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Abstract

Although the mammillary bodies were one of the first neural structures to be implicated in
memory, it has long been assumed that their main function was to act primarily as a hippocampal
relay, passing information on to the anterior thalamic nuclei and from there to the cingulate cortex.
This view not only afforded the mammillary bodies no independent role in memory, it also
neglected the potential significance of other, nonhippocampal, inputs to the mammillary bodies.
Recent advances have transformed the picture, revealing that projections from the tegmental
nuclei of Gudden, and not the hippocampal formation, are critical for sustaining mammillary body
function. By uncovering a role for the mammillary bodies that is independent of its subicular
inputs, this work signals the need to consider a wider network of structures that form the neural
bases of episodic memory.
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1 INTRODUCTION

The hippocampal-mammillary body projections hold a noteworthy position in history; they
were the arguably the first hippocampal projections to undergo experimental analysis and,
until the mid-twentieth century, were the principal focus of attention in terms of
hippocampal outputs (Gudden, 1881; MacLean, 1990). Both the medial temporal lobe and
medial diencephalon, comprising the hippocampus and mammillary bodies, respectively,
have been implicated in event memory for over a hundred years, but there remains much
uncertainty about how these brain regions interact to support this function. Since Papez
proposed his model of emotion in 1937, most accounts of mammillary body function have
emphasized the importance of hippocampal inputs to this region, effectively relegating the
mammillary bodies to the status of a relay within an “extended hippocampal system”
(Aggleton and Brown, 1999; Papez, 1937). However, recent advances in our understanding
challenge the prevalent hippocampal-centric view of mammillary body function. In contrast
to traditional models, it appears that independent ascending projections from the
mammillary bodies are key for some aspects of hippocampal function.
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2 THE PAPEZ CIRCUIT: ANATOMY

In his proposed mechanism of emotion, Papez described a circuit that originated in the
cortex, then “built up in the hippocampal formation and ...transferred to the mammillary
body and thence through the anterior thalamic nuclei to the cortex of the gyrus cinguli”
(Papez, 1937, p. 728). In terms of hippocampal outputs, the projections to the mammillary
bodies were seen as key. The mammillary bodies are remarkable for a number of reasons.
They are clearly discernable as two spherical structures on the underside of the brain.
Originally referred to as the “testicles of the brain,” they have subsequently come to be
known as the “breasts of the brain” (Jones, 2011). They comprise just two major nuclei
groups, the lateral and medial nuclei, with a narrow array of cell types in each (Vann and
Aggleton, 2004). The mammillary bodies have major connections with a limited number of
regions, and most of these pathways can be readily seen in a dissected brain (Fig. 1). The
pattern of connectivity is strikingly similar between rodents and primates (e.g., Allen and
Hopkins, 1989; Saunders et al., 2012; Vann et al., 2007). The mammillary bodies receive a
dense input from the hippocampus via the fornix (Gudden, 1881). It was originally thought
that these projections arose from the hippocampus proper (CA1-4), but Swanson and Cowan
(1975) showed that the subicular complex was, in fact, the source of projections to the
mammillary bodies.

Although Papez only included hippocampal-mammillary body projections in his circuit,
more recent variants also include the direct hippocampal-anterior thalamic projections (Fig.
3). As with the mammillary body projections, the anterior thalamic projections also arise
from the subiculum but from a different cell population (Aggleton et al., 2005; Ishizuka,
2001; Wright et al., 2010; Fig. 2). The hippocampal-mammillary body projections are purely
fornical (see Fig. 2); however, the projections to the anterior thalamic nuclei also have a
nonfornical component (Dillingham et al., in press; Saunders et al., 2005).

The next stage in the circuit is the projection from the mammillary bodies to the anterior
thalamic nuclei by way of the mammillothalamic tract (Cruce, 1975; Seki and Zyo, 1984;
Vann et al., 2007). Despite some initial confusion (Clark, 1938), this pathway is now known
to be unidirectional. The lateral mammillary nucleus projects bilaterally to the anterodorsal
thalamic nuclei, while the larger medial mammillary nucleus projects unilaterally to the
anteroventral and anteromedial thalamic nuclei (Cruce, 1975; Seki and Zyo, 1984; Vann et
al., 2007).

The final stage of the original Papez circuit is the projection from the anterior thalamic
nuclei to the cingulate gyrus (Papez, 1937). The retrosplenial cortex is typically viewed as
the principal output within the cingulate gyrus. The anterior thalamic nuclei are reciprocally
connected with the retrosplenial cortex (Shibata, 1993a; Sripanidkulchai and Wyss, 1986),
and these connections are carried within the cingulum bundle (Domesick, 1970; Shibata,
1993b). Although not included in the original Papez circuit, there are also direct projections
from the anterior thalamic nuclei to the hippocampal formation (Shibata, 1993a), anterior
cingulate (Shibata, 1993b), and frontal cortex (Shibata and Kato, 1993). As such, the Papez
circuit is well positioned to influence an extended network of regions and feed back into
itself, both directly and indirectly.
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3 THE PAPEZ CIRCUIT: FUNCTION

While we now know that structures within the Papez circuit are important for memory, it
was not until the mid-twentieth century that this view became widely accepted. Up to this
point, the hippocampus had been linked to a number of different functions including
sensation, olfaction, and attention. Papez originally made the link with emotion as a result of
his work on the rabies virus. The rabies virus principally affects the hippocampus, and
Papez, therefore, attributed the emotive changes seen following this infection to the
hippocampal pathology. Earlier authors had implicated the diencephalic region in emotive
processes (Cannon, 1931; Penfield, 1934); Papez used his knowledge of the connectivity
between the hippocampus, diencephalon, and associated cortical structures, to develop the
neural bases of emotion. Despite Papez ascribing a role for the mammillary bodies and
hippocampus in emotion, both these structures had previously been implicated in memory.
Gudden had identified mammillary body atrophy in cases of Korsakoff’s syndrome
(Gudden, 1896), a key feature of which is amnesia; this finding was subsequently followed
up by Gamper (1928). Brown and Schafer first reported a memory disturbance following
medial temporal lobe lesions in a rhesus monkey (Brown and Schéfer, 1888) and in 1900,
Bechterew described a patient who became amnesic following a stroke; a postmortem
revealed hippocampal pathology (Bechterew, 1900). Given the apparent importance of these
structures for mnemonic function, particularly following Scoville and Milner’s seminal
paper on H.M. (1957), the Papez circuit was adopted as a memory circuit (Aggleton and
Brown, 1999; Barbizet, 1963; Benedek and Juba, 1941; Delay and Brion, 1969).

Support for the Papez “memory” circuit comes from evidence that each of its constituent
neural structures appear to contribute to memory. As Barbizet described it “...bilateral
lesions of the...circuit of Papez, will disturb the organization and recall of memory without
interfering with immediate memory, the recognition of verbal and visual data, or motor
abilities....” (Barbizet, 1970, p. 63). Damage to the hippocampus, mammillary bodies,
anterior thalamic nuclei, and cingulate gyrus (retrosplenial cortex) can result in anterograde
amnesia in patients, i.e., an inability to lay down new episodic memories (e.g., Aggleton et
al., 2005; Clarke et al., 1994; Dusoir et al., 1990; Harding et al., 2000; Hildebrandt et al.,
2001; Kahn and Crosby, 1972; McDonald et al., 2001; Valenstein et al., 1987). Similarly,
rats with lesions to the different components of this system are impaired on tests of spatial
memory (Aggleton et al., 1986, 1995a; Harker and Whishaw, 2004; Parker and Gaffan,
1997a,b; Vann and Aggleton, 2002, 2003). Thus, evidence from studies into the functional
properties of the various gray matter structures that constitute Papez circuit is consistent
with the proposal that this is indeed a memory circuit. But what about the connections
between these structures? If these structures work together as a functional unit, it would be
expected that the tracts between these brain regions are as critical as the brain regions
themselves. The fornix, mammillothalamic tract, and cingulum bundle are the principal
white matter tracts within the Papez circuit and they will be considered in turn, starting with
the cingulum bundle and working back to the fornix.
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3.1 CINGULUM BUNDLE

The cingulum bundle was originally considered to be the principal association fiber pathway
of cingulate gyrus (Kappers et al., 1936). In terms of the Papez circuit, the cingulum bundle
is the route by which the Papez circuit was thought to influence cortical structures, carrying
the fibers from the anterior thalamic nuclei to the cingulate gyrus. Cingulum bundle lesions
in rats generally result in rather mild impairments on spatial tasks such as T-maze
alternation (Aggleton et al., 1995b) and water maze tasks (Harker and Whishaw, 2004;
Warburton et al., 1998), while sparing object location memory (Ennaceur et al., 1997).
There are very few reported cases of patients with damage to the more posterior section of
the cingulum bundle, i.e., that part most likely to disrupt the Papez circuit. One such
reported case did have anterograde amnesia but, in addition to the cingulum bundle
pathology, had damage to the adjacent retrosplenial cortex making it difficult to attribute the
cause of the memory impairment (Valenstein et al., 1987).

The limited findings there are regarding the cingulum bundle generally appear to be
consistent with the Papez circuit supporting memory, albeit, the deficits in rats are perhaps
milder than would be expected. However, there are a number of other efferent and afferent
fibers carried within the cingulum bundle (Schmahmann and Pandya, 2006) which make
interpretation of the lesion effects very difficult. Furthermore, the cingulum bundle contains
many short association fibers and very few fibers transverse the length of the cingulum
bundle (Jones et al., 2013); the effects of cingulum bundle lesions would likely depend very
much on the location and extent of the lesion. It is, therefore, possible that the cingulum
lesions in rats did not completely disconnect the anterior thalamic afferents and may have
underestimated the importance of this pathway for memory. In any case, the importance of
anterior thalamic projections for normal retrosplenial functioning has been repeatedly
shown. Anterior thalamic lesions can result in retrosplenial dysfunction such as reduction in
immediate-early gene expression (Dumont et al., 2012; Jenkins et al., 2002a,b), decrease in
spine density (Harland et al., 2014), and disruption of long-term depression (Garden et al.,
2009).

3.2 MAMMILLOTHALAMIC TRACT

Within the Papez circuit, the mammillary bodies are considered to be relay nuclei, passing
information from the hippocampal formation to the anterior thalamic nuclei, by way of the
mammillothalamic tract. All neurons within the mammillary bodies are thought to project to
the anterior thalamic nuclei (Guillery, 1955; Vann et al., 2007) consistent with the
mammillary bodies acting as a relay. Furthermore, the reported lack of interneurons in the
rodent mammillary bodies would again reinforce the notion of a relay structure (Veazey et
al., 1982). However, there are interneurons in human and nonhuman primate mammillary
bodies (Bernstein et al., 2007; Dixon et al., 2004). The medial mammillary bodies reach
their developmental peak in primates (Clark, 1938), so it is possible that the interneurons are
species specific; alternatively, interneurons in rodents may have been missed due to
methodological reasons (Dixon et al., 2004).

If the mammillary nuclei are relay structures and their principal role is to transfer
information to the anterior thalamic nuclei, mammillothalamic tract lesions should be
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functionally equivalent to mammillary body lesions. We tested this prediction in a cohort of
rats with either neurotoxic mammillary body lesions or radiofrequency mammillothalamic
tract lesions (Vann and Aggleton, 2003). Across several spatial tasks, the performance of
these lesion groups was remarkably similar and both groups were impaired relative to
surgical control rats (Vann and Aggleton, 2003). It does, therefore, appear that the
mammillary bodies contribute to mnemonic function by way of the mammillothalamic tract.
This conclusion is consistent with findings from patients where damage to the
mammillothalamic tract is the key predictor as to whether patients with thalamic infarcts
suffer memory problems (Carlesimo et al., 2007; Van der Werf et al., 2000, 2003; von
Cramon et al., 1985).

The mammillothalamic tract inputs seem to be critical for normal anterior thalamic
functioning. Anterior thalamic lesions and mammillothalamic tract lesions both disrupt
performance on spatial memory tasks (e.g., Aggleton et al., 1995a, 1996; Byatt and
Dalrymple-Alford, 1996; Mair et al., 2003; Nelson and Vann, 2014; Vann, 2013; Vann and
Aggleton, 2003). Moreover, both lesions result in a remarkably similar pattern of
hypoactivity, as measured by the immediate-early gene c-fos, in an array of distal brain
regions (e.g., Jenkins et al., 2002b; Vann and Albasser, 2009). Similarly, in a group of
patients with Wernicke’s encephalopathy, the strength of functional connectivity between
the mammillary bodies and anterior thalamic nuclei correlated with memory performance
(Kim et al., 2009). These data are consistent with the notion that mammillary bodies
contribute to memory via their projections to the anterior thalamic nuclei. A further
implication is that anterior thalamic lesion effects are to some extent driven by the loss of
their inputs from the mammillary bodies.

3.3 POSTCOMMISSURAL FORNIX

Central to the current “extended hippocampal” memory models is the notion that the direct
projections from the hippocampal formation to the mammillary bodies, via the fornix, are
critical for memory (Aggleton and Brown, 1999). Fornix lesions can result in memory
impairments in both patients and animals (e.g., Aggleton et al., 2000; Cassel et al., 1997,
1998; McMackin et al., 1995; Park et al., 2000; Vann et al., 2008), and using tractography, it
has been shown that fornix integrity is linked to memory and scene perception (Metzler-
Baddeley et al., 2012; Postans et al., 2014; Rudebeck et al., 2009). Not only do these
findings implicate the Papez circuit in memory, they have also been taken as indirect
evidence that, in terms of memory, the hippocampus drives the medial diencephalon. This
assumption could only be made if the fornix carried projections solely to the medial
diencephalon, which is not the case. At the level of the anterior commissure, half the fibers
in the fornix continue forward to form the precommissural fornix (Nauta, 1956; Poletti and
Creswell, 1977; Powell et al., 1957; Raisman et al., 1966; Simpson, 1952) and innervate
areas including the basal forebrain (including septum), ventral striatum, and prefrontal
cortex (Nauta, 1956; Poletti and Creswell, 1977). The precommissural fornix also comprises
the substantial projections from the septum to the hippocampus (Votaw and Lauer, 1963).
Thus, only half the fibers in the fornix are in fact relevant to the functions of the Papez
circuit. Even within the postcommissural fornix, about one half to two-thirds of the fibers do
not reach the mammillary bodies (e.g., Powell et al., 1957). A large component directly
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innervates the anterior thalamic nuclei and the remaining fibers then descend to innervate
the mammillary bodies (Guillery, 1956) among other regions (Kishi et al., 2000; Sprague
and Meyer, 1950). Therefore, in terms of hippocampal-mammillary projections,
approximately one quarter of fornical fibers are actually relevant. In order to assess the
importance of hippocampal-mammillary projections for memory, this subcomponent of
fornix fibers become crucial. While the cornerstone of all of standard memory models is the
notion that the direct projections from the hippocampus to the mammillary bodies, via the
fornix, are critical for memory, remarkably this hypothesis had never been tested directly
until recently.

With three separate cohorts of rats, we have now shown that lesions of the descending
postcommissural fornix, i.e., that part of the fornix that innervates the mammillary bodies,
have little, if no effect on tests of spatial memory (Vann, 2013; Vann et al., 2011). These are
the same tests that are sensitive to mammillary body, mammillothalamic tract, anterior
thalamic, and hippocampal lesions (e.g., Aggleton et al., 1995a, 1996; VVann and Aggleton,
2003). This result is most surprising given this pathway is historically seen as the backbone
of the Papez circuit. Why might these results have come about? Perhaps the lesions were
incomplete leaving a residual pathway intact, which was sufficient to support these
functions? The use of retrograde tracers confirmed the completeness of the disconnection
(Fig. 2). Furthermore, loss of fornical fibers results in mammillary body shrinkage
(reflecting a loss of fibers and not neurons), and the mammillary body shrinkage following
descending postcommissural fornix lesions was comparable to that found after complete
fornix lesions (Vann, 2013; Vann et al., 2011). A second possibility is that the direct
projection to the anterior thalamic nuclei from the hippocampal formation makes the indirect
projection, via the mammillary bodies, redundant. There are a number of reasons why this
explanation is unlikely. As previously mentioned, the projections to the mammillary bodies
and anterior thalamic nuclei arise from different subiculum populations with no overlap in
terms of their origin (Ishizuka, 2001; Wright et al., 2010; Yoder and Taube, 2011; Fig. 2).
Moreover, the electrophysiological properties of the anterior thalamic nuclei inputs from the
mammillary bodies and fornix are antagonistic (Tsanov et al., 2011), suggesting
complementary rather than duplicate functions. If the anterior thalamic nuclei received the
same information from both routes, and it was this information that was needed to support
memory, then mammillothalamic tract lesions would be expected to have comparable effects
to postcommissural fornix lesion—i.e., mild or no effect. Yet, as already noted, mammillary
body and mammillothalamic tract lesions produce consistent spatial memory impairments
that are markedly more severe than the effects of descending postcommissural fornix
lesions. This leaves us with the possibility that for certain classes of memory, at least, the
mammillary bodies’ contribution to memory is independent of their subicular complex
inputs. A further implication is that the hippocampal-mammillary body projections are not
required for at least some classes of memory.

While we are able to selectively disconnect those hippocampal-mammillary body
projections in rats, it is much harder to assess this specific component of the system in
humans. However, there is some evidence from human studies that mammillary body
function might reflect more than their hippocampal input. Disconnecting the fornix results in
a maximum 50% reduction in mammillary body volume, principally reflecting a loss of
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fibers (Loftus et al., 2000; Vann, 2013; Vann et al., 2011; Zola-Morgan et al., 1989). It is,
therefore, of particular interest to look at those patients whose mammillary bodies appear to
be reduced by more than 50%, as these cases may reveal a contribution beyond the loss of
fornical inputs. We were able to address this issue by testing a large group of patients who
had undergone surgery for the removal of colloid cysts in the third ventricle (Tsivilis et al.,
2008). Patients were selected for the study purely on their etiology and not on the basis of
any particular neuropsychological profile. Moreover, neuropsychological testing was carried
out without prior knowledge of neuropathology. Volumetric estimates were derived for 13
regions of interest including the mammillary bodies, fornix, hippocampus, parahippocampal
cortex, and prefrontal cortex (Tsivilis et al., 2008). In the group of 38 patients, the
mammillary bodies were the only structure to consistently correlate with memory
performance (Fig. 4). Indeed, the mammillary body volume significantly correlated with
performance on 13 of the 14 tests of recollective memory. Those patients with the smallest
mammillary bodies were significantly more impaired on tests of memory (Tsivilis et al.,
2008; Vann et al., 2009; Fig. 4). Remarkably, at least 9 of the 11 patients with the smallest
mammillary bodies had a greater than 50% reduction in mammillary body volume (Tsivilis
et al., 2008), i.e., performance of the patients most impaired on tests of recall did not simply
reflect the loss of fornical inputs.

Another particularly striking case is that of patient H.C., a well-studied developmental
amnesic. Rosenbaum et al. (2014) recently reported a previously unnoticed finding that H.C.
has a complete absence of the mammillary bodies (Fig. 5). H.C. has atrophic and abnormally
orientated hippocampi, which were originally thought to be a result of prematurity with
associated respiratory difficulties. However, the absence of mammillary bodies cannot
simply be a result of the reduced hippocampal volume as again, this would only explain a
maximum 50% reduction in mammillary body volume. The mammillothalamic tract also
appears to be absent bilaterally (Rosenbaum et al., 2014). Together, this pattern of
neuropathology is consistent with a prenatal abnormality within the Papez circuit. There are
some aspects of H.C.’s memory impairment that are more in keeping with findings from
Korsakoff syndrome patients (Cermak et al., 1974) than typically associated with
developmental amnesics (Gardiner et al., 2006; Meier et al., 2009). For example, H.C.’s
recognition memory is not improved by a levels-of-processing manipulation (Rosenbaum et
al., 2011); furthermore, H.C.’s cued recall performance can be benefitted by spaced (as
opposed to massed) repetition (Green et al., 2014; Rosenbaum et al., 2014). It, therefore,
appears that some aspects of H.C.’s memory impairments may well reflect a loss beyond
what would be expected on the basis of hippocampal pathology and the loss of
hippocampal-mammillary body projections alone (Rosenbaum et al., 2014).

3.4 NONHIPPOCAMPAL INPUTS TO THE MAMMILLARY BODIES

If the mammillary bodies make a contribution to memory that is independent of their
hippocampal inputs, this naturally raises the question as to which inputs are driving
mammillary body function. The mammillary bodies do have connections with other
structures including dense reciprocal connections with Gudden’s tegmental nuclei by way of
the mammillary peduncle and mammillotegmental tract, as well as a sizeable input from the
prefrontal cortex (Allen and Hopkins, 1989). However, until recently, very little was known
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about the functional significance of these nonhippocampal inputs to the mammillary bodies.
We have shown that selective lesions to the ventral tegmental nucleus of Gudden produce
robust deficits on the very same spatial tasks that are known to be sensitive to the effects of
mammillary body, mammillothalamic, and hippocampal damage (Vann, 2009, 2013).
Equally striking is the finding that these deficits are more marked and enduring than found
after lesions of the descending postcommissural fornix (Vann, 2013). One earlier report had
also found that descending postcommissural fornix transection has only a marginal effect on
an operant task (differential reinforcement for low rats of response) that is sensitive to
mammillary body damage (Tonkiss and Rawlins, 1992), again supporting a contribution
from nonhippocampal inputs. The implication of these results is manifest: not only is the
ventral tegmental nucleus of Gudden able to support mammillary body function in the
absence of their hippocampal inputs, it is these inputs from the limbic midbrain, rather than
the hippocampus, are vital to mammillary bodies’ contribution to memory. That the
mammillary bodies and ventral tegmental nucleus of Gudden are functionally interrelated is
also supported by the finding that ventral tegmental nucleus of Gudden lesions produce
equivalent effects on functional markers in the same distal brain regions as is found after
mammillothalamic tract lesions, but not descending postcommissural fornix lesions (Vann,
2013). The evidence that inputs from the ventral tegmental nucleus of Gudden are vital for
medial mammillary body function mirrors findings that the lateral mammillary are
functionally reliant on projections from the dorsal tegmental nucleus (e.g., Bassett and
Taube, 2001; Bassett et al., 2007).

4 MEDIAL DIENCEPHALIC-TEMPORAL LOBE INTERACTIONS

Traditional models emphasize the hippocampal inputs to the mammillary bodies within an
extended memory system emanating from the hippocampus. If the mammillary bodies are
more than a hippocampal relay and make a contribution to memory that is dependent on
their inputs from the limbic midbrain rather than the hippocampus (Dillingham et al., 2014;
Vann, 2013; Vann et al., 2011), then these models require revision. Evidence from cross-
lesions studies would suggest that the hippocampus and anterior thalamic nuclei are
functionally interdependent (Henry et al., 2004; Warburton et al., 2001), but it is possible
that the hippocampus depends on the ascending inputs from the medial diencephalon, i.e.,
the opposite direction to that traditionally believed. So how might projections from the
medial diencephalon, and mammillary bodies in particular, contribute to hippocampal
function? One suggestion is that the ventral tegmental nucleus of Gudden, via their
connections with the mammillary bodies, may influence hippocampal function through the
regulation of theta activity (Kocsis et al., 2001; Vertes et al., 2004). Indeed extensive
mammillary body lesions attenuate both the frequency and amplitude of theta cell firing in
the hippocampus (Sharp and Koester, 2008a). A further mechanism through which the
mammillary bodies can modulate hippocampal activity is the head-direction system. There
is now considerable evidence that interactions between the dorsal tegmental nucleus of
Gudden and lateral mammillary nuclei play a critical role in both the generation and
propagation of the head-direction signal (Bassett et al., 2007; Blair et al., 1999; Taube,
2007). Thus, there are at least two parallel but separate routes through the mammillary
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bodies that can influence mnemonic processing within the hippocampus and other medial
diencephalic structures (Dillingham et al., 2014).

There is further evidence suggesting the hippocampus is dependent on inputs from the
medial diencephalon: lesions of the anterior thalamic nucleus and/or mammillothalamic tract
lesions have been shown to reduce the expression of the immediate-early gene c-fos in the
hippocampus (Jenkins et al., 2002b; Vann and Albasser, 2009), attenuate hippocampal
CREB phosphorylation (Dumont et al., 2012), decrease spinal density of cells in CA1
(Harland et al., 2014), and disrupt task-dependent increases in hippocampal acetylcholine
levels (Savage et al., 2003; Vetreno et al., 2008). However, using other measures,
hippocampal function seems unaffected by anterior thalamic lesions. For example,
hippocampal expression of another immediate-early gene, zif268, is not disrupted by anterior
thalamic lesions (Dumont et al., 2012). Hippocampal levels of cytochrome oxidase, a
measure of metabolic activity, are equally unchanged by anterior thalamic nuclei damage
(Mendez-Lopez et al., 2013). Moreover, lesions to the mammillothalamic tract or
mammillary bodies, which reliably impair tests of spatial memory (e.g., Nelson and Vann,
2014; Vann, