
Progress in Neurobiology 111 (2013) 34–52
The reuniens and rhomboid nuclei: Neuroanatomy,
electrophysiological characteristics and behavioral implications

Jean-Christophe Cassel a,*, Anne Pereira de Vasconcelos a, Michaël Loureiro a,
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A B S T R A C T

The reuniens and rhomboid nuclei, located in the ventral midline of the thalamus, have long been

regarded as having non-specific effects on the cortex, while other evidence suggests that they influence

behavior related to the photoperiod, hunger, stress or anxiety. We summarise the recent anatomical,

electrophysiological and behavioral evidence that these nuclei also influence cognitive processes. The

first part of this review describes the reciprocal connections of the reuniens and rhomboid nuclei with

the medial prefrontal cortex and the hippocampus. The connectivity pattern among these structures is

consistent with the idea that these ventral midline nuclei represent a nodal hub to influence prefrontal-

hippocampal interactions. The second part describes the effects of a stimulation or blockade of the

ventral midline thalamus on cortical and hippocampal electrophysiological activity. The final part

summarizes recent literature supporting the emerging view that the reuniens and rhomboid nuclei may

contribute to learning, memory consolidation and behavioral flexibility, in addition to general behavior

and aspects of metabolism.

� 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

According to Bentivoglio et al. (1991), Wernicke was among the
first authors to underline a possible relationship between damage
adjacent to the third ventricle, including the nuclei of the midline
thalamus, and behavioral alterations, including amnesia. Thalamic
damage in humans most often occurs as a consequence of infarcts
or an alcoholic Korsakoff’s syndrome and the associated thiamine
deficiency (Savage et al., 2012). The clinical evidence suggests that
many thalamic nuclei may participate in cognition, including
executive functions, attention and memory (Van Der Werf et al.,
2000, 2002, 2003a, 2003b). In case of stroke, the symptoms
associated with thalamic damage vary with the territory of the
disrupted blood supply. Blood flow to the thalamus is supplied by
the tuberothalamic, paramedial, inferolateral and posterior cho-
roidal arteries, two of which supply thalamic regions associated
with cognitive functions. The tuberothalamic artery irrigates the
rostral thalamus, including the reticular, intralaminar, anterior
nuclei and mammillo-thalamic tract. The paramedian artery
supplies more caudal regions encompassing the medial dorsal,
dorsal intralaminar, posteromedial, ventrolateral, paraventricular
and laterodorsal thalamic nuclei (Schmahmann, 2003). Infarcts of
these arteries are often associated with impairments of learning
and memory, as well as impaired executive functions (Amici, 2012;
Bentivoglio et al., 1997; Carlesimo et al., 2011; Carrera and
Bogousslavsky, 2006; Carrera et al., 2004; Markowitsch, 1982;
Mennemeier et al., 1992; Pergola et al., 2012; Schmahmann, 2003;
Van Der Werf et al., 2000). The amnesia resulting from thalamic
stroke affecting these two arteries, and from the midline
diencephalic lesions found in the Korsakoff’s syndrome, often
bears close resemblance to the amnestic syndrome associated with
dysfunction of the temporal lobe, especially of the hippocampus
(Aggleton and Brown, 1999; Aggleton et al., 2011; Van Der Werf
et al., 2003a). Evidence from patients with thalamic stroke and
other sources of thalamic injury suggests a direct relationship
between the extent of damage and symptom severity, with
maximal thalamic destruction usually associated with a vegetative
state (Carrera and Bogousslavsky, 2006; Maxwell et al., 2006;
Schmahmann, 2003).

Thalamic damage in humans invariably affects more than one
nucleus or group of nuclei and may encroach on extrathalamic
structures (e.g. De Witte et al., 2011; Kril and Harper, 2012;
Markowitsch, 1982; Squire et al., 1989). It is therefore difficult for
neuropsychological studies to establish a functional link between
different thalamic nuclei and the various cognitive symptoms of
thalamic syndromes (but see Serra et al., 2013). Regional specificity
is improved by lesions made in animal models, but even animal
studies rarely produce damage that is restricted to individual
thalamic nuclei, which are small and often have irregular shapes.

Nonetheless, both human and animal research is approaching a
consensus regarding the involvement of several thalamic nuclei in
learning and memory. The anterior, midline, intralaminar and
mediodorsal nuclei are primary candidates for this association
(Carlesimo et al., 2011; De Witte et al., 2011; Van Der Werf et al.,
2003a). In rats, lesions of anterior thalamic nuclei produce deficits
on a variety of learning and memory tasks, all of which are also
affected by hippocampal lesions (Aggleton and Brown, 1999;
Aggleton et al., 2010; Bailey and Mair, 2005; Gibb et al., 2006; Gold
and Squire, 2006; Mair et al., 2003; Mitchell and Dalrymple-Alford,
2005, 2006; Moreau et al., 2013; Savage et al., 2011; Warburton
et al., 2001; Wolff et al., 2006, 2008). For example, Lopez et al.
(2009) recently demonstrated that fiber-sparing excitotoxic
lesions of the intralaminar nuclei in rats influence the consolida-
tion/retrieval of remote (at 25 days), but not recent (at 5 days),
spatial memory. As in earlier studies, lesions of the anterior
thalamic nuclei but not the rostral intralaminar lesions impaired
spatial memory acquisition. However, rostral intralaminar lesions
disrupt a preoperatively-acquired egocentric working memory
task (Mitchell and Dalrymple-Alford, 2006; see also Bailey and
Mair, 2005; Mair et al., 1998; Newman and Burk, 2005). Mair and
Hembrook (2008) showed that the rostral intralaminar thalamic
nuclei influence memory retrieval in delayed non-matching and
matching to position tasks in rats. For example, continuous
stimulation of this region improved or impaired memory functions
with low and high frequency of stimulation, respectively (see also
Shrivalkar et al., 2006; Xu and Südhof, 2013).

While the historical focus on diencephalic amnesia has been the
anterior nuclei, the mediodorsal nuclei and the rostral intralaminar
nuclei, new evidence suggests it is also important to evaluate
ventral nuclei of the midline thalamus (MdT). These nuclei include
the reuniens (Re) and rhomboid (Rh) nuclei, (hereafter termed Re/
Rh) and the perireuniens (adjacent to the Re). The midline thalamic
nuclei, together with the intralaminar group, are often described as
‘non specific’ thalamic nuclei, a designation that is primarily due to
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their relatively widespread influence on the cortical mantle
(Groenewegen and Berendse, 1994), but also to neuroanatomical
characteristics (e.g., Bentivoglio et al., 1991; Groenewegen and
Berendse, 1994). According to Bentivoglio et al. (1991), the
distinction between ‘specific’ and ‘non specific’ thalamic projec-
tions can be traced back to the work of Lorente de No (1938). On
Golgi impregnations, Lorente de No identified thalamocortical
projections arborizing densely in layer IV of restricted cortical
regions, which he differentiated from projections arborizing
sparsely in layer I of multiple cortical regions. More recent work,
however, indicates that the non specificity of these nuclei might
require qualification, as reflected in e.g., the book chapter by
Bentivoglio et al. (1991) and the review by Groenewegen and
Berendse (1994). Reasons to that, among others, are that
‘‘individual midline and intralaminar nuclei each receive specific sets

of afferents and project to specific parts of the cerebral cortex and

striatum’’ (Groenewegen and Berendse, 1994, pp. 52).
It is surprising that Re and Rh have received little attention.

These nuclei have dense and reciprocal connections with both the
prefrontal cortex and the hippocampus. Such connections suggest
that they are ideally situated to have a strong bi-directional
influence on the flow of information between the hippocampus
and the medial prefrontal cortex (mPFC), and thereby orchestrate
behavioral functions that engage these two important brain
structures (Vertes, 2006; Vertes et al., 2007). Given the involve-
ment of the hippocampus and the mPFC in many cognitive
functions, it seems likely that the Re/Rh nuclei have an influence on
the cognitive processes associated with each of these two cortical
structures, and particularly processes associated with co-operation
between hippocampus and prefrontal cortex.

The present review will first focus on the connectivity between
subregions of the mPFC, the hippocampus and the Re and Rh. It is
acknowledged that other connections, including with other
thalamic nuclei (e.g., Lopez et al., 2009) and non-thalamic
structures (e.g., septum, amygdala or entorhinal cortex; Hurley
et al., 1991; Sesack et al., 1989; Vertes, 2004; Witter et al., 1989)
are also significant. The review then summarizes electrophysio-
logical studies showing that strong modulation of cortical and
hippocampal activity results from stimulation or blockade of the
Re/Rh. The final section explores the small, but growing, literature
indicating that the Re/Rh nuclei contribute to cognitive processes
such as memory, in addition to previously recorded associations
with functions such as reproduction and feeding. Evidence also
implicates the Re/Rh in the persistence of newly established
memories and behavioral flexibility. We conclude that the
cognitive significance of the Re/Rh is that it is strongly associated
with dynamic interactions between the mPFC and the hippocam-
pus with respect to the consolidation of enduring memories and
behavioral flexibility. By contrast, when cognitive actions are more
exclusively associated with the mPFC but not the hippocampus, or
with the hippocampus but not the mPFC, they appear largely
unaffected by experimental manipulations of the Re/Rh.

2. Neuroanatomical organization of the reuniens (Re) and
rhomboid (Rh) nuclei

2.1. Generalities

Midline nuclei cover the entire dorso-ventral extent of the
thalamus (Swanson, 2004). According to Groenewegen and Witter
(2004; see also Jones, 2007), the rostral midline nuclei consist
dorsally of the paraventricular nucleus and the paratenial nucleus,
beneath the rostral fornix, and the Rh and Re more ventrally, the
latter just above the third ventricle (Fig. 1A). More caudally,
the two wing-like extensions of the Rh appear below the level of
the most anterior extent of the hippocampus, and these extensions
then merge on the midline more posteriorly. More caudally again,
just above the Rh, resides the last of the midline nuclei, the
intermediodorsal nucleus. It is separated from the Rh by the central
medial nucleus of the intralaminar thalamus, which, in a coronal
view, sits like a roof to the Re/Rh (Vertes et al., 2012).

