
when receiving depolarizing extrinsic influences, it is possible that these
neurons do more than just relay information. Although these observations
were made in vitro, and certainly call for additional in vivo challenges, they
could reflect integrative activity possibilities in the Re.

More recently, Hay et al. (2019) investigated the mechanisms by which the
cerebral cortex performs sensory detection and integration. ChR2 was
expressed in neurons of the Rh nucleus and in the ventro-basal nuclei of the
thalamus (VBT). To the parietal association cortex, the Rh conveys contextual
information when the VBT conveys sensory information. The maximal
innervation density from the Rh is in layers VI and I, and the maximal
innervation from the VBT in layer IV. Photostimulation of the VBT induced
inhibitory and excitatory post-synaptic currents in layer IV that reflected
shorter recurrent activity than after Rh photostimulation. Hay et al.
established that Rh inputs activated adapting (Ad) interneurons and had weak
connections with fast-spiking (FS) interneurons. Conversely, inputs from the
VBT showed the opposite pattern, namely weak connections with Ad
interneurons and stronger ones with FS interneurons. The authors then
compared the recruitment of FS and Ad interneurons induced by VBT and Rh
photostimulation. Photostimulation induced action potentials in FS
interneurons, but faster for VBT than for Rh inputs, compatible with direct vs.
indirect influence, respectively. Regarding Ad interneurons, spikes were
elicited by photostimulation of the Rh in most (66 %) of them, but seldom so
(<10 %) by stimulation of the VBT. These functional differences have
consequences on the inhibition of layer VI pyramidal neurons, in which the
response was faster after VBT stimulation than after Rh stimulation. In fact, FS
interneurons are involved in the time limitation of the cortical response to
thalamic inputs. Conversely, Ad interneurons are implicated in prolonged
cortical responses to Rh inputs. By doing so, these mechanisms tune cortical




responses to thalamic inputs in a way enabling summation of sensory (via VBT)
and contextual (via Rh) inputs.

These experiments show that Re neurons have functional properties
compatible with information integration, and not simply a relay role, and that
Rh neurons convey context-related information to cortical modules that can
be combined to sensory inputs there.

3.2. In vivo experiments in anesthetized rodents

3.2.1. Connectivity between HIP, LEC, PLC and ReRh is operational as early as
1st postnatal week in the rat

Hartung et al. (2016) collected multiunit activity and local field potentials
in the HIP, LEC, PLC and VMT of newborn rats. Recordings were performed
under light urethane anesthesia, a condition generating activity close to that
of non- anesthetized asleep rats (e.g., Bitzenhofer et al., 2015). The analyses
focused on neuronal activity coupling with theta oscillations. Lidocaine was
used to inactivate the PLC or the VMT. Hartung et al. found that during the first
postnatal week, the LEC exhibited discontinuous network activity in the theta
band (mean =7.4 Hz), which was interpreted as theta bursts. Most of these
bursts co-occurred with hippocampal bursts, explaining a high spectral
coherence between the two structures. Individual neurons discharged at their
highest frequency during theta bursts and these discharges occurred shortly
before the peak of the theta cycle.

The ReRh nuclei also showed coordinated network oscillations episodes in
the theta band (mean =6.05 Hz), although less frequently than LEC theta
bursts. Spectral coherence analyses found the tightest coupling between PLC
and VMT. The firing of ReRh neurons occurred during, but was not phase-
locked with, theta bursts. Thalamic theta bursts always co-occurred with PLC
or hippocampal ones. When the PLC was blocked by lidocaine infusion, theta
bursts decreased in the PLC (by about 67 %) and ReRh (by about 63 %); the HIP
was affected when the inactivation magnitude of the PLC exceeded 70 %.
When the ReRh were inactivated, their theta bursts were reduced by about 50
%, a change that affected the PLC and the HIP, where the oscillatory events
were decreased. Altogether, these data show that as soon as 1 postnatal week,
oscillatory theta-like activity bursts entrain the LEC and the VMT. Whereas the
main communications of the LEC are with the HIP, where it has facilitating
effects on the emergence of theta bursts, the ReRh nuclei relay feedback from
the PLC to the HIP, where they drive activation. Thus, very early in the course
of postnatal development, the ReRh nuclei take their relay place in the circuitry
which, later on, participate in a range of cognitive processes (e.g., working
memory, detail encoding, systems-level consolidation, and strategy
adjustments; see Cassel et al., 2013; Griffin, 2015; Pereira de Vasconcelos and
Cassel, 2015; Vertes et al., 2015). It is highly probable that this communication
contributes to the development of the connectivity and of the functionality
that are typical of an adult brain (e.g., Bower, 1990; end of section 2.5).

3.2.2. HIP to mPFC and mPFC to HIP communication is relayed by the Re in
adult rodents

Recently, in adult male rats subjected to a sham-operation or NMDA-
induced lesions of the Re, Kafetzopoulos et al. (2018) recorded local field
potentials in the PLC and ventral CA1/subiculum region under pentobarbital
anesthesia. Lesions had no effect on the overall activity, whatever the region
and the frequency band (i.e., delta, theta, beta, low gamma or high gamma).
However, Re lesions reduced coherence between PLC and HIP in the theta and
beta frequency bands. Roy et al. (2017) further characterized this circuitry in
urethane- anesthetized rats. Until then, most studies focused on coherence at
theta frequency (4- 8 Hz), the HIP being considered the synchronizing source.
The HIP-PFC coupling involves another rhythm, in which the PFC is the
synchronizing source (Fujisawa and Buzsaki, 2011). This rhythm co-occurs with
hippocampal theta and is in the 2- 5 Hz band. Unlike delta activity (1- 4 Hz), it
is regular.

Roy et al. implanted recording devices in the HIP, the Re and PLC. A
stimulating device was place in the pontine reticular formation (PRF). With PRF
stimulation, the 4 Hz ‘urethane’ hippocampal theta shifted to 4- 10 Hz, as also
induced by tail pinching. Hippocampal theta was elicited by PRF stimulations
at variable intensities and Re was inactivated by lidocaine (200 ng in 1 pL). In
the HIP, without PRF stimulations, there were alternations of irregular activity
and theta episodes. In the PFC, irregular activity alternated with a regular
rhythm at about 2 Hz that co- occurred with HIP theta. Both HIP theta and PFC
rhythms were also recorded in the Re nucleus. In response to PRF stimulation,
the 2- 5 Hz oscillation was dominant in the PFC, the theta oscillation was
dominant in the HIP, and both oscillations were found in the Re nucleus.
Augmenting stimulation intensity linearly increased the peak frequency of
both types of oscillations and synchronized theta in all three regions. In
addition, the stimulation increased the peak power for theta activity in the HIP,
but decreased it for the 2- 5 Hz oscillation in the three structures. With both
rhythms, Roy et al. observed a strong correlation between the Re and both
other structures, the largest correlation being for the 2- 5 Hz oscillations with
the PFC, and for the theta rhythm with the HIP.

Lidocaine inactivation of the Re had little influence on the coherence
between PFC and HIP theta, compatible with the monosynaptic connection
between the HIP and the PFC, and with the HIP being the driver of theta in the
PFC. Conversely, the coherence between the HIP and the PFC in the 2- 5 Hz
band was reduced by Re nucleus inactivation. Taken together, these data
indicate that communication from the HIP to the PFC occurs at theta frequency
via direct projections, whereas the communication from the PFC to the HIP
occurs at 2- 5 Hz frequencies, using the Re nucleus as a relay. An alternative
hypothesis regarding this second rhythm would be that it is not generated in
the PFC but in another structure such as the ventral tegmental area (VTA) or
the Re nucleus itself.

Ferraris et al. (2018) have tried to understand how hippocampo-prefrontal
coupling (important for memory consolidation) is influenced by the Re nucleus.
In urethane- anesthetized rats, they recorded local field potentials in CA1, PLC
and Re. Data were collected during alternating slow and theta oscillation
periods, which looked like oscillations of SWS and REM sleep, respectively.
During slow, not during theta oscillations, CA1 and mPFC LFPs correlated in the
gamma band (30- 90 Hz), and gamma power underwent modulation by the
slow oscillation phase: all gamma bursts were phase-locked to the slow
oscillation in a window spanning the trough and ascending phase. Similar
observations were made during natural SWS. There was no correlation
between CA1 and mPFC during theta oscillations. More than half HIP and mPFC
neurons were entrained by gamma oscillations, but their activity was
comparable during synchronized and non-synchronized bursts, suggesting that
they are not determinant in the CA1-mPFC synchronization process.

Ferraris et al. then showed that neurons of the Re increased their firing rate
about 100 ms before the onset of the synchronized gamma bursts. The Re
neurons were also entrained by the slow oscillation phase. These findings are
compatible with a role of Re neurons in information circulation between CA1
and mPFC, as confirmed by inactivation of the Re. When muscimol was infused
into the Re, the modulation of the gamma power by slow oscillations was
reduced and phase-shifted, the correlation between hippocampal and cortical
LFPs was diminished, as was the co-occurrence of the gamma bursts between
both structures. Re inactivation also reduced the firing frequency of mPFC not
of HIP neurons. These data point to a role for Re neurons in the control mPFC
firing, in gamma burst synchronization between CA1 and mPFC, and in
coordinating neuronal activity between the two structures. Because neurons
of the Re increase their firing rate before CA1-mPFC gamma burst coupling,
the Re could be the driver. This interpretation is challenged by a report by
Hauer et al. (2019), who proposed that the mPFC entrains the Re, which in turn
entrains the HIP, thereby enabling slow oscillations coupling. Recordings
showed that the activity of single neurons in the Re was correlated with the
slow oscillations (SO) in the mPFC during HIP theta-off phases.

During HIP theta-on phases, the Re neurons exhibited high frequency firing
patterns. The correlation between neuronal firing in the Re and SO in the mPFC
was confirmed using multi-unit signals recording. When Re neurons were



stimulated optogenetically, a large negative potential was recorded in CA1l,
with a maximal amplitude at the SLM level. The same response was obtained
after stimulation of the cingulate bundle, where projections fibers from Re to
CA1 are coursing. Next, Hauer et al. used a paired-pulse stimulation paradigm
to record the response of the HIP to stimulations of the ILC or PLC regions of
the mPFC. The stimulation of the ILC produced excitation in the Re and a
hippocampal-evoked potential that was similar to the consequence of Re or
cingular bundle stimulation. In rats with hM4Di-expressing Re neurons, the i.p.
administration of CNO produced a substantial decrease of the hippocampal
response to paired-pulse stimulations of the ILC. The coherence of the slow
oscillations between mPFC and HIP was reduced following CNO injections.
Altogether, these data show that connections between the mPFC and HIP
enable the coherence of slow oscillations in these two structures, and that
neurons of the Re have a crucial interfacing relay- role as they potentially
transmit slow oscillations from the mPFC to the HIP.

