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Abstract

The hippocampus receives two major external inputs from the diencephalon, that is, from the
supramammillary nucleus (SUM) and nucleus reuniens (RE) of the midline thalamus. These two
afferents systems project to separate, nonoverlapping, regions of the hippocampus. Specifically,
the SUM distributes to the dentate gyrus (DG) and to CA2 of the dorsal and ventral hippocampus,
whereas RE projects to CA1 of the dorsal and ventral hippocampus and to the subiculum. SUM
and RE fibers to the hippocampus participate in common as well as in separate functions. Both
systems would appear to amplify signals from other sources to their respective hippocampal
targets. SUM amplifies signals from the entorhinal cortex (EC) to DG, whereas RE may amplify
them from CA3 (and EC) to CA1 of the hippocampus. This “amplification” may serve to promote
the transfer, encoding, and possibly storage of information from EC to DG and from CA3 and EC
to CAL. Regarding their unique actions on the hippocampus, the SUM is a vital part of an
ascending brainstem to hippocampal system generating the theta rhythm of the hippocampus,
whereas RE importantly routes information from the medial prefrontal cortex to the hippocampus
to thereby mediate functions involving both structures. In summary, although, to date, SUM and
RE afferents to the hippocampus have not been extensively explored, the SUM and RE exert a
profound influence on the hippocampus in processes of learning and memory.
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1 INTRODUCTION

Whereas much attention has been paid to the description and functional significance of
inputs to the hippocampus from the medial septum (MS) and the entorhinal cortex (EC), less
consideration has been given to the role of other major afferent systems to the hippocampus
(HF). Two prominent, but relatively unexplored, diencephalic inputs to the hippocampus are
the supramammillary nucleus (SUM) of the hypothalamus and nucleus reuniens (RE) of the

Corresponding author: Tel.: +561-297-2362; Fax: +561-297-2363, vertes@ccs.fau.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vertes

Page 2

midline thalamus. As will be described herein, an ever increasing body of evidence,
however, suggests that the SUM and RE exert a pronounced influence on the hippocampus
—which appears largely distinct for each nucleus. Differential actions of SUM and RE on
the hippocampus might be expected by the relatively complete segregation of their inputs to
HF. Specifically, the SUM distributes to the dentate gyrus (DG) and to the CA2/CA3a region
of Ammon’s horn (Haglund et al., 1984; Vertes, 1992), whereas RE projects selectively to
CAL of the dorsal and ventral hippocampus and to the ventral subiculum of HF (Varela et
al., 2014; Vertes et al., 2006; Wouterlood et al., 1990). Accordingly, SUM is more positioned
to affect early stages of hippocampal processing with projections to DG/CA2, while RE
would exert a greater influence on later stages of hippocampal circuitry, perhaps modulating
the output of HF with projections to CA1 and to the subiculum.

Presently, we will describe: (1) the direct (and indirect) connections of SUM and RE with
the hippocampus (HF), (2) the physiological effects of manipulations of these systems
(SUM and RE) on hippocampal activity, and (3) the role of SUM and RE in behavior.
Emphasis will be placed on the involvement of SUM in the generation of the hippocampal
theta rhythm, and RE as a critical interface between the medial prefrontal cortex (mPFC)
and the hippocampus in coordinating functions involving both structures.

2 SUM: ANATOMY

Several reports have shown that the SUM is a major source of afferents to the hippocampus
(Amaral and Cowan, 1980; Haglund et al., 1984; Harley et al., 1983; Leranth and Hajszan,
2007; Magloczky et al., 1994; Ohara et al., 2013; Soussi et al., 2010; Vertes, 1992; Vertes
and McKenna, 2000; Wyss et al., 1979). For instance, Amaral and Cowan (1980) initially
demonstrated that hippocampal injections of horseradish peroxidase in the monkey produced
dense retrograde cell labeling in SUM—or equivalent or even greater than that seen in the
septum with these injections. SUM fibers distribute selectively to the DG and to CA2/CA3a
of the hippocampus and terminate within the upper third of the granule cell layer and
adjacent inner molecular layer of DG and within the stratum oriens and pyramidal cell layer
of CA2/CA3a. The SUM projection to DG (and CA2) predominantly originates from the
lateral two-thirds of SUM and distributes more densely to the inner (supragranular) than to
the outer (infraganular) layer of DG (Fig. 1). Medial SUM fibers are mainly restricted to the
ventral DG, whereas those of the lateral SUM terminate in the dorsal and ventral DG but
most heavily in the dorsal DG (Vertes, 1992). Figure 1 depicts labeled fibers in the DG and
in CA2/CA3a of Ammon’s horn of the dorsal hippocampus following a PHA-L injection in
lateral SUM (Vertes, 1992).