The Re/Rh nuclei are thought to use excitatory amino acids as
the primary neurotransmitter. Bokor et al. (2002) injected
retrograde tracer (tritiated D-aspartate) into stratum lacunosum
moleculare of hippocampal region CA1 and found that most Re
neurons projecting to the hippocampus (and septum) were
aspartatergic/glutamatergic. Calcium-binding protein-positive
cells – namely, calretinin- and calbindin-positive – have been
found in varying degrees in the ventral midline nuclei, but
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parvalbumin-positive neurons are absent (Arai et al., 1994).
Parvalbumin-positive fibers, however, have been identified in
virtually all midline nuclei, but generally at a very low density;
these are projections from other brain regions. There is a much
higher concentration of calretinin- and calbindin-positive cell
bodies in the Re compared to Rh, and evidence that calretinin fibers
arising from Re project to the subiculum has been provided (Drexel
et al., 2011). Interestingly, numerous cells in Re stain for both
calretinin and calbindin (Arai et al., 1994), a characteristic of the
thalamus in general (e.g., Winsky et al., 1992), but this feature is
absent from Rh (Séquier et al., 1990). In fact, two classes of
thalamic relay cells can be distinguished based on differential
staining for calbindin and parvalbumin; the former (calbindin-
positive) form a matrix with terminals in superficial cortical layers,
the latter (parvalbumin-positive) are localized to specific thalamic
nuclei and form a core that projects to middle cortical layers (for
review, Jones, 1998, 2001, 2002, 2009). Calbindin-positive matrix
cells receive subcortical input from less-defined pathways and
project more widely and diffusely over the cortex, compared with
parvalbumin-positive cells which are innervated by major subcor-
tical sensory and motor pathways and project with a high degree of
topographic order onto a single cortical area (Jones, 2009). Thus,
interactions of core and matrix cells with corticothalamic projec-
tions promote widespread synchrony in the thalamo-corticotha-
lamic network that may play a key role in perception and cognition
(Jones, 2009; Llinas et al., 1998, 2002; Llinas and Paré, 1997).

A comprehensive analysis of the afferent and efferent connec-
tions of the Re and Rh nuclei requires a dedicated review article
and is therefore beyond the scope of the present contribution.
Similarly, the neuroanatomical organization of ventral midline
thalamus nuclei in general, and their efferent and afferent
projections in particular, are not described here. Such information
is available in the reviews by Groenewegen and Witter (2004),
Berendse and Groenewegen (1991) and Van Der Werf et al. (2002),
as well as the studies of Vertes and colleagues (Hoover and Vertes,
2012; Vertes, 2002; Vertes et al., 2006, 2010) or others (e.g., Cavdar
et al., 2008). However, to illustrate how the Re and Rh connect with
an extremely broad set of brain structures, the main inputs and
outputs of these two nuclei are briefly described with a focus on
the mPFC and the hippocampal formation. A unique feature of this
tripartite network of connections as illustrated in Fig. 1B is the fact
that there are reciprocal connections between Re/Rh and both the
mPFC and the hippocampus, plus direct projections from the
hippocampus to the mPFC, via CA1 and the subiculum but no
reverse direct mPFC projections to the hippocampus (Barbas and
Blatt, 1995; Ferrino et al., 1987; Hoover and Vertes, 2007;
Swanson, 1981; Thierry et al., 2000; Vertes, 2004). Thus, any
influence of the mPFC on the hippocampus must be mediated
indirectly by other structures. The anatomical properties of the Re
and Rh render them potentially significant in this neural network.
As stated by Vertes et al. (2006), ‘‘Re is uniquely positioned to

influence simultaneously major structures of the brain (hippocampus

and mPFC) subserving memory’’ (pp. 793), and this may also be true
for the Rh (see Section 4). Obviously, the influence of the mPFC on
the hippocampus is likely also to be mediated by many
polysynaptic routes such as those involving the septal region,
the amygdala or parts of the entorhinal cortex (e.g., Hurley et al.,
1991; Sesack et al., 1989; Vertes, 2004; Witter et al., 1989). These
alternatives are not considered in the current review.

2.2. Inputs to the Reuniens and Rhomboid nuclei

2.2.1. Reuniens nucleus

The Re is a convergence zone of fibers originating from many
telencephalic, diencephalic and brainstem structures. The first
detailed description of afferent fibers to Re was published by
Herkenham (1978). Neurons of the medial agranular, anterior
cingulate, infralimbic (IL) and prelimbic (PL) cortices provide a
dense innervation of Re (Deschênes et al., 1998; Herkenham, 1978,
1980, 1986; Hurley et al., 1991; McKenna and Vertes, 2004; Vertes,
2002; Witter et al., 1990). Other sources of cortical afferents are the
medial orbital, insular, ectorhinal, perirhinal and retrosplenial
cortices, as well as the subiculum and Ammon’s horn of the
hippocampus, but not the dentate gyrus (McKenna and Vertes,
2004; Witter et al., 1990; Wouterlood et al., 1990). Inputs also
originate from the medial and anterior nuclei of the amygdala
(Herkenham, 1978), the horizontal limb of the diagonal band of
Broca, and the lateral septum and adjacent regions of the basal
forebrain (McKenna and Vertes, 2004). Diencephalic projections to
the Re also include the reticular nucleus of thalamus, the lateral
geniculate nucleus, the zona incerta, the medial and lateral
preoptic area, the medial and lateral hypothalamus and the
premammillary and supramammillary nuclei. From the brainstem,
Re receives input from the ventral tegmental area, the reticular
formation, the laterodorsal tegmental nucleus, the superior
colliculus, the periaqueductal gray, the rostral raphé nuclei, the
locus coeruleus and the parabrachial nucleus (Krout et al., 2002;
Vertes et al., 2010). Some fibers also originate from the cuneate
nucleus. For a more detailed description see Table 1 in McKenna
and Vertes (2004).

2.2.2. Rhomboid nucleus

Less is known about Rh afferents (Groenewegen and Witter,
2004). The brainstem is a major source of input to Rh, particularly
serotonergic afferents from the raphé nuclei (Vertes et al., 2010).
Other significant sources of projections are from the reticular
formation, the lateral dorsal tegmental nucleus, the substantia
nigra, the supramammillary nucleus (Vertes et al., 2010), and the
locus coeruleus (Rassnick et al., 1998). The medial and ventral
lateral parabrachial nuclei also project to Rh (Krout and Loewy,
2000). In addition, Rh receives cortical afferents arising from the
infralimbic, prelimbic, anterior cingulate and medial agranular
cortices (Vertes, 2002), as well as from primary and secondary
motor cortices and the primary somatosensory cortex (Vertes,
2004). Some fibers innervating Rh are CRF-like (corticotrophin
releasing factor) (Merchenthaler et al., 1984), others are reactive to
a substance P antibody (Battaglia et al., 1992).

2.3. Outputs from the Reuniens and Rhomboid nuclei

2.3.1. Reuniens nucleus

The outputs of Re were also first described by Herkenham
(1978). Since then, several studies by Groenewegen and colleagues
and others have examined the efferent projections of Re (Baisden
and Hoover, 1979; Berendse and Groenewegen, 1990, 1991; Conde
et al., 1990; Groenewegen and Berendse, 1994; Hoover and Vertes,
2007; Ohtake and Yamada, 1989; Varela et al., 2013; Van Der Werf
et al., 2002; Wouterlood et al., 1990; Wouterlood, 1991). Vertes
et al. (2006) used the anterograde tracer Phaseolus vulgaris

leucoagglutinin (PHA-L) to extend these earlier studies by
examining overall projection patterns of both the Re and Rh
nuclei instead of concentrating on hippocampal or cortical
connectivity or on only the Re, as was done in earlier studies.
Following an injection centered on Re, a dense terminal distribu-
tion of PHA-L-labeled fibers was found in the rostral forebrain,
with the heaviest labeling in the anterior piriform, medial frontal
polar, medial orbital, ventral and ventrolateral orbital cortices, the
dorsal tenia tecta and the claustrum. Labeling was dense in the
mPFC, particularly throughout the PL and IL (heaviest in layers I, V
and VI, see Fig. 2), and weaker in the anterior cingulate cortex and
medial granular cortex. Labeling was also present in the stratum
lacunosum-moleculare (Lac-mol) of the CA1 region throughout the
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dorso-ventral extent of the hippocampus. There was no labeling in
subregions CA2 and CA3 of Ammon’s horn, or in the dentate gyrus.
There was also an abundance of fibers in the subiculum, pre- and
parasubiculum, confined to the molecular layer (mol), as well as in
the ectorhinal, perirhinal and lateral entorhinal cortices. Re fibers
innervating the hippocampus were most probably those that gave
rise to retrogradely labeled neurons in Re following NGF injections
in the hippocampus (Venero et al., 1995). In a more recent study,
Hoover and Vertes (2012) mapped Re connections using two
retrograde tracers to double label Re/Rh neurons. Fluorogold (FG)
was infused in the IL and PL subregions of the mPFC, while
Fluororuby (FR) was deposited into the dorsal hippocampus,
various sites of the ventral hippocampus (CA1 region) or into the
ventral subiculum. A parallel approach has been published more
recently by Varela et al. (2013) who used cholera toxin B
conjugated to different fluorophores to trace connections. The
toxin was injected into the medial prefrontal cortex (PL or IL
regions) and the dorsal or ventral hippocampus. In another recent
article, Xu and Südhof (2013) used adeno-associated viral
transfection techniques to trace synaptic Re connections, although
not with the aim of examining collateral Re projections to the
mPFC and the hippocampus.