Lara-Vasquez et al. (2016) recorded action potentials of individual neurons
and labeled them according to their expression of CR and/or CB. Single cell
activity from the midline thalamus was recorded and LFP from the HIP (CA1
stratum pyramidale) during HIP spontaneous activity (baseline condition), HIP
theta oscillations (4- 8 Hz), and sharp-wave-ripples (SWR, 2- 3 Hz). These 2
types of oscillations are associated to memory encoding and episodic memory
consolidation, respectively. During spontaneous activity, i) approximately 50 %
of the labeled neurons were CB + or CR + across the midline thalamus and
nearly 50 % of labeled neurons co-expressed both markers and i) CR + neurons
exhibited low levels of spontaneous activity with a higher proportion of burst
discharges, as compared to CR- neurons. During HIP theta oscillations, both CB
+ and CB- neurons tended to discharge more; CR + neurons did not change
their firing rate and were not strongly recruited by the oscillatory episodes.
Conversely, CR- neurons were more active in general during both theta- and
non-theta oscillations. In addition, only a fraction (about 1/3) of CR- neurons
activity was phase coupled to the oscillatory cycle and these theta-modulated
cells were widely distributed along the dorsoventral axis of the midline
thalamus.

They were not associated to any specific nucleus.

Finally, during HIP sharp-wave ripples, CR- neurons did not change their
firing rate probability, while the spike timing of CR + neurons was significantly
modulated by SWR, i.e., inhibited during the SWR and activated right before
and right after the SWR. This study showed for the 1st time that the
physiological properties of midline thalamic neurons can be defined by their
expression of calcium-binding proteins, particularly CR, rather than by their
anatomical location. CR + neurons are likely to be glutamatergic projection
neurons. The authors propose the existence of a functional link between the
midline thalamus and HIP oscillations during different stages of memory
processing, with CR- neurons activated by theta oscillations (during memory
encoding) and CR + neurons inhibited by SWR (during memory consolidation).
This study conforts the implication of the midline thalamus in memory
processes (see below, section 4), with a function-specific engagement of
various subclasses of neurons expressing calcium-binding proteins.

3.3. In vivo experiments: awake and behaving rodents

3.3.1. Information transfer from mPFC to CA1 and its modulation

During a spatial working memory task, oscillatory activity between mPFC
and HIP is coupled (Hyman et al., 2005; Jones and Wilson, 2005). Hallock et al.
(2016) explored the cortico-hippocampal interactions during a T-maze working
memory task using a spatial vs. a non-spatial protocol in rats. Tetrodes
implanted into the mPFC or CA1 collected single unit activity and local field
potentials. Rats performed both tasks with similar efficacy. Recordings showed
that, while rats are waiting in the start box, the HIP sends information to the
mPFCin the theta-frequency band. When rats cross the choice point, the mPFC
sends information to the HIP in the slow gamma-frequency band (30- 80 Hz).
The information arising in the mPFC cannot monosynaptically reach CA1. The

authors therefore tested the effects of muscimol infused into the Re on
behavior and electrophysiological activity. Muscimol impaired task
performance, reduced single unit firing rate in the mPFC, and decreased the
number of neurons phase-locked with hippocampal theta. It also decreased
the HIP-mPFC theta-gamma coupling during choice-point traversal. Re
inactivation, however, did not affect theta-gamma coupling in the HIP or mPFC
during stem traversal or start box occupancy. These observations confirm that
good performance in this working memory task requires a Re-orchestrated
modulation of HIP-mPFC synchrony.

Ito et al. (2018) recorded neuronal activity in rats running a similar
alternation task in a modified T-maze. In the stem of the maze, rats prepare
their upcoming trajectory choice (i.e., go right or go left at choice point), not in
the side arms leading them back to the start. Recordings of mPFC neurons and
LFP in CA1 showed enhanced phase locking between mPFC spikes and CA1
theta when rats approached the choice point. Enhanced phase locking
occurred without modifications of mPFC firing rates between stem and non-
stem parts of the maze. The activity of Re neurons was then recorded along
with hippocampal LFP, and in the stem, spike-field coherence was enhanced in
the theta band as compared to non-stem locations of the rats. Thus, the
activity of mPFC and Re neurons is coordinated with theta rhythm in CAL,
suggesting information transfer from mPFC to CA1 via Re neurons. Because the
supramammillary nucleus (SUM) of the hypothalamus has projections to the
mPFC and Re, and to both CA2/CA3 and dentate gyrus of the HIP (rev Vertes
et al., 2015), neuronal activity was also recorded in the SUM. About 70 % of
SUM neurons showed phase modulation to CA1 theta, and about half of them
were firing in the theta frequency. This firing was not significantly influenced
by the trajectory (stem vs. non stem). However, the SUM-CA1 coherence was
enhanced on the stem in the theta frequency band.

Because firing rates of SUM neurons were decreased in the stem, spike
phases of SUM neurons to the CAl theta were compared between stem and
non-stem parts of the maze. It turned out that SUM cells delayed their
preferred spiking time to a later phase of the theta rhythm when rats were in
the stem, suggesting that SUM neurons may temporarily coordinate activity in
the mPFC-Re-CA1 circuit during trajectory decisions. Optogenetic inhibition of
the SUM resulted in reduced theta coherence on the stem. In the mPFC, the
SUM photoinhibition did not change the proportion of cells showing trajectory-
dependent firing. In the Re and CA1, however, this proportion was decreased,
and there was also a decrease in firing rate between trajectories. The activity
profile of the mPFC, Re and CAL1 cells on the stem predicted the trajectory rats
would choose. This was not the case for SUM neurons. When SUM neurons
were inhibited, the predictivity potential was unchanged for mPFC neurons,
but it decreased for Re and CA1l neurons. SUM inactivation did not alter
behavioral performance. Because SUM inactivation did not alter firing rates in
mPFC or Re neurons, it was hypothesized that the theta rhythm coordination
was affecting the efficiency of information transfer between regions. Ito et al.
found that SUM activation, which did not change the directionality of signal
transfer between mPFC spikes and CA1 theta, inverted it between Re nucleus
spikes and CA1 theta. They concluded that the coordination between theta
frequency and spike time is gating information flow in the mPFC-Re-CA1
circuit. This coordination is modulated by SUM activity, on which the Re-
relayed transfer of action plans by the mPFC to CA1 is depending.

3.3.2. Convergence of Re and entorhinal cortex afferents on CA1 dendrites

The Re nucleus and entorhinal cortex (EC) projections to CA1 converge in
SLM, raising an interest for the study of a possible cooperation/interaction
between the Re-CAl and EC-CA1 pathways on pyramidal cell dendrites. In
halothane- anesthetized rats maintained under artificial ventilation, Dolleman-
van der Weel et al. (2017) implanted a 3-wire electrode array in the Re, and
another one in the lateral EC (targeting layer lll). The recording electrode, a
multi-wire array, was placed in CA1, the tips being arranged along a depth line
with a 30° mediolateral angle. From previous work, it was known that the
responses in CAl to Re or EC stimulations achieve a larger amplitude when the
stimulations are delivered at low (0.1- 2 Hz in the Re; < 1 Hz in the EC) as



compared to e.g., theta (4- 10 Hz) frequencies (Dolleman-van der Weel et al.,
1997; Schall et al., 2008). The low frequency, subthreshold stimulations were
applied alternatively (Re-EC, Re-EC-Re-EC sequences, or occasionally in a
sequence starting with EC) or simultaneously. In most instances, the
stimulation consisted of paired pulses. The local field potentials elicited by the
successive Re or EC (layers II/11l) stimulations were negative going in SLM, but
their slope was positive in stratum radiatum and stratum pyramidale. Given
the profile of the field potentials and their latency, the polysynaptic
determination of the events recorded in CAl could be excluded to the
advantage of a monosynaptic generation. Paired-pulse facilitation was
observed with Re-only stimulations or EC-only stimulations. There was no
evidence for heterosynaptic facilitation following successive applications of
conditioning and test stimulations, be it in the Re-EC or EC-Re sequence.
However, when paired pulses were applied simultaneously to Re and EC, the
second field potential recorded in SLM was enlarged substantially in
comparison with the first one.

These findings indicate that Re and EC projections to CA1l converge on

dendrites of pyramidal neurons in the SLM, where, under the condition of at
least two successive, low-frequency, and coincident inputs, they contribute to
enhance excitation. While the functional incidence of such enhancement
remains speculative, Dolleman-van der Weel et al. (2017) suggest that it could
(lead to) improve synaptic plasticity and, in turn, facilitate consolidation of
memories. This proposal is in line with an earlier proposal by Xu and Stidhof
(2013), who suggested that a cooperative activation of Re-CA1 and EC-CA1
synapses could reduce the threshold for triggering plasticity-related events at
a synaptic level.
Regarding the report by Dolleman-van der Weel et al., this cooperation would
meet optimal conditions when both pathways are activated concomitantly at
a low (< 1 Hz) frequency. Interestingly, Jankowski et al. (2014, 2015) showed
that about 64 % of the cells that they recorded in the Re of awake rats striding
across an open field showed no spatial properties; among these, 53 had a firing
frequency less than 1 Hz.

In urethane- anesthetized mice, Vu et al. (2020) used multichannel
electrodes to record the response of CA1 to an electrical stimulation of the Re
or of the medial perforant path (MPP), which encompasses axons arising from
medial entorhinal cortex (MEC). The hippocampal signals (field potentials)
were collected over a span ranging from stratum pyramidale to SLM, and
sometimes even down to the dentate gyrus (DG). These signals were analyzed
by current source density analyses. When stimulating the Re, the authors
found a current sink in SLM and an almost concomitent current source in
stratum radiatum, as previously reported by Dolleman-van der Weel et al.
(1997) in rats ; in both layers the latency was of about 9 ms, compatible with a
monosynaptic activation of SLM by Re terminals. The sink (SLM) was followed
by a source, and occasionally by sink-source oscillations in the gamma range
(interval = 20- 40 ms), and the source (stratum radiatum) by a sink, compatible
with late inhibitory influence on SLM. When paired-pulse stimulations (in the
20- 200 ms interval range) were applied to the Re, a paired-pulse facilitation
was detected in CA1. Stimulation of the MPP also elicited a sink in SLM and a
source in stratum radiatum, with an average latency of about 5 ms, again
compatible with a monosynaptic effect. At most 100 ms later, these
modifications were followed by an inverse pattern (i.e., source in SLM and sink
in stratum radiatum). Conversely to the Re-to-CA1l projection, paired-pulse
stimulation of the MPP induced paired-pulse depression.