A number of early studies reported that the SUM-DG projection was largely (or exclusively)
excitatory—or glutamatergic. This was based on the demonstration that SUM fibers lacked
markers for GABA and predominantly formed asymmetric synapses with DG cells (Kiss et
al., 2000; Magloczky et al., 1994; Stanfield and Cowan, 1984). In contrast to this, however,
recent reports have described SUM-originating GABAergic terminals in DG—or more
specifically have identified a unique subset of SUM fibers projecting to HF that contain
release sites for both GABA and glutamate (Boulland et al., 2009; Soussi et al., 2010). For
instance, Boulland et al. (2009) demonstrated that SUM fibers terminating in DG contained
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transporters for both GABA (VGAT) and glutamate (VGLUT2) which were localized to
separate vesicles and formed symmetric or asymmetric contacts, respectively, with proximal
dendrites/soma of granule cells. Confirming and extending these finding, Soussi et al. (2010)
described two distinct pathways from the SUM to DG, with differing transmitter
characteristics. One pathway originated from the lateral SUM, distributed most heavily to
the dorsal DG, and contained markers for both GABA (GADG65) and glutamate (VGLUT2).
The second system originated from the medial SUM, primarily distributed to DG and CA2/
CA3a of the ventral hippocampus and only contained VGLUT2+ terminals. Soussi et al.
(2010) speculated, for the dual transmitter system, that GABA may act as the main
transmitter in the inhibition of target cells, whereas glutamate may serve as a
neuromodulator.

Using retrograde transsynaptic viral tracers to identify first- and second-order inputs to the
dorsal or ventral DG, Ohara et al. (2013) recently showed that the SUM (as well as the MS
and EC) was a first-order input to DG and confirmed earlier findings (Soussi et al., 2010;
Vertes, 1992) that the medial SUM primarily distributes to the ventral DG and the lateral
SUM to the dorsal DG. In line with the notion that the dorsal HF is primarily involved in
spatial behaviors and the ventral HF in affective states (Fanselow and Dong, 2010), Ohara et
al. (2013) demonstrated that second-order fibers to the ventral DG (largely routed through
the medial SUM) primarily originated from “affective” structures such as the ventromedial
and dorsal hypothalamus, the preoptic area, and the infralimbic cortex (IL) cortex.

Magloczky et al. (1994) reported that SUM afferents to the hippocampus virtually
exclusively target principal cells of the HF. For example, at the light/EM level, they showed
that none of the postsynaptic targets of 68-labeled SUM boutons in HF were
immunoreactive for inhibitory transmitters. This, however, contrasts with the subsequent
findings of Nitsch and Leranth (1996) demonstrating that supramammillary calretinin-
positive fibers formed asymmetric synapses with parvalbumin-containing basket cells
bordering the granule cell layer and with calbindin-positive cells of the hilus. Nitsch and
Leranth (1996) suggested that the conflicting results probably involve the use of different
anatomical techniques—especially those used to identify nonprincipal cells of DG.

To conclude, the SUM is a major source of projections to the DG and to the CA2/CA3a
region of the hippocampus. Although initial studies indicated that SUM fibers innervating
the hippocampus were predominantly excitatory and made synaptic contact almost
exclusively with principal cells of HF, subsequent reports: (1) identified a population of
lateral SUM cells projecting to DG that contained markers for both GABA and glutamate
and (2) showed that a subset of calretinin+fibers of SUM form asymmetric connections with
nonprincipal cells of DG.

3 SUM: ELECTROPHYSIOLOGY

In a comprehensive examination of the effects of SUM and the MS on hippocampal activity,
Mizumori et al. (1989) demonstrated that prestimulation of either site (SUM or MS)

significantly enhanced perforant path (PP)-elicited population spikes at DG. With respect to
SUM, multiple lines of evidence led them to propose that the population spike enhancement
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at DG involved a SUM inhibition of inhibitory interneurons (or basket cells) of DG—and
hence a disinhibition and activation of dentate granule cells. Specifically, they demonstrated
that (1) SUM stimulation suppressed the activity of about 50% of fast firing (presumed)
interneurons of DG, (2) SUM prestimulation paired with PP stimulation (producing
potentiation) inhibited the activity of dentate interneurons, and (3) short-term paired pulse
depression of PP-elicited population spikes at DG activated dentate interneurons (Mizumori
et al., 1989).

In accord with the foregoing, Carre and Harley (1991) showed that glutamate injections into
the lateral SUM substantially increased the amplitude of PP-evoked population spikes at DG
—which often lasted for 20 min or more. More recently, Nakanishi et al. (2001)
demonstrated that SUM stimulation paired with weak tetanic stimulation of the medial PP
produced long-lasting potentiation (LTP) of population spikes at DG. It was further shown
that LTP was blocked by infusions of the GABA antagonist, picrotoxin, implicating a
GABAergic mechanism in this effect (Nakanishi et al., 2001). Conceivably, picrotoxin
reversed the inhibitory actions of GABAergic SUM fibers terminating in DG (Boulland et
al., 2009; Soussi et al., 2010), thereby activating interneurons, suppressing granule cells, and
thus abolishing LTP.

4 SUM: ROLE IN THE THETA RHYTHM

In addition to direct inputs to the hippocampus, SUM distributes to several forebrain
structures with connections to the hippocampus, that is, to the RE, the endopiriform nucleus,
the medial and lateral septum, and the EC (Vertes, 1992). SUM prominently targets the MS
and a subset of cells of the lateral SUM give rise to collateral projections to MS and DG (5-
10% of cells) as well as to MS and CA2 (3-5% of cells) (Vertes and McKenna, 2000).

