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Abstract

This review brings together current knowledge from tract tracing studies to update and reconsider those limbic connections initially highlighted by
Papez for their presumed role in emotion. These connections link hippocampal and parahippocampal regions with the mammillary bodies, the anterior
thalamic nuclei, and the cingulate gyrus, all structures now strongly implicated in memory functions. An additional goal of this review is to describe
the routes taken by the various connections within this network. The original descriptions of these limbic connections saw their interconnecting
pathways forming a serial circuit that began and finished in the hippocampal formation. It is now clear that with the exception of the mammillary
bodies, these various sites are multiply interconnected with each other, including many reciprocal connections. In addition, these same connections
are topographically organised, creating further subsystems. This complex pattern of connectivity helps explain the difficulty of interpreting the
functional outcome of damage to any individual site within the network. For these same reasons, Papez’s initial concept of a loop beginning and ending
in the hippocampal formation needs to be seen as a much more complex system of hippocampal-diencephalic-cingulate connections. The functions
of these multiple interactions might be better viewed as principally providing efferent information from the posterior medial temporal lobe. Both
a subcortical diencephalic route (via the fornix) and a cortical cingulate route (via retrosplenial cortex) can be distinguished. These routes provide
indirect pathways for hippocampal interactions with prefrontal cortex, with the preponderance of both sets of connections arising from the more
posterior hippocampal regions. These multi-stage connections complement the direct hippocampal projections to prefrontal cortex, which principally
arise from the anterior hippocampus, thereby creating longitudinal functional differences along the anterior-posterior plane of the hippocampus.
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The limbic cortex, the limbic system,
and the circuit of Papez

Just as the Latin word for border or edge (‘limbus’) has given us
the term ‘limbo’ (that region bordering hell), so it has given us
the term ‘limbic cortex’ for the cortex bordering the neocortical
mantle (Broca, 1878; Da Silva et al., 1990; Pessoa and Hof,
2015). The ‘grand lobe limbique’ of Broca (1878) included the
parahippocampal gyri, the underlying hippocampus, as well as
the cingulate and subcallosal gyri. The subsequent notion that
these structures and their interconnections play a vital role in
emotion is often traced back to the work of James Papez. In ‘A
proposed mechanism of emotion’, published 80 years ago, Papez
(1937) tackled the daunting task of bringing together behavioural
and anatomical knowledge to formulate a neuroscientific model
of our emotions. With more than 3000 citations (Google Scholar),
the remarkable impact of Papez’s ideas continues (Pessoa and
Hof, 2015).

At the heart of Papez’s model was a set of serial connections
linking the hippocampus with the hypothalamus, thalamus,

cingulate cortex, and back again to the hippocampus (Figure 1).
The resulting circuit was thought to support and sustain emo-
tions. While this model involved the limbic cortex of Broca, it
also included key, subcortical connections within the diencepha-
lon. Building on Papez’s ideas, Paul MacLean (1949, 1952)
introduced the term ‘limbic system’. This term referred to the set
of structures highlighted by Papez, but included other sites, such
as the amygdala. It is MacLean’s concept of a ‘limbic system’
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Figure 1. Traditional depiction of Papez circuit. The arrows show the

direction of each set of connections.
MTT: mammillothalamic tract.

that has stuck, despite its many shortcomings (Isaacson, 1992;
Kétter and Meyer, 1992; Roxo et al., 2011). The significance of
this concept is seen in the way that limbic system connections are
now regarded as vital for emotion, memory, personality, and nav-
igation. At the same time, disruptions to these connections have
been linked with numerous disorders including schizophrenia,
autism, depression, obsessive-compulsive disorders, amnesia,
mild cognitive impairment, and Alzheimer’s disease (Aggleton
and Brown, 1999; Dalgleish, 2004; Small et al., 2011).

The purpose of this review is to re-examine those connections
initially described by Papez. These core limbic connections,
which are typically placed within a larger limbic system (Catani
et al., 2013; Livingston and Escobar, 1971; Rolls, 2015), have
particular importance for memory and spatial functions (Aggleton
and Brown, 1999; Ranganath and Ritchey, 2012; Rolls, 2015;
Vann et al., 2009a). Over time, this particular set of connections
has been given a variety of names including Papez circuit
(Teuber, 1955; Van der Horst, 1951), the Delay and Brion circuit
(after Delay and Brion, 1969), the medial limbic system
(Livingston and Escobar, 1971), the extended hippocampal sys-
tem (Aggleton and Brown, 1999), the posterior medial temporal
system (Ranganath and Ritchey, 2012), the hippocampal—dience-
phalic network and the parahippocampal-retrosplenial network
(Catani et al., 2013), and the hippocampal limbic system (Rolls,
2015). None of these titles is ideal so we will use the term ‘hip-
pocampal—diencephalic—cingulate network’, which reflects the
key components but does not give a special weighting to just one
structure.

This set of limbic connections is often thought to begin in the
hippocampus (Shah et al., 2012). This notion reflects Papez’s
(1937) original proposal that

“The central emotive process of cortical origin may then be
conceived as being built up in the hippocampal formation and
as being transferred to the mammillary body and thence
through the anterior thalamic nuclei to the cortex of the gyrus
cingula.” (p. 91)

Papez’s ideas were further strengthened when later tract trac-
ing studies in animals confirmed that the direct hippocampal pro-
jections to the mammillary bodies (via the fornix) are solely
efferent, as are the projections from the mammillary bodies to the
anterior thalamic nuclei (via the mammillothalamic tract). These
discoveries encouraged the idea of a return hippocampal loop that
sequentially involved the diencephalon and cingulate cortex.

The following sections describe this hippocampal—dience-
phalic—cingulate network in rat, macaque (rhesus and cynomolgus
monkeys), and human brains. Where possible, the routes taken by
the various connections are described to help explain the effects of
tract disconnections. It emerges that while the connections com-
prising Papez original ‘circuit’ exist as substantial pathways, there
are also additional, parallel connections, as well as return projec-
tions. Together, these connections create a more complex limbic
network than that often described. It should finally be added that
the individual structures within this network all have numerous,
additional connections beyond these limbic pathways, but these
extra connections are not the focus of this review.

The rat hippocampal-diencephalic-
cingulate network

Throughout this review, the term ‘hippocampus’ includes the
subiculum. Adjacent to the subiculum, the postsubiculum is
treated as a distinct area (Van Groen and Wyss, 1990c), even
though it can be regarded as part of the presubiculum (Van Strien
et al., 2009). The rat hippocampus has a ventral (‘temporal’) and
dorsal (‘septal’) division (Figure 2). The rat ventral and dorsal
hippocampus are, respectively, homologous with the primate
anterior and posterior hippocampus (Strange et al., 2014). In
addition to its long axis, the hippocampus has a medial-lateral
axis, in which the ‘proximal’ subiculum borders CA1 while the
‘distal” subiculum borders the presubiculum (Figure 2). The ‘par-
ahippocampal region’ consists of the presubiculum, postsubicu-
lum, parasubiculum, entorhinal cortex, perirhinal cortex (areas
35 and 36), as well as areas TH and TF (designated postrhinal
cortex in the rat; Witter and Wouterlood, 2002). The connections
within this network will be described in the sequence given by
Papez (1937), but with new additions along the way.

Hippocampus to mammillary bodies

These projections do not arise from the hippocampal CA fields.
Rather, it is the subiculum, along with the presubiculum and post-
subiculum, that provides the direct hippocampal efferents to the
mammillary bodies (Allen and Hopkins, 1989; Meibach and
Siegel, 1975; Swanson and Cowan, 1977; Wright et al., 2010).
These subicular efferents all join the fornix before descending in
the postcommissural fornix (i.e. the division of the fornix that
descends behind the anterior commissure), with some fibres
crossing in the columns of the fornix to reach the mammillary
bodies in the opposite hemisphere.

The hippocampal projections to the mammillary bodies are
topographically organised. The inputs to the medial mammillary
nucleus arise from the mid-cell layer across the proximal—distal
plane of the subiculum (Christiansen et al., 2016b; Naber and
Witter, 1998), while the projections to the lateral mammillary
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Figure 2. Nissl-stained coronal sections from the rat (left column) and macaque monkey (right column) showing most of the structures that
comprise the hippocampal-diencephalic-cingulate network. The anterior thalamic nuclei are at the top, the hippocampus and parahippocampal
region are in the middle, while the mammillary bodies are at the bottom. Left: The labels ‘Deep-Superficial’, ‘Distal-Proximal’, and ‘Septal-Temporal’

depict the three planes within the hippocampus. Scale bars=500pm. Right: Sections from a monkey (Macaca fascicularis). Scale bars=1000 pum.

AD: anterodorsal nucleus; AM: anteromedial nucleus; AV: anteroventral nucleus; CA1-3: CA fields of the hippocampus; DG: dentate gyrus; LM: lateral nucleus of the mam-
millary bodies; MM: medial nucleus of the mammillary bodies; MML: lateral division of the medial mammillary nucleus; MMM: medial division of the medial mammillary
nucleus; Para: parasubiculum; Post: postsubiculum; Pre: presubiculum; Pro: prosubiculum; Rdg: dysgranular retrosplenial cortex (area 30); Rga: Rgb: subregions within
granular retrosplenial cortex (area 29); Sub: subiculum.

Note: parahippocampal areas TH and TF (and postrhinal cortex) are not depicted, neither are the monkey cingulate cortices as this would involve additional planes (see
Figure 8).

nucleus arise from the postsubiculum and presubiculum (Van projects to ventral parts of the same nucleus, that is, there is a hori-
Groen and Wyss, 1990b, 1990c). Projections to the posterior zontal topography across the medial mammillary nucleus with
mammillary nucleus also arise from the presubiculum (Meibach respect to its hippocampal (subicular) inputs (Hopkins, 2005;
and Siegel, 1977). While the dorsal subiculum projects to dorsal Meibach and Siegel, 1975). There are, however, no direct return
parts of the medial mammillary nucleus, the ventral subiculum projections from the mammillary bodies to the hippocampus.
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Figure 3. The rat brain. Depiction of the connections between the hippocampal and parahippocampal regions with the mammillary bodies and
anterior thalamic nuclei, as well as the projections from the mammillary bodies to the anterior thalamic nuclei. The routes of these connections
are distinguished by different colours. The origin of a connection is denoted by a circle and the termination is signified by an arrowhead, while a
reciprocal connection that follows the same route has an arrowhead at both ends. The style of the lines reflects the strength of the connections
(thick line=dense, thin line=intermediate, dashed line=Llight). The upper left panel shows the anterior thalamic nuclei, while the lower left panel

depicts the mammillary bodies.

AD: anterodorsal nucleus; AM: anteromedial nucleus; AV: anteroventral nucleus; CA1-3: CA fields of the hippocampus; DG: dentate gyrus; LM: lateral nucleus of the
mammillary bodies; MM: medial nucleus of the mammillary bodies; MML: lateral division of the medial mammillary nucleus; MMM: medial division of the medial
mammillary nucleus; Post: postsubiculum; Pre: presubiculum; PRH: perirhinal cortex; Rdg: dysgranular retrosplenial cortex (area 30); Rga: Rgb: subregions within

granular retrosplenial cortex (area 29); Sub: subiculum.
Scale bar=500pum.

Mammillary bodies to the anterior thalamic
nuclei

The next step in this core limbic subsystem consists of the unidi-
rectional projections from the mammillary bodies to the anterior
thalamic nuclei, via the mammillothalamic tract (Figure 3). There
is little evidence for interneurons in the rat mammillary bodies
(Allen and Hopkins, 1988; Seki and Zyo, 1984) and it is likely
that almost every mammillary body neuron contributes to this

thalamic projection (Powell et al., 1957). Few, if any, mammillo-
thalamic projections reach the laterodorsal thalamic nucleus.
Thus, even though this thalamic nucleus shares many connec-
tions with the anterior thalamic nuclei, it has a separate status
within this network.