Hoover and Vertes (2012) found that the greatest number of
labeled neurons (range 193–438) were located at mid-levels of the
Re, where the nucleus shows its largest mediolateral and
dorsoventral expansion. Second, at the anterior Re, there were
more neurons labeled with FR than with FG (about 60% from
hippocampus vs. 40% from mPFC), but the opposite pattern was
observed at the caudal Re (FG > FR). Third, the number of labeled
neurons was about ten times more abundant following injections
into the ventral compared to the dorsal CA1 of the hippocampus,
indicating much stronger Re projections to the ventral than to the
dorsal hippocampus. Following injections of the tracer into the
ventral subiculum, the number of labeled neurons was yet greater
than that seen following injections into the ventral hippocampus,
demonstrating stronger Re projections to the ventral subiculum
than to CA1 of the ventral hippocampus. Fourth, and importantly,
when one tracer was infused into the mPFC and the other one into
the ventral hippocampus or subiculum, between 3 and 6% Re
neurons were double labeled. With the cholera toxin B conjugates
injected into the same regions as in the Hoover and Vertes (2012)
study, Varela et al. (2013) reported that approximately 8% of cells
of Re were double-labeled and thus had collaterals to the mPFC and
the hippocampus. In these two studies, the proportion of double-
labeled cells was much higher than shown in previous studies,
which did examine connections of Re neurons with other regions
than the mPFC. Xu and Südhof (2013) injected their marker directly
into the Re and also found monosynaptic connections in both the
mPFC and hippocampus (beside several other structures); these
authors, however, could not distinguish what proportion was from
different or same neurons.

Su and Bentivoglio (1990) described only a very small
proportion of Re neurons with collateral projections, but the
targets analyzed in this study were the hippocampus, amygdala
and the nucleus accumbens. A report by Dolleman-van der Weel
and Witter (1996) showed that Re projections to the entorhinal
cortex, subiculum and hippocampus arose from neuroanatomi-
cally distinct populations of cells: neurons of the dorsolateral Re
projected to CA1, those of the medial Re to the medial entorhinal
cortex, those from the ventral Re to the lateral entorhinal cortex,
those from the lateral Re to the subiculum, and finally cells from
the perireuniens (pRe) (or lateral wings of Re) to the perirhinal
cortex. Vertes et al. (2006) described a rostro-caudal neuroana-
tomical organization of the origin of cortical projections of Re, such
that the innervation of the medial entorhinal cortex mainly
originated from the rostral Re, that of the lateral entorhinal cortex
from the caudal Re, and that of the perirhinal cortex primarily from
the pRe. Bokor et al. (2002) also described a topographical
segregation of Re projections to the hippocampus and to the
medial septum. In the hippocampus, neurons arising from Re
formed exclusively asymmetrical (and thus excitatory) synapses on
spines or dendrites of CA1 pyramidal cells. Dolleman-Van der Weel
and Witter (2000) demonstrated that Re neurons also project onto
GABAergic cells (inhibitory interneurons) in CA1 of the hippocam-
pus. This suggests that Re not only exerts excitatory influences on
CA1 neurons, but can also inhibit them via excitation of inhibitory
interneurons. Finally, Otake and Nakamura (1998), using two
fluorescent retrograde tracers injected into the nucleus accumbens
and the medial and lateral prefrontal cortex, identified double-
labeled neurons in Re (and Rh), thus indicating that Re/Rh cells
project to both regions via axon collaterals. For further delineation of
other terminal fields of Re neurons, see Table 1 in Vertes et al. (2006).

2.3.2. Rhomboid nucleus

Considerably fewer reports have examined the efferent
projections of Rh compared to Re (Berendse and Groenewegen,
1991; Ohtake and Yamada, 1989; Van Der Werf et al., 2002; Vertes
et al., 2006). After an injection of PHA-L into the Rh, Vertes et al.
(2006) found a dense terminal distribution of labeled fibers in
medial and ventrolateral regions of the prefrontal and frontal
cortices, as well as in the dorsal and ventral striatum, mainly
concentrated within the rostral-ventral and caudal-ventromedial
striatum. In the prefrontal cortex, labeling was heaviest in inner
layers of the frontal polar, prelimbic, medial orbital and the
anterior cingulate cortices. Fibers were also present in other
regions of the prefrontal cortex, weaker but still evident caudally in
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the anterior cingulate, medial agranular, prelimbic and infralimbic
cortices (see Fig. 3 for a schematic illustration). At the level of the
septum, labeling was most dense laterally and was mainly
confined to regions bordering the anterior commissure including
the core of nucleus accumbens. Dorsomedial and ventrolateral
regions of the cortex (anterior cingulate and granular insular) were
also labeled, as was the rostral portion of the lateral septum.
Further posterior, at the level of the dorsal hippocampus, a dense
although narrow band of fibers was present in the Lac-mol of CA1.
Towards the midline, this band extended in the dorsal subiculum,
but at more caudal levels of the hippocampus, labeling remained
confined to the dorsal half of the hippocampus and never extended
ventrally as was the case for Re. There were also labeled fibers in
several cortical regions including the retrosplenial, occipital,
entorhinal and perirhinal cortices. For further description of other
terminal fields of Rh fibers, many of which overlap with those of Re
(Fig. 4), see Table 1 in Vertes et al. (2006).

2.4. Trajectories of Reuniens and Rhomboid efferents

2.4.1. Reuniens nucleus

Efferent Re fibers primarily course ventrolaterally traversing
the ventromedial nucleus of thalamus, the zona incerta and the
dorsolateral hypothalamus to reach the medial forebrain bundle
(MFB) (Berendse and Groenewegen, 1991; Van Der Werf et al.,
2002; Varela et al., 2013; Vertes et al., 2006; Wouterlood et al.,
1990). The bulk of Re fibers ascends through the lateral
hypothalamus/MFB to the basal forebrain where it joins the
internal capsule and continues forward, in discrete fascicles,
through ventromedial regions of the striatum to the rostral
forebrain. At the anterior forebrain, Re fibers either distribute
terminally to parts of the frontal cortex or turn caudally and pass
through the cingulum bundle to the hippocampus or through layer
I of frontal cortex to caudal regions of the cortex. A second
prominent bundle of Re fibers exits laterally from the lateral
hypothalamus en route to the amygdala and to ventrolateral
regions of cortex bordering the rhinal fissure. Some fibers of this
tract continue caudally to innervate parts of the subiculum of the
hippocampus. The smallest of the three bundles descends through
the lateral hypothalamus/MFB to caudal regions of the diencepha-
lon and to the rostral midbrain (Berendse and Groenewegen, 1991;
Van Der Werf et al., 2002; Varela et al., 2013; Vertes et al., 2006;
Wouterlood et al., 1990).

2.4.2. Rhomboid nucleus

Similar to Re, the bulk of Rh fibers courses ventrolaterally from
Rh and splits into two main bundles (Berendse and Groenewegen,
1991; Ohtake and Yamada, 1989; Van Der Werf et al., 2002; Vertes
et al., 2006). One ascends to the rostral forebrain in the general
region of the MFB, and the other courses laterally to parts of the
amygdala and to parahippocampal cortices. At the caudal septum,
some Rh axons of the ascending bundle continue forward to
distribute to parts of the basal forebrain; the majority, however,
turn dorsolaterally into the striatum to join the internal capsule
and course dorsomedially through the striatum to the anterior
forebrain. At the rostral forebrain, fibers of this bundle either
distribute terminally to regions of the frontal cortex or travel
caudally within the cingulum bundle to the hippocampus or
laterally through the frontal cortex to posterior regions of cortex.
Fibers of the secondary bundle exit laterally from Rh and primarily
target the amygdala, parahippocampal cortices and the ventral
subiculum (Berendse and Groenewegen, 1991; Ohtake and
Yamada, 1989; Van Der Werf et al., 2002; Vertes et al., 2006).

2.5. Trajectories of main afferents to Reuniens and Rhomboid nuclei

Subcortical afferents to Re/Rh arising from the brainstem and
hypothalamus mainly ascend via the medial forebrain bundle and
at the level of the thalamus take a ventrolateral to dorsomedial
course to Re/Rh, whereas those originating from the cortex
descend through the internal capsule and primarily reach Re/Rh
through the anterior thalamic peduncle.

3. Electrophysiological evidence for modulation of cortical and
hippocampal activity by reuniens (Re) and rhomboid (Rh)
nuclei

3.1. Generalities

Given the connections between the Re/Rh and both the mPFC
and the hippocampus, it is reasonable to expect the Re/Rh to exert a
significant influence on cortical and hippocampal functions. This
may also be true of other structures to which the Re/Rh project
such as the striatum or amygdala. Conversely, changes in cortical
and hippocampal activity should impact the functioning of the Re
and Rh. Surprisingly only a few studies have described the effects
of Re or Rh electrophysiological stimulation or blockade on activity
of the hippocampus or the mPFC. To our knowledge, there are no
reports that examined the responses of the Re or Rh to
hippocampal or cortical stimulation.

3.2. Modulation of medial prefrontal cortex activity by reuniens and

rhomboid nuclei

The first evidence supporting an influence of midline thalamic
nuclei on the activity of cortical regions was reported just over 70



CP
IL

ACg
cc

Re

Rh
pRe

VMT

dHIP

CA1

DG

CA3

PFC

PL

IL
cc

ac

ac

vHIP

lEC

cc

DG

CTX

Fig. 4. Regions in which the terminal projection fields of the reuniens nucleus and

the rhomboid nucleus show a clear-cut overlapping. The filled regions delimited by

continuous lines correspond to the areas in which densest staining after PHA-L

injections into the Re overlaps with densest staining after injection of the same

tracer into the Rh. The hatched areas correspond to the region where a weaker but

nonetheless clear-cut density of projections from one nucleus overlaps with a

strong or a weaker density of projections from the other nucleus. This figure has

been drawn from Figs. 2 and 3 of the current article.