The theta rhythm of the hippocampus is a large amplitude (1-2 mV) nearly sinusoidal
oscillation of 5-12 Hz in the behaving rat (Bland, 1986; Buzsaki, 2002; Pignatelli et al.,
2012; Vertes and Kocsis, 1997). It is the largest extracellular synchronous signal that can be
recorded in the mammalian brain. In their initial report describing theta and its
characteristics in the curarized rabbit, Green and Arduini (1954) showed that theta could be
readily elicited by natural sensory stimuli as well as by electrical stimulation of the
brainstem reticular formation (RF). Shortly thereafter, Petsche, Stumpf, and colleagues
(Petsche et al., 1962, 1965) demonstrated the now well-recognized finding that the MS is
critical for the generation of theta; that is, the MS contains a population of “pacemaking”
cells that drive theta of the HF (Pignatelli et al., 2012; Vertes et al., 2004). Lesions of the MS
completely abolish the theta rhythm. While it was originally thought that the brainstem RF
directly affected the MS in the elicitation of theta (Petsche et al., 1965), subsequent studies
have shown that brainstem actions on the MS are mediated by the SUM, lying between the
brainstem RF and MS (Pan and McNaughton, 2004; Vertes et al., 2004).

Specifically, it has been demonstrated that (1) the SUM receives projections from the
brainstem RF and in turn strongly targets the MS, (2) SUM contains a population of cells
that fire rhythmically synchronous with the theta rhythm (see Fig. 2), (3) electrically or
chemically induced activation of SUM drives septal pacemaking cells as well as
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hippocampal theta, and (4) the reversible suppression of SUM with procaine in anesthetized
rats disrupts the spontaneous as well as brainstem RF-elicited rhythmical bursting activity of
MS cells as well as hippocampal theta (Bland et al., 1990, 1994, 1995; Kocsis and Vertes,
1994, 1997; Oddie et al., 1994).

The notion has been developed that the SUM converts a steady (nonrhythmical) barrage of
activity from the brainstem RF into a rhythmical pattern of discharge which is then relayed
to the septum to drive MS pacemaking cells and consequently hippocampal targets in the
generation of theta. Accordingly, McNaughton and colleagues (Pan and McNaughton, 2004)
have proposed that the SUM encodes the frequency of theta and MS the amplitude of theta.
This is supported by the demonstration that suppression of SUM reduces the frequency but
not the amplitude of theta, whereas the inactivation of MS (by various methods) significantly
decreases the amplitude of theta with little effect on frequency (Kirk and McNaughton,
1993; Lee et al., 1994).

In summary, the SUM appears to have (at least) two distinct effects on the hippocampus:
direct actions at the DG and CA2 and indirect ones mediated by the MS. These two effects
may be complementary: SUM projections to DG that amplify signals from the EC to DG
may do so in conjunction with a SUM triggering of theta to thereby link these two events.
Particularly, theta is thought to promote the encoding of information in the hippocampus;
that is, signals arriving to the HF from “information-bearing” sources (e.g., EC) concurrently
with theta are encoded, whereas information reaching the HF in the absence of theta is not
encoded—or not to the same degree as that coinciding with theta (Hasselmo et al., 2002;
Vertes, 2005). Accordingly, the SUM may enhance the encoding of information in the HF by
both amplifying signals from EC to the hippocampus (DG) and timing them to occur in the
presence of theta.

5 SUM: ROLE IN LEARNING AND MEMORY

As might be expected by relatively widespread SUM projections to the limbic forebrain, the
SUM has been associated with various functions including stress, anxiety, response to
novelty, reward processes, and learning/memory (Aranda et al., 2006, 2008; Choi et al.,
2012; Ikemoto, 2005; Ikemoto and Bonci, 2014; Ito et al., 2009; Shahidi et al., 2004a,b).
Perhaps owing to the strong SUM projections to the septum and the hippocampus,
disruptions of SUM have been shown to severely impair learning/memory over a range of
tasks. Although an early report described minor effects on memory with SUM lesions (Pan
and McNaughton, 2002), which may have resulted from the rather incomplete destruction of
SUM (see Shahidi et al., 2004b), several subsequent studies have demonstrated quite
pronounced deficits following lesions/inactivation of the SUM.

In an initial study, Shahidi et al. (2004a) showed that the reversible inactivation of SUM with
lidocaine produced marked deficits in consolidation of a passive avoidance task.
Specifically, lidocaine, given 5 min following acquisition, but not after 90 or 360 min,
disrupted performance on the task. Shahidi et al. (2004b) subsequently demonstrated that
suppressing SUM altered performance on spatial reference memory (RM) and working
memory (WM) tasks on the water maze; that is, disrupting consolidation on the RM task and
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both consolidation and retrieval on the WM task. Supporting this, electrolytic lesions
(Aranda et al., 2006) or the reversible inactivation of SUM (Aranda et al., 2008) impaired
spatial WM on a delayed-matching-to-position task. It was further reported (Aranda et al.,
2006) that SUM lesions produced anxiolytic effects on an elevated T-maze. The latter
finding is consistent with the demonstration of elevated levels of c-fos expression in SUM to
novel environments (Ito et al., 2009; Wirtshafter et al., 1998), and results showing that select
populations of SUM cells projecting to HF are affected by immaobilization stress (Choi et al.,
2012).