Vu et al. also applied theta bursts to the Re in order to induce LTP of the
Re-to-CA1 synapses. LTP was observed in about half the mice. This LTP was
lasting for at least 2 h post-burst, be it of the sink in SLM or source in stratum
radiatum. Furthermore, this LTP did not affect the excitability of the MPP-to-
CA1 synapses. In part of the mice with DG recordings, a region to which the Re
does not project (conversely to the MEC, which does), there was evidence for
LTP after theta burst to the Re. This LTP was most probably at least disynaptic
(Re activates the EC, which in turn activates granule cells in the DG). Theta
burst stimulation of the MPP induced LTP in CA1, but also heterosynaptically
potentiated the Re-to-CAl synapses. Such potentiation, however, was not
observed in all mice, as some of them showed long term depression (LTD, not

observed in Re-to-CAl synapses after Re stimulation) of the SLM sink.
Interestingly, in these mice, LTP of the Re-to-CA1 synapses was also observed.
The difference between the LTP and LTD outcome of the MPP stimulation
could be due to subtle variations in electrode placement, the mice showing LTP
having the electrode placed more medially in the angular bundle than those
showing LTD. These data indicate that the Re and the MEC may modulate
activity on the proximal and distal apical portion of pyramidal cell dendrites in
CAl. In some way, Re and EC terminals may even ‘cooperate’. Indeed, the
heterosynaptic potentiation elicited by MPP stimulations indicates that the
excitability of the Re-to- CA1 synapse can be influenced by the inputs from the
EC, an influence that could have implications in memory function, perhaps
especially during information encoding, and which echoes the recent findings
by Dolleman-van der Weel et al. (2017).

3.3.3. Re lesions affect the spatial stability of place fields in hippocampal CA1
place cells

Cholvin et al. (2018) performed permanent excitotoxic lesions of the ReRh
nuclei. Place cells were recorded in CA1 of the dorsal HIP while rats performed
a pellet-chasing session in a familiar vs. two unfamiliar cued arenas. Four daily
recording sessions were enchained. Unfamiliar and familiar arenas were
alternated between sessions. Complex-spike pyramidal neurons with spatial
selectivity and stable within-session activity were analyzed. On the first
recording day, ReRh lesions had no impact on spatial characteristics (spike
amplitude, height, frequency, spatial coherence, field size...) of place cells in
the familiar environment, and the distribution of place fields was not altered.
Furthermore, remapping (i.e., forming a specific configuration of place fields
for two different arenas; here familiar vs. unfamiliar) was not affected by ReRh
lesions. When recording was prolonged across 5 days, lesion-induced over-
time alterations in spatial coherence and place field stability were detected in
all arenas. These effects clearly indicate that the ReRh nuclei have an ‘on-line’
role in the representation of distinct environments in HIP cellular networks.
The expression ‘on-line’ refers to a process requested while a mental operation
is going on. After a ReRh lesion, the spatial representation of a simple
environment appears less stable, therefore prone to forgetting or more
sensitive to interference.

In adult mice, Jung et al. (2019) recorded the activity of CA1 pyramidal
neurons (single-unit recording) after electrolytic ReRh lesions. They analyzed
place cell properties in mice exploring a cued cylinder. Distal cues on a curtain
surrounded the field. Between the first (0- 20 min) and the second recording
session (20- 40 min), the cylinder was rotated 90° counterclockwise. Before the
third session (40- 60 min), it was rotated 90° clockwise. In sham-operated rats,
place cells had a mean firing rate, a mean in-field firing rate and a place field
size that increased in response to cylinder rotation (first counterclockwise and
then clockwise). These modifications were not observed in rats with ReRh
lesions, suggesting a role for the ReRh in detecting or/and integrating ongoing
detail changes in the environment.

3.3.4. Re contains place cells, head direction cells, and boundary cells, and
contributes to goal-directed spatial navigation

Jankowski et al. (2014) recorded Re neurons in rats performing a pellet-
chasing task in a cued arena. About 9% of the recorded cells (n = 483 from the
Re) showed properties of head direction cells, which appeared quickly, were
not affected by turning off the light or changing the arena shape (circular to
square), and were stable across days. Such characteristics are those of classical
head direction cells, which play a role in an animal’s sense of direction (Taube,
2007). The anatomical pathways implicated in directional firing in the Re are
not known for now, but one can notice that the Re has connections with other
areas encompassing head direction cells. One year later, Jankowski et al.
(2015) reported on the activity of neurons from the Re, the paratenial (PT) and
the anteromedial nuclei (AM) in the rostral thalamus. In the Re, they found
place cells (2.0%), head direction cells (8.7 %, reported in Jankowski et al.,



2014), and boundary cells (2.0%). Conversely to place cells in the AM and PT,
which had small and sharp place fields, but could have two or three of them,
place cells in the Re had single but less precisely-defined place fields. These
place cells, head direction cells and boundary cells all showed intra-session
stability of activity.

The authors did not report on the effects of functional alterations of e.g.,
the mPFC or the HIP on place or head-direction activity in the Re. Such
alterations would be useful to the understanding of how and where these
activities typically related to spatial navigation originate. The authors raised
several hypotheses: i) information necessary for place activity in the Re is
provided by the HIP, or goes the other way around, ii) the HIP and these
thalamic nuclei work in parallel, iii) the two systems (thalamic and
hippocampal) are bound by reciprocal, inter- dependent functional
relationships. From the data in the literature it is not possible to privilege one
or the other of these possibilities. It can be argued, however, that the HIP
remains central because hippocampal damage disrupts spatial memory, and
thus both navigation in previously explored environments and efficient recall
of a previously constructed cognitive map. This is not the case with lesions or
reversible inactivation of the ReRh nuclei, after which rats still learn a spatial
task and retain it for some days (Cholvin et al., 2013; Klein et al., 2019; Loureiro
etal., 2012).

Ito et al. (2015) documented an implication of the Re in the representation
of goal-directed trajectories. How an animal uses place cells to go from one
position to a goal position is unknow. Cell activity was recorded while rats
performing a T-maze alternation task. About half the place cells (55.1%) of CA1
having a place field in the central stem of the maze showed firing rates
depending on whether rats turned to the left or to the right. This was rarely
observed in CA3, where the Re has no terminals. Of 64 neurons recorded in
the Re, 27 (42%) showed a firing rate relying on the trajectory. In the mPFC,
about one-third of the cells had firing rates depending on the trajectory. Re
lesions decreased the proportion of place cells with a trajectory-dependent
firing pattern (15.9 %) in CAl. Optogenetic inactivation of the Re had
comparable effects. From this study, Ito et al. concluded that CA1, Re and
mPFC form part of a neural circuit implicated in the representation of goal-
directed trajectories. The mPFC and the Re are presented as sources for
information about the movement a rat intends to make.

Given the data reported by Jankowski et al. (2015) on place cells in the Re
(see above), it may seem surprising that, in the Re, Ito et al. (2015) did not find
neurons with typical place cell activity. In fact, Jankowski et al. (2015) found a
very small proportion of Re neurons (2.0%) to exhibit place cell properties. Ito
et al. (2015) might have had a similar chance to detect a place cell in the Re
and could have recorded too few neurons (49) to catch such a cell.

3.3.5. Re relays cortical control of vSub, which modulates activity of
dopaminergic neurons in the VTA

The activity of dopaminergic neurons in the ventral tegmental area (VTA)
is controlled by neurons of the ventral subiculum (vSub) via the nucleus
accumbens (NAc) and the ventral pallidum (VP). The ILC controls the activity of
the vSub. When it is inactivated, the dopaminergic activity in the VTA
increases. This inhibitory control cannot be direct (monosynaptic) as there are
no direct projections from the ILC to the vSub (e.g., Vertes, 2004). Hence, this
control must be relay-mediated and involve at least one synapse. Zimmerman
and Grace (2016) elegantly demonstrated that the Re nucleus could be this
relay. First, in anesthetized male Sprague-Dawley rats, they reported an
increase of activity in the VTA in response to the intra-Re infusion of the
glutamatergic agonist NMDA (0.75 pg in 0.2 uL). This effect disappeared after
intra-vSub infusion of tetrodotoxin (TTX; about 320 pg in 0.2 pL). Second, a
systemic injection of d-amphetamine (0.75 mg/kg) induced hyperlocomotion
in an open field, which was transiently (for about 20 min) potentiated by
concomitant intra-Re infusion of NMDA. While intra-Re infusion of TTX had no
effect on activity in the VTA, a TTX infusion into the ILC (about 320 pg in 0.5

UL) increased this activity, as previously shown (Patton et al., 2013). This
modification was abolished by infusion of TTX in the Re. These findings place
the Re in a hub position whereby the ILC exerts a modulatory influence on the
vSub, which in turn controls dopaminergic activity in the VTA via the NAc and
the VP.

To stay on the dopaminergic line, Tomasella et al. (2020) used positron
emission tomography (PET) to measure glucose metabolism and presynaptic
dopaminergic functioning in mice having no D2 receptors in parvalbumin-
positive interneurons. These mice show schizophrenia-like alterations at
behavioral, cellular and molecular levels (Tomasella et al., 2018). Under
baseline conditions, the difference between control and mutant mice was
relatively weak: mutants showed an increased metabolism in the amygdala.
Under an amphetamine challenge boosting the dopaminergic system,
however, mutants showed weaker metabolism (compared to amphetamine-
treated controls) in the PFC, the amygdala, but also the Re nucleus. The
implication of the Re nucleus is in line with its potential contribution to
schizophrenic symptoms (see Dolleman-van der Weel and Witter, 2020 current
issue).