J.-C. Cassel et al. / Progress in Neurobiology 111 (2013) 34–5240
years ago (Dempsey and Morison, 1942; Morison and Dempsey,
1942). Morison and Dempsey found that repetitive stimulation of
the MdT in cats induced recruiting responses in non-primary
cortical sites, with an attenuated response also found in primary
cortical areas. When the MdT is stimulated, the cortical response
consists in a surface-positive wave followed by a larger surface-
negative wave. When the stimulation is repeated several times, the
amplitude of the response increases and a maximum is reached
after 3–5 stimulations. This progressive increase of the response
amplitude is due to the recruitment of thalamic neurons, as shown
by Arduini and Terzuolo (1951). This recruiting response could be
elicited from a relatively large region of the thalamus of which the
Re and Rh nuclei were only one component (e.g., in addition to the
intralaminar nuclei, ventromedial and ventral anterior nuclei, the
thalamic reticular nucleus). More recently, Viana Di Prisco and
Vertes (2006) lowered stimulating electrodes along the dorsoven-
tral axis of the MdT. At the same time, recording electrodes placed
in the mPFC enabled the collection of field potentials in the medial
agranular, anterior cingulate, PL and IL cortices. The stimulation of
the interoanteromedial thalamic nucleus failed to produce any
significant change in the cortex, leading the authors to describe
this region as a ‘‘null zone’’. Stimulation of the paraventricular, the
most dorsal aspect of the MdT, and the Re nuclei induced large
amplitude evoked potentials in the PL. In the ventral mPFC (i.e., IL,
PL), these waves showed an initial small positive deflection (P1;
+0.1 mV), followed by a large negative one (N2; �0.85 mV) and a
later large positive one (P2; +0.68 mV). Respective latencies were
approximately 5, 22 and 70 ms. The N2 deflection corresponds to
excitatory evoked potentials at monosynaptic latencies, compati-
ble with a direct projection from Re to the mPFC. The authors also
found a paired-pulse facilitation, with the largest changes in the IL
(+83%) and PL (+75%) cortices, and non significant changes in the
anterior cingulate cortex (+22%). The changes at PL and IL were
comparable to those observed in the dorsal hippocampus (+62%)
using the same stimulation parameters. More recently, Eleore et al.
(2011) also reported that paired-pulse stimulation of Re in mice
resulted in facilitation of the second relative to the first response in
the mPFC, again showing that activation of Re may modulate mPFC
activity. There is good evidence, therefore, that the neuroanatomi-
cal connections of the Re and Rh with the mPFC shown in Fig. 1
convey excitatory influences.

3.3. Modulation of hippocampal activity by reuniens and rhomboid

nuclei

The contribution of Re to hippocampal function has been more
frequently examined. Vanderwolf et al. (1985) reported that
radiofrequency lesions of the medial thalamus which encom-
passed the Re/Rh (see Fig. 8D, pp. 68) produced little or no
influence on hippocampal atropine-resistant theta. Hirayasu and
Wada (1992a,b) reported that massive activation of the Re by
infusions of the glutamate receptor agonist N-methyl-D-aspartate
(NMDA) induced EEG discharge patterns characteristic of general-
ized limbic seizures. Hippocampal kindling was also observed later
(see also Miller and Ferrendelli, 1990; Miller et al., 1989; Patel
et al., 1988). Further support that the activity of the midline
thalamus, including the mediodorsal, paraventricular and Re
nuclei, has lasting functional consequences in the hippocampus
is provided by evidence that selective pharmacological blockade of
thalamic midline nuclei suppresses limbic seizure activity in a
model of CA3 kindling (Bertram et al., 2001). Interestingly, in this
CA3 kindling model, Bertram et al. (2001) reported on significant
neuronal loss in the Re/Rh, to which they had no functional
explanation to propose. None of these studies, however, explicitly
showed a direct influence of the Re/Rh on hippocampal activity.

Dolleman-van der Weel et al. (1997) examined the effects of Re
stimulation on unit and field potential activity in the CA1 region of
the hippocampus. Using urethane anesthetized rats, they found
positive deflections between the alveus and stratum radiatum
(rad) and negative deflections in the Lac-mol. These changes were
never observed when electrodes were inadvertently advanced too
ventrally into the dentate gyrus, consistent with the absence of Re
projections to the dentate gyrus. For negative deflections,
monosynaptic latencies were found after stimulation of the rostral
Re, whereas the disynaptic latencies were observed following
stimulation of a more caudal region of Re, with complex responses
when the stimulation was applied in both Re localities. These
observations led the authors to suggest that the caudal Re projects
to the rostral Re, where these projections establish synapses with
neurons that directly target the hippocampus. This hypothesis was
confirmed following injections of the anterograde tracer biotin
dextran amine into the caudal Re. Based on their electrophysio-
logical/anatomical findings, Dolleman-van der Weel et al. (1997)
proposed an anatomical-functional model (see Fig. 5) in which Re
neurons monosynaptically (when rostral) or disynaptically (when
caudal) have an excitatory influence on pyramidal neurons of CA1
via synapses on apical dendrites at Lac-mol. Other Re afferents to
CA1 might synapse on dendrites of inhibitory interneurons and
then extend branches from stratum rad to stratum Lac-mol 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 (ori) which, when
activated, exerted feed forward inhibition on pyramidal cells. Via
the subiculum, pyramidal neurons project back to the Re, thereby
closing a functional loop. Theoretically, in this loop Re activity may
(i) modulate CA1 activity and/or (ii) be modulated by information
from the hippocampus.
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The comparative effects of electrophysiological stimulation of
the Re and CA3 on CA1 activity was examined by Bertram and
Zhang (1999). Interestingly, Re or CA3 stimulation had excitatory
effects of similar amplitude on CA1 neurons, but with different
time courses. Response latencies were shorter after Re than after
CA3 stimulation, and short-interval paired stimulations resulted in
facilitation when applied to Re, but only a non-significant increase
when delivered to CA3, suggesting differences in the immediate
plasticity of the respective synapses. Furthermore, high frequency
stimulation of the Re, but not CA3, induced LTP in CA1. These
findings show that Re and CA3 exert independent effects on CA1
neurons, suggesting a topographical segregation of respective
inputs to specific synaptic targets. Bertram and Zhang (1999) did
not find inhibitory actions of Re stimulation on CA1 neurons, a
finding which is at variance with the report by Dolleman-van der
Weel et al. (1997). This discrepancy, however, may reflect
differences in the extent of Re region stimulation. The functional
observations by Dolleman-van der Weel et al. (1997) show that the
neuroanatomical connections of the Re and Rh with the
hippocampus, as illustrated in Fig. 1, might provide a major
influence on hippocampal CA1 neurons. The specificity of these
interactions is supported by evidence that Re stimulation elicited
evoked shorter-latency potentials at CA1 during theta activity
(elicited by tail pinch or occurring spontaneously) compared to
non-theta states, and that 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). Interestingly, stimulation of
the midline thalamus (which would include the mediodorsal
thalamic nuclei to the Re in the dorsoventral axis) also results in
excitatory actions on the amygdala (Zhang and Bertram, 2002)—an
indirect way for information to reach the hippocampus. Although
the authors found effects of most of their stimulations in the
entorhinal cortex, Fig. 4 of their study (pp. 3281) suggests no
incidence of Re stimulation in this cortex.

An interesting observation linking the Re and the hippocampus
concerns the pathophysiology of schizophrenia. Lisman and
colleagues proposed that Re could be a point of initiation of a
functional loop in which excitation of the hippocampus leads to
the activation of dopaminergic cells of the ventral tegmental area
and consequently to the excitation of thalamocortical systems
(Lisman et al., 2010; Zhang et al., 2012). They proposed that this
loop produces the positive feedback that results in the psychotic
episodes in schizophrenia. In support of this hypothesis, Zhang
et al. (2012) recently demonstrated that the systemic administra-
tion of the NMDA receptor (NMDAR) antagonist ketamine in rats
(50 mg/kg) gave rise to increased firing of neurons in Re and in CA1
of the hippocampus. Furthermore, delta oscillations in the Re are
accompanied by activation of region CA1 of the hippocampus, a
region showing an altered activity pattern in prodromal patients
and an increased activity in schizophrenic patients (Schobel et al.,
2009; see also Lisman, 2012). Interestingly, the increase in delta
power in the hippocampus was also found using intra-Re infusions
of ketamine in awake rats, and this effect was blocked by the
infusion of muscimol into the Re. These results show that NMDAR
antagonism elevates the firing of Re neurons which in turn excites
CA1. These effects were not observed when a lower dose of
ketamine was used (20 mg/kg), but there was an increase in
hippocampal gamma power. The link between these data and
schizophrenia is that a variety of typical or atypical antipsychotic
agents enhance the expression of Fos-like protein in midline
thalamic nuclei, including Re and Rh (Cohen et al., 1998; see also
Vaisanen et al., 2004).

The electrophysiological data regarding the functional inter-
actions between the Re/Rh, the mPFC and the hippocampus are still
relatively sparse. Only a few studies have directly investigated the
effects of Re/Rh stimulation on neuronal activity in the mPFC or the
hippocampus. While the functional characteristics of the nodal
model presented in Fig. 1 remains tentative, they are in line with
existing electrophysiological and neuroanatomical evidence and
clearly suggest fruitful lines for future research. Such research
should also include approaches focusing on the functional
consequences of mPFC or/and hippocampal stimulations in the
Re/Rh, a terra incognita for now.