Finally, Gutiérrez-Guzman et al. (2012) recently demonstrated that the selective elimination
of serotonergic fibers to SUM impaired performance on a water maze task which was
accompanied by a disruption of the hippocampal theta rhythm. The authors had previously
shown (Gutiérrez-Guzman et al., 2011) that the effect of serotonergic (5-HT) denervation of
the hippocampus was the opposite to that at SUM; that is, it produced a facilitation of spatial
learning, associated with high frequency theta. Based on the established link between theta
and memory processing (Buzsaki, 2002; Hasselmo et al., 2002; Vertes, 2005), the authors
proposed that manipulations that enhance theta activity, such as blocking 5-HT actions on
the septum/hippocampus, promote learning, whereas those that disrupt theta (e.g., removing
5-HT input to SUM) impair learning/memory (Olvera-Cortés et al., 2013).

In summary, the foregoing indicates that the SUM, via direct or indirect actions on the
hippocampus, serves a critical role in mnemonic processes as demonstrated by deficits in
learning/memory (over a range of tasks) seen with lesions/inactivation of SUM.

6 RE: ANATOMY

The RE lies ventrally on the midline directly above the third ventricle and extends
longitudinally virtually throughout the thalamus. RE is the largest of the midline nuclei of
the thalamus (Cassel et al., 2013; Vertes et al., 2006, 2015a).

While, as will be discussed, the output of RE is somewhat restricted, mainly targeting
“limbic cortices” and the hippocampus, afferents to RE are diverse and widespread,
originating from the cortex, hippocampus, basal forebrain, amygdala, hypothalamus, and
brainstem (Cassel et al., 2013; Herkenham, 1978; Krout et al., 2002; McKenna and Vertes,
2004; Vertes, 2002). Specifically, RE receives projections from several regions of the
(limbic) cortex including the orbitomedial, insular, ectorhinal, perirhinal, and retrosplenial
cortices and the hippocampus, and also from various subcortical structures which include the
claustrum, lateral septum, bed nucleus of the stria terminalis (BST) and medial, lateral, and
magnocellular preoptic nuclei of the basal forebrain; the lateral habenula, paraventricular,
and lateral geniculate nuclei of the thalamus; the zona incerta, anterior, ventromedial, lateral,
perifornical, posterior, SUM, and dorsal premammillary nuclei of the hypothalamus; and the
ventral tegmental area, periaqueductal gray, precommissural nucleus, parabrachial nuclei,
laterodorsal tegmental nucleus, and the dorsal and median raphe nuclei of the brainstem
(Krout et al., 2002; McKenna and Vertes, 2004; Van der Werf et al., 2002). Although inputs
to each of the midline thalamic nuclei have not been examined as thoroughly as those to RE,
it appears that afferents to RE are considerably more diverse and widespread than those to
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other nuclei of the midline thalamus (Groenewegen and Witter, 2004; Van der Werf et al.,
2002; Vertes et al., 2015a).

As alluded to previously, RE distributes substantially to limbic cortices and to the
hippocampus, with limited projections to subcortical sites. The main cortical targets of RE
are the medial and ventral orbital cortices, the IL, prelimbic (PL), and anterior cingulate
cortices of the mPFC, the dorsal, and ventral agranular insular cortices, rostral retrosplenial
cortex, perirhinal cortex, and the medial and lateral entorhinal cortices (Berendse and
Groenewegen, 1991; Cassel et al, 2013; Dolleman-Van der Weel and Witter, 1996; Van der
Werf et al., 2002; Varela et al., 2014; Vertes et al., 2006, 2007; Wouterlood, 1991). As
recognized early on (Herkenham, 1978) and subsequently confirmed, RE projects massively
and in a highly organized manner to the hippocampus (Fig. 3). RE is the predominant, or
virtually sole, source of thalamic input to the hippocampus. RE fibers innervating the
hippocampus terminate selectively in the stratum lacunosum-moleculare (sim) of CAl of the
dorsal and ventral hippocampus as well as the molecular layer of the subiculum and
parasubiculum (Vertes et al., 2006; Wouterlood et al., 1990). This pattern of labeling is
depicted in Fig. 3. RE axons form asymmetric (excitatory) contacts predominantly on distal
dendrites of pyramidal cells in sim of CA1 and the subiculum (Wouterlood et al., 1990) and
to a lesser degree on dendrites in sim of GABAergic neurons located in the strata oriens or
radiatum of CA1 (Dolleman-Van der Weel and Witter, 2000). Wouterlood et al. (1990)
remarked that “Without exception, the synaptic membrane specializations (of RE terminals
in CAl/subiculum) are of the asymmetric type.” There is an essential absence of RE
projections to CA2 and CA3 and to the DG of the hippocampus.

While, as indicated, RE distributes fairly widely throughout “limbic cortices,” projections to
the mPFC, especially to IL and PL, are pronounced (Cassel et al, 2013; Vertes et al., 2006,
2015b). This, in part, has led to the examination of RE cells with possible collateral
projections to the mPFC and to the hippocampus. In an initial report, using retrograde
fluorescent techniques, Hoover and Vertes (2012) demonstrated that approximately 3-9% of
RE cells projected, via collaterals, to the HF and mPFC. Figure 4 shows representative
samples of retrogradely double-labeled cells in RE following injections of Fluorogold in the
mPFC and Fluororuby in the ventral hippocampus (Hoover and Vertes, 2012). Although
such cells (collateralizing) were rather dispersed throughout RE, they were most numerous
in the lateral one-third of RE, just medial to the lateral wings of RE. It was further shown
that, while intermingled, RE neurons projecting to one structure or to the other (non-
branching) were preferentially localized to distinct subregions of RE; that is, cells projecting
to the mPFC were concentrated in the lateral wings of RE (or perireuniens nucleus), while
those distributing to the hippocampus were most abundant in the rostral pole of RE. Finally,
an approximately 10-fold greater number of RE cells projected to the ventral than to the
dorsal hippocampus (Hoover and Vertes, 2012).