The mammillary body projections consist of ipsilateral effer-
ents from the medial mammillary nucleus to the anteroventral
and anteromedial thalamic nuclei, contrasting with bilateral
efferents from the lateral mammillary nucleus to the anterodorsal
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thalamic nucleus (Figure 3). The most midline portion of the
mammillary bodies (pars medianus) projects to the most midline
part of the anterior thalamic nuclei (the interoanteromedial
nucleus). In general, more medial parts of the medial mammil-
lary nucleus terminate in the anteromedial thalamic nucleus,
while more lateral parts of the medial mammillary nucleus termi-
nate in the anteroventral thalamic nucleus (Shibata, 1992). In
addition, the posterior mammillary nucleus projects to a dorsal
medial part of the anteroventral thalamic nucleus (Shibata, 1992).
Consequently, the anterior thalamic projections from the mam-
millary bodies are organised in a plane largely orthogonal to the
pattern of horizontal mammillary terminations from the subicu-
lum (Hopkins, 2005). One result is that both ventral and dorsal
subicular inputs to the mammillary bodies may indirectly influ-
ence the same anterior thalamic area.

Contrary to initial depictions of this limbic circuitry (Figure
1), there are dense, direct projections to the anterior thalamic
nuclei from the subiculum, presubiculum, postsubiculum, and
parasubiculum (Meibach and Siegel, 1977, Swanson and
Cowan, 1977; Van Groen and Wyss, 1990b, 1990c). The subic-
ulum efferents to the anteromedial nucleus rely on the fornix
(Figure 3), as do the large majority of subiculum inputs to the
anteroventral nucleus (Dillingham et al., 2015a). Some projec-
tions from the distal subiculum and presubiculum, however,
take a parallel (nonfornical) route via the internal capsule
before terminating in the dorsolateral part of the anteroventral
nucleus (Dillingham et al., 2015a). Likewise, many of the hip-
pocampal efferents to the anterodorsal nucleus, which predomi-
nantly arise from the postsubiculum and parasubiculum, project
via the internal capsule (Dillingham et al., 2015a; Van Groen
and Wyss, 1990b, 1990c).

The hippocampal cells giving rise to the anterior thalamic
nuclei and mammillary body projections are largely segregated
by their respective depths within the subiculum (Christiansen
et al., 2016b; Wright et al., 2010). In addition, the proximal sub-
iculum preferentially projects to the anteromedial nucleus, while
the distal subiculum and the adjacent presubiculum preferentially
project to the anteroventral thalamic nucleus (Christiansen et al.,
2016b; Naber and Witter, 1998; Van Groen and Wyss, 1990b;
Wright et al., 2013). These direct anterior thalamic inputs pre-
dominantly arise from the dorsal hippocampus. In contrast, the
mammillary body inputs arise from both the dorsal and ventral
hippocampus (Christiansen et al., 2016b).

Anterior thalamic nuclei to cingulate cortex

The remaining connections, which Papez regarded as unidirec-
tional (Figure 1), are now all known to be reciprocal (Figure 4).
These bidirectional connections are found between the anterior
thalamic nuclei and the cingulate cortices, between the cingulate
cortices and the parahippocampal region, and between the para-
hippocampal region and the hippocampus. In addition, there are
bidirectional connections between the anterior thalamic nuclei
and both the parahippocampal region and the hippocampus
(Shibata, 1993). This pattern of reciprocity adds greater com-
plexity to Papez’s initial concept of a serial circuit linking these
limbic sites (Figure 4).

The first reciprocal connections to be described are between
the anterior thalamic nuclei and the cingulate cortex. The

rat cingulate cortex contains two major divisions, the anterior
cingulate cortex (principally composed of area 24) and the poste-
rior cingulate or, more accurately, the retrosplenial cortex (areas
29 and 30). (The term retrosplenial is more accurate as the rat
brain lacks posterior cingulate areas 23 and 31, which are present
in primate brains.) While multiple designations exist for the sub-
regions within retrosplenial cortex (see Jones and Witter, 2007),
we have divided granular area 29 into subregions Rga and Rgb,
while the dysgranular area 30 is designated Rdg (see Van Groen
and Wyss, 1990a, 1992, 2003). Within the cingulate cortex, the
retrosplenial cortex has the more extensive interconnections with
the anterior thalamic nuclei (Shibata, 1993), as well as apprecia-
bly denser connections with hippocampal and parahippocampal
regions.

Only restricted parts of the anteromedial nucleus project to
the anterior cingulate cortex (Shibata, 1993), with return pro-
jections from the same cortical area terminating in the antero-
medial and anteroventral thalamic nuclei (Shibata and Naito,
2005; Wright et al., 2013). In addition, reciprocal connections
with prelimbic cortex are essentially restricted to the anterome-
dial nucleus (Mathiasen et al., 2017; Shibata and Naito, 2005).
In contrast, almost all parts of the anterior thalamic nuclei
appear to project to the retrosplenial cortex (areas 29, 30), with
topographical associations between a particular thalamic
nucleus (and subregion) and a particular retrosplenial region
(Shibata, 1993, 1998; Shibata and Kato, 1993; Van Groen and
Wyss, 1990a, 1992, 2003). Both Rga and Rgb are reciprocally
connected with the anteroventral nucleus while the dysgranular
cortex (Rdg) has reciprocal connections with the anteromedial
nucleus. Meanwhile, the anterodorsal thalamic nucleus projects
to Rga and Rgb, receiving light return inputs from Rgb (Van
Groen and Wyss, 1990a, 2003). The projections from the anter-
oventral nucleus principally terminate in layer I of Rgb while
those from the anterodorsal nucleus terminate in deep II/111, as
well as layer I of Rgb (Shibata, 1993; Van Groen and Wyss,
2003). The projections from the anteromedial nucleus princi-
pally terminate in layers I and V of Rdg (Shibata, 1993; Van
Groen and Wyss, 1992).

The direct outputs from the anterior thalamic nuclei to the
cingulate cortex are almost entirely ipsilateral, with just a small
population of anteroventral cells appearing to cross to the con-
tralateral retrosplenial cortex (Mathiasen et al., 2017). The route
taken by the anterior thalamic projections often involves the cin-
gulum bundle (Domesick, 1970), with many anterior thalamic
fibres passing rostrally and then dorsally (through the striatum)
before joining the bundle. Other anterior thalamic fibres emerge
laterally from the anterior thalamic nuclei to reach the internal
capsule, then turn dorsally to cross through the corpus callosum,
and so join the cingulum more directly. Meanwhile, the efferents
from the retrosplenial cortex to the anterior thalamic nuclei,
which arise from layer VI (Mathiasen etal., 2017; Sripanidkulchai
and Wyss 1987), reach both the ipsilateral and contralateral ante-
rior thalamic nuclei (Mathiasen et al., 2017). The more direct
route is favoured by these retrosplenial projections, that is,
around the lateral ventricle, briefly joining the internal capsule,
before cutting across the dorsal thalamus to reach the anterior
thalamic nuclei (Shibata, 1998; Van Groen and Wyss, 1992). A
small number of fibres from Rga and Rgb may reach the anterior
thalamic nuclei via the fornix (Shibata, 1998).
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Figure 4. The rat brain. Depiction of the connections between the anterior thalamic nuclei (lower left), cingulate cortices, hippocampus, and
parahippocampal areas. The routes of these projections are distinguished by different colours. The origin of a connection is denoted by a circle and
the termination is signified by an arrowhead while a reciprocal connection that follows the same route has an arrowhead at both ends. The style of

the lines reflects the strength of the connections (thick line=dense, thin line=intermediate, dashed line=light).
AD: anterodorsal nucleus; AM: anteromedial nucleus; AV: anteroventral nucleus; CA1-3: CA fields of the hippocampus; CC: corpus callosum; DG: dentate gyrus;
Post: postsubiculum; Pre: presubiculum; PRH: perirhinal cortex; Rdg: dysgranular retrosplenial cortex (area 30); Rga: Rgb: subregions within granular retrosplenial cortex

(area 29); Sub: subiculum.
Scale bar=500pm.

Cingulate cortex to the parahippocampal
region and hippocampus

The retrosplenial cortex has many projections to the parahip-
pocampal region (Figure 4), thereby completing the notional cir-
cuit (Jones and Witter, 2007; Sugar et al., 2011). Both the granular
and dysgranular retrosplenial cortices densely innervate the post-
subiculum and presubiculum, as well as projecting to the medial
and lateral entorhinal cortices (Jones and Witter, 2007). These
connections involve the cingulum. There are also a few direct
retrosplenial projections to the subiculum, which arise from Rgb

(Sugar et al., 2011). In contrast, the anterior cingulate cortex has
more restricted projections, which terminate in the perirhinal cor-
tex and lateral entorhinal cortex (Jones and Witter, 2007). Some
of these anterior cingulate efferents do not join the cingulum
(Jones and Witter, 2007).

The presubiculum and postsubiculum have dense projections
to the entorhinal cortices (Van Groen and Wyss, 1990b, 1990c),
thereby completing an additional pathway back to the hippocam-
pus. Entorhinal projections terminate in either the dentate gyrus
and CA3 (via the perforant pathway) or CA1 and the subiculum
(via the temporoammonic pathway). These connections (Figure 5)
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Figure 5. Schematic showing the major hippocampal-parahippocampal interactions in the rat brain. These interconnections are organised by both

their proximal-distal locations and the lamina of their inputs and outputs.

CA: CA fields of the hippocampus; Dist: distal; DG: dentate gyrus; Prox: proximal; Sub: subiculum. (For simplicity, the presubiculum and parasubiculum are not included.)

are largely segregated by the lamina of their origin within the
entorhinal cortex (layer II to the dentate gyrus and CA3, layer 111
to CAl and subiculum). Many reviews have detailed the numer-
ous parahippocampal-hippocampal interconnections (see Furtak
et al., 2007; Van Strien et al., 2009).

Completing the hippocampal-diencephalic-
cingulate network

While the core connections described by Papez (Figure 1) exist in
the rat, many other connections add to its complexity. Some pro-
jections seemingly bypass one or more stages (Figures 3-6). A
striking example, already described, concerns the dense, direct
projections from the subiculum to the anterior thalamic nuclei.
Other examples include the direct projections from the anterior
thalamic nuclei to caudal hippocampal (subiculum) and parahip-
pocampal areas. Dense projections from both the anteroventral
and anterodorsal thalamic nuclei focus on the presubiculum, par-
asubiculum, and postsubiculum, with the anteroventral nucleus
also innervating the caudal subiculum (Shibata, 1993). These
projections are thought to take a very similar route, passing for-
ward and then upwards from the thalamus to join the cingulum,
before travelling caudally, while some of those from the antero-
dorsal nucleus may take a direct route that does not involve the
cingulum (Shibata, 1993; Shibata and Kato, 1993; Van Groen and
Wyss, 1990b, 1990c). Meanwhile, the anteromedial nucleus has
light projections to the ventral subiculum, but more appreciable
projections to the perirhinal and entorhinal (medial and lateral)
cortices (Shibata, 1993). The anterodorsal thalamic nucleus also
projects to the entorhinal cortices (Shibata, 1993). Other connec-
tions include efferents from the medial entorhinal cortex to the
anteroventral thalamic nucleus (Shibata, 1996), which involve the
internal capsule, that is, they take a nonfornical route (Figure 3).
As already noted, there are connections that project in the
opposite direction to that portrayed in depictions of Papez’s

original circuit. One example, already discussed, concerns the
dense projections from the cingulate cortices to the anterior tha-
lamic nuclei (Figures 4 and 6). The significance of these projec-
tions is highlighted by a viral tracing study showing that a major
pathway from the retrosplenial cortex to the dorsal hippocampus
is via the anterior thalamic nuclei (Prasad and Chudasama, 2013).
There are also many projections from the subiculum and parahip-
pocampal regions to the retrosplenial cortices. It is principally the
distal subiculum that projects directly to area 29 (Rga and Rgb;
Honda and Ishizuka, 2015), where fibres terminate in layers I, II,
and III. The postsubiculum also projects to Rgb, with termina-
tions in layers I and I1I-V (Van Groen and Wyss, 2003). There are
also light projections from CAl to area 29 (Jones and Witter,
2007). Finally, there is a very light, direct pathway from the gran-
ular retrosplenial cortex to the medial mammillary bodies, which
appears to join the postcommissural fornix (Van Groen and Wyss,
2003).

Figure 6 depicts a simplified, but updated, hippocampal—
diencephalic—cingulate network for the rat. Arguably, the most
striking feature is how almost all the structures project to more
than one site within the network. The mammillary bodies pro-
vide the sole exception, as they only project to the anterior tha-
lamic nuclei (Figure 6). An integral feature is how the various
connections within the circuit are topographically organised,
creating parallel pathways that presumably reflect multiple
functions (Aggleton et al., 2010; Vann and Aggleton, 2002;
Vertes et al., 2004).

The monkey hippocampal-
diencephalic-cingulate network

Hippocampus to mammillary bodies

The network connections in macaque monkeys (Macaca mulatta
and Macaca fascicularis) are very similar to those described for
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Figure 6. The rat brain: Schematic showing the main, direct interconnections between sites in Papez circuit. The style of the lines reflects the
strength of the connections (thick line=dense, thin line=intermediate, dashed line=light).

the rat brain (Figures 7 and 8). Once again, the hippocampal pro-
jections to the mammillary bodies originate from the subiculum
(Aggleton et al., 2005). These subicular projections (Figure 7),
which arise from pyramidal cells, join the body of the fornix and
then descend in the postcommissural fornix, where they make up
approximately one half of its fibres (Powell et al., 1957). The
neurons projecting to the medial mammillary nucleus are most
numerous in the distal and posterior subiculum (Christiansen
et al.,, 2016b). As in the rat, there is evidence of a horizontal
topography in their terminations, as the anterior subiculum pro-
jects to more ventral aspects of the medial mammillary nucleus
while the posterior subiculum projects more dorsally (Aggleton
et al., 2005). In addition, light projections from the presubiculum
reach the medial and lateral mammillary nuclei, while the
entorhinal cortex projects to the medial mammillary nucleus
(Aggleton et al., 2005).

Mammillary bodies to the anterior thalamic
nuclei

The very dense mammillary body projections to the anterior thal-
amus are organised such that neurons in the dorsal medial mam-
millary nucleus project to the anteromedial thalamic nucleus
while the remainder of the medial mammillary nucleus projects
to the anteroventral thalamic nucleus (Vann et al., 2007; Xiao and
Barbas, 2002). The lateral mammillary nucleus projects to the
anterodorsal thalamic nucleus, although it may also provide light

inputs to other anterior thalamic nuclei (Vann et al., 2007). While
the lateral mammillary inputs to the anterodorsal nucleus are
bilateral, the medial mammillary projections to the other anterior
thalamic nuclei remain ipsilateral. It is again thought that almost
every neuron in the primate mammillary bodies contributes to the
anterior thalamic projections (Powell et al., 1957; Xiao and
Barbas, 2002).

As in the rat, the indirect route from the hippocampus to the
anterior thalamic nuclei via the mammillary bodies is reinforced
by numerous, direct projections from the hippocampus to the
anteromedial and anteroventral thalamic nuclei, with lighter inputs
to the anterodorsal nucleus (Figure 7). These hippocampal projec-
tions arise from the deepest cell layer of the subiculum, ensuring
that they are segregated from the hippocampal projections to the
mammillary bodies, which are found in the middle layer (Aggleton
et al., 1986; Christiansen et al., 2016b). The projections to the ante-
rior thalamus predominantly arise from the distal subiculum before
joining the fornix (Christiansen et al., 2016b). While the hip-
pocampal inputs to the anteromedial thalamic nucleus are bilateral,
those to the anteroventral nucleus and the anterodorsal nucleus
essentially remain ipsilateral (Aggleton et al., 1986). The presub-
iculum provides light inputs to the anteroventral and anteromedial
thalamic nuclei, with even lighter inputs arising from the parasu-
biculum (Saunders et al., 2005; Xiao and Barbas, 2002). In addi-
tion, there are light projections from the entorhinal cortex and
perirhinal cortex to the anterior thalamic nuclei (especially to the
anteroventral nucleus), some of which join the fornix (Saunders
et al., 2005; Xiao and Barbas, 2002).
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Figure 7. Macaque monkey brain. Depiction of the connections between the hippocampal and parahippocampal regions with the mammillary bodies
and anterior thalamic nuclei, as well as the projections from the mammillary bodies to the anterior thalamic nuclei. The routes of these connections
are distinguished by different colours. The origin of a connection is denoted by a circle and the termination is signified by an arrowhead while a
reciprocal connection that follows the same route has an arrowhead at both ends. The style of the lines reflects the strength of the connections
(thick line=dense, thin line=intermediate, dashed line=Llight). The upper left panel shows the anterior thalamic nuclei, while the lower left panel

depicts the mammillary bodies.

AD: anterodorsal nucleus; AM: anteromedial nucleus; AV: anteroventral nucleus; CA1-3: CA fields of the hippocampus; DG: dentate gyrus; LM: lateral nucleus of the mam-
millary bodies; MM: medial nucleus of the mammillary bodies; MML: lateral division of the medial mammillary nucleus; MMM: medial division of the medial mammillary
nucleus; Para: parasubiculum; Pre: presubiculum; Sub: subiculum.

Scale bars=1000pum.

Anterior thalamic nuclei to cingulate gyrus (Baleydier and Mauguiere, 1980; Shibata and Yukie, 2009; Vogt
et al., 1979, 1987). This region in the macaque comprises poste-

The dense anterior thalamic projections to the cingulate cortices rior cingulate areas 23 and 31, as well as retrosplenial areas 29
(Figure 8) are most concentrated in the posterior cingulate region and 30. Both the anteroventral and anteromedial nuclei project to
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Figure 8. Macaque monkey brain. Depiction of the connections between the anterior thalamic nuclei (lower left), cingulate gyrus (areas 23, 24, 25,
29, 30, 31, 32), hippocampus, and parahippocampal regions. The routes of these projections are distinguished by different colours. In the case of
some connections, two colours are used to show how they pass from other pathway to another. The origin of a connection is denoted by a circle and

the termination is signified by an arrowhead while a reciprocal connection that follows the same route has an arrowhead at both ends.
AD: anterodorsal nucleus; AM: anteromedial nucleus; AV: anteroventral nucleus; CA1-3: CA fields of the hippocampus; DG: dentate gyrus; Para: parasubiculum; Pre: presu-

biculum; Sub: subiculum.
Scale bars=1000pm.

ventral area 23, with lighter projections to dorsal area 23 (Morris
et al., 1999; Shibata and Yukie, 2009; Vogt et al., 1987). These
projections to area 23 principally arise from the anteromedial
nucleus (Vogt et al., 1987). Meanwhile, the anteroventral nucleus
provides most of the projections to area 30, while those to area 29
are from both the anteroventral and anterodorsal thalamic nuclei
(Shibata and Yukie, 2009; Vogt et al., 1987).

There are dense, return projections from layer VI of the pos-
terior cingulate region to the anterior thalamic nuclei (Aggleton
et al., 2014). Area 23 projects to both the anteromedial and anter-
oventral thalamic nuclei, alongside lighter projections from area
31 to the same thalamic nuclei (Aggleton et al., 2014; Shibata
and Yukie, 2009). The retrosplenial efferents from areas 29 and
30 principally target the anteroventral thalamic nucleus, with
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lighter inputs to the anteromedial nucleus. It is presumed, but not
certain, that area 29 also projects to the anterodorsal thalamic
nucleus (Shibata and Yukie, 2009). The inputs to the anterome-
dial nucleus from areas from 23 and 30 include crossed connec-
tions from the other hemisphere (Aggleton et al., 2014; Shibata
and Yukie, 2009).

The anterior thalamic—posterior cingulate connections have a
reciprocal organisation (Figure 8). While areas 29 and 30 espe-
cially interact with the anteroventral nucleus, the anteromedial
nucleus is especially connected with area 23 (and areas 24, 25,
and 32). Many of the anterior thalamic projections to the poste-
rior cingulate region leave the thalamus laterally, before passing
around the caudate nucleus in the internal capsule to join and
cross the cingulum. The reciprocal projections from the posterior
cingulate region to the thalamus appear to take essentially the
same route (Mufson and Pandya, 1984).

The anterior cingulate cortex receives fewer inputs from the
anterior thalamic nuclei than its posterior counterpart (Vertes
etal., 2015; Vogt et al., 1987). Area 24, which forms much of this
region, receives light inputs from the anteromedial nucleus
(Baleydier and Mauguiere, 1980; Shibata and Yukie, 2009; Vogt
et al., 1987). The same thalamic nucleus also gives rise to modest
projections to medial frontal areas 32 and 25, which are also part
of the anterior cingulate region (Shibata and Yukie, 2009; Vogt
et al., 1987). These thalamic projections to anterior areas 24, 25,
and 32 leave the thalamus rostrally to pass the anterior limb of
the internal capsule before joining and crossing the cingulum
(Mufson and Pandya, 1984). Other anterior thalamic projections
to area 24 cross the dorsal thalamus to skirt around the caudate
nucleus before turning medially to join and cross the cingulum.
The projections to areas 25 and 32 are of additional note as these
same areas receive many of the direct hippocampal (CA1, sub-
iculum) projections to prefrontal cortex (Aggleton et al., 2015).

There are also return projections from the anterior cingulate
region to the anterior thalamic nuclei (Figure 8). While the
densest thalamic projections from area 24 terminate in the medial
dorsal thalamic nucleus, there are some projections to the antero-
medial nucleus (Baleydier and Mauguiere, 1980; Shibata and
Yukie, 2009). Likewise, areas 25 and 32 project to the anterome-
dial thalamic nucleus (Xiao and Barbas, 2002), but for all three of
these anterior cingulate areas (24, 25, and 32) it is the reciprocal
connections with the medial dorsal thalamic nucleus that are the
most dense (Shibata and Yukie, 2009).

Cingulate cortex to the parahippocampal
region and hippocampus

Numerous inputs arise from across retrosplenial areas 29 and 30,
as well as ventral 23 in the posterior cingulate region, to reach the
parahippocampal region (Yukie and Shibata, 2009). Many of
these projections terminate in the presubiculum and parasubicu-
lum, with relatively few fibres innervating the subiculum
(Kobayashi and Amaral, 2007; Morris et al., 1999). The presub-
iculum projects to the entorhinal cortex, thereby completing the
circuit (Figure 8). In addition, there are dense, direct projections
from the retrosplenial cortex and ventral area 23 to entorhinal
cortex, as well as to areas TH and TF of the parahippocampal
region (Insausti et al., 1987a; Kobayashi and Amaral, 2007
Pandya et al., 1981; Suzuki and Amaral, 1994). Dorsal area 23

has more restricted projections, focussed on area TF (Kobayashi
and Amaral, 2007).

The anterior cingulate region (areas 24, 25, and 32) has light,
reciprocal connections with much of the parahippocampal region
(Insausti et al., 1987a; Pandya et al., 1981; Suzuki and Amaral,
1994; Yukie and Shibata, 2009). There are, for example, light
interconnections between the perirhinal cortex and ventral area
24, as well as with area 32. In addition, both the entorhinal cortex
and areas TH/TF have modest, reciprocal connections (not
depicted in figures) with areas 24, 25, and 32 (Yukie and Shibata,
2009).

Completing the hippocampal-diencephalic-
cingulate network

To help clarify the situation, Figure 9 depicts a simplified version
of the updated hippocampal-diencephalic—cingulate network,
highlighting its principal connections. Based on the pattern of
thalamic connections, it can be seen that within the cingulate
gyrus, the retrosplenial cortex forms a particularly important link
in this limbic subsystem (Figures 8 and 9). Consistent with this
distinction, the direct projections from the hippocampus to the
cingulate gyrus are largely restricted to the retrosplenial cortex.
Dense inputs to the retrosplenial cortex arise from the subiculum,
as well as from the presubiculum, and parasubiculum, (Aggleton
et al., 2015; Kobayashi and Amaral, 2003; Morris et al., 1999;
Parvizi et al., 2006; Vogt et al., 1987). The subiculum preferen-
tially innervates area 29 (layers I and I1I), with less dense projec-
tions reaching area 30 (layer III; Aggleton et al., 2012; Kobayashi
and Amaral, 2003). The anterior subiculum targets more ventral
retrosplenial areas while the posterior subiculum has denser pro-
jections to mid and dorsal retrosplenial cortex, as well as a light
input to area 23 (layer III). This pattern is matched by the return
projections from retrosplenial cortex, for example, the most ven-
tral parts of 29/30 project to the anterior hippocampus (presub-
iculum; Kobayashi and Amaral, 2007). In contrast, there are only
very limited subiculum inputs to area 24 in the anterior cingulate
region, although there are more inputs from the subiculum to
areas 25 and 32, which reach these sites via the fornix (Aggleton
etal., 2015).

The retrosplenial cortex also receives direct inputs from the
parahippocampal region. Areas TH and TF provide appreciable
projections to areas 29 and 30, with lighter efferents to area 23
(Kobayashi and Amaral, 2003; Lavenex et al., 2002; Morris
etal., 1999). Additional retrosplenial inputs arise from the caudal
entorhinal cortex, which focus on area 29 (Aggleton et al., 2012;
Kobayashi and Amaral 2003; Morris et al., 1999). A feature of
the subiculum projections to the retrosplenial cortex is that they
do not join the cingulum, rather they cross directly through the
presubiculum to reach the posterior cingulate cortices directly
(Aggleton et al., 2012).

As in other species, the anterior thalamic nuclei have direct
projections to the hippocampal formation (Amaral and Cowan,
1980). These light thalamic projections, which join the caudal
cingulum (Mufson and Pandya, 1984), arise from all three major
anterior thalamic nuclei and terminate in the region of the subicu-
lum (Amaral and Cowan, 1980). The anterior thalamic nuclei do
not, however, appear to project directly to the entorhinal cortex
(Insausti et al., 1987b).
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Figure 9. Schematic showing the major interconnections of the hippocampal-diencephalic-cingulate network in the macaque monkey. In the case
of some connections, two colours are used to show how they pass from one pathway to another. The style of the lines reflects the strength of the

connections (thick line=dense, thin line=intermediate, dashed line=light).

Monkey versus rat

Although the core connections in the monkey hippocampal—
diencephalic—cingulate network are, in many respects, very simi-
lar to those in rodents, there are some differences. Unsurprisingly,
most of these differences reflect the connections of the cingulate
cortices. These changes partly arise from the additional areas pre-
sent in the primate brain (areas 23 and 31), while other areas (25
and 32) do not have precise counterparts in the rat brain (Vogt
and Paxinos, 2014). Other challenges arise from the frequent
failure to distinguish a midcingulate cortex in rodents which is
evident in primates (Vogt, 2009) and can be identified in rodents
(Vogt and Paxinos, 2014). Nevertheless, in both rats and macaque
monkeys, it is the retrosplenial cortex that forms the principal
cingulate node within the hippocampal limbic network.

In the rat brain, there is a clear cingulate—thalamic demarca-
tion as the retrosplenial cortex (areas 29 and 30) is interconnected
with the anterior thalamic nuclei but not with the medial dorsal
thalamic nucleus (Van Groen and Wyss, 1990a, 1992, 2003). In
the monkey, this same distinction remains but is not so marked,
as the retrosplenial cortex now has light interconnections with

the medial dorsal thalamic nucleus (Aggleton et al., 2014; Vogt
et al., 1987). There are also additional connections involving the
monkey posterior cingulate region, area 23, which is more clearly
connected with both the anterior thalamic nuclei and the medial
dorsal nucleus (Aggleton et al., 2014; Shibata and Yukie, 2009;
Vogt et al., 1987). Likewise, the anterior cingulate cortex is inter-
connected with both the anterior thalamic nuclei and the medial
dorsal nucleus in rats and macaque monkeys (Shibata, 1993;
Shibata and Naito, 2005; Shibata and Yukie, 2009). Furthermore,
in both species, these anterior cingulate connections are focussed
on the anteromedial thalamic nucleus.

One species difference involves the topographic organisation
of the subiculum neurons that project to the mammillary bodies
and the anterior thalamic nuclei (Christiansen et al., 2016b). In
the rat, this organisation is partly based on the proximal-distal
plane, but in the monkey this separation is achieved by laminar
position only. Finally, it might be supposed that the emergence of
additional prefrontal connections would create very different net-
work relationships across species. In fact, this difference is not so
marked as may be imagined as the rat prelimbic cortex has many
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corresponding connections with the hippocampal—diencephalic—
cingulate network as those seen with primate medial frontal
areas, for example, with the anteromedial thalamic nucleus and
with the hippocampus (CA1 and subiculum).

The human hippocampal-
diencephalic-cingulate network

The inability to use axonal tract tracers means that our knowl-
edge of this system in the human brain remains superficial. One
approach has been to use fibre dissection techniques. In this way,
the tracts from the hippocampus to the mammillary bodies (post-
commissural fornix), from the mammillary bodies to the anterior
thalamus (mammillothalamic tract), from the anterior thalamus
to the cingulate cortices (anterior thalamic radiations and cingu-
lum), and, finally, from the cingulate cortices to the parahip-
pocampal region (posterior cingulum) can be visualised (Shah
et al., 2012). One interesting finding is that the majority of fibres
in the body of the fornix join the postcommissural fornix (Shah
et al., 2012), emphasising the likely importance of the connec-
tions highlighted by Papez, as the postcommissural pathway
principally terminates in the mammillary bodies and the anterior
thalamic nuclei. The fibre dissection technique is, however, lim-
ited as it cannot confirm the direction of a set of fibres and fails
to reveal diffuse pathways.

Some of the same limitations apply to magnetic resonance
imaging (MRI) techniques such as diffusion tensor imaging
(DTI) and diffusion spectrum imaging (DSI). Nevertheless, with
these techniques, it is possible to reconstruct pathways such
as the fornix (including the postcommissural fornix), the mam-
millothalamic tract, and the cingulum (Catani et al., 2013;
Christiansen et al., 2016a; Granziera et al., 2011; Jones et al.,
2013; Kwon et al., 2010; Wei et al., 2017), with the added ability
to look for changes in axonal properties based on pathology or
experience (see section ‘Anatomy and function’). It has also been
possible to show that as in macaques, the retrosplenial cortex is
the main cingulate site for direct hippocampal connections (Wei
et al., 2017). With the exception of the mammillothalamic tract,
there is, however, the added problem for these imaging methods
(and microdissection) that all these tracts connect multiple sites,
that is, their fibres are not restricted to the hippocampal limbic
network. For this reason, the mammillothalamic tract is the only
pathway devoted to Papez’s part of the limbic system.

Re-connecting the hippocampal-
diencephalic-cingulate network

From Figures 3 to 9, it is immediately evident that the connectiv-
ity in these pathways is more complex than often described. While
we cannot be certain of the fine details in the human brain, a great
many features are shared in both the rat and macaque brain, sug-
gesting that they are also present in our brains. One of these com-
mon features, the bypassing of stages within the serial circuit
described by Papez (e.g. the direct hippocampal projections to the
anterior thalamic nuclei), reinforces the concept of an integrated
system as it strengthens the close interactions between serial sites.
This concept is further strengthened by the many reciprocal con-
nections within the network. The many bypassing connections do,
however, pose questions about the computational value of

combined direct and indirect projections between the same sites, a
feature that occurs repeatedly within this limbic subsystem. This
feature is arguably most striking in the anterior thalamic nuclei,
which receive dense direct hippocampal inputs alongside dense,
indirect inputs (hippocampus — mammillary body — anterior tha-
lamic nuclei; hippocampus — retrosplenial cortex — anterior tha-
lamic nuclei).

A further feature of the network is the presence of clear topog-
raphies within every pathway. These topographies imply parallel
functions set within the same broad set of connections (Aggleton
et al., 2010). One well-established example concerns the head-
direction system, which aids navigation (Taube, 2007). In the
rodent, cells signalling this direction information are especially
prevalent in the lateral mammillary nucleus, the anterodorsal tha-
lamic nucleus, the lateral dorsal thalamic nucleus, the retrosple-
nial cortex, and the postsubiculum. Consequently, there is a
head-direction subsystem set within Papez’s original circuit
(Vann and Aggleton, 2004). Other functional divisions are pre-
sumably reflected by the topographic differences in the connec-
tions of the anteromedial and anteroventral thalamic nuclei
(Figures 3 and 4; Aggleton et al., 2010). One example concerns
the relative switch in influence between thalamic—frontal interac-
tions (anteromedial nucleus) and thalamic—hippocampal interac-
tions (anteroventral nucleus). It should be added that these
topographic divisions extend to subregions within a nucleus
(Shibata, 1992; Shibata and Kato, 1993).

A potentially important issue concerns the distinction between
the anterior cingulate and posterior cingulate regions. These two
regions differ in the strength and breadth of interconnections with
the anterior thalamic nuclei, the hippocampus, and parahip-
pocampal region (Kobayashi and Amaral, 2003, 2007; Shibata
and Yukie, 2009; Vertes et al., 2015; Yukie and Shibata, 2009)
making the posterior cingulate region (especially retrosplenial
cortex) much more closely tied to the hippocampal—dience-
phalic—cingulate network. In contrast, the much greater levels of
interaction between the anterior cingulate region and the amyg-
dala indicate that this cortical area is better seen as part of a dif-
ferent limbic subsystem more involved in emotion (Catani et al.,
2013; Dalgleish, 2004; Ranganath and Ritchey, 2012; Rolls,
2015). This different system has been called the ‘basolateral lim-
bic system’ (Livingston and Escobar, 1971). It is, however,
important to appreciate that the anterior cingulate—posterior cin-
gulate distinction is not absolute as both regions are reciprocally
interconnected and they are both connected with the anterior tha-
lamic nuclei and the mediodorsal thalamic nucleus (Baleydier
and Mauguiere, 1980). Consequently, the cingulate cortices have
a potentially important role in providing cross-talk between these
two major limbic subsystems (Baleydier and Mauguiere, 1980;
Livingston and Escobar, 1971; Rolls, 2015). In addition, the hip-
pocampus, entorhinal cortex, and amygdala are all reciprocally
connected (Aggleton, 1986; Saunders et al., 1988) providing fur-
ther interplay between these putative systems.

Anatomy and function

For both historic reasons and to reflect current research priorities,
there has been a natural tendency to emphasise the hippocampus
within the hippocampal-diencephalic—cingulate network. This
emphasis has been reinforced by the realisation that the net-
work’s connections are required for memory (see below). For this
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same reason, the hippocampus is still often seen as both the prin-
cipal start and finish points for many of the connections within
this limbic subsystem (Aggleton and Brown, 1999; Rolls, 2015).
An unfortunate consequence of this viewpoint is that it tends to
diminish the perceived importance of the individual steps around
the ‘circuit” beyond the hippocampus, as a return loop implies
that these additional stages are not always needed. In fact, this
hippocampal focus, while understandable, has no particular ana-
tomical claim. Indeed, an alternate way to consider this network
is to regard the connections as principally a set of direct and indi-
rect projections from the medial temporal lobe fo the anterior
thalamus and cingulate cortices, one function of which will be to
engage additional cingulate and prefrontal areas. Consequently,
the connections might better be considered as parallel projections
emanating from hippocampal and parahippocampal regions, cre-
ating a medial temporal lobe efferent system, rather than a circuit
(Figure 10), despite the many return connections. When re-cast in
this way, it is striking how many of the connections within this
limbic subsystem are also components of the ‘default mode net-
work’ (Greicius et al., 2003; Raichle, 2015).

This review helps explain one reason why it has proved diffi-
cult to appreciate the contributions of structures beyond the hip-
pocampus in this network. The difficulty arises from the
complexity of their connections. The presence of parallel, bypass-
ing projections (Figures 6 and 9) will typically protect against the
full effects of damage to an individual site beyond the hippocam-
pus, as only incomplete disconnections can occur. One apparent
exception is provided by the anterior thalamic nuclei, which
receive convergent inputs from the hippocampus, mammillary
bodies, and cingulate cortices. While the lack of clinical condi-
tions that selectively target the anterior thalamic nuclei makes it
difficult to test this prediction in humans (but see Harding et al.,
2000), support comes from lesion studies in rats. Such experi-
ments have repeatedly confirmed that these thalamic nuclei are
vital for hippocampal-dependent learning (Henry et al., 2004;
Warburton et al., 2001). Furthermore, anterior thalamic lesions
are typically more disruptive than the corresponding lesions in the
mammillary bodies (Aggleton et al., 1991, 1995a) and can, some-
times, be more disruptive than fornix lesions (Warburton and
Aggleton, 1998). These findings presumably reflect the array of
direct and indirect connections within this network that converge
on the anterior thalamic nuclei. For opposite reasons, it is sup-
posed that the impact of retrosplenial cortex lesions in rats can
often be mitigated by the many parallel hippocampal pathways
that can bypass this area (Nelson et al., 2015).

Memory and amnesia

The current concepts on the nature of the hippocampal—dience-
phalic—cingulate network are strongly affected by the realisation
that its interconnections are vital for normal episodic memory
(Aggleton and Brown, 1999; Catani et al., 2013; Rolls, 2015).
The switch from emotion (Papez, 1937) to memory followed the
description of temporal lobe amnesic cases, including patient,
H.M. (Delay and Brion, 1969; Scoville and Milner, 1957; Spiers
et al., 2001). Complementary evidence came from neuropatho-
logical studies of the amnesic Korsakoff’s syndrome, which has
repeatedly implicated the mammillary bodies and, thereby, the
anterior thalamic nuclei in diencephalic amnesia (Delay and
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Figure 10. Simplified schematic showing the major common
connections in both the rat and monkey (macaque) brains between
those sites comprising the hippocampal-diencephalic-cingulate
network. When updated, it is apparent that Papez ‘circuit’ can also be
interpreted as twin routes (dorsal and ventral) from the hippocampal
and parahippocampal regions to the cingulate cortices and thalamus.
The twin colour of the pathway between the anterior thalamic nuclei

and the cingulate cortex reflects the involvement of two tracts.
MTT: mammillothalamic tract.

Brion, 1969; Harding et al., 2000; Kopelman, 1995; Victor et al.,
1989). Further support comes from studies of amnesic patients
with thalamic vascular accidents and those with colloid cysts in
the third ventricle (Carlesimo et al., 2011; Tsivilis et al., 2008;
Van der Werf et al., 2003). Critically, it has also been shown that
fornix damage is sufficient to cause anterograde amnesia
(Aggleton et al., 2000; Gaffan et al., 1991; Gaffan and Gaffan,
1991; McMackin et al., 1995), thereby linking together hip-
pocampal and medial diencephalic sites for episodic memory
(Aggleton et al., 2000; Rudebeck et al., 2009; Tsivilis et al., 2008;
Vann et al., 2009b).

Combining these neuropsychological findings led to the pro-
posal that all the sites and connections interlinking the hippocam-
pal formation with the medial diencephalon and posterior
cingulate cortices work together to support memory in an
‘extended hippocampal system’ (Aggleton and Brown, 1999,
2006). An apparent problem, however, is that cingulum damage
does not appear to be sufficient to induce amnesia in humans
(Ballantine et al., 1987; Feldman et al., 2001; Turner, 1973),
despite the considerable involvement of this tract for connections
between the cingulate cortices and the parahippocampal region
(and, hence, the hippocampus). Likewise, posterior cingulum
bundle lesions in rats often have only mild effects on spatial
memory tasks that are highly sensitive to hippocampal damage
(Aggleton et al., 1995b; Neave et al., 1996). While techniques
such as DTI have helped to reveal the likely importance of the
cingulum bundle for some aspects of cognition, including cogni-
tive control, there remains a failure to find memory functions that
resemble those of the fornix (Hollocks et al., 2015; Metzler-
Baddeley et al., 2012; Turner, 1973; see also Aggleton et al.,
1995b; Neave et al., 1996).
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Part of the explanation for these negative findings is ana-
tomical. The idea of a hippocampal-based return circuit ignores
how the connections in this limbic subsystem are reciprocal.
Furthermore, as described above, the dense hippocampal (sub-
iculum) projections to retrosplenial cortex do not join the cingu-
lum (Aggleton et al., 2012). For these reasons, it is less likely
that cingulum bundle damage would be sufficient to induce
amnesia. That said, there is much evidence that the retrosplenial
cortex is important for multiple aspects of memory (Maguire,
2001; Vann et al., 2009a), including the existence of ‘retrosple-
nial amnesia’ (Valenstein et al., 1987). This account implies that
many retrosplenial connections important for memory do not
rely on the cingulum, examples of which include the projections
from the hippocampus to retrosplenial cortex and some of those
between the retrosplenial cortex and the anterior thalamic nuclei
(Aggleton et al., 2012, 2014; Mufson and Pandya, 1984).
Another part of the explanation is conceptual. As already noted,
there is an understandable tendency to see the hippocampus as
the centre of a circuit around which information flows, but with
little alteration in the information itself. This misconception
leads to the false idea that cingulum bundle damage and fornix
damage will have similar effects on memory, notwithstanding
the fact that both pathways also contain numerous fibres
involved in other connections.

Despite these limitations, the realisation that individual com-
ponents of the hippocampal—diencephalic—cingulate network
have key roles in episodic memory is proving increasingly
insightful when trying to understand the functional neuropathol-
ogy of disorders such as amnesic mild cognitive impairment and
Alzheimer’s disease (Aggleton et al., 2016; Nestor et al., 2003;
Tan et al., 2013; Vogt et al., 2009). Over recent decades, it has
often been assumed that hippocampal and parahippocampal dys-
functions are responsible for the memory loss in these neurologi-
cal conditions. In fact, there is growing evidence that structures
in Papez’s original circuit beyond the parahippocampal and hip-
pocampal regions also show pathological changes and activity
abnormalities during the prodromal stages of these same disor-
ders (Aggleton et al., 2016; Minoshima et al., 1997; Nestor et al.,
2003). Consequently, to understand the origins of the memory
loss in conditions such as mild cognitive impairment and
Alzheimer’s disease, it will be necessary to broaden our perspec-
tives to incorporate anterior thalamic and retrosplenial sites
(Aggleton et al., 2016; Hornberger et al., 2012). An important
aspect of this realignment is the growing realisation that sites
such as the mammillary bodies and anterior thalamic nuclei make
contributions to learning and memory that are not solely depend-
ent on their hippocampal inputs (Dillingham et al., 2015b; Wright
etal., 2015).

Unlike other structures within the hippocampal—dience-
phalic—cingulate network, damage to the anterior cingulate
region does not produce an anterograde amnesia, despite record-
ing data revealing long-term mnemonic functions (Xiang and
Brown, 2004). Instead, there is considerable imaging evidence,
in particular, that this region and its connections have key roles
in multiple functions, such as cognitive control and schema
usage (Fernandez, 2017; Metzler-Baddeley et al., 2012; Shenhav
etal., 2013; Van Kesteren et al., 2013; Weible, 2013) that impact
on memory. At the same time, the anterior cingulate region
and its connections remain strongly implicated in emotional

processes (Dalgleish, 2004; Etkin et al., 2011, 2015; Fan et al.,
2011).

Emotion and psychiatry

Despite the increased emphasis on memory in recent decades, the
notion that the hippocampal-diencephalic—cingulate network
(Papez, 1937) is vital for emotion never fully disappeared. From
the 1950s to the 1980s, ideas about the limbic system remained
centred on its likely role in emotion and its presumed imbalance
in psychiatric conditions (Kelly, 1973; Livingston and Escobar,
1971). This preserved emphasis partly reflected how the term
‘limbic system” had been broadened to include areas such as the
amygdala and orbitofrontal cortex. Reflecting this trend, it was
proposed that that the limbic system should be subdivided
(Livingston and Escobar, 1971; Rolls, 2015). One subsystem was
a ‘medial limbic’ circuit (Livingston and Escobar, 1971), which
particularly emphasised anterior thalamic—posterior cingulate—
hippocampal connections, that is, the connections highlighted in
this review. This ‘medial limbic’ circuit was contrasted with an
amygdala-based ‘basolateral circuit’ that included the anterior
cingulate region, the two circuits jointly contributing to affect and
learnt emotion (Dalgleish, 2004; Livingston and Escobar, 1971).

Within such conceptual frameworks, surgeons targeted sites
such as the anterior cingulate cortex for obsessional (obsessive—
compulsive disorder (OCD)) and affective disorders (Feldman
et al., 2001; Lewin, 1961). Likewise, the cingulum bundle has
been selectively damaged as a means to combat a variety of
severe refractory psychiatric illnesses, including depression, anx-
iety, OCDs, and schizophrenia (Ballantine et al., 1987; Feldman
et al., 2001). The literature fails to clarify or explain the specific
resultant effects on cognition and behaviour and suggests simply
that the disconnection of limbic structures from the forebrain dis-
rupts the behavioural expression of internal emotional states
(Ballantine et al., 1967). Nonetheless, it is noteworthy that mem-
ory deficits are not normally reported with such procedures.
Another target, especially for OCD, has been the region of the
anterior capsule at the anterior limb of the internal capsule
(Feldman et al., 2001; Mashour et al., 2005). Such surgeries
would be expected to disconnect thalamic—frontal pathways,
including those anterior thalamic efferents that reach the cingu-
lum in this way. At the same time, posterior cingulectomy (the
removal of the posterior cingulate gyri) has been used for psychi-
atric conditions (Turner, 1973). The reports emphasise changes in
emotion rather than memory (Turner, 1973). A feature of these
various surgeries is that in different ways, they disrupt aspects of
both the ‘medial’ (hippocampal-diencephalic—cingulate) and
‘basolateral’ limbic circuits.

In recent years, there has been renewed interest in the
hippocampus and emotion, partly from growing evidence that
hippocampal dysfunctions contribute to conditions such as
schizophrenia, anxiety disorders, and posttraumatic stress disor-
der (PTSD; Small et al., 2011). This interest has been fuelled by
the discovery of functional changes along the long axis of the
hippocampus, which partly reflect changing relative contribu-
tions to emotion and memory (O’Mara et al., 2001; Poppenk
et al.,, 2013; Small et al., 2011). In particular, it is supposed
that the functions of the anterior hippocampus are biased
towards emotional states, including anxiety, while the posterior
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hippocampus is more critical for mnemonic functions (Aggleton,
2012; McHugh et al., 2004; O’Mara et al., 2001; Ranganath and
Ritchey, 2012; Small et al., 2011). This framework is reflected in
hippocampal connectivity as the anterior hippocampus is particu-
larly linked to sites such as the amygdala, nucleus accumbens,
medial, and orbital prefrontal cortex, while the posterior hip-
pocampus is more densely connected with sites closely linked to
episodic memory, including the mammillary bodies and retros-
plenial cortex (Aggleton, 2012). For this reason, the hippocam-
pal—diencephalic—cingulate network appears to particularly
engage the posterior hippocampus.

A related issue is that many of the hippocampal projections
most associated with emotion do not, in fact, join those connec-
tions highlighted by Papez (Clarke et al., 2015; Small et al.,
2011), as there are direct hippocampal projections to sites such as
the frontal cortex, amygdala, and ventral striatum (Aggleton,
1986; Aggleton et al., 2015; Friedman et al., 2002). These par-
ticular hippocampal connections have been especially linked to
conditions such as PTSD and schizophrenia (Sigurdsson and
Duvarci, 2015; Small et al., 2011). Even so, animal studies reveal
contributions from the anterior thalamic nuclei and retrosplenial
cortex to fear conditioning (Célérier et al., 2000; Gabriel, 1991;
Gabriel et al., 1991; Keene and Bucci, 2008), suggesting that
Papez’s connections retain a contributory role in emotional con-
ditions such as anxiety.

Summary

In conclusion, we can state that the concept of a serial limbic
circuit for emotion, first promoted by Papez (1937), is mislead-
ing with respect to both information flow and function. It remains
the case that the connections originally described by Papez do
exist. Indeed, it could be argued that with respect to the mammil-
lary bodies, the anterior thalamic nuclei, and the retrosplenial
cortex, these interconnections may well be the most dominant
with respect to their respective functions. At the same time,
Papez could not appreciate the weight of reciprocal connections
between some of the structures, as well as the number of addi-
tional connections that jump the nodes in his circuit. This net-
work, which appears more critical for learning and memory than
emotion, involves complex topographies that reflect multiple
subsystems. Furthermore, the predominant pattern of informa-
tion flow need not be circular, as initially supposed. Instead,
many of the connections can be seen as providing parallel effer-
ents from the medial temporal lobes, where the subiculum has a
particularly important role.

Despite all these complexities, the structures initially high-
lighted by Papez still retain a special status. One unifying exam-
ple is that theta-rthythm appears to resonate throughout these
same sites, consistent with a circuit (Vertes et al., 2001, 2004,
2015). Such neuronal activity potentially plays an important role
in mnemonic processes. Another example is the way in which
sites throughout the hippocampal—diencephalic—cingulate net-
work contain head-direction cells (Taube, 2007). Furthermore,
when trying to understand the relationships between conditions
such as temporal lobe amnesia and diencephalic amnesia, or
when trying to unravel the neuropathologies underlying prodro-
mal states in dementia, the importance of these same structures
and their interlinking pathways comes to the fore. Consequently,

we still need a more comprehensive appreciation of the group of
connections initially described 80 years ago by Papez, combined
with the specific need to uncover far more about the details of
these same connections in the human brain.

Acknowledgements
E.J.B. and L.K. are equal first authors.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The Wellcome Trust (grant # 103722/Z14/Z) funded some of the rodent
anatomical studies that contributed to this review.

References

Aggleton JP (1986) A description of the amygdalo-hippocampal inter-
connections in the macaque monkey. Experimental Brain Research
64(3): 515-526.

Aggleton JP (2012) Multiple anatomical systems embedded within the
primate medial temporal lobe: Implications for hippocampal func-
tion. Neuroscience and Biobehavioral Reviews 36(7): 1579-1596.

Aggleton JP and Brown MW (1999) Episodic memory, amnesia, and the
hippocampal-anterior thalamic axis. Behavioral and Brain Sciences
22(3): 425-444.

Aggleton JP and Brown MW (2006) Interleaving brain systems for epi-
sodic and recognition memory. Trends in Cognitive Sciences 10(10):
455-463.

Aggleton JP, Desimone R and Mishkin M (1986) The origin, course, and
termination of the hippocampothalamic projections in the macaque.
Journal of Comparative Neurology 243(3): 409—421.

Aggleton JP, Keith AB and Sahgal A (1991) Both fornix and anterior
thalamic, but not mammillary, lesions disrupt delayed non-match-
ing-to-position memory in rats. Behavioural Brain Research 44(2):
151-161.

Aggleton JP, McMackin D, Carpenter K, et al. (2000) Differential cogni-
tive effects of colloid cysts in the third ventricle that spare or com-
promise the fornix. Brain 123(4): 800-815.

Aggleton JP, Neave N, Nagle S, et al. (1995a) A comparison of the
effects of anterior thalamic, mamillary body and fornix lesions on
reinforced spatial alternation. Behavioural Brain Research 68(1):
91-101.

Aggleton JP, Neave N, Nagle S, et al. (1995b) A comparison of the
effects of medial prefrontal, cingulate cortex, and cingulum bundle
lesions on tests of spatial memory: Evidence of a double dissociation
between frontal and cingulum bundle contributions. The Journal of
Neuroscience 15(11): 7270-7281.

Aggleton JP, O’Mara SM, Vann SD, et al. (2010) Hippocampal-anterior
thalamic pathways for memory: Uncovering a network of direct and
indirect actions. European Journal of Neuroscience 31(12): 2292—
2307.

Aggleton JP, Pralus A, Nelson AJ, et al. (2016) Thalamic pathology and
memory loss in early Alzheimer’s disease: Moving the focus from
the medial temporal lobe to Papez circuit. Brain 139: 1877-1890.

Aggleton JP, Saunders RC, Wright NF, et al. (2014) The origin of projec-
tions from the posterior cingulate and retrosplenial cortices to the
anterior, medial dorsal and laterodorsal thalamic nuclei of macaque
monkeys. European Journal of Neuroscience 39(1): 107-123.

Aggleton JP, Vann SD and Saunders RC (2005) Projections from the
hippocampal region to the mammillary bodies in macaque monkeys.
European Journal of Neuroscience 22(10): 2519-2530.



Bubb et al.

17

Aggleton JP, Wright NF, Rosene DL, et al. (2015) Complementary pat-
terns of direct amygdala and hippocampal projections to the macaque
prefrontal cortex. Cerebral Cortex 25(11): 4351-4373.

Aggleton JP, Wright NF, Vann SD, et al. (2012) Medial temporal lobe
projections to the retrosplenial cortex of the macaque monkey. Hip-
pocampus 22(9): 1883-1900.

Allen GV and Hopkins DA (1988) Mamillary body in the rat: A cytoar-
chitectonic, Golgi, and ultrastructural study. Journal of Comparative
Neurology 275(1): 39-64.

Allen GV and Hopkins DA (1989) Mamillary body in the rat: Topog-
raphy and synaptology of projections from the subicular complex,
prefrontal cortex, and midbrain tegmentum. Journal of Comparative
Neurology 286(3): 311-336.

Amaral DG and Cowan WM (1980) Subcortical afterents to the hippo-
campal formation in the monkey. Journal of Comparative Neurology
189(4): 573-591.

Baleydier C and Mauguiere F (1980) The duality of the cingulate gyrus
in monkey. Neuroanatomical study and functional hypothesis. Brain
103(3): 525-554.

Ballantine HT Jr, Bouckoms AJ, Thomas EK, et al. (1987) Treatment of
psychiatric illness by stereotactic cingulotomy. Biological Psychia-
try 22(7): 807-819.

Ballantine HT Jr, Cassidy WL, Flanagan NB, et al. (1967) Stereotaxic
anterior cingulotomy for neuropsychiatric illness and intractable
pain. Journal of Neurosurgery 26(5): 488-495.

Broca P (1878) Anatomie comparée des circonvolutions cérébrales:
Le grand lobe limbique et la scissure limbique dans la série
des mammiféres (Revue d’Anthropologie series 2). Paris,
pp. 385-498.

Carlesimo GA, Lombardi MG and Caltagirone C (2011) Vascular tha-
lamic amnesia: A reappraisal. Neuropsychologia 49(5): 777-789.

Catani M, Dell’Acqua F and De Schotten MT (2013) A revised limbic
system model for memory, emotion and behaviour. Neuroscience
and Biobehavioral Reviews 37(8): 1724—-1737.

Célérier A, Ognard R, Decorte L, et al. (2000) Deficits of spatial and
non-spatial memory and of auditory fear conditioning following
anterior thalamic lesions in mice: Comparison with chronic alcohol
consumption. European Journal of Neuroscience 12(7): 2575-2584.

Christiansen K, Aggleton JP, Parker GD, et al. (2016a) The status of the
precommissural and postcommissural fornix in normal ageing and
mild cognitive impairment: An MRI tractography study. Neuroim-
age 130(0): 35-47.

Christiansen K, Dillingham CM, Wright NF, et al. (2016b) Complemen-
tary subicular pathways to the anterior thalamic nuclei and mammil-
lary bodies in the rat and macaque monkey brain. European Journal
of Neuroscience 43(8): 1044-1061.

Clarke HF, Horst NK and Roberts AC (2015) Regional inactivations
of primate ventral prefrontal cortex reveal two distinct mecha-
nisms underlying negative bias in decision making. Proceedings of
the National Academy of Sciences of the United States of America
112(13): 4176-4181.

Da Silva FL, Witter MP, Boeijinga PH, et al. (1990) Anatomic organi-
zation and physiology of the limbic cortex. Physiological Reviews
70(2): 453-511.

Dalgleish T (2004) The emotional brain. Nature Reviews Neuroscience
5(7): 583-589.

Delay J and Brion S (1969) Le syndrome de Korsakoff. Paris: Masson.

Dillingham CM, Erichsen JT, O’Mara SM, et al. (2015a) Fornical and
nonfornical projections from the rat hippocampal formation to the
anterior thalamic nuclei. Hippocampus 25(9): 977-992.

Dillingham CM, Frizzati A, Nelson AJ, et al. (2015b) How do mammil-
lary body inputs contribute to anterior thalamic function? Neurosci-
ence and Biobehavioral Reviews 54(0): 108-119.

Domesick VB (1970) The fasciculus cinguli in the rat. Brain Research
20(1): 19-32.

Etkin A, Biichel C and Gross JJ (2015) The neural bases of emotion regu-
lation. Nature Reviews Neuroscience 16(11): 693-700.

Etkin A, Egner T and Kalisch R (2011) Emotional processing in anterior
cingulate and medial prefrontal cortex. Trends in Cognitive Sciences
15(2): 85-93.

Fan 'Y, Duncan NW, de Greck M, et al. (2011) Is there a core neural net-
work in empathy? An fMRI based quantitative meta-analysis. Neu-
roscience and Biobehavioral Reviews 35(3): 903-911.