4. Evidence for the role of the reuniens (Re) and rhomboid (Rh)
nuclei in behavior and cognition

The third part of this review focuses on the influence of the Re/
Rh nuclei on behavior in general, and cognition in particular, with a
focus on memory and behavioral flexibility. The earlier review by
Van Der Werf et al. (2002) reported that there was no evidence of
human cases with injuries confined to the Re/Rh, and we are not
aware of any new cases. Alzheimer’s disease, in which progres-
sively severe memory loss is the functional hallmark, produces
numerous neurofibrillary tangles, neuropil threads, and degenera-
tion in the Re (Braak and Braak, 1991, 1998). By itself, this
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interesting observation does not necessarily imply a link between
the Re nucleus and memory function. The experimental evidence
summarized in the following sections is beginning to corroborate
the neuroanatomical and electrophysiological evidence for a role
of Re/Rh in mPFC- and hippocampus-dependent cognition. Before
addressing memory and cognition, we first summarise studies that
suggest an influence of these nuclei in the regulation of basic
physiology and behavior such as reproduction, feeding, nocicep-
tion, arousal, stress and anxiety.

4.1. Regulation of physiology, reproduction, feeding, nociception,

arousal, stress, and anxiety

4.1.1. Circadian regulation and reproduction

Studies with siberian hamsters suggest a role of the Re in the
encoding and retrieval of day length and a contribution to the long
day-induced termination of the reproductive photorefractoriness
(Freeman and Zucker, 2001; Teubner and Freeman, 2007; Teubner
et al., 2008). These observations have made the Re a target for
melatonin experiments. Infusions of melatonin directly into the Re
induced an 80% reduction of the testicular weight (Badura and
Goldman, 1992). The Re and the Rh are also among the brain
regions showing a circadian fluctuation of opiate receptors
(Giardino et al., 1989). A related finding is that direct retinal
projections to all midline (dorsal + ventral) nuclei and to intrala-
minar thalamic nuclei have been described in the marmoset
(Cavalcante et al., 2005), and few such projections are found in the
mediodorsal nuclei (De Sousa et al., 2013). If the same is true in
other species (e.g., as is also the case in the rock cavy, Nascimento
et al., 2010), then it is likely that these retinal projections
participate in photoperiod-dependent regulation associated with
the Re and perhaps Rh. The retinal neurons may provide diurnal
modulation of neuron excitability in the Re/Rh, similar to that
described in the paraventricular nucleus (Kolaj et al., 2012). While
not definitive, such observations suggest a role of the Re/Rh in the
integration of photoperiodic information. Recently, Iwasaki et al.
(2010) reported that a low intensity electrical stimulation of the Re
was able to elicit penile erection in unanesthetized rats, indicating
another functional link to reproduction.

4.1.2. Feeding behavior

Wilmot et al. (1988) reported that 1 out of 3 rats fed with a rich
diet (sweetened condensed milk + corn oil) showed increased body
weight and higher concentrations of plasma insulin. In these
‘‘obese’’ rats, alpha2 receptor binding sites in the Re (among other
regions) were decreased by 30%, suggesting a synaptic plasticity in
the Re responsive to feeding behavior. An interesting related
finding is that anorexia can be induced by an injection of calcitonin
into the Re, a blood calcium-reducing hormone (Chait et al., 1995).
The Re may also influence circadian and seasonal adaptations
affecting body weight. In siberian hamsters, Re lesions may
potentiate weight gain during long photoperiods and inhibit loss of
body weight during short photoperiods (Purvis and Duncan, 1997),
but this latter effect was not replicated in a more recent study
(Leitner and Bartness, 2011).

4.1.3. Nociception

The Re/Rh may also be involved in nociception. Indeed, c-Fos
expression is decreased in the Re/Rh when nociceptive-bearing
fibers from muscles or skin to the thalamus are electrically
stimulated in anesthetized rats, suggesting inhibition of midline
nuclei associated with the integration of noxious inputs (Gholami
et al., 2006). On the contrary, Bullitt (1990) reported increased c-
Fos expression in the Re of anesthetized rats subjected to
peripheral noxious stimulation. Dostrovsky and Guilbaud (1990)
found that a few neurons of the Re or Rh were selectively activated
by nociceptive stimuli (i.e., joint press) in a model of arthritic rats.
We, however, recently used the calibrated forceps protocol to
measure thresholds for mechanical pain (protocol in Erendira Luis-
Delgado et al., 2006) and found that lidocaine-induced inactivation
of the Re/Rh had no effect on paw pressure threshold (Loureiro
et al., unpublished data). It seems likely that more dorsal thalamic
nuclei (e.g., paraventricular, centrolateral intralaminar, and
mediodorsal nuclei) as well as more ventral ones (nucleus
submedius) play a greater role in mediating responses to noxious
stimuli (e.g., Baffi and Palkovits, 2000; Ness, 2000; Ren et al., 2009;
Tang et al., 2009; Wilson et al., 2008).

4.1.4. Arousal, stress, anxiety

A few sources suggest an influence of Re/Rh nuclei on stress and
arousal. Using c-Fos, c-jun and zif268 mRNA expression as markers
of brain activation, Cullinan et al. (1995) found that acute swim or
restraint stress in rats increased expression levels of the immediate
early genes in various brain structures, including the Re and Rh
nuclei, especially that of c-Fos. These changes, however, were more
pronounced in other brain regions than in the Re/Rh, suggesting
that the response to stress is not a major feature of these nuclei.
More recently, midline (including the ventral part) as well as
intralaminar thalamic nuclei, which directly target the apical tufts
of layer V of the prefrontal cortex, were shown to be selectively
excited by hypothalamic hypocretin 1 and 2 (orexin A and B)
(Peyron et al., 1998). Liu and Aghajanian (2008) showed that mild
restraint stress induced a deficit in spontaneous excitatory post-
synaptic currents (sEPSCs) to hypocretin in pyramidal neurons in
prefrontal slices as well as a decrease in dendritic spine density,
suggesting a disruption of midline and intralaminar thalamic
inputs that normally innervate the apical dendrites of prefrontal
cortex neurons (see also Lambe and Aghajanian, 2003). In their
review, Lambe et al. (2007) proposed that stress via impairment of
such excitatory thalamocortical actions on the mPFC might
exacerbate a breakdown in cortical processing of information
from the ascending arousal system observed in various psychiatric
illnesses such as schizophrenia. However, we found no influence of
lesion or inactivation of the Re/Rh on anxiety or open field activity
(Loureiro et al., 2012). To our knowledge, there are no other
published studies showing an influence of the Re/Rh on measures
of anxiety. By contrast, the dorsal MdT, and particularly the
paraventricular nucleus, affects anxiety, as shown by in vivo lesion
and infusion, as well as in vitro drug application evidence (e.g.,
Bhatnagar et al., 2003; Hermes and Renaud, 2011; Li et al., 2010).
Based on anatomical approaches of connectivity and stimulation
experiments, the midline and intralaminar thalamic nuclei have
been associated with mechanisms of arousal and attention
(Groenewegen and Berendse, 1994; Van Der Werf et al., 2002).
The so-called ‘non specific’ thalamic nuclei are different to other
thalamic nuclei in that they also receive prominent innervation
from orexin neurons that are known for a key role in brain arousal
(Sakurai, 2007). Once again, however, it is the dorsal midline
thalamus, especially the paraventricular nucleus, that receives a
particularly dense input from orexin neurons and is associated
with arousal and anxiety (Li et al., 2009), presumably related to its
dense connections with the nucleus accumbens and moderate
projections to the amygdala (unlike the Re, see Section 2.2, Vertes
et al., 2006). Another study reported that rats subjected to fiber-
sparing lesions of the Re and the anteromedial thalamic nuclei,
which both receive afferents from the hypothalamic defensive
system, produced normal freezing responses to predator cues
during training (Carvalho-Netto et al., 2010). As such, they
responded normally to a natural stressor. When subsequently
exposed to the context associated with predator cues, rats
subjected to Re-only lesions showed no deficit. A deficit, however,
was seen in rats with anteromedial nucleus lesions, which was
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more pronounced with a combined lesion that also involved the Re.
These observations suggest that the Re might have indirect effects
on this type of associative memory rather than on the regulations
of stress responses.

4.1.5. Concluding remarks

Beyond the more direct role in cognitive processes described
below, the foregoing suggests that the Re and Rh have some
influence on basic functions such as feeding, metabolism,
reproduction, seasonal adaptations and perhaps also on the
integration of some kind of noxious stimuli.

4.2. Attention and impulsivity

Patients with thalamic damage show distractibility and deficits
in inhibitory control, which are believed to be the result of
prefrontal denervation and an example of a thalamic influence on
executive functions and attention (e.g., Bougousslavsky et al.,
1988; Van Der Werf et al., 1999, 2003a,b). One method to test some
of these functions in laboratory animals employs the 5-choice
serial reaction time (5-CSRT) test (see Fig. 6), which measures
sustained and selective visual attention (e.g., Chudasama et al.,
2003; Muir et al., 1996; Paine et al., 2009; Robbins, 2002). Maddux
and Holland (2011) provided evidence for the differential
involvement of the dorsal vs. ventral mPFC in the use of
reinforcement prediction requiring rats to allocate attention for
new learning and for the control of action. In the hippocampus,
dorsal lesions do not affect the 5-CSRT task, but ventral lesions
increase premature responses and reduce accuracy, suggesting an
increase in impulsivity (Abela et al., 2013). Lesions of the
mediodorsal thalamic nuclei also increase premature responding
in this task, especially when the inter-trial interval is varied
unpredictably, whereas anterior thalamic lesions have no effect
(Chudasama and Muir, 2001). Based in part on pronounced Re
input to the ventral hippocampus, and considerably less so to the
dorsal hippocampus (Hoover and Vertes, 2012; Vertes et al., 2006),
the question of whether lesions of the Re/Rh could affect attention
becomes relevant. To the best of our knowledge, only one study
thus far examined the effects of a Re/Rh lesion on the 5-CSRT task.
In that study, rats with neurotoxic Re lesions showed less
perseveration, did not inhibit premature responses, and exhibited
fewer omissions than controls. Rats with Re lesions were also
quicker to respond to rewards when the inter-trial intervals were
unpredictable (Prasad et al., 2013). Thus, the Re/Rh appears to
influence inhibitory control processes, particularly impulse
inhibition and motivational control, rather than attention per se.
Part of this influence could implicate the projections of the Re to
the ventral hippocampus.