In accord with the foregoing, Varela et al. (2014) reported that on average 8% of RE cells,
spanning the rostrocaudal axis, gave rise to collateral projections to the hippocampus and to
the ventral mPFC. Interestingly, they further showed that only about 1% of hippocampal
neurons (of the subiculum) projected dually (via collaterals) to RE and to the mPFC. It was
suggested that RE cells with branching projections to the hippocampus and to the mPFC
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may play a critical role in systems consolidation of memory or in the synchronization of the
theta rhythm during exploratory behaviors (Varela et al., 2014).

While it is well recognized that the hippocampus strongly targets the mPFC (Carr and
Sesack, 1996; Ferino et al., 1987; Hoover and Vertes, 2007; Jay and Witter, 1991),
interestingly there are no return projections from the mPFC to the hippocampus (Laroche et
al., 2000; Vertes, 2004). The demonstration, however, of dense projections from the mPFC
to RE, and, in turn, from RE to the hippocampus (Vertes, 2002; Vertes et al., 2006) suggests
that RE may be a principal route for the transfer of information from the mPFC to the
hippocampus—thus completing an important functional loop between these structures.
Supporting this, at the ultrastructural level, mPFC fibers distributing to the RE have been
shown to form asymmetric (excitatory) contacts on proximal dendrites of RE cells projecting
to the hippocampus (Fig. 5; Vertes et al., 2007). As will be discussed, there is developing
view that reuniens is most directly involved in functions that depend on the interactions of
the mPFC and the hippocampus. Accordingly, the loop from the mPFC to the hippocampus
through RE (mPFC>RE>HF) appears critical in mediating the actions of the mPFC on the
hippocampus for a range of behaviors (see below).

7 RE: ELECTROPHYSIOLOGY

While several recent reports have described the functional properties of RE, surprisingly few
studies have examined the electrophysiological characteristics of RE neurons or the effects
of their activation (or suppression) on target structures. Nonetheless, consistent with marked
RE projections to the HF and mPFC, reuniens has been shown to exert strong excitatory
actions at CA1 of the hippocampus and at the mPFC (Bertram and Zhang 1999; Dolleman-
Van der Weel et al., 1997; Viana Di Prisco and Vertes, 2006). Dolleman-Van der Weel et al.
(1997) demonstrated that RE stimulation produced large negative-going field potentials
(sink) at sim of CAL as well as paired pulse facilitation at CA1. Bertram and Zhang (1999)
subsequently compared the effects of RE and CA3 stimulation on population responses
(field EPSPs and spikes) at CA1 and reported that RE actions at CA1 were equivalent to,
and in some cases considerably greater than, those of CA3 at CAL. They concluded that the
RE projection to the hippocampus “allows for the direct and powerful excitation of the CA1
region. This thalamohippocampal connection bypasses the trisynaptic/commissural pathway
that has been thought to be the exclusive excitatory drive to CA1” (Bertram and Zhang,
1999). Viana Di Prisco and Vertes (2006) confirmed the excitatory effects of RE on the
hippocampus and further showed that RE stimulation produced large monosynaptically
elicited evoked responses dorsoventrally throughout the mPFC, with most pronounced
actions (latency and amplitude) at the ventral mPFC—or at PL and IL.

In recent studies, Lisman and colleagues (Duan et al., in press; Lisman et al., 2010; Zhang et
al., 2012a,b) provided evidence that RE is a critical component of a complex circuitry which
may contribute to schizophrenia—or a circuitry that is central to the glutamate/NMDA
receptor (NMDAR) hypofunction model of schizophrenia (Coyle, 1996, 2006; Javitt and
Zukin, 1991). More specifically, several symptoms of schizophrenia, notably abnormal delta
frequency oscillations in the cortex, are produced by systemic or intrathalamic infusions of
NMDA antagonists (Buzsaki, 1991; Zhang et al., 2012a). In this regard, Zhang et al. (2012a)
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showed that the systemic administration of the NMDAR antagonist, ketamine, increased the
firing rate of neurons in RE and in CA1 of the hippocampus of awake rats, together with an
associated increase in the power of delta oscillations in both structures. The increases in
neuronal firing and delta power in RE and HF were also produced by intra-RE infusions of
ketamine and were blocked by injections of muscimol into RE. The foregoing suggests a
vital role for RE in ketamine-induced (or NMDA antagonist-induced) hyperactivity and
delta oscillations in HF—two hallmarks of schizophrenia (Boutros et al., 2008; Fehr et al.,
2001; Lodge and Grace, 2007, 2011). In a recent report, using optogenetic techniques, Duan
et al. (in press) showed that driving RE fibers at their termination in the dorsal hippocampus
at delta frequencies significantly impaired performance on a WM task. As was convincingly
demonstrated, activating RE fibers at delta frequencies (light-on condition) severely altered
performance, whereas in the absence of such activation (light-off condition) performance
was normal.