4. Implications of ReRh nuclei in behavior

Older studies gathered evidence showing an implication of ReRh nuclei in
physiological regulations such as i) circadian physiology and reproduction, ii)
feeding behavior, including when under the control of photoperiod length, iii)
nociception (for which arguments were essentially correlative, based on early
gene imaging), and iv) arousal, stress and anxiety (e.g., Cassel et al., 2013).
Most of the literature, however, provided experimental arguments implicating
the ReRh nuclei in cognitive processes. These encompassed i) inhibitory
control processes, especially impulse inhibition and motivational control, but
most likely not attention per se, ii) avoidance memory, which relates to
inhibitory mechanisms, as animals must refrain from returning to a particular
place by remembering havind had an aversive experience there, iii)
information encoding, iv) working memory, and perhaps more specifically
spatial working memory, v) recent spatial reference memory in the water
maze, although the ReRh nuclei might contribute more to organization of goal-
directed behaviors in a spatial context than to recent spatial memory per se,
vi) strategy shifting and behavioral flexibility, and vii) systems-level
consolidation, a process constructing persistant memories (e.g., Cassel et al.,
2013). Recent articles brought arguments in favor of a role for the ReRh in
generalization of fear memories, in (spatial) working memory, and in systems-
level consolidation. Their implication in attention appears more questionable,
available data being contradictory. Recent work also highlighted a possible
implication of ReRh in processes not yet studied, such as information encoding
and memory reconsolidation or extinction.

4.1. Information encoding

Encoding refers to a process by which the information collected by the
nervous system is transformed in a representation that can be kept for some
time in a short-term memory buffer or stored for much longer in long-term
memory (e.g., Cohen et al., 2015). The possible implication of the ReRh nuclei
in information encoding is an important question, not only because encoding
is the starting point of memory formation and much of the memory content
and persistence depend on what is encoded (see section 4.2.), but also because
part of the studies having investigated the implications of the ReRh nuclei in
memory functions have used or still use permanent lesions. And it turns out
that a permanent lesion could interfere with encoding, consolidation and recall
of information, since it is present at all steps of the memory process.

Ramanathan et al. (2018a) reported on contextual fear conditioning.
Before acquisition and/or retrieval, the Re was inactivated (muscimol). During
conditioning, the rats with inactivated Re froze slightly more than controls.
When tested after 24 h or 48 h without muscimol, freezing was low, indicating
altered information encoding or immediate post-encoding alteration of
consolidation. However, when tested under muscimol, the rats showed high



freezing levels. When the Re was active during acquisition, pre-retrieval
muscimol infusion had no effect. When rats were retested in a novel context
the next day, freezing was still increased in those given muscimol before both
conditioning and retrieval testing; it was increased to a weaker extent in those
trained without muscimol but subsequently tested in the conditioning context
under muscimol inactivation. In both other groups (controls [no muscimol];
muscimol before conditioning only), freezing was low.

This set of results shows that Re inactivation does not hinder retrieval of a
contextual fear acquired drug-free, confirming conclusions of other studies on
fear memory (e.g., Quet et al., 2020a) or recent spatial memory (Cholvin et al.,
2013; Loureiro et al., 2012). The data also show that rats inactivated before
encoding and before retrieval express the fear in a state-dependent manner,
in @ manner suggesting that the muscimol effect has been encoded as part of
the context. A similar observation was made in rats trained in a trace
conditioning protocol: when trained under muscimol-inactivated ReRh, rats
did not remember the association in a drug-free retrieval session, but they
remembered it when tested under ReRh muscimol inactivation (Lin et al,,
2020).

The experiments by Ramanathan et al. (2018a) assessing fear retrieval in a
second context indicate that inactivation of the Re resulted in the encoding of
a less detailed contextual memory. In an additional experiment using
intrahippocampal infusions of the NMDA receptor antagonist
aminophosphonovalerate (APV) combined to Re inactivation during
conditioning, the authors could demonstrate that contextual fear was most
probably not encoded in a network encompassing the HIP. Taken together,
these results might not provide very strong arguments in favor of a role for the
Re in the encoding of an external context. It is possible that under Re
inactivation, the association between unpleasant electrical shocks does not
establish only with external elements of the context, but also with internal
ones constituted by the (neuro)physiological consequences of the Re
inactivation. Alternatively, it is also possible that, under Re inactivation, the
context with which the association is established consists in a fusion of external
and internal contextual elements, hence the state-dependancy.

Maisson et al. (2018) used a delayed non-match-to-position (DNMP) task
in a T-maze taxing spatial working memory to explore a possible contribution
of the Re to information encoding. Rats were tested under the condition of an
optogenetic inactivation of the Re. The inactivation lasted for either the entire
session (sampling trial + delay + test trial), only the sampling, only the delay, or
only the test trial. It was found that neither the delay nor the test trial
inactivation affected choice accuracy. Conversely, both the entire session and
the sampling inactivation impaired choice accuracy, showing clearly that when
activity in the Re is reduced, the spatial working memory system does not
properly encode task-relevant information.

Barker and Warburton (2018) used a variety of object recognition tasks in
rats to assess the behavioral consequences of permanent lesions, reversible
inactivations, cholinergic or glutamatergic receptor blockade, and protein
synthesis inhibition of the Re. The recognition tasks assessed capacities for i)
recognition of object and its location (i.e., object-in-place associative
recognition memory), which requires the mPFC, the HIP and the perirhinal
cortex (PRC), and especially information exchange between the mPFC and HIP,
ii) object recognition only, which requires the PRC, and iii) object location only,
which requires the HIP. A permanent Re lesion had no effect on object
recognition or location tasks. The lesion altered object-in-place associative
recognition memories after a 3 h delay (not after 5 min). Muscimol infusions
into the Re before the encoding stage disrupted performance after a 3 h- not
a 5 min delay. Retrieval after the long delay was also disrupted by muscimol in
the Re. Information encoding did not depend on NMDA receptor-mediated
mechanisms, but required muscarinic and nicotinic receptor-mediated ones.
Furthermore, the formation of an associative recognition memory lasting for
24 h depended on protein synthesis in the Re. Taken together, the results
indicate that the Re is required for encoding (but also retrieval) of long-term
associative recognition memory requiring interactions between mPFC and HIP.
That pretraining inactivation of the Re altered retrieval at 3 h and not at 5 min

suggests that the deficit was less due to encoding failures than to an incapacity
to hold the encoded information for as long as 3 h.

Jung et al. (2019) also assessed object location recognition, but in mice.
Effects of electrolytic ReRh lesions were assessed in an open field, a Y-maze
alternation task assessing working memory, and an object location task. A
deficit was found on object location. This deficit, however, became evident
only during the second half of the test duration: during the first 2.5 min, sham-
operated and ReRh mice had a much larger exploration time on the displaced
object than on the in-place one. During the next 2.5 min, this preference was
still observed in sham-operated mice, no longer in mice with ReRh lesions. This
observation is at variance with the data reported by Barker and Warburton
(2018), who found no effect of excitotoxic ReRh lesions. Therefore, an
alternative interpretation of the data reported by Jung et al. (2019) could be
that mice lost their motivation or interest for the displaced object faster than
their sham-operated counterparts, as described in rats with ReRh lesion or
inactivation when searching for a platform in the probe trial of a water maze
task (Cholvin et al., 2013; Dolleman-van der Weel et al., 2009) : focused
searching is given up earlier than in the control animals.

4.2. Generalization of fear memory

Generalization of a memory is an adaptive process by which a memory
trace undergoes modifications leading an animal to respond to contextual
items which resemble but are not identical to those of the initially stored
information (e.g., Asok et al., 2019; see also Fig. 7 A and B). First evidence for
a role of the Re in generalization of contextual fear was reported by Xu and
Sudhof (2013). Xu and Sudhof showed that when conditioning is performed
following overexpression of tetanus toxin in mPFC-projecting Re neurons, what
reduced ACC and CA1l excitability, mice rapidly overgeneralized contextual
fear. After an experimental manipulation (local neuroligin-2 knockdown)
reducing GABA-mediated inhibition of Re neurons (e.g., Jedlicka et al., 2011)
the opposite result was observed. Xu and Stdhof also used optogenetic tools
to check if during conditioning the activation pattern of Re neurons modulated
the level of detail with which the context is encoded. Re neurons expressing
channel rhodopsin were activated by tonic (4 Hz stimulus trains) or phasic (15-
pulse stimulus bursts) light stimulation during conditioning. Mice acquired fear
normally and froze comparably when exposed to the conditioning context.
However, the phasic stimulation produced increased fear towards the
degraded context, and the tonic stimulation resulted in decreased freezing.
Together these findings demonstrate a role of the Re in controlling the
precision with which information is encoded or processed during/right after
conditioning.

This is also one of the conclusions of an article by Troyner et al. (2018), who
showed in rats that muscimol-induced inactivation of the Re right after
contextual fear conditioning did not hinder freezing to context one day after
conditioning. On the next day in a different context, however, inactivated rats
showed a freezing response outpassing that of controls, due to generalization.
When remote memory was tested (post-conditioning delay of 21 days),
exacerbated freezing was found in inactivated rats both in the paired and in an
unpaired context. The same was observed with a weaker conditioning protocol
(1 electrical shock instead of 3), indicating that it does not seem to depend on
memory robustness. Using the 3-shock protocol, Troyner et al. (2018) also
showed that post-conditioning inactivation of the Re attenuated subsequent
extinction of the freezing response in the conditioning context (see section
4.7). Thus, Re inactivation also contributed to the construction of a more
robust memory (i.e., stronger with less details). Finally, rats were also trained
in the 3-shock protocol and subjected to inactivation of the Re (90 min) before
being killed for immunostaining of the plasticity-related Arc protein. In the
absence of Re inactivation, fear conditioning did not change Arc expression in
the Re, PLC and ACC, but increased it in the dorsal/ventral HIP and ILC. After
Re inactivation, Arc expression was decreased in the Re, ILC, ventral HIP, and
increased dramatically in the dorsal HIP.



Thus, post-conditioning inactivation of the Re increased generalized
aversive memory robustness, to which decreased plasticity in the Re, ILC, and
ventral HIP, as well as increased plasticity in the dorsal HIP during consolidation
may have contributed by mechanisms that call for elucidation.
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4.3. Attention

All explicit information contained in a given environment is potentially
perceptible by the nervous system. Attention is a cognitive function enabling
a selective concentration of the brain on a specific part of the whole, while the
rest does not undergo conscious perception (e.g., Fizet et al., 2016; Muir,
1996). The first paper to associate the Re nucleus with attention was by Linley
etal. (2016). These authors explored attentional set formation and set shifting,
behavioral flexibility, and reversal learning. Rats subjected to electrolytic
lesions of the ReRh were trained and tested in a food-rewarded attentional set
shifting task.