4.3. Passive avoidance memory

The passive (or inhibitory) avoidance test is when an animal is
expected to refrain from engaging a species-specific response that
has been punished in a prior, often one-trial, acquisition session.
Yasoshima et al. (2007) used a brain imaging technique based on
immediate early gene c-Fos immunostaining to visualize the
activation patterns of the anterior and dorsal midline thalamic
nuclei (that is, above the Re/Rh) during the retrieval of either
inhibitory avoidance or conditioned taste aversion. During a 2 min
retrieval test 48 h after conditioning, the paraventricular thalamic
nucleus exhibited a large increase of Fos-like immunoreactivity,
suggesting strong activation when recalling a context-shock
association, and the same was true for a taste-malaise association.
More recently, Zhang et al. (2011) described increased c-Fos
activity levels after acquisition of an inhibitory avoidance memory
in limbic cortical regions that are neuroanatomically connected
with the Re/Rh, i.e., the lateral and basolateral amygdala, CA1 and
CA3 (but not the dentate gyrus) of the hippocampus, as well as
prelimbic and infralimbic cortices. The same was found with Arc
expression except that it was also increased in the anterior
cingulate cortex, another brain region connected with the Re/Rh.

It appears that only one study has examined the effects of
functional alterations of the Re on passive avoidance responding
(Davoodi et al., 2011). These authors infused tetracaine into the Re



J.-C. Cassel et al. / Progress in Neurobiology 111 (2013) 34–5244
either immediately prior to task acquisition or at delays of 5, 90 or
360 min after drug-free acquisition. Retention trials were given
24 h later and were drug-free. In other rats, acquisition occurred
drug-free and retention after 24 h was tested 5 min after the rats
received Re infusions of tetracaine. Pre-acquisition inactivation of
Re resulted in impaired retention, as did tetracaine infused 5 min
post-acquisition, but not at longer post-acquisition delays. The
pre-retention trial infusion of tetracaine abolished memory
retrieval. These findings suggest that the Re (and also the Rh,
which is always within the diffusion radius of the drug) has a role
in associative information encoding, in the immediate post-
acquisition period, but not during later phases of memory
consolidation. The data also show that this region influences
information retrieval.

Temporary inactivation studies can dissect different stages of
memory (encoding, consolidation, retrieval) that are altered by
dysfunction of a neural structure. Davoodi et al.’s results (2011)
suggest that Re plays a role in all processes. Can their data be
interpreted with respect to the connectivity of Re/Rh with the
hippocampus or mPFC? If so, one may expect similarities between
effects of Re/Rh inactivation and inactivation or lesions of the
hippocampus or mPFC. Lorenzini et al. (1996, 1997) used uni- or
bilateral tetrodotoxin infusions into the dorsal or ventral
hippocampus. Unilateral infusions produced retention perfor-
mance that was impaired by pre-acquisition and pre-retention
inactivation, but not when the infusion was made immediately
post-acquisition. With bilateral infusions, all conditions produced
impairment. The correspondence between the effects reported by
Davoodi et al. (2011) and those of Lorenzini et al. (1996, 1997)
resonates with the idea that a disruption of the information flow
between the Re/Rh and the hippocampus accounts for the pattern
of the reported inactivation effects. Evidence consistent with this
suggestion comes from the study by Wang and Cai (2008) who
found that pre-acquisition infusions of muscimol into the ventral
hippocampus impaired subsequent retention of passive avoidance.
Alternatively, the tetracaine infusions made by Davoodi et al.
(2011) may have reached the Rh, which has projections to the
amygdala, and hence the reported effects could actually involve a
disruption in the processing of emotional information by the
amygdala. Consistent with the conclusion by Davoodi et al.,
however, is an observation by Zhang et al. (2011) who recently
reported that inhibition of protein synthesis in the hippocampus
blocked the consolidation of an inhibitory avoidance memory, and
similar effects were obtained by the same (Zhang et al., 2011) or by
other manipulations (e.g., Blanco et al., 2009; Fritts et al., 1998;
Jinks and McGregor, 1997) in the mPFC or anterior cingulate cortex.
Thus, impairments of avoidance responses by Re/Rh damage or
inactivation could be the consequence of disrupting mechanisms
encompassing prefrontal cortical or/and hippocampal regulation,
and which could be important for acquiring and retrieving such
learned responses. Regarding consolidation of avoidance memory,
only early post-acquisition phases seem to be sensitive to
experimental manipulations of Re/Rh.

4.4. Working memory, including spatial working memory

In animals, working memory tasks usually measure perfor-
mance after a short delay interposed between an information-
sampling and a test trial. This type of memory can be assessed in a
variety of discrimination tasks, including tasks taxing spatial
memory such as in a radial maze. Depending on the protocol used,
performance in this class of tasks may rely on the mPFC, the
hippocampus or require cooperative engagements of both
structures (e.g., Aujla and Beninger, 2001; Floresco et al., 1997,
1999; Mair et al., 1998; McDonald and White, 1995; Porter and
Mair, 1997; Porter et al., 2000; Seamans et al., 1995, 1998; Vann
et al., 2000; for reviews, see e.g., Laroche et al., 2000; Marshuetz
and Smith, 2006; Newman and Grace, 1999).

To investigate a possible contribution of the Re/Rh to working
memory, Hembrook and Mair (2011) used a fiber-sparing
permanent NMDA lesion of the Re/Rh in rats. The lesion effects
were compared to those of other thalamic lesions. The rats were
tested for visually guided responding capabilities (implicating
dorsal frontal cortical areas innervated by intralaminar nuclei and
lateral striatal regions) and for the classic win/shift radial-arm
maze performance, the latter with and without a delayed choice
protocol (implicating the hippocampus). The delayed version of
the radial maze task consisted of blocking all arm entries after four
visits for a given time before the trial could be continued with all
arms again open. In the visually-guided responding task, the Re/
Rh lesions produced no effect. In the classical working memory
version of the task (no delay), Hembrook and Mair found that Re/
Rh lesions induced a significant deficit. Deficits were also found in
the delayed choice task. These observations implicate the Re/Rh
nuclei in hippocampus-dependent spatial working memory while
they are not implicated in the visuo-spatial reaction time task
depending on other structures/connections. More recently,
Hembrook et al. (2012) reported the effects of reversible
inactivation of the Re/Rh nuclei in two discrimination tasks. For
the first task, which is sensitive to both hippocampal and mPFC
damage, the authors used a delayed nonmatching to position
(DNMTP) protocol and two levers in a conditioning chamber. In a
sample trial, rats were presented one lever and then, after memory
delays of 1, 5 or 25 s, they were presented the same lever plus an
alternate one; a response on the latter was rewarded with food.
Even with their smallest dose of muscimol (i.e., 0.4 nmol vs. 1.0 or
2.5 nmol) and thus a diffusion radius probably well restricted to
the Re/Rh, the authors observed a delay-independent decrease of
operant DNMTP performance. The same rats were also tested in a
varying choice, delayed eight arm radial-maze task according to a
protocol known to be sensitive to hippocampal but not to mPFC
disruption (Porter et al., 2000). Rats had to hold information that
they just sampled in order to select an appropriate target again on
the basis of a nonmatch principle. In this task, inactivation
confined to the Re/Rh was not sufficient to induce a significant
deficit, except at the highest dose tested (2.5 nmol). Based on their
observations, the authors suggested that the localised inactiva-
tion of the Re/Rh nuclei only produced effects in a task that is
sensitive to damage to both the hippocampus and the mPFC,
namely the operant DNMTP task and not in a hippocampus-only-
dependent task. The effect obtained with the highest dose in the
DNMTP task was interpreted as non specific, probably reflecting
an additionnal inactivation of regions neighbouring the Re/Rh, an
interpretation supported by the effects of muscimol infusions into
an anatomical control site 1.5 mm dorsal to the Re/Rh. These
observations led Hembrook et al. (2012) to hypothesize that ‘‘Re

and Rh. . . may be critical for tasks that require coordinated activation

of prefrontal cortex and the hippocampal system, for instance

executive functions like working memory or temporal integration. . .’’

(pp. 853).

4.5. Spatial reference memory in the water maze

The Morris water maze task is a popular task assessing spatial
reference memory (e.g., D’Hooge and De Deyn, 2001; McNamara
and Skelton, 1993; Morris, 1984; Terry, 2009). Over a series of days,
a rat (or mouse) learns to locate an escape platform hidden
underneath the water surface in a water-filled circular tank. Once
the animal has learned the room cues that help it navigate to this
location, a probe trial is introduced in which the platform is
removed. The probe trial assesses the animal’s ability to perform a
search pattern focused on the former location of the platform,



Fig. 7. A role for the reuniens nucleus and the rhomboid nucleus in systems-level
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where a representation is integrated in the hippocampus as a recent memory trace.
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therefore may become, though not necessarily completely as shown by e.g., Lopez

et al. (2012), independent of the hippocampus. This figure has been drawn after

Frankland and Bontempi (2005).
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thereby indicating that it knows where the platform should be, and
not just how to get to it (Whishaw et al., 1995).

Three recent articles dealt with a contribution of the Re/Rh to
spatial memory processes in the water maze. Davoodi et al. (2009)
reported that pre-training tetracaine infusions into the Re/Rh
impaired acquisition without affecting retention, that post-
training inactivation impaired subsequent retrieval, and that
inactivation immediately prior to the probe test impaired
retention. At face value, these findings suggest that these deficits
reflect disruption of the connections between the Re/Rh and the
hippocampus, given the hippocampus-dependence of water-maze
performance (e.g., D’Hooge and De Deyn, 2001; Silva et al., 1998).
Unfortunately, however, the angled guide-cannula in this study
produced very large unilateral lesions in the dorsal hippocampus
and dorsal thalamus (see Davoodi et al.’s Fig. 1, pp. 131). Second,
perhaps as a consequence of this, the control rats (saline infusions)
did not perform above chance during the retention trials (see e.g.,
Davoodi et al.’s Figs. 2–4, panel B, pp. 132–133).