As was described, RE fibers distributing to CA1 of the hippocampus terminate in slm of
CAL (Vertes et al., 2006, 2015b; Wouterlood et al., 1990). It is also the case (Cappaert et al.,
2015; Desmond et al., 1994) that projections from layer 111 of the medial and lateral EC to
CAL terminate in the sim—or on distal apical dendrites of CA1 cells. The convergence of
RE and EC inputs to slm suggests that the sim may be an important site for the interactions
of these two systems in the modulation/control of CA1 activity. In this regard, Desmond et
al. (1994) drew key similarities between these two sets of afferents to sim of CA1 stating
that “The n. reuniens and entorhinal cortical synapses in CA1 share a number of features,
e.g., the small size of their axons, the spherical synaptic vesicles filling the presynaptic
element, and the asymmetric synaptic contracts.”

Whereas the precise nature of interactions of RE and EC inputs to CAL is presently
unknown, possible insight is gained by examining the interactive effects of CA3 and
entorhinal (PP) afferents to CA1 (Takahashi and Magee, 2009). For instance, Takahashi and
Magee (2009) described the important findings that the coactivation of Schaffer collateral
(SC) and PP input to stratum radiatum and to sim of CAL, respectively, produced supralinear
depolarizing responses (EPSPs) at distal dendrites of CA1 cells—or plateau potentials. In
effect, they stated, “the distal dendrites of CA1 pyramidal neurons supralinearly summate
moderate levels of SC and PP input through the generation of a large prolonged plateau
potential.” The plateau potentials were dependent on the timing of afferent input to back
propagating action potentials in the distal dendrites (slm) of CA1 cells—with the consequent
recruitment of voltage-gated calcium channels and NMDARs (Larkum et al., 1999;
Takahashi and Magee, 2009). The dendritic plateau potentials, in turn, gave rise to a large
after-depolarization of CA1 neurons, a shift from single spiking to a bursting pattern of
discharge of these cells, and importantly to the long-term potentiation (LTP) of the PP input
to sim.

Among other things, the foregoing demonstrates that inputs to distal apical dendrites of CAl
cells from CA3 and the EC summate to modify the firing pattern of CA1 cells (favoring
bursts) as well as the efficacy of the PP-CAL synapse, supporting LTP. As pointed out by
Takahashi and Magee (2009), the combined effects signal to downstream regions that “there
exists a certain level of coactivity among specific entorhinal and CA3 ensembles.”
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In a similar manner, it seems likely that reuniens and layer 111 entorhinal inputs to sim may
interact in basically the same way (and employ similar mechanisms) as shown for SC and
PP inputs to distal dendrites of CA1 cells. Specifically, the coincident activation of RE and
EC inputs to CAL could enhance the effectiveness of entorhinal afferents to CAL, possibly
shifting CA1 cells into a burst mode with associated long-term changes (LTP) at the
entorhinal-CA1 synapse.

8 RE: ROLE IN LEARNING AND MEMORY

A number of recent reports have described the effects of lesions/inactivation of RE on
behavior (Cholvin et al., 2013; Davoodi et al., 2009, 2011; Dolleman-Van der Weel et al.,
2009; Eleore et al., 2011; Hallock et al., 2013; Hembrook and Mair, 2011; Hembrook et al.,
2012; Ito et al., in press; Loureiro et al., 2012; Mitchell et al., 2014; Prasad et al., 2013;
Saalmann, 2014; Xu and Sudhof, 2013). While a consensus has not been reached, it appears
that RE (or RE and the dorsally adjacent rhomboid nucleus (RH)) is critically involved in
behaviors that depend on interactions between the hippocampus and the mPFC.

For instance, Hembrook and Mair (2011) initially showed that RE/RH lesions significantly
altered performance on a delayed nonmatch to sample radial arm maze task which is
sensitive to damage to the HF or to the mPFC (Mair et al., 1998; McDonald and White,
1993; Porter and Mair, 1997), but were without effect on a visuospatial reaction time task
sensitive to alterations of the striatum or the motor cortex. Hembrook et al. (2012)
subsequently examined the effects of reversible inactivation of RE/RH: (1) on a delayed
nonmatch to position task in an operant chamber sensitive to lesions of the hippocampus or
the mPFC and (2) on a variable choice radial maze delayed nonmatching task responsive to
hippocampal but not to mPFC lesions (Porter et al., 2000). RE/RH inactivation significantly
disrupted performance on the delayed nonmatch to position task but not on the radial maze
task. The authors concluded that “RE and RH affect measures of spatial WM that depend on
interactions between the hippocampus and the mPFC, but not measures that depend on the
hippocampus alone” (Hembrook et al., 2012).