Feldman RP, Alterman RL and Goodrich JT (2001) Contemporary psy-
chosurgery and a look to the future. Journal of Neurosurgery 95(6):
944-956.

Fernandez G (2017) The medial prefrontal cortex is a critical hub in the
declarative memory system. In: Axmacher N and Rasch B (eds)
Cognitive Neuroscience of Memory Consolidation. Cham: Springer
International Publishing, pp. 45-56.

Friedman DP, Aggleton JP and Saunders RC (2002) Comparison of
hippocampal, amygdala, and perirhinal projections to the nucleus
accumbens: Combined anterograde and retrograde tracing study
in the Macaque brain. Journal of Comparative Neurology 450(4):
345-365.

Furtak SC, Wei SM, Agster KL, et al. (2007) Functional neuroanatomy
of the parahippocampal region in the rat: The perirhinal and postrhi-
nal cortices. Hippocampus 17(9): 709-722.

Gabriel M (1991) Functions of anterior and posterior cingulate cortex
during avoidance learning in rabbits. Progress in Brain Research
85(0): 467-483.

Gabriel M, Vogt BA, Kubota Y, et al. (1991) Training-stage related
neuronal plasticity in limbic thalamus and cingulate cortex during
learning: A possible key to mnemonic retrieval. Behavioural Brain
Research 46(2): 175-185.

Gaffan D and Gaffan EA (1991) Amnesia in man following transection
of the fornix. A review. Brain 114(6): 2611-2618.

Gaffan EA, Gaffan D and Hodges JR (1991) Amnesia following dam-
age to the left fornix and to other sites. A comparative study. Brain
114(3): 1297-1313.

Granziera C, Hadjikhani N, Arzy S, et al. (2011) In-vivo magnetic reso-
nance imaging of the structural core of the Papez circuit in humans.
Neuroreport 22(5): 227-231.

Greicius MD, Krasnow B, Reiss AL, et al. (2003) Functional connec-
tivity in the resting brain: A network analysis of the default mode
hypothesis. Proceedings of the National Academy of Sciences of the
United States of America 100(1): 253-258.

Harding A, Halliday G, Caine D, et al. (2000) Degeneration of anterior
thalamic nuclei differentiates alcoholics with amnesia. Brain 123(1):
141-154.

Henry J, Petrides M, St-Laurent M, et al. (2004) Spatial conditional asso-
ciative learning: Effects of thalamo-hippocampal disconnection in
rats. Neuroreport 15(15): 2427-2431.

Hollocks MJ, Lawrence AJ, Brookes RL, et al. (2015) Differential
relationships between apathy and depression with white matter
microstructural changes and functional outcomes. Brain 138(12):
3803-3815.

Honda Y and Ishizuka N (2015) Topographic distribution of cortical
projection cells in the rat subiculum. Neuroscience Research 92(0):
1-20.

Hopkins DA (2005) Neuroanatomy of head direction cell circuits. In:
Wiener SI and Taube JS (eds) Head Direction Cells and the Neu-
ral Mechanisms of Spatial Orientation. Cambridge: MIT Press, pp.
17-44.

Hornberger M, Wong S, Tan R, et al. (2012) In vivo and post-mortem
memory circuit integrity in frontotemporal dementia and Alzheim-
er’s disease. Brain 135(10): 3015-3025.

Insausti R, Amaral DG and Cowan WM (1987a) The entorhinal cortex of
the monkey: II. Cortical afferents. Journal of Comparative Neurol-
ogy 264(3): 356-395.



18

Brain and Neuroscience Advances

Insausti R, Amaral DG and Cowan WM (1987b) The entorhinal cortex
of the monkey: III. Subcortical afferents. Journal of Comparative
Neurology 264(3): 396-408.

Isaacson RL (1992) A fuzzy limbic system. Behavioural Brain Research
52(2): 129-131.

Jones BF and Witter MP (2007) Cingulate cortex projections to the para-
hippocampal region and hippocampal formation in the rat. Hippo-
campus 17(10): 957-976.

Jones DK, Christiansen KF, Chapman RJ, et al. (2013) Distinct sub-
divisions of the cingulum bundle revealed by diffusion MRI fibre
tracking: Implications for neuropsychological investigations. Neuro-
psychologia 51(1): 67-78.

Keene CS and Bucci DJ (2008) Neurotoxic lesions of retrosplenial cortex
disrupt signaled and unsignaled contextual fear conditioning. Behav-
ioral Neuroscience 122(5): 1070-1077.

Kelly D (1973) Psychosurgery and the limbic system. Postgraduate Med-
ical Journal 49(578): 825-833.

Kobayashi Y and Amaral DG (2003) Macaque monkey retrosplenial cor-
tex: II. Cortical afferents. Journal of Comparative Neurology 466(1):
48-79.

Kobayashi Y and Amaral DG (2007) Macaque monkey retrosplenial
cortex: III. Cortical efferents. Journal of Comparative Neurology
502(5): 810-833.

Kopelman MD (1995) The Korsakoff syndrome. The British Journal of

Psychiatry 166(2): 154-173.

Kétter R and Meyer N (1992) The limbic system: A review of its empiri-
cal foundation. Behavioural Brain Research 52(2): 105-127.

Kwon HG, Hong JH and Jang SH (2010) Mammillothalamic tract in
human brain: Diffusion tensor tractography study. Neuroscience
Letters 481(1): 51-53.

Lavenex P, Suzuki WA and Amaral DG (2002) Perirhinal and parahip-
pocampal cortices of the macaque monkey: Projections to the neo-
cortex. Journal of Comparative Neurology 447(4): 394—420.

Lewin W (1961) Observations on selective leucotomy. Journal of Neu-
rology, Neurosurgery and Psychiatry 24(1): 37-44.

Livingston KE and Escobar A (1971) Anatomical bias of the limbic sys-
tem concept. A proposed reorientation. Archives of Neurology 24(1):
17-21.

McHugh SB, Deacon RM, Rawlins JN, et al. (2004) Amygdala and ven-
tral hippocampus contribute differentially to mechanisms of fear and
anxiety. Behavioral Neuroscience 118(1): 63-78.

MacLean PD (1949) Psychosomatic disease and the visceral brain; recent
developments bearing on the Papez theory of emotion. Psychoso-
matic Medicine 11(6): 338-353.

MacLean PD (1952) Some psychiatric implications of physiologi-
cal studies on frontotemporal portion of limbic system (visceral
brain). Electroencephalography and Clinical Neurophysiology
4(4): 407-418.

McMackin D, Cockburn J, Anslow P, et al. (1995) Correlation of for-
nix damage with memory impairment in six cases of colloid cyst
removal. Acta Neurochirurgica 135(1-2): 12—-18.

Maguire E (2001) The retrosplenial contribution to human navigation: A
review of lesion and neuroimaging findings. Scandinavian Journal
of Psychology 42(3): 225-238.

Mashour GA, Walker EE and Martuza RL (2005) Psychosurgery: Past,
present, and future. Brain Research Reviews 48(3): 409-419.

Mathiasen ML, Dillingham CM, Kinnavane L, et al. (2017) Asymmetric
cross-hemispheric connections link the rat anterior thalamic nuclei
with the cortex and hippocampal formation. Neuroscience 349(0):
128-143.

Meibach RC and Siegel A (1975) The origin of fornix fibers which proj-
ect to the mammillary bodies in the rat: A horseradish peroxidase
study. Brain Research 88(3): 508-512.

Meibach RC and Siegel A (1977) Thalamic projections of the hippocam-
pal formation: Evidence for an alternate pathway involving the inter-
nal capsule. Brain Research 134(1): 1-12.

Metzler-Baddeley C, Jones DK, Steventon J, et al. (2012) Cingulum
microstructure predicts cognitive control in older age and mild cogni-
tive impairment. 7he Journal of Neuroscience 32(49): 17612—17619.

Minoshima S, Giordani B, Berent S, et al. (1997) Metabolic reduction
in the posterior cingulate cortex in very early Alzheimer’s disease.
Annals of Neurology 42(1): 85-94.

Morris R, Petrides M and Pandya DN (1999) Architecture and connec-
tions of retrosplenial area 30 in the rhesus monkey (Macaca mulatta).
European Journal of Neuroscience 11(7): 2506-2518.

Mufson EJ and Pandya DN (1984) Some observations on the course and
composition of the cingulum bundle in the rhesus monkey. Journal
of Comparative Neurology 225(1): 31-43.

Naber PA and Witter MP (1998) Subicular efferents are organized mostly
as parallel projections: A double-labeling, retrograde-tracing study
in the rat. Journal of Comparative Neurology 393(3): 284-297.

Neave N, Nagle S, Sahgal A, et al. (1996) The effects of discrete cingu-
lum bundle lesions in the rat on the acquisition and performance of
two tests of spatial working memory. Behavioural Brain Research
80(1): 75-85.

Nelson AJ, Powell AL, Holmes JD, et al. (2015) What does spatial
alternation tell us about retrosplenial cortex function? Frontiers in
Behavioral Neuroscience 9(0): 126.

Nestor PJ, Fryer TD, Smielewski P, et al. (2003) Limbic hypometabo-
lism in Alzheimer’s disease and mild cognitive impairment. Annals
of Neurology 54(3): 343-351.

O’Mara SM, Commins S, Anderson M, et al. (2001) The subiculum: A
review of form, physiology and function. Progress in Neurobiology
64(2): 129-155.

Pandya DN, Van Hoesen GW and Mesulam MM (1981) Efferent con-
nections of the cingulate gyrus in the rhesus monkey. Experimental
Brain Research 42(3—4): 319-330.

Papez JW (1937) A proposed mechanism of emotion. Archives of Neurol-
ogy and Psychiatry 38(4): 725-743.

Parvizi J, Van Hoesen GW, Buckwalter J, et al. (2006) Neural connec-
tions of the posteromedial cortex in the macaque. Proceedings of
the National Academy of Sciences of the United States of America
103(5): 1563-1568.

Pessoa L and Hof PR (2015) From Paul Broca’s great limbic lobe to the
limbic system. Journal of Comparative Neurology 523(17): 2495—
2500.

Poppenk J, Evensmoen HR, Moscovitch M, et al. (2013) Long-axis spe-
cialization of the human hippocampus. Trends in Cognitive Sciences
17(5): 230-240.

Powell TP, Guillery RW and Cowan WM (1957) A quantitative study
of the fornixmamillo-thalamic system. Journal of Anatomy 91(4):
419-437.

Prasad JA and Chudasama Y (2013) Viral tracing identifies parallel
disynaptic pathways to the hippocampus. The Journal of Neurosci-
ence 33(19): 8494-8503.

Raichle ME (2015) The brain’s default mode network. Annual Review of
Neuroscience 38(0): 433-447.

Ranganath C and Ritchey M (2012) Two cortical systems for memory-
guided behaviour. Nature Reviews Neuroscience 13(10): 713-726.

Rolls ET (2015) Limbic systems for emotion and for memory, but no
single limbic system. Cortex 62(0): 119-157.

Roxo MR, Franceschini PR, Zubaran C, et al. (2011) The limbic system
conception and its historical evolution. The Scientific World Journal
11(0): 2427-2440.

Rudebeck SR, Scholz J, Millington R, et al. (2009) Fornix microstructure
correlates with recollection but not familiarity memory. The Journal
of Neuroscience 29(47): 14987-14992.

Saunders RC, Mishkin M and Aggleton JP (2005) Projections from the
entorhinal cortex, perirhinal cortex, presubiculum, and parasubicu-
lum to the medial thalamus in macaque monkeys: Identifying dif-
ferent pathways using disconnection techniques. Experimental Brain
Research 167(1): 1-6.



Bubb et al.

19

Saunders RC, Rosene DL and Van Hoesen GW (1988) Comparison of
the efferents of the amygdala and the hippocampal formation in the
rhesus monkey: I1. Reciprocal and non-reciprocal connections. Jour-
nal of Comparative Neurology 271(2): 185-207.

Scoville WB and Milner B (1957) Loss of recent memory after bilateral
hippocampal lesions. Journal of Neurology, Neurosurgery and Psy-
chiatry 20(1): 11-21.

Seki M and Zyo K (1984) Anterior thalamic afferents from the mamil-
lary body and the limbic cortex in the rat. Journal of Comparative
Neurology 229(2): 242-256.

Shah A, Jhawar SS and Goel A (2012) Analysis of the anatomy of the
Papez circuit and adjoining limbic system by fiber dissection tech-
niques. Journal of Clinical Neuroscience 19(2): 289-298.

Shenhav A, Botvinick MM and Cohen JD (2013) The expected value of
control: An integrative theory of anterior cingulate cortex function.
Neuron 79(2): 217-240.

Shibata H (1992) Topographic organization of subcortical projections to
the anterior thalamic nuclei in the rat. Journal of Comparative Neu-
rology 323(1): 117-127.

Shibata H (1993) Efferent projections from the anterior thalamic nuclei
to the cingulate cortex in the rat. Journal of Comparative Neurology
330(4): 533-542.

Shibata H (1996) Direct projections from the entorhinal area to the
anteroventral and laterodorsal thalamic nuclei in the rat. Neurosci-
ence Research 26(1): 83-87.

Shibata H (1998) Organization of projections of rat retrosplenial cortex
to the anterior thalamic nuclei. European Journal of Neuroscience
10(10): 3210-3219.

Shibata H and Kato A (1993) Topographic relationship between antero-
medial thalamic nucleus neurons and their cortical terminal fields in
the rat. Neuroscience Research 17(1): 63—69.

Shibata H and Naito J (2005) Organization of anterior cingulate and
frontal cortical projections to the anterior and laterodorsal thalamic
nuclei in the rat. Brain Research 1059(1): 93—103.

Shibata H and Yukie M (2009) Thalamocingulate connections in the
monkey. In: Vogt BA (ed.) Cingulate Neurobiology and Disease.
Oxford: Oxford University Press, pp. 95-111.

Sigurdsson T and Duvarci S (2015) Hippocampal-prefrontal interactions
in cognition, behavior and psychiatric disease. Frontiers in Systems
Neuroscience 9(0): 190.

Small SA, Schobel SA, Buxton RB, et al. (2011) A pathophysiologi-
cal framework of hippocampal dysfunction in ageing and disease.
Nature Reviews Neuroscience 12(10): 585-601.

Spiers HJ, Maguire EA and Burgess N (2001) Hippocampal amnesia.
Neurocase 7(5): 357-382.

Sripanidkulchai K and Wyss JM (1987) The laminar organization of
efferent neuronal cell bodies in the retrosplenial granular cortex.
Brain Research 406(1): 255-269.

Strange BA, Witter MP, Lein ES, et al. (2014) Functional organization
of the hippocampal longitudinal axis. Nature Reviews Neuroscience
15(10): 655-669.

Sugar J, Witter MP, van Strien N, et al. (2011) The retrosplenial cortex:
Intrinsic connectivity and connections with the (para)hippocampal
region in the rat. An interactive connectome. Frontiers in Neuroin-
formatics 5(0): 7.

Suzuki WL and Amaral DG (1994) Perirhinal and parahippocampal cor-
tices of the macaque monkey: Cortical afferents. Journal of Com-
parative Neurology 350(4): 497-533.

Swanson LW and Cowan WM (1977) An autoradiographic study of
the organization of the efferent connections of the hippocampal
formation in the rat. Journal of Comparative Neurology 172(1):
49-84.

Tan RH, Wong S, Hodges JR, et al. (2013) Retrosplenial cortex (BA
29) volumes in behavioral variant frontotemporal dementia and
Alzheimer’s disease. Dementia and Geriatric Cognitive Disorders
35(3-4): 177-182.

Taube JS (2007) The head direction signal: Origins and sensory-motor
integration. Annual Review of Neuroscience 30(0): 181-207.

Teuber HL (1955) Physiological psychology Annual Review of Psychol-
ogy 6(1): 267-296.

Tsivilis D, Vann SD, Denby C, et al. (2008) A disproportionate role for
the fornix and mammillary bodies in recall versus recognition mem-
ory. Nature Neuroscience 11(7): 834-842.

Turner E (1973) Custom psychosurgery. Postgraduate Medical Journal
49(578): 834-844.

Valenstein E, Bowers D, Verfaellie M, et al. (1987) Retrosplenial amne-
sia. Brain 110(6): 1631-1646.

Van der Horst L (1951) Disorders in Papez’ circuit from multiple glio-
blastoma. Bruxelles Médical 31(10): 513-527.

Van der Werf YD, Scheltens P, Lindeboom J, et al. (2003) Deficits of
memory, executive functioning and attention following infarction in
the thalamus; a study of 22 cases with localised lesions. Neuropsy-
chologia 41(10): 1330-1344.

Van Groen T and Wyss JM (1990a) Connections of the retrosplenial
granular a cortex in the rat. Journal of Comparative Neurology
300(4): 593-606.

Van Groen T and Wyss JM (1990b) The connections of presubiculum
and parasubiculum in the rat. Brain Research 518(1): 227-243.

Van Groen T and Wyss JM (1990c) The postsubicular cortex in the rat:
Characterization of the fourth region of the subicular cortex and its
connections. Brain Research 529(1): 165-177.

Van Groen T and Wyss JM (1992) Connections of the retrosplenial dys-
granular cortex in the rat. Journal of Comparative Neurology 315(2):
200-216.

Van Groen T and Wyss JM (2003) Connections of the retrosplenial gran-
ular b cortex in the rat. Journal of Comparative Neurology 463(3):
249-263.

Van Kesteren MT, Beul SF, Takashima A, et al. (2013) Differential
roles for medial prefrontal and medial temporal cortices in schema-
dependent encoding: From congruent to incongruent. Neuropsycho-
logia 51(12): 2352-2359.

Van Strien NM, Cappaert NL and Witter MP (2009) The anatomy
of memory: An interactive overview of the parahippocampal—
hippocampal network. Nature Reviews Neuroscience 10(4): 272—
282.

Vann SD, Aggleton JP and Maguire EA (2009a) What does the
retrosplenial cortex do? Nature Reviews Neuroscience 10(11):
792-802.

Vann SD and Aggleton JP (2002) Extensive cytotoxic lesions of the
rat retrosplenial cortex reveal consistent deficits on tasks that
tax allocentric spatial memory. Behavioral Neuroscience 116(1):
85-94.

Vann SD and Aggleton JP (2004) The mammillary bodies: Two memory
systems in one? Nature Reviews Neuroscience 5(1): 35-44.

Vann SD, Saunders RC and Aggleton JP (2007) Distinct, parallel path-
ways link the medial mammillary bodies to the anterior thalamus
in macaque monkeys. European Journal of Neuroscience 26(6):
1575-1586.

Vann SD, Tsivilis D, Denby CE, et al. (2009b) Impaired recollection
but spared familiarity in patients with extended hippocampal sys-
tem damage revealed by 3 convergent methods. Proceedings of
the National Academy of Sciences of the United States of America
106(13): 5442-5447.

Vertes RP, Albo Z and Di Prisco GV (2001) Theta-rhythmically firing
neurons in the anterior thalamus: Implications for mnemonic func-
tions of Papez’s circuit. Neuroscience 104(3): 619-625.

Vertes RP, Hoover WB and Di Prisco GV (2004) Theta rhythm of the
hippocampus: Subcortical control and functional significance.
Behavioral and Cognitive Neuroscience Reviews 3(3): 173-200.

Vertes RP, Linlkey SB, Groenewegen HJ, et al. (2015) Thalamus. In:
Paxinos G (ed.) The Rat Nervous System (4th edn). Amsterdam:
Elsevier, pp. 335-390.



20

Brain and Neuroscience Advances

Victor M, Adams RD and Collins GH (1989) The Wernicke-Korsakoff
Syndrome and Related Neurologic Disorders Due to Alcoholism and
Malnutrition. Philadelphia, PA: F.A. Davis Company.

Vogt BA (2009) Regions and subregions of the cingulate cortex. In: Vogt
BA (ed.) Cingulate Neurobiology and Disease. Oxford: Oxford
University Press, pp. 3-30.

Vogt BA and Paxinos G (2014) Cytoarchitecture of mouse and rat cin-
gulate cortex with human homologies. Brain Structure and Function
219(1): 185-192.

Vogt BA, Pandya DN and Rosene DL (1987) Cingulate cortex of the
rhesus monkey: 1. Cytoarchitecture and thalamic afferents. Journal
of Comparative Neurology 262(2): 256-270.

Vogt BA, Rosene DL and Pandya DN (1979) Thalamic and cortical affer-
ents differentiate anterior from posterior cingulate cortex in the mon-
key. Science 204(4389): 205-207.

Vogt BA, Vogt LJ, Perl DP, et al. (2009) Cingulate neuropathology in
anterior and posterior cortical atrophies in Alzheimer’s disease. In:
Vogt BA (ed.) Cingulate Neurobiology and Disease. Oxford: Oxford
University Press, pp. 763-799.

Warburton EC and Aggleton JP (1998) Differential deficits in the Mor-
ris water maze following cytotoxic lesions of the anterior thalamus
and fornix transection. Behavioural Brain Research 98(1): 27-38.

Warburton EC, Baird A, Morgan A, et al. (2001) The conjoint impor-
tance of the hippocampus and anterior thalamic nuclei for allocentric
spatial learning: Evidence from a disconnection study in the rat. 7he
Journal of Neuroscience 21(18): 7323-7330.

Wei PH, Mao ZQ, Cong F, et al. (2017) In vivo visualization of
connections among revised Papez circuit hubs using full g-space

diffusion spectrum imaging tractography. Neuroscience 2017;
357(0): 400-410.

Weible AP (2013) Remembering to attend: The anterior cingulate cortex
and remote memory. Behavioural Brain Research 245(0): 63-75.

Witter MP and Wouterlood FG (2002) The Parahippocampal Region:
Organization and Role in Cognitive Function. Oxford: Oxford
University Press.

Wright NF, Erichsen JT, Vann SD, et al. (2010) Parallel but separate
inputs from limbic cortices to the mammillary bodies and ante-
rior thalamic nuclei in the rat. Journal of Comparative Neurology
518(12): 2334-2354.

Wright NF, Vann SD, Aggleton JP, et al. (2015) A critical role for the
anterior thalamus in directing attention to task-relevant stimuli. 7he
Journal of Neuroscience 35(14): 5480-5488.

Wright NF, Vann SD, Erichsen JT, et al. (2013) Segregation of
parallel inputs to the anteromedial and anteroventral thalamic
nuclei of the rat. Journal of Comparative Neurology 521(13): 2966—
2986.

Xiang JZ and Brown MW (2004) Neuronal responses related to long-
term recognition memory processes in prefrontal cortex. Neuron
42(5): 817-829.

Xiao D and Barbas H (2002) Pathways for emotions and memory: II.
Afferent input to the anterior thalamic nuclei from prefrontal, tempo-
ral, hypothalamic areas and the basal ganglia in the rhesus monkey.
Thalamus & Related Systems 2(1): 33-48.

Yukie M and Shibata H (2009) Temporocingulate interactions in the
monkey. In: Vogt BA (ed.) Cingulate Neurobiology and Disease.
Oxford: Oxford University Press, pp. 145-162.