The second study (Dolleman-van der Weel et al., 2009) provides
more convincing evidence of a contribution of the Re to
performance in the water maze. These authors compared the
effects of neurotoxic Re lesions with those of the mediodorsal
thalamic nuclei or of the hippocampus on task acquisition and
retrieval. Dolleman-van der Weel et al. (2009) found that Re lesions
affected the probe trial (acquisition was normal), but perhaps not
reflecting a spatial memory dysfunction per se. Indeed, a strategy
analysis of the swim tracks in the probe trial showed that Re rats
initially swam as directly to the former platform location as their
controls, but then rapidly shifted to a search pattern encompassing
the entire pool with infrequent returns or less consistent
swimming to the correct quadrant. Conversely, lesions of the
hippocampus or the mediodorsal thalamus impaired acquisition,
while only hippocampal lesions resulted in a genuine impairment
of the ability to search in the previous platform location during the
probe trial. Dolleman-Van der Weel et al. therefore proposed that
Re lesions resulted in enhanced flexibility, to explain why Re rats
gave up searching for the platform sooner than their sham-
operated counterparts. More recently, Cholvin et al. (2013) made
similar observations following muscimol inactivation of the Re/Rh:
the swim patterns of the Re/Rh group during the probe trial
demonstrated memory retrieval but were less directed to the
target quadrant than that of control rats (see Section 4.7 for more
details).

The two latter studies suggest that the Re/Rh do not influence
spatial reference memory, but rather strategy selection/organiza-
tion for goal-directed behaviors in a spatial context.

4.6. Systems-level consolidation

Systems-level consolidation involves an off line and progressive
functional exchange between the hippocampus, which processes
recent declarative-like memories and triggers long-term memory
consolidation, and the mPFC, which play an increasing role in
supporting remote memories that become independent of the
hippocampus as well as their retrieval (Frankland and Bontempi,
2005, 2009; see Fig. 7). The idea that the hippocampus exerts direct
and persistent influence on the prefrontal cortex has been
substantiated by electrophysiological recordings of immediate
responses or delayed changes in the mPFC after hippocampal
stimulation in anesthetized and awake animals using e.g., paired
pulse, high frequency or low frequency stimulation (e.g., Burette
et al., 1997; Jay et al., 1996; Laroche et al., 1990; Takita et al., 1999).

Neuronal assemblies in the cortex, perhaps more selectively in
the mPFC, provide a potential substrate to memory consolidation
resulting from hippocampo-cortical and cortico-cortical reactiva-
tion/replay sequences. This replay may be preferentially linked to
sleep (e.g., Diekelmann and Born, 2010; Diekelmann et al., 2011;
Hebb, 1949; Mölle and Born, 2011; Sirota et al., 2003; reviewed by
Battaglia et al., 2011), but also involves wakefulness (Carr et al.,
2011; Foster and Wilson, 2006; Karlsson and Frank, 2009).
Evidence supporting this anatomo-functional reorganization of
memories can be found in a series of experiments using brain
imaging approaches and reversible inactivation studies. These
studies show preferential engagement of the hippocampus, but not
the mPFC, during recall of recent declarative-like memories, and
the opposite pattern during recall of remote ones (e.g., Bontempi
et al., 1999; Frankland et al., 2004; Maviel et al., 2004; reviewed in
Frankland and Bontempi, 2005; Squire, 2009). Regarding remote



Fig. 8. The Re/Rh lesion prevents the formation of a remote memory for place. (A) Photograph of the water maze in which the rats were trained and tested. (B) Location of the

platform (white circle) in the water maze during the 8-day training protocol (4 trials/day). (C) Typical swim paths as recorded during a probe trial given 5 or 25 days after the

end of training in rats subjected to Re/Rh lesions before training. (D) Time spent in the target quadrant (former location of the platform) during the probe trial 5 and 25 days

post-acquisition in sham-operated control rats and rats with Re/Rh lesions (analysis of lesion location and extent showed no difference between rats tested at the delay of 5

post-acquisition days vs. those tested at that of 25 days). The * indicates a significant difference with lesion rats tested at the delay of 5 days (p < 0.001). This figure has been

drawn after Loureiro et al. (2012).
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spatial memory, however, it seems that both the mPFC and the
hippocampus remain necessary to a correct recall (Jo et al., 2007;
Lopez et al., 2012; Teixeira et al., 2006).

In a recent study combining c-Fos expression immunohis-
tochemistry, permanent lesions and reversible inactivation
approaches, Loureiro et al. (2012) assessed the effects of fiber-
sparing Re/Rh NMDA lesions on recent and remote spatial memory
in the Morris water maze. Two key findings were described. First,
as in the study by Dolleman-van der Weel et al. (2009), the lesions
did not prevent task acquisition. Second, whereas probe trial
performance was normal at a 5-day post-acquisition delay,
showing intact recent memory, there was no evidence for memory
retrieval in lesioned rats at the 25-day post-acquisition delay (see
Fig. 8), suggesting a lesion-associated disruption of the processes
that translate a recent memory into a remote one. These
observations were recently replicated in extenso in a separate
experiment (Cholvin et al., unpublished). The findings by Loureiro
et al. (2012), and similar findings by Lopez et al. (2009) after
intralaminar thalamic nuclei lesions, show that injury to nuclei of
the ‘‘non specific’’ thalamus disrupts long term memory consoli-
dation, perhaps in connection with their strong projections to the
mPFC and anterior cingulate cortex, and their influence on cortical
arousal (for a review, see e.g., Llinas and Steriade, 2006; Van Der
Werf et al., 2002). Such findings suggest a participation of these
nuclei in the hippocampo-cortical and cortico-cortical dialogue
necessary for the progressive reorganization of a memory trace at
the systems level. An alternative interpretation could of course be
that the functional engagement of ‘‘non specific’’ thalamic nuclei is
required to retrieve a remote spatial memory. This alternative
would be supported by the fact that the Re/Rh showed a dramatic
increase of c-Fos expression during the retrieval process (Loureiro
et al., 2012). However, the inactivation of the Re/Rh nuclei right
before a probe trial did not prevent correct retrieval. It is possible
that this apparently paradoxical observation could be the result of
a participation of the Re/Rh that would not be crucial to the
retrieval process. On the other hand, the system could compensate
by an alternative mechanism which becomes engaged as a
consequence of an acute and reversible functional disconnection
of the Re/Rh. Here, it is noteworthy that changes in c-Fos
expression are always identified as relative modifications in
comparison with controls (e.g., Shires and Aggleton, 2008). As such,
the kind of control is a critical point and it is not impossible that the
controls of the Loureiro et al. (2012) study did not permit an
appropriate interpretation of the increased c-Fos expression
during the memory retrieval test. Another possibility would be
that the lidocaine inactivation performed in the Loureiro et al.
(2012) experiment has produced less complete activity suppres-
sion in the Re/Rh than the lesions. In summary, the available
evidence suggests that the Re/Rh participate in the interactions
between hippocampus and mPFC involved in consolidation of
enduring memories. Their implication in the remote memory
retrieval process, however, seems minor.

In a recent publication, Xu and Südhof (2013) described a series
of experiments using a contextual fear conditioning paradigm,
wherein they identified a circuit processing specificity and
generalization of memory attributes. They found this circuit to
be composed of the mPFC, the hippocampus and the Re. In an
earlier study, Xu et al. (2012) had demonstrated in mice that the
inactivation of synaptic transmission by tetanus toxin expression
across the mPFC resulted in overgeneralization of fear memory
(i.e., mice expressed fear towards a highly degraded context, thus
indicating loss of memory specificity). In the follow-up article, Xu
and Südhof (2013) showed that the same effect could be obtained
by tetanus toxin expression in only those mPFC neurons that
project to the Re. They showed that generalization during the
subsequent formation of a remote memory was actually deter-
mined during memory acquisition, not afterwards, i.e. not once
training was complete and memory formation/consolidation had
already persisted for 2–3 days. Because Re neurons are connected
to both the mPFC and hippocampus (among other sites; see above,
Section 2), and the hippocampus plays a crucial role in processing
the details of a memory and thus its degree of specificity (Wiltgen
et al., 2010), Xu and Südhof induced overexpression of tetanus
toxin in Re neurons and obtained overgeneralization of contextual
fear memory. They additionally investigated the effects of viral
transfection-induced tetanus toxin expression in Re neurons on c-
Fos expression in the target structures. They also focused on the
effects of neuroligin 2 knockdown of Re neurons, an experimental
manipulation that increases hippocampal excitability by altering
GABA-mediated inhibition originating in the Re (e.g., Jedlicka et al.,
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2011). None of these manipulations affected baseline c-Fos
expression in the mPFC or hippocampus. However, as a conse-
quence of tetanus toxin expression, the training-triggered increase
of c-Fos was reduced in region CA1 of the hippocampus as well as
in the anterior cingulate cortex. On the opposite, it was enhanced
following neuroligin 2 knockdown. These findings indicate that Re
neurons dynamically regulate hippocampal and mPFC activity
during the acquisition of a contextual fear.