In this task, they had to dig in an appropriate ramekin — two were presented

at one end of a rectangular arena — filled with odor or unscented digging

medium. In one of these ramekins a food reward was dissimulated. Over
successive trials, the location of the reward was indicated by a paired odor
(simple discrimination task), a different odor being present on the second
ramekin, but the medium was the same for both. In the compound
discrimination task, the odor, which was associated to different mediums, still
indicated the reward: rats had to respond to the odor regardless of the
medium to which it was associated. In the reversal task, the other odor
became predictive of the reward location. The intradimensional shift task

Fig. 7. Basic principles of the procedures used for establishing
contextual fear conditioning (A) and subsequently testing fear
generalization (B), fear reconsolidation (C) and fear extinction (D). (A) For
conditioning, mice or rats are trained in a context with cues enabling its
identification and discrimination from other differently-cued contexts. The
principle of training consists in the administration of unpleasant electrical
shocks (the unconditional stimulus, or US) some time after an animal has been
introduced into the contextualized conditioning box (the conditional stimulus or
CS, here context A). This way, an association between the US and the CS is
established and encoded (Encod(CS-US)), making the CS predictive of the
US. This information then undergoes consolidation (Cons). Therefore, when
after some delay (which may vary from seconds to months), the animal is re-
exposed to the CS, this exposure triggers fear, which the animal expresses by
remaining mainly immobile, a behavior called freezing (freezing). This
immobility time reflects retrieval (Ret(CS-US)) of the CS meaning, indicating
that the CS has been correctly encoded, correctly memorized by the way of
consolidation, and correctly recalled. When the delay is of one to a few days,
the memory retrieved is termed recent memory. When it is in the range of about
one to a few weeks or even more, the memory retrieved is termed remote
memory. If the animal is placed in a different context (context B), there is no
fear (except in case of memory generalization ; see e.g. Xu and Stdhof, 2013),
only occasional immobility that does not relate to fear is shown, and thus only
a very short cumulative freezing time corresponding to baseline immobility (no
freezing) is recorded. Using this procedure, it is possible to investigate the
effects of various compounds (e.g., receptor agonists or antagonists, protein
synthesis inhibitors, sodium channels blockers...), pharmacogenetic or
optogenetic manipulations (seringe in red) on encoding, consolidation or
retrieval by their administration before/during CS encoding, during the early or
late consolidation process of the CS meaning, or before testing retrieval
capabilities. (B) To test memory generalization (Gen), the conditioning is
established as in (A) or (B). Subsequently, when the animal is re-exposed to
the same CS, the corresponding associative memory is activated (Ret(CS-
US)) and the animal exhibits the typical fear-related behavior, namely freezing.
Once the generalization process has occurred, the animal is exposed to a
degraded CS, i.e., a context contains items specific of the conditioning context
and items that have nothing to do with the latter. As the generalization process
leads to a less precise memory, the animal reacts to the degraded context as
it did when it was exposed to the conditioning one (Ret(CS’-US)). (C) To test
reconsolidation, the conditioning is established as in (A) or (B). Subsequently,
the animal is re-exposed to the CS (i.e., same context) in the absence of the
US and the animal activates the corresponding memory (Ret(CS-US)).
Experimental manipulations can be made right after this re-exposure (seringe
in red), which has triggered a period of memory lability followed by a
reconsolidation (Recons) process leading to a restabilization of the memory
that the retrieval had fragilized. When this reconsolidation process is disrupted
by drugs or other tools (seringe in red), the animal shows no freezing when
subsequently tested in the same context (Ret(CS-@t)). (D) To test extinction,
once the conditioning has been established (exactly as described in (A):
Encod(CS-US) and Cons), the animal is re-exposed repeatedly to the CS
(Encod(CS-@)), always in the absence of the US. This leads to the progressive
encoding and consolidation of extinction (making the CS no longer predictive
of an unpleasant experience) leading the animal to show low levels of freezing
(no freezing) when subsequently re-tested for extinction retrieval (Ret(CS-@))
in the same context. Using this procedure, experimental manipulations with
drugs or other tools (seringe in red) can target the encoding, consolidation or
retrieval of the extinction. This figure has been inspired by Fig. 1 provided in
the review article by Kwapis and Wood (2014).

relied on the introduction of two novel odor/digging medium pairs; rats had
to use the previously learned rule: attend the correct odor. For the reversal
tasks, the other odor predicted the reward location. The extradimensional
shift task, which assessed attentional set shifting, introduced an additional pair
of odor/digging mediums, but now the task consisted of ignoring odors, the
digging medium being the predictor of reward location. For reversal, the other
medium predicted the reward location.

In comparison with sham-operated controls, rats with ReRh lesions had no
problem discriminating two odors or two digging mediums. Rats with ReRh
lesions, however, were impaired in both attentional set shifting and behavioral
flexibility: their performance was altered on the first reversal of the compound

discrimination task and on the latter’s intradimensional shift stage. These



observations suggest a role for the ReRh in some executive functions and thus,
in functions that depend on the mPFC.

In a former study, Prasad et al. (2013) found excitotoxic (NMDA) lesions of
the Re to reduce compulsive behavior in a sustained visual attention task (5-
choice serial reaction time task). As compulsive behavior is exaggerated after
prefrontal lesions, this finding may appear intriguing. To pursue this line,
Prasad et al. (2017) tested rats with excitotoxic (NMDA) Re lesions in a battery
of tasks taxing combined attention-memory (CAM), spatial memory, visual
discrimination and reversal learning, and decision making with delayed
outcomes.

In the CAM task, rats had to respond (nose poke) to the detection of a visual
stimulus presented in a given location, a response for which they were
reinforced when correct. After various delays, two visual stimuli were
presented simultaneously (one in the former location, the other in a different
location) and rats had to respond to the stimulus shown in the new location.
Rats with Re lesions performed better (choice accuracy larger and premature
responses lower) than their sham-operated counterparts when the stimulus
duration was of 0.7 s. With longer durations, there was no lesion effect.

In the spatial memory task, rats had to visit 4 out of 8 baited arms and, after
a delay of 0, 10 or 30 min, to visit the remaining ones. Rats with Re lesions
were impaired when the four remaining arms became accessible with no
delay, but they behaved like controls for delays of 10 or 30 min (it is
noteworthy that control performance worsened in comparison with the 0
delay).

On the visual discrimination task, most probably reflecting enhanced
attention, rats with lesions performed better than controls: they required
fewer sessions to reach criterion. In the reversal task, they were like controls.
However, with a new reversal, they were again better. Finally, in the decision
making task, rats had to choose among a pair of visual stimuli, either the one
giving access to an immediate but small reward or the one giving access to a
delayed (by 8, 16 or 32 s) but larger reward. There was no difference between
the rats with lesions and controls. These data illustrate a Re lesion-induced
increase in performance in a task assessing executive functions, among which
attention. Although the lesions and tasks were different, the outcome of both
studies performed by Prasad et al. (2013, 2017) is at variance with the
outcome of the study of Linley et al. (2016), calling for further investigation of
a possible role of the ReRh in attention.

4.4. Spatial working memory

Working memory is a cognitive system that holds a limited amount of
information for a short period of time, usually as long as this information is

usefull in an ongoing mental operation (e.g., Baddeley, 1986; d'Esposito and

Postle, 2015; Dudchenko, 2004). A review by Griffin (2015) dealt with the
implication of the Re in working memory (see also current issue). Since then, a
few articles have consolidated the link between Re and working memory.
Layfield et al. (2015) designed a study with the idea that mPFC and HIP interact
in working memory tasks. This interaction, however, could be less crucial when
information is maintained over a short delay as compared to a longer one (e.g.,
Churchwell and Kesner, 2011). To test this hypothesis, the effects of muscimol-
induced ReRh inactivation were investigated on spatial working memory in a
continuous (no delay) vs. a delayed alternation task (delays of 5 or 30 s) in a T-
maze (the same as in Hallock et al., 2016). Layfield et al. (2015) found that the
highest amount of muscimol altered performance, whatever the delay,
thereby raising questions about anatomical selectivity of the effect.
Interestingly, a lower and more selective amount of muscimol impaired
performance at the 5 s delay, although the intermediate amount did not affect
performance at this delay. The authors concluded that the ReRh nuclei
contributed to a spatial working memory task requiring to hold information for
some time. This conclusion was confirmed in the study by Hallock et al. (2016)
at a delay of 30 s (see above, section 3.3.1).

Viena et al. (2018) also used a delayed non-matching task in a T-maze.
Delays were of 0, 30, 60 or 120 s. Three types of errors were distinguished:

working memory ones (no alternation after an arm choice), win-shift errors (no
alternation after a correct choice), and perseverative errors (re-entries in
incorrect arm). Once rats had reached an 80 % choice accuracy, they were
tested after intra-Re infusion of muscimol or procaine. Muscimol reduced the
number of correct alternation trials, confirming a Re contribution to spatial
working memory. As discussed above (see section 4.1.), at least part of this
deficit might be attributed to encoding failures (Maisson et al., 2018).
Muscimol also delay- and dose-independantly increased the number of win-
shift and perseverative errors, indicating that rats had trouble adapting their
behavior to negative feedback, as shown by Cholvin et al. (2013) in a spatial
memory task. Procaine produced only limited effects.

That the Re is implicated in spatial working memory is also the conclusion
of the study by Duan et al. (2015) in rats. These authors optogenetically
stimulated the Re nucleus in the delta frequency band during a food-rewarded
working memory task. Before optogenetic stimulation of the Re, which affects
the region CA1 in addition to other projection targets (see Fig. 2), rats had been
trained to an about 90 % correct alternation performance. The optogenetic
stimulation of Re neurons induced a clear deficit in the working memory task.
Bobal and Savage (2015) used a model of thiamine deficiency based on
pyrithiamine administration. Rats with thiamine deficiency (PTD), which
showed appropriate tissue loss, exhibited impaired spontaneous alternation in
an elevated plus maze. Intracortical and intrahippocampal infusions of the
cholinesterase inhibitor physostigmine, both given in combination ipsi- or
bilaterally, restored alternation rates. Unilateral, single site infusions had no
effect. When the Re was inactivated by muscimol infusion, there was an
alternation deficit. In addition, the muscimol infusion into the Re abolished the
beneficial effect of physostigmine in PTD rats. These data indicate a role for
the Re in working memory depending on cortico-hippocampal functional
interactions, including in the mediation of beneficial physostigmine effects in
the cortex and HIP of PTD rats.

When taken together, all these recent data converge towards an
implication of the Re in spatial working memory tasks requiring the mPFC and
the HIP, and most probably information exchange between the two structures.

4.5. Systems-level consolidation

Systems-level consolidation, or systemic consolidation, is a process by
which memories, initially stored in the HIP, are constructed in cortical modules
to enable their persistence (e.g., Frankland and Bontempi, 2005; Squire et al.,
2015). The first paper to implicate the ReRh in systems-level consolidation was
by Loureiro et al. (2012). Since then, further evidence for a role of the ReRh in
this consolidation process, especially of spatial and fear memory (Ali et al.,
2017; Klein et al., 2019; Quet et al., 2020a), but not of social transmission of
food preference (Quet et al., 2020b), has accumulated. For more detail, see
the review by (Ferraris et al., 2021 current issue).

4.6. Memory reconsolidation

Once an initially labile memory is consolidated, it is usually kept latent. The
reconsolidation hypothesis posits that when it is retrieved, it becomes again
labile, undergoing reconsolidation thereafter. During the second phase of
lability, the memory is disruptable by amnestic agents (e.g., Lee et al., 2017;
see also Fig. 7C). Two recent papers implicate the Re in reconsolidation of a
memory. The first, by Sierra et al. (2017), addressed the question of mPFC
(ACC) activity in systems-level consolidation of a contextual fear memory in
rats. When the ACC was inactivated by muscimol infusion before acquisition,
both recent and remote memories were impaired. These observations are
compatible with a role of early cortico-hippocampal communication in fear
memory persistence (e.g., rev Frankland and Bontempi, 2005; see also
Lesburgu’eres et al., 2011). Interestingly, when the memory was reactivated in
the absence of shock 2 days after ACC-inactivated acquisition, remote memory
appeared normal. In an additional experiment, Sierra et al. (2017) then
demonstrated that the memory-rescue effect of memory reactivation was due



to a reconsolidation process. Indeed, systemic pre-reactivation administration
of nimodipine, an antagonist of voltage-gated calcium channels interfering
with reconsolidation mechanisms, disrupted the rescue effect. Recent
memory, however, was not affected by nimodipine treatment. Then, a role of
the ACC in the memory-reactivation effect of remote memory was
demonstrated by intra-ACC lidocaine infusion before the reactivation session.
After lidocaine, the reactivation-induced rescue of remote memory was
disrupted; lidocaine had no effect on recent memory retrieval. Interestingly,
lidocaine into the Re before the reactivation session had similar consequences
on the rescue of remote memory by reactivation, as well as on the expression
of a remote memory when acquisition was not altered by intra-ACC muscimol.
Lidocaine in the Re had no effect on recent memory. A final experiment
assessed the effects of high frequency stimulation of region CA1 of the HIP on
long term potentiation (LTP) in the ACC with or without lidocaine-induced Re
inactivation. Lidocaine reduced LTP in the CA1-mPFC pathways. This article by
Sierra et al., for the first time, pointed to a role for the Re in memory
reconsolidation processes, and confirmed that for systems-level consolidation,
a cortical activity implicating the Re is crucial (see also Quet et al., 2020a;
Ferraris et al., 2021).

The second paper (Troyner et al., 2018) includes several experiments

testing the impact of muscimol inactivation of the Re on consolidation,
generalization, extinction, and persistence of fear memory (see Sections 4.2
and 4.7). Troyner et al. also tested the effect of muscimol inactivation of the
Re during fear memory consolidation (post-conditioning) on:
i) later memory destabilization (after memory reactivation by re-exposure to
the context without US), and attenuation by clonidine-induced reconsolidation
disruption (an alpha-2 receptor agonist, e.g. Gazarini et al., 2013, 2014), and ii)
clonidine effects on reconsolidation, but in the absence of prior memory
destabilization. They showed that a fear memory consolidated under Re
inactivation is less prone to destabilization and to clonidine-induced
reconsolidation disruption: clonidine had no significant effect on generalized
fear expression, be it after memory reactivation or without memory
reactivation. The authors proposed that Re inactivation during consolidation
results in a less consistent fear memory, but which shows better resistance to
destabilization, to context-dependent extinction (see section 4.7), and to
updating by the way of reconsolidation.

4.7. Memory extinction

Extinction is a process by which previously acquired knowledge can be
inhibited by a new learning. It is often studied in operant and classical
conditioning. An animal acquires an association between a CS (e.g., a tone or
a context; see Fig. 7A) and an US (e.g., an unpleasant electrical shock). When
the animal is subsequently re-exposed once to the CS without the US, it
displays the appropriate response (e.g., freezing). If the same scenario is then
repeated several times, the response progressively disappears (e.g., Marek et
al., 2019; see also Fig. 7D). A possible contribution of the Re nucleus to
extinction of memories has been addressed using variants of fear conditioning.
In section 4.2., we already mentioned the report by Troyner et al. (2018), who
showed that post-conditioning inactivation by muscimol infusion into the Re
not only enhanced generalization but also attenuated subsequent drug-free
extinction of the freezing response towards the conditioning context.
Following the extinction session, freezing was still higher in the inactivated rats
as compared to their controls, be it in the paired or unpaired context. This
attenuation of extinction might be a corollary of increased generalization.
Indeed, in a recent article, Pedraza et al. (2019) separated a population of fear
conditionned rats into ‘generalizers’ and ‘discriminators’, and found the
former to be more resistant to extinction of the context than the latter.

Ramanathan et al. (2018b) used pavlovian fear conditioning associating a
CS (tone) and US (electrical schocks) in rats. Fear was conditioned in a given
context and, 1 day later, extinguished in a different context (CS, no US).
Extinction retrieval was tested in this different context after another day, and,
finally, renewal (i.e., a time-dependent reinstatement of an extinguished
conditioned behavior) was assessed in the initial conditioning context.

Ramanathan et al. infused muscimol into the Re before rats experienced the
extinction session. Under the Re inactivation, there was no evidence for
extinction, suggesting an encoding default of the CS extinction. Furthermore,
when the Re was inactivated before testing the retrieval of an extinguished
tone, freezing was higher than in controls, indicating that the Re is also
required for inhibiting a fear response to an extinguished CS. For renewal,
control and Re-inactivated rats showed comparable freezing. Both encoding
and retrieval (or renewal) of extinction resulted in increased c-Fos expression
in the Re. Using a DREADD technology, the mPFC projections to the Re were
silenced during extinction. Silenced rats froze more than controls. Freezing also
increased when CNO was injected i.p. right before extinction retrieval in rats
in which the CS had been extinguished during a drug-free session. Taken
together, these findings show that the Re is necessary for the encoding and
retrieval of extinction memories, most probably by playing a role as a
target/relay of the top-down inhibitory control exerted by the mPFC.

Ramanathan and Maren (2019) also addressed the possibility of an

implication of the Re in the extinction of a contextual fear memory in rats.
Conditioning was performed drug-free. After a 1-day rest, muscimol was
infused into the Re 10 min before a retrieval/extinction session, and, after
another 1-day delay, again before another exposure to the context. One day
after conditioning, rats subjected to intra-Re infusion of saline showed
freezing, indicating a recall of the context. Over time (i.
e., 35 min), freezing decreased substantially due to extinction. The rats given
intra-Re muscimol also froze to the context but did not extinguish. After
another day, those having received saline the day before, and which were
retested after saline treatment, had extinguished. Those having received
muscimol before this second test had a higher level of freezing, a level even
tending to increase over time. Among the rats that received muscimol before
the extinction session, those retested after saline treatment froze at the start,
but freezing decreased thereafter, unlike in rats retested under muscimol.
Taken together, these data indicate that the Re is mandatory to extinction of
a conditioned contextual fear, a process known to depend on a tripartite
cooperation implicating the amygdala, the HIP and the PFC (e.g., Marek et al.,
2019; Moscarello and Maren, 2018; Qi et al., 2018).

Silva et al. (2018) used contextual fear conditioning to assess memory
retrieval and extinction. They constructed a brain activation map
corresponding to the recall of a remote memory (35 days post-acquisition) to
compare it with the activation map resulting from exposure to a context after
extinction. When mice retrieved the remote memory, evidence for an increase
(vs. context-exposed mice without electrical shocks) in the density of c-Fos
expressing neurons was found in the ACC, the PLC and the retrosplenial cortex,
in the central and basolateral nuclei of the amygdala, in regions CA1 and CA3
of the ventral (not dorsal) HIP, and in the ReRh nuclei. All of these structures
but one (the central nucleus of the amygdala) exhibited a comparable increase
of c-Fos expression after the remote memory had been extinguished. A
network connectivity analysis showed a high correlation between the ReRh
and the cortical, hippocampal and amygdalar regions in both
‘recall-only’ and ‘recall + extinction’ groups. One functional connection
between the ventral HIP and cortical areas was specific to extinction of remote
memory. These observations generate two possible interpretations of the high
similarity of activation patterns accompanying remote memory recall and
extinction. First, a new memory trace of safety is associated to the existing
cortical trace which persists in the structures supporting the remote memory.
Second, the initial remote memory trace undergoes an extinction-triggered
updating during which, by the way of a reconsolidation process, it
progressively integrates safety, and therefore needs to remain active, even at
the fourth day of extinction training. Whatever the explanation for the
observed similarity between recall and extinction brain activation pattern, the
ReRh seems to be a crossroads between hippocampal, cortical and amygdalar
processes implicated in the retrieval of a remote fear memory as well as its
extinction.



4.8. Miscellaneous

This section is dealing with some articles we have not been able to easily
classify in previous parts of the review.

4.8.1. Mediation between internal states and behavioral responses to
perceived threats

In the study by Salay et al. (2018), mice were placed in a closed field where
they could be exposed to a dark, rapidly expanding, threatening stimulus that
mimicks a predator approaching from above. The mice responded to it by
spending most of their time (>90 %) freezing and hiding under a shelter. In
response to the perceived threat, c-Fos expression was more than doubled in
the ReRh (VMT) and more than trippled in the xiphoid nucleus (Xi). DREADD-
mediated inactivation of the VMT did not modify the response to the
threatening stimulus. Activation, however, produced a shift towards saliency-
reducing behaviors such as less freezing, increased tail rattling, more running
outside the shelter.

Next, the authors showed the major projection of the Xi to synapse in the
amygdala, whereas the major projection of the VMT synapsed in the mPFC.
They activated (pharmacogenetically or optogenetically) each pathway
separately. Activation of the VMT-amygdala pathway induced an increase of
freezing without affecting tail rattling. The activation of the VMT-mPFC
pathway had no effect on freezing but increased tail- rattling behavior. When
optogenetic VMT stimulation was performed 30 s before the presentation of
the threatening stimulus, the behavioral changes were identical to those
resulting from concomitant VMT stimulation and threatening stimulus
presentation. This result suggests that the VMT stimulation changes the
internal state of the animal. Evidence that VMT stimulation increased arousal
levels was confirmed by the fact that the stimulation induced pupil dilatation
and heart rate acceleration. But was it emotionally a consequence of
rewarding or aversing effects? In a real-time place preference test, the authors
showed that the mice exhibited a preference for the compartment in which
the VMT was optogenetically stimulated, in line with a rewarding incidence of
the stimulation. Finally, Salay et al. established that when the mice were
exposed to a threatening stimulus, the firing rate of 4 out of 5 recorded VMT
neurons augmented. This response disappeared after habituation to the
stimulus.

Altogether, these findings posit the VMT, therein the Re, as important in
the determination of how internal states influence behavioral responses to
perceived threats.

4.8.2. Memory for sequence of events

Jayachandran et al. (2019) trained a series of rats in a task taxing memory
for sequences of events. Thursty rats had to nose-poke in a port for more than
1sinresponse to the presentation of a sequence of 4 different odors according
to an A,B,C,D succession. This identical succession of odors appearing 70 % of
the time was termed an InSeq item. If rats correctly nose-poked for more than
1s, they were delivered a water reward. In 30 % of the trials, odors were not
presented according to the A,B,C,D sequence. The modified sequence was
termed an OutSeq item. In OutSeq intems, the presentation of an odor could
be repeated right after its first occurrence (e.g., A,A... or A,B,B...; termed a 1-
back lag), or with a lag of 1 rank (e.g., A,B,A... or A,B,C,B; termed a 2-back lag),
2 ranks (e.g., A,B,C,A; termed a 3-back lag), or at the wrong place (e.g., A,
C,C,D). When an odor was repeated, whatever the back lag, rats had to
withdraw their nose from the port within less than 1 s to get the reward. In the
first experiment, the mPFC was injected with an hM4Di-bearing viral vector.
When rats were administrated i.p. CNO before the task, their sequence
memory performance dropped to chance level. In the next experiment, hM4Di
was expressed in mPFC axons projecting to the Re or in those projecting to the
perirhinal cortex (PRC). CNO was infused directly into the Re or PRC. Both
manipulations dropped performance to chance level, indicating that
projections from the mPFC to one or the other nucleus are crucial for normal

sequence memory. The authors then distinguished the type of errors made by
the rats according to whether they could be attributed to a working memory
failure or to temporal context memory failure. A working memory failure was
considered when rats failed to detect a repeated odor at short lags (current
odor compared to a most recently perceived one in a given sequence). A
temporal context memory failure was considered when rats failed to detect a
repeated odor at long lags (current odor analyzed according to the preceding
sequence of odors).

This analysis yielded data indicating an implication of mPFC to Re
projections in non-spatial working memory, extending data summarized in
section 4.4, and on mPFC to PRC projections in temporal context memory.

4.8.3. Incidental contextual learning : Context pre-exposure facilitation effect
(CPFE)

In this study, Heroux et al. (2019) studied the context preexposure
facilitation effect (CPFE) in adolescent rats. This effect is produced by a testing
procedure in which experimental subjects are first preexposed to a to-be-
conditioned context without the US. Such preexposure enables the
construction of a representation of the context, or contextual engram. Second,
preexposed subjects are returned to this context and receive immediate foot-
shock (US), a procedure which would not generate contextual fear by itself,
but which actually does so as a result of preexposure to the context. Although
this study used muscimol-induced reversible inactivation prior to context
preexposure in order to tackle a possible contribution of the mPFC and ventral
HIP (VHIP) to CPFE, immediate early gene (IEG) expression was also assessed
after a 1-day delayed retention testing in the mPFC, vHIP, dHIP and VMT,
including the ReRh nuclei. Blockade of the mPFC prevented freezing in the
drug-free retention test as well as the increase of i) c-fos, arc, egr-1 and npas4
expression in the mPFC, ii) c-fos, arc, and npas4 in the vHIP, and iii) c-fos in the
VMT (ReRh). Blockade of the VHIP also prevented freezing in the retention test,
as well as the increase of i) c-fos, arc, egr-1 and npas4 expression in the mPFC
and dHIP, ii) c-fos, arc, and npas4 in the vHIP, but did not alter the increased c-
fos expression in the ReRh.

These data clearly evidence a contribution of the mPFC and vHIP to the
CPFE, but also suggest a participation of the ReRh nuclei. Nevertheless, this
principally correlative approach needs additional experiments using causality-
investigating methods.

4.8.4. Inhibition of inherited defense reactions

Inactivation of the ventromedial prefrontal cortex (i.e. ILC and PLC)
increases freezing after fear conditioning and reduces avoidance in a signaled
active avoidance task (SAA). This part of the cortex has dense projections to
the midline thalamus, including the Re. Using pharmacological and
chemogenetic approaches, Moscarello (2020) demonstrated that the
projections of the vmPFC to the Re are implicated in the suppression of
freezing. Rats were trained to acquire the association between a sound (CS)
and an unpleasant electrical shock (US) in a shuttle box. For additional training,
the rats were given the possibility to avoid the shock and to stop the sound by
shuttling from one to the other compartment. After 24 h, the rats were moved
to a novel, non-divided context, where 10 CSs were presented. As avoidance
was not possible, the rats froze. In a first experiment, hM4Di DREADD were
expressed in the neurons of the vmPFC. When CNO was injected i.p., the
freezing response was increased. In a second experiment using hM4DI DREADD
in the vmPFC, rats were equipped with a canula targetting the Re to infuse CNO
into the Re, thereby blocking terminals of vmPFC-to-Re projections. Intra-Re
CNO infusion increased the freezing response. In a third experiment, muscimol
was infused into the Re, which also increased freezing. Taken together, these
results show that the vmPFC-to-Re projections are involved in the suppression
of freezing and could play a role in the inhibition of inherited defensive
reactions towards a threatening signal.



4.8.5. The Re is part of a visual circuit involved in spatial memory promoting
effects of light treatment

Huang et al. (2021) tested the spatial memory of mice in an object location
recognition task and in the water maze. In both tasks, mice showed evidence
for spatial memory, but only if previously exposed to light treatment (2 h/day,
3000 Ix, for 3 weeks; otherwise 200 Ix during the light phase). Among other
modifications, light treatment increased gamma oscillations in CA1 and c-Fos
expression in both the HIP and Re. It also enhanced the spontaneous firing rate
and the amplitude of miniature excitatory postsynaptic currents of Re neurons,
among other effects. The effects of light on memory and gamma oscillations
were disrupted by Re inactivation. The Re-mediated effects are under the
control of glutamatergic neurons located in the ventral lateral geniculate
nucleus and intergeniculate leaflet. Indeed, activation of these neurons, or
activation of HIP-projecting Re neurons, or even activation of retinal ganglion
cells projecting to the ventral lateral geniculate nucleus and intergeniculate
leaflet was sufficient to mimic the memory-promoting effects of light
treatment in the latter’s absence. This report points to the Re as an important
node of a subcortical visual circuit starting in the retina and ending up in the
HIP, and which promotes spatial memory effects of light treatment.

5. ReRh nuclei and diseases (mainly preclinical models)
For discussion of an involvement of ReRh nuclei in diseases such as epilepsy

and schizophrenia, see the review in the current issue by (Dolleman-van der
Weel and Witter, 2020).

5.1. Alzheimer’s disease

In 1991, Braak and Braakpublished results of a study performed on the
brain of 12 patients suffering from Alzheimer’s disease. Four of them has a
Down’s syndrome. Seven age-matched non-demented patients served as
controls. Using silver techniques, Braak and Braak focused on the limbic nuclei
of the thalamus and found a large number of extracellular amyloid deposits in
nearly all thalamic nuclei. There were also numerous neurofibrillary tangles in
the antero-dorsal nucleus, which was the most affected of all, as well as in the
latero-dorsal nucleus, in portions of the intralaminar nuclei, and in both the
paraventricular and Re nuclei. Altogether, these modifications most probably
contribute to functional alterations which originate in a reduced information
circulation within the limbic circuitry and could participate in the cognitive
symptoms of the disease.

Recently, Walsh et al. (2020) have compared the spontaneous firing
behavior of Re neurons recorded in wild type mice and in J20 mice, a popular
mouse model overexpressing human AR, with highest expression levels in the
cortex and the HIP (e.g., Webster et al., 2014). The mice were aged of 12-14
months, based on the fact that amyloid plaques begin to develop in the
thalamus at about 13 months (Whitesell et al., 2019). Walsh et al. recorded
neurons of the Re nucleus in slice preparations. They found a greater
proportion (about 40 %) of Re neurons with hyperpolarized membrane
potentials in J20 mice as compared to the 10 % observed in the wild type
controls, without changes in the frequency of spontaneous action potentials.
After hyperpolarizing-current stimuli, there was a rebound bursting for 500 ms
to 1sin about 40 % neurons of wild type mice, against close to 65 % neurons
of J20 mice. Finally, the authors also found about 10 % reduction of the width
of action potentials in J20 mice. Taken together, these modifications reflect
hyperexcitability in the hippocampal-thalamo-cortical network, which could
contribute to the cognitive deficits characterizing this model of Alzheimer’s
disease (e.

g., in long term recognition memory, as shown by Ameen-Ali et al. (2019), and
spatial reference memory, as shown by Johnson and Kang (2016); Karl et al.
(2012) and Mably et al. (2015)).

5.2. Depression

Kafetzopoulos et al. (2018) used NMDA lesions or tetracaine-induced
reversible inactivations of the Re in rats subjected to the forced swim test
(FST), a standard predictive test in the screening of antidepressant treatments.
After Re lesions, there was a lower immobility level and a higher swimming
time, suggesting antidepressant-like effects. These effects were mimicked by
an injection of sertraline, an antidepressant drug. Furthermore, tetracaine-
induced inactivation of the Re produced comparable effects. Forced swimming
resulted in an about 450 % increase of c-Fos immunoreactive cells in the Re of
intact rats. Next, Kafetzopoulos et al. investigated the effects of Re lesions (vs.
or combined with a 3-week long daily sertraline treatment) on the
consequences chronic mild stress (CMS, e.g. Dalla et al., 2005). CMS reduced
the preference for sucrose, an effect reversed by Re lesion and sertraline
treatment. CMS also increased the duration of immobility in the FST, an effect
counterbalanced by the Re lesion or the drug. Both interventions reduced
serum corticosterone levels. In the PFC, CMS induced an atrophy of dendrites
and a reduction of spine density on the apical portion of the dendrites (in layers
Il 'and Il of the PFC). Both effects were counterbalanced by Re lesions or
sertraline treatment. When the lesions were performed during CMS regimen
(i.e., after 4-weeks), they did not prevent anhedonia, and the hypothalamo-
pituitary-adrenal axis remained disrupted. Altogether, these data indicate a
role for the Re in the neurocircuitry of mood regulation with regard to stress,
depression and resilience.

5.3. Alcohol abuse

Rodent models of thiamine deficiencies are used to mimic thalamic

pathologies found in Wernicke-Korsakoff syndrome, often due to chronic
alcohol abuse (e.g., Savage et al.,, 2020). In adult rats, an about 2-week
thiamine deficient food diet produces marked neuronal loss in thalamic nuclei
such as the anterodorsal, midline, intralaminar, posterior thalamus,
anteroventral ventrolateral, gelatinosus, internal medullary laminar nuclei,
and a few others in which damage is less marked (e.
g., Anzalone et al., 2010; Savage et al., 2020). The Re and Rh nuclei seem
preserved (Bobal and Savage, 2015). In rat pups, however, the Re is a target
for alcohol. In Gursky et al.’s (2019) study, female rat pups were given alcohol-
containing milk via intragastric intubation (11.9 % v/v) twice a day between
postnatal days 4 and 9. Average blood alcohol concentration was of 378 mg/dl.
When aged of 72 days, the rats were killed, their brains sectioned, and slices
stained with a neuronal marker. Neuronal and non-neuronal cells were
counted in the Re and Rh. The Re, not the Rh, had shrunken and lost neuronal
cells, whereas the number of non-neuronal cells was unchanged.

In a more recent study (Gursky et al., 2020), male and female rat pups aged
of 7 days (PD7) were given a single dose of alcohol, and were killed at various
delays. Twelve hours after alcohol intoxication, there was an increased
apoptotic cell death in the Re of both female and male pups. By 4 days post-
intoxication, the difference between pups given alcohol and their controls was
no longer significant. In the rats killed 65 days post-intoxication, there was a
cell loss in the Re not depending on the animals’ sex. Rats given alcohol at PD7
had lost neurons in comparison with controls. The number of non-neuronal
cells was also reduced, but in comparable proportions in alcohol and control
rats. These data indicate a particular vulnerability of the Re to alcohol during
prenatal development. The loss of Re neurons may account for a weaker
hippocampo-cortical connectivity, which, in addition to classically-described
hippocampal and neocortical damage, could participate in the cognitive
dysfunctions observed in the fetal alcohol spectrum disorders.

5.4. Amyotrophic and primary lateral sclerosis

Amyotrophic  (ALS) and primary (PLS) |lateral sclerosis are
neurodegenerative conditions characterized by progressive (relatively rapid in
case of ALS, slower in case of PLS) motor neuron degeneration (upper and



lower ones in case of ALS, only upper ones in case of PLS). In a recent paper in
humans, Chipika et al. (2020) paid attention to individual thalamic nuclei in
both types of disease as compared to controls. They used MRI imaging to
compare the volumetric profile of a variety of thalamic nuclei. An exhaustive
summary of their findings is beyond the scope of the current review. However,
more in line with this scope is their observation that an ensemble made of the
mediodorsal, paratenial and Re nuclei had undergone considerable shrinkage.
The authors hypothesized that this degeneration-reflecting shrinkage could
contribute to the neuropsychological alterations usually associated with ALS,
namely deficits in executive functions, social cognition and memory.

6. Conclusion

The connectivity patterns of the Re and the Rh share similarities, but there

are also differences (see Figs. 1-4). Despite these differences, the efferent and
afferent connections each nucleus establishes with many brain structures
make them a real crossroads, in which the bidirectional information flow
between the HIP and the mPFC is crucial to a panel of cognitive functions. It is
noteworthy that the Re and Rh nuclei are not the only neuroanatomical option
to permit information transfer between the mPFC and the HIP, as there is a
direct monosynaptic projection from the HIP to the mPFC, as well as indirect,
at least disynaptic, connections from the mPFC to the HIP relaying in the VTA,
amygdala, PRC, and EC (e.g., Jin and Maren, 2015; Maren, 2011; Russo and
Nestler, 2013; Wolff et al., 2015). As far as the Re or Rh nucleus is concerned,
the flow of information between the mPFC and the HIP is probably neither
tonic nor permanent and, as depicted herein and in other reviews (e.g.,
Dolleman-van der Weel et al., 2019; Griffin, 2015; Pereira de Vasconcelos and
Cassel, 2015; Vertes et al., 2015), it depends on what an animal is processing
‘off-line’ or ‘on-line’. ‘Off-line’ concerns a mental process set in action after its
related event is over. Consolidation, reconsolidation, systems-level
consolidation are examples of it. ‘On-line’ relates to a mental process set in
action to support an ongoing event; spatial working memory is a typical
example.
Recording of field potentials in the mPFC and HIP highlight particular
oscillation frequencies, but also a coherence between them, pointing to
privileged, ongoing behavior-dependent windows of bidirectional
information transfer from one to the other structure. Thus, for example, the
transfer of information from the HIP to the mPFC is correlated with a coherent
theta-type oscillation, while that of information from the mPFC towards the
HIP is accompanied by slower, still coherent oscillations. The fact that a small
proportion of the cells of the Re presents, in the awake and freely-moving
animal, an activity profile close to that of certain hippocampal cells (e.g., place
cells) or cells from other structures involved in spatial navigation (e.g., head
direction cells) suggests that some of the navigation-related information
passing through the Re could do so without undergoing dramatic modification
of information content.

Functionally, we have seen that ReRh nuclei intervene in a large number of
cognitive  functions including information encoding, information
generalization, attention, spatial working memory, memory consolidation, its
reconsolidation or extinction, and a few others, such as the sequence of events
in a memory of successive olfactory items. It is this functional multiplicity at
the behavioral level that leads us to see in these nuclei kind of a ‘surprising
versatility’: ‘versatility’ because they participate in a large range of cognitive
functions, and ‘surprising’ because such multiple contributions are perhaps not
that common in most brain nuclei. However, this functional diversity is very
compatible with the rich variety of connections that these nuclei establish with
other brain structures, whether in terms of efferents or afferents. Upon closer
inspection, however formidably diverse the aforementioned functions may be,
most of them have in common a conjoint engagement of both the mPFC and
the HIP, and most probably a dependence on a finely-tuned cooperation
between these 2 structures that could go up to genuine synergistic
interactions.

However, the Re and Rh nuclei have also implications that do not concern
information flow between the HIP and mPFC. For instance, the Re is implicated

in reversal learning, which presumably engages its connections with the
orbitofrontal cortex (e.g., Linley et al., 2016). Further ideas and studies should
pave our way to better understanding of the functional implications of the
ReRh nuclei and, more importantly, the underlying mechanisms. For instance,
and this is a first point, the ReRh nuclei are not the only thalamic nuclei having
connections with the PFC and/or HIP. Therefore, a next possible step in the
thinking and experimental research constructions about the Re and Rh nuclei
might focus on what is overlapping (should the case arise) and what is not, in
functional terms, between these nuclei and other ones, perhaps in a way close
to what Mathiasen et al. (2020) have done when comparing the anterior
thalamic nuclei and the Re. From a cognitive point of view, and even more in
relation with memory, the reader interested in functions not affected by
experimental manipulation of the ReRh might take a look at this review article.

A second point concerns the connectivity pattern of the Re and Rh nuclei.
The tools, especially viral tools, enabling selective disconnections between a
given afferent or efferent region of the Re or Rh, or opto- or pharmacogenetic
stimulations/inhibitions of their interconnections are largely validated, and
can now be used to functionally dissect this complex system in view of the
diversity of its implications. The goal here is to identify possible modules with
specific functional implications. Indeed, among all functions affected by a
lesion of the ReRh nuclei, it seems conceivable that a subgroup of ReRh
neurons could be dedicated to one of these functions without contributing to
the other ones. A first step towards the exploration of such a possibility could
be supported by e.g., ‘omics’ approaches, which have started to be used for
investigating the organization of other thalamic nuclei, including at a single
cell- resolution level (e.g., Li et al., 2020; Nagalski et al., 2016). Such
methodological options could lead to the identification of specific molecular
signatures of neuronal ensembles in the ReRh nuclei, of which the functional
implications could then be investigated with a yet unachieved precision.

A third point concerns connectivity patterns and functions of each nucleus,
and perhaps even more the distribution of neuronal ensembles therein.
Indeed, beyond their similarities, the differences between the connection
patterns and distribution of neurons in these nuclei call for research aiming to
identify in what, exactly, connectivity of neuronal ensembles functionally
differ.

A fourth point is arising from the fact that, in this review, we focused on
the link between one or both thalamic nuclei of the VMT and a relatively rich
palette of cognitive functions. In no case should this choice be regarded as
pointing towards an implication of only these nuclei in each of these different
functions, with exclusion of other brain regions. ReRh lesion, inactivation or
disconnection produces deficits that can, at least qualitatively, also be induced
with lesion, inactivation or disconnection of other structures of the brain. Such
similarities open a horizon to research aiming to understand whether the
resemblance between the consequences of these different experimental
manipulations is to be attributed to the rupture of a circuit of which the ReRh
would ultimately be only one link among several others, or to a different
anatomo-functional organization.

A fifth point brings us back to the connectivity patterns of both nuclei with
a large variety of cortical and subcortical brain structures. Within this pattern,
both nuclei occupy a nodal position, as suggested by the bidirectionnal
connections they establish with several of such structures. This
neuroanatomical organization could enable one or both nuclei to participate
in combining information from different functional sources, and thereby to
allow an organism to produce a particular behavior, of which the complexity
would require to take into account, at the same time, operations that occur in
parallel within different information- processing systems. This proposal is
speculative, although it appears compatible with the fact that the ReRh nuclei
are of the higher order type, and with findings showing that consequences of
lesions of these nuclei can also be obtained with damage to other brain regions
with which they are bridged (see above). For instance, Cholvin et al. (2013)
showed that strategy shifting in a navigation task could be altered by lesions
of the mPFC, of the dorsal hippocampus, or of the ReRh nuclei. Studies in
behaving animals, which would focus on oscillation coherence between



different components of a circuit encompassing the ReRh nuclei could support
further explorations of this possibility.

Finally, we have considered characteristics or aspects of several disorders
or diseases, including neurodegenerative ones. In the current issue,
(Dolleman-van der Weel and Witter, 2020) have specifically focused on
possible implications of Re dysfunctions in epilepsy and schizophrenia.
Alzheimer’s disease, mood disorders, consequences of intrauterine exposure
to alcohol, ALS are other leads. Therefore, it is well conceivable that a better
understanding of what the Re and probably the Rh nuclei actually do, and how
they do this within a complex system of multiple interconnectivities, will
contribute to build useful bridges between preclinical research and future
therapeutic applications.
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