Using a different set of tasks, Cassel and colleagues similarly concluded that RE/RH
selectively participate in functions requiring the cooperative actions of the hippocampus and
the mPFC (Cassel et al., 2013; Cholvin et al., 2013; Loureiro et al., 2012). Specifically,
lesions of RE/RH had no effect on either the acquisition or short-term retention (5-day
postacquisition) of a water maze task but disrupted long-term retention (25 days) on the task
(Loureiro et al., 2012). As was pointed out, recent memory (5 days) involves the
hippocampus, whereas remote memory (25 days) enlists both the hippocampus and the
mPFC (Broadbent et al., 2006; Clark et al., 2005; Lopez et al., 2012; Teixeira et al., 2006).
In a follow-up report, Cholvin et al. (2013) compared the effects of selective inactivation of
the hippocampus, the mPFC, or the RE/RH on a standard water maze task and on a “double-
H” water maze task that places demands on both the hippocampus (place identification) and
the mPFC (strategy shifting) for successful completion. Only hippocampal inactivation
impaired performance on the standard water maze task, whereas inactivation of the
hippocampus, mPFC, or the RE/RH disrupted performance, and to a similar degree, on the
double-H water maze task. According to the authors, the hippocampus serves a recognized
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role in spatial memory, the mPFC in set shifting, and RE/RH may act “as the coordinator of
this processing” (Cholvin et al., 2013).

Finally, Hallock et al. (2013) compared the effects of RE/RH suppression on two versions of
a conditional discrimination T-maze task: one involving a WM component and the other not.
RE/RH inactivation severely disrupted performance on the WM, but not on the conditional
discrimination, version of the task, leading the authors to conclude that RE/RH is a
necessary component of WM performance which is “thought to depend on the
hippocampal—prefrontal circuit.”

As described, the hippocampus projects significantly to the mPFC, but there are no return
from the mPFC to the hippocampus (Hoover and Vertes, 2007; Laroche et al., 2000; Vertes,
2004). In the absence of direct actions of the mPFC on the HF, reuniens appears to serve as a
critical functional link between these structures. Accordingly, deficits in tasks which
reportedly involve interactions between the mPFC and hippocampus may mainly result from
interrupting the flow of information from the mPFC to the hippocampus with RE lesions. In
this regard, two recent reports have demonstrated that RE is vital for routing information
from the mPFC to the HF in memory-associated functions (Ito et al., in press; Xu and
Sudhof, 2013).

Using an impressive combination of tracing, viral vector, optogenetic, and
electrophysiological techniques, Xu and Sudhof (2013) described an mPFC-RE-
hippocampal circuit responsible for fear memory specificity and generalization. More
precisely, in a series of experiments, they demonstrated how altering the balance of activity
within this circuit affects responses to fearful stimuli—along a specificity—generalization
continuum. The authors had previously shown that disruption of the mPFC led to an
overgeneralization of fear memory (Xu et al., 2012) and proceeded to examine the circuitry
responsible for this effect (Xu and Sudhof, 2013). Using viral tracing techniques, they
confirmed previous demonstrations that the mPFC (mainly IL and PL) distributes massively
to RE, and that the medial PFC also sends strong projections to other subcortical sites,
prominently, the mediodorsal nucleus (MD) of thalamus and the striatum (Vertes, 2002,
2004). Focusing then on these three sites (RE, MD, striatum), they showed that the
disruption of mPFC projections to RE, but not to the other two structures, produced an
overgeneralization of contextual fear memory—comparable to that seen with alterations of
the mPFC. Following this, they demonstrated that suppressing (with toxins) or enhancing the
output of reuniens produced either an overgeneralization or a reduction of contextual fear
memory (respectively) which was associated with decreases or increases in levels of c-fos
expression in CAL of the hippocampus. Finally, they demonstrated that two differing
patterns of RE stimulation had opposite effects on fear memory; that is, phasic stimulation
(15 pulses/30 Hz) produced an overgeneralization of fear memory, whereas tonic stimulation
(4 Hz) reduced fear generalization. The phasic stimulation may have disrupted RE-
hippocampal communication, much like toxins applied to RE (see above), thus similarly
resulting in an overgeneralization of contextual fear memory. In summary, the combined
findings indicate a critical role for RE in the processing of fear memory/memory in the HF
—or as the authors concluded that reuniens “determines the specificity and generalization of
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memory attributes to a particular context by processing information from the mPFC en route
to the hippocampus” (Xu and Siidhof, 2013).

In a similar vein, Ito et al. (in press) recently demonstrated that information transferred from
the mPFC to hippocampus via RE is essential for goal-directed spatial coding. Specifically,
it had previously been shown that place cells in CA1 of the hippocampus not only code for
location (place) but acquire the capacity for signaling future paths to remembered goals
(Catanese et al., 2014; Frank et al., 2000; Pfeiffer and Foster, 2013; Wood et al., 2000). For
instance, CAL1 cells were found to fire differentially in the central stem of a continuous T-
maze (i.e., before the choice point) dependent on whether a rat makes a left or right turn in
the maze (Wood et al., 2000). In essence, the discharge of these CA1 cells predicted
intended movement toward a goal—or displayed “trajectory-dependent” firing
characteristics. Ito et al. (in press) addressed the process whereby CA1 cells acquired this
property. They initially showed that CA1 contained a large percentage of “trajectory-
dependent” neurons, which contrasted with few such cells in CA3—which was attributed to
the fact that RE projects to CA1 but not to CA3 of the hippocampus (Cassel et al., 2013;
Vertes et al., 2006, 2015b, Wouterlood et al., 1990). They then identified significant
populations of trajectory-dependent neurons in both the RE and the medial PFC (see also
Baeg et al., 2003; Fujisawa et al., 2008), and proceeded to show that the irreversible (with
ibotenic acid lesions) or the reversible (with optogenetic techniques) inactivation of RE
reduced the trajectory-dependent firing of CA1 cells. Finally, by comparing the activity of
mPFC, RE, and CAL neurons during correct and incorrect choices on the T-maze, Ito et al.
(in press) demonstrated that firing predicted the successful choice for correct trials
(prospective coding), but not for the incorrect trials—wherein activity instead reflected the
previous choice on the maze (retrospective coding). Based on their findings, the authors
concluded that “projections from mPFC, via the RE, are crucial for representation of the
future path during goal-directed behavior and point to the thalamus as a key node in
networks for long-range communication between cortical regions involved in navigation”
(Ito et al., in press).

9 CONCLUSION

As described herein, the hippocampus receives two major extrinsic inputs from the
diencephalon: from the supramammillary nucleus and the nucleus reuniens of the midline
thalamus. Interestingly, these two afferents systems project to separate or nonoverlapping
regions of the hippocampus. Specifically, the SUM distributes to the DG and to CA2 of the
hippocampus, whereas RE projects selectively to the sim of CA1 of the dorsal and ventral
hippocampus and to the molecular layer of the subiculum. With the exception of a restricted
SUM input to CA3a, both systems essentially avoid CA3.

The pattern of distribution of SUM and RE fibers to the HF suggests shared as well as
separate effects on hippocampal activity. Regarding their common effects, both systems
appear to amplify signals from other sources to their respective targets in the HF; that is,
SUM amplifies signals from the EC to DG, whereas RE may amplify them from CA3 and
EC to CAL of the hippocampus. This process may promote the transfer, encoding, and
possibly storage of information from EC to DG (SUM) or from CA3/EC to CA1 (RE).
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Regarding the unique actions of the two systems, the SUM is an integral part of an
ascending brainstem—diencephalo—septohippocampal system controlling the hippocampal
theta rhythm, whereas RE serves a critical role in the transfer of information from the mPFC
to the hippocampus, mediating behaviors involving both structures.

In summary, although SUM and RE inputs to the hippocampus have been less explored than
other major afferents to the hippocampus, the SUM and RE exert a pronounced influence on
the activity of the hippocampus. Lesions/inactivation of either system severely disrupts
hippocampal-dependent processes of learning and memory, particularly allocentric spatial
working memory.
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FIGURE 1.
(A) Low-power and (B) high-power darkfield photomicrographs of transverse sections

through the dorsal hippocampus showing the patterns of labeling produced by a PHA-L
injection in the lateral supramammillary nucleus. Panel (B) taken from panel (A). Note the
dense labeling within the granule cell layer of the dentate gyrus (DG), slightly stronger in
the dorsal than the ventral blade (straight arrow) of DG, and labeling confined to CA2/CA3a
of Ammon’s horn. CA3a, field CA3a of Ammon’s horn; DG, dentate gyrus; pyr, pyramidal
cell layer of CA1 of Ammon’s horn.
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FIGURE 2.
Burst properties of neurons of the mammillary bodies (MB) (A) and the supramammillary

nucleus (SUM). (B) during theta (middle traces) and non-theta (right traces) states of the
hippocampal EEG in the anesthetized rat. Note that both MB and SUM cells discharge
rhythmically in bursts synchronous with the theta rhythm (produced by a tail pinch) but
nonrhythmically in the absence of theta (rest). Whereas the theta burst discharge of MB cells
is dependent on descending input from the hippocampus to MB via the fornix, the theta
rhythmical activity of SUM cells involves the ascending actions of the brainstem reticular
formation on SUM (see Vertes et al., 2004 and text).
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FIGURE 3.
Low-magnification darkfield photomicrographs showing patterns of labeling in the dorsal

(A) and ventral hippocampus (B) and (C) produced by an injection of PHA-L in nucleus
reuniens of the midline thalamus. Note the dense concentration of labeled fibers restricted to
the stratum lacunosum-moleculare of CA1 of the dorsal (A) and ventral (B) hippocampus
and the molecular layer of the ventral subiculum (C). CA1, field CA1 of Ammon’s horn;
CB, cingulum bundle; ECI, lateral entorhinal cortex; OC, occipital cortex; RSC, retrosplenial
cortex; SUBYV, ventral subiculum; TE, temporal cortex. Scale bar for (A) = 600 um and for
(B) and (C) = 1000 um.
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FIGURE 4.
Photomicrographs depicting single- and double-labeled cells in the nucleus reuniens

following Fluorogold (FG) injections in the medial prefrontal cortex and Fluororuby (FR)
injections in the ventral hippocampus for two rats (A—C) and (D-F). (A) and (D) show FG-
labeled cells (green (gray in the print version)), (B) and (E) show FR-labeled neurons (red
(dark gray in the print version)), and (C) and (F) (open arrows in all panels) show double-
labeled cells (yellow (white in the print version)) for each case. Scale bars = 20 pm.
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FIGURE 5.
Series of electron micrographic sections through the nucleus reuniens of the midline

thalamus (a—d) showing asymmetric contacts of a single PHA-L-labeled (F) fibers from the
medial prefrontal cortex onto a labeled dendritic shaft, identified by the presence of
numerous silver intensified gold deposits (arrows in D) of a RE cell retrogradely from a
Fluorogold injection in the ventral hippocampus. Note also the presence of asymmetric
contacts of an unlabeled fiber (A) on the same labeled dendrite segment (D). Scale bar = 1
pm.
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