What could be the cognitive purpose of this regulation? To
answer this question, Xu and Südhof used optogenetic tools to test
the possibility that, during the acquisition phase, Re neurons, by
their activity pattern, provide the level of specificity by which
contextual fear memory will be consolidated in the long term. For
this experiment, an optical fiber was implanted such as to allow
the targeting of blue light to the Re. The channel rhodopsin-
derivative ChIEF was expressed in Re neurons, which could then
be activated by light stimulation delivered tonically (4 Hz
stimulus trains) or phasically (15-pulse stimulus bursts) during
fear conditioning. Neither stimulations had effects on fear
conditioning per se: mice acquired fear normally. These stimula-
tions, however, induced opposite changes on the specificity of a
remote fear memory. The phasic stimulation resulted in increased
fear responses towards a degraded context, and thus in a situation
which should normally not elicit fear. On the contrary, tonic
stimulation resulted in decreased freezing in the degraded
context, indicating enhanced memory specificity. Together these
findings demonstrate that the mPFC has a role in controlling
memory specificity, and that this control involves its connections
with the Re. The Re relays incoming signals from the mPFC both to
the hippocampus and back to the mPFC. The results of the study by
Xu and Südhof (2013) thus provide additional evidence for a role
of the Re in memory consolidation at the systems level, as first
demonstrated by Loureiro et al. (2012). Indeed, the activation
pattern of Re neurons during task acquisition determines the level
of detail with which the content of a memory is subsequently
constructed and stabilized at the systems level. They also
provide further support for the existence of an important
functional link between the mPFC, the Re and the hippocampus
Fig. 9. The double-H maze. Photograph showing a general picture of the testing

device as it was installed for our experiment assessing behavioral flexibility (see

Fig. 10 for an illustrated summary of the protocol used). Holding in a square of

160 cm � 160 cm and placed on a 80-cm high table, this device has been filled with

opaque water (obtained by addition of powdered milk) to about 14 cm height. For

each training session, an invisible escape platform is immerged in the water at the

extremity of a constant arm; it is removed for each of the two probe trials. For

further details about this test and protocol variants, see e.g., Cassel et al. (2012) and

Pol-Bodetto et al. (2011).

Fig. 10. Analysis of strategy shifting capabilities in the double-H maze after

reversible inactivation of the Re/Rh. (A) Time line of the experiment. After a

habituation day (0), rats were trained for two consecutive days (1,2), given a first

24 h-delayed probe trial (3), trained for two additional days to strengthen learning

(4,5) and given a second 24 h-delayed probe trial (6). On each training day they

were released from the north (N) or south (S) arm according to the indicated

sequence. Before each probe trial, rats were infused with muscimol (MSCI; 250 ng in

0.3 mL) or PBS. (B) Illustration of the configurations used during maze training. The

rats were given 4 daily trials for which they were released twice from the S and

twice from the N (in a randomized order; e.g., N,S,S,N, then S,N,N,S, then N,S,N,S. . .).

The platform was always located in the NE arm. The arm opposite to the one in

which the rats were placed at the start of a trial was always closed by a transparent

guillotine door (it corresponds to the grey-filled arm). Rats could reach the target

arm by one of both efficient response behavior (left-left or right-left turn sequences)

or learn the place, and most probably, as shown earlier (Pol-Bodetto et al., 2011),

made both in the place-response order. (C) On days 3 and 6, thirty min before each

probe trial, about half the rats were infused with MSCI in the Re/Rh, the other half

being infused with an equivalent volume of PBS as a control. For both probe trials,

rats were released from the SW arm, the NW one was closed by a guillotine door;

the platform had been removed from the device. We analyzed the capability of the

rats to shift to a response based on place memory either immediately or after having

entered the N arm. We found that in rats subjected to MSCI infusions into the Re/Rh

such a shift was impossible, as also found in rats subjected to exactly the same

protocol but given the infusions (250 ng in 1 mL) into either the mPFC or the

hippocampus (Loureiro et al., unpublished data). This figure has been adapted from

Cholvin et al. (2013).
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in neurobiological processes leading to the persistence and
precision of memories.

4.7. Strategy shifting and behavioral flexibility

In their study assessing the effects of excitotoxic lesion of the Re
in the water maze, Dolleman-van der Weel et al. (2009) showed
that the Re lesion did not prevent spatial memory retrieval in a
probe trial, but affected strategy: the rats with lesions gave up
searching for the platform earlier than controls (see above, Section
4.5). Weakened probe trial performance in a water maze has also
been found after muscimol inactivation of the Re/Rh (Cholvin et al.,
2013). In several experiments, it has been shown that alterations of
the mPFC, a major projection region of the Re/Rh, had little effects
on learning and memory functions and rather affected the ability
to shift to the correct strategy when task contingencies or
environmental conditions are modified (e.g., Block et al., 2007;
Dias and Aggleton, 2000; Oualian and Gisquet-Verrier, 2010;
Ragozzino et al., 1999, 2003). Dolleman-van der Weel et al. (2009)
discussed their finding by reference to changes in strategy shifting,
speculating that rats with Re lesions exhibited deficits of inhibitory
response control mechanisms.

We used our recently developed double-H task (Cassel et al.,
2012; Pol-Bodetto et al., 2011; see Fig. 9) to test failure in response
inhibition. Rats had to learn two escape response sequences
(right-left or left-left turns) which relied on where in the maze
they were positioned at the start of each trial (see Fig. 10). In the
course of learning, two misleading probe trials used a 60-cm shift
to the left of the start point and rats were tested for their ability to
respond to the absence of an expected platform based on simple
response strategy and to shift to a strategy based on a memory for
place. In a first experiment, we evaluated the effects of bilateral
muscimol inactivation (250 ng/side in 1 mL) of the mPFC or the
dorsal hippocampus, both of which produced identical impair-
ments: more that 80% rats first made the right-left turns, but then
failed to shift to a place search. In a second experiment using the
same task, we inactivated the Re/Rh (250 ng in 0.3 mL) and found
that these rats showed the same dramatic impairment as found
after inactivation of the mPFC or the hippocampus. We suggest
that the shift to use of memory location required by this task
engages a distributed circuit in which the mPFC provides response
shift and inhibitory mechanisms, the hippocampus provides
retrieval of place memory, while the Re/Rh may either orchestrate
dynamic interactions between the mPFC and the hippocampus or
drive the mPFC in operating the shift towards an engagement of
the hippocampus. These findings were recently confirmed in

extenso using lower doses of muscimol (i.e., 80 and 30 ng instead
of 250 ng leading to the results shown in Fig. 10: Cholvin et al.,
2013).

5. Discussion and general conclusions

Since the early demonstration by Dempsey and Morison (1942)
that low frequency stimulation of the midline thalamus resulted in
widespread synchronous activity in the cortical mantle, the
ensemble of paraventricular, parataenial, intermediodorsal,
reuniens and rhomboid nuclei has been considered a ‘‘non
specific’’ region, which together with the intralaminar nuclei,
relays brainstem-driven signals to the vast territories of the cortex.
Subsequently, neuroanatomical evidence showed that these nuclei
also had connections, and even reciprocal connections, with a
much more extensive set of structures including subcortical
structures (e.g., Herkenham, 1978). This large array of connections
most probably explains why the effects of Re or/and Rh lesions
influence functions such as feeding, metabolism, reproduction,
seasonal adaptations, and perhaps to some extent nociception. The
multiplicity and variety of these influences appears in line with the
idea that neuroanatomical connectivity and electrophysiological
observations support no functional specificity. Beside these
relatively general implications, however, these two ventral midline
nuclei are, in terms of their connectivity, ideally positioned to
influence – and perhaps coordinate – the information flow
between the mPFC and the hippocampus. The mPFC has been
found to play crucial and specific roles in encoding, attention,
working memory, executive functions and remote memory
storage/retrieval. There is equally strong evidence for a direct
role for the hippocampus in spatial memory and in the processing
and consolidation of recent declarative-like memory. The linkage
between the mPFC and the hippocampus provides a conceptual
scheme that may prove useful in better understanding the perhaps
more ‘‘specific’’ functional contributions of the Re and Rh nuclei of
the thalamus to cognitive functions.

Based on their neuroanatomical position and connectivity,
disruption of the Re/Rh nuclei is predicted to impair functions that
require both the mPFC and hippocampus. The literature concern-
ing contributions of these nuclei to cognition remains sparse. For
instance, in the study by Davoodi et al. (2011), depending on when
(pre- or post-learning, pre-recall) it was infused, tetracaine
inactivation of the Re altered both early consolidation – perhaps
even encoding – and retrieval of avoidance memory, suggesting a
contribution of the Re/Rh to both the establishment and the recall
of a memory. In a series of water maze studies, however, lesions or
inactivation of the Re did not disrupt task acquisition and at most
slightly altered performance in a probe trial without affecting the
ability to remember the learned platform location, at least under
conditions of recent memory testing, i.e., at a few days post-
acquisition (Dolleman-van der Weel et al., 2009; Loureiro et al.,
2012). These apparently discrepant outcomes lead us to believe
that it is probably too soon to propose an exhaustive and precise
list of (possibly specific) functional contributions of the Re/Rh to
cognitive operations. Obviously, these contributions encompass
aspects of motivation, various dimensions of short- or long-term
memory processes, as well as executive functions, but most
probably not attention given the sparse data available so far.
Further studies are clearly needed to investigate in depth the
cognitive role of the Re and Rh nuclei. Given their hub position
between the mPFC and the hippocampus, these nuclei could be
preferentialy recruited whenever a process requires an interaction
between the mPFC- and the hippocampus, whether the latter
occurs on-line in a given situation, as might have been the case in
our strategy-shifting experiment (Cholvin et al., 2013, Fig. 10) or in
the experiment by Xu and Südhof (2013), or off-line, as might have
been the case in our remote memory experiment (Fig. 8; see also
Loureiro et al., 2012).

Improved knowledge of Re/Rh functions may have major
clinical relevance. Indeed, beyond obvious clinical cases associated
with thalamic injury, such as the Korsakoff syndrome and thalamic
infarcts, both Alzheimer’s disease and schizophrenia present two
common disorders that may benefit from a better understanding of
the influence of neural processing that involves the still partly
enigmatic Re/Rh nuclei.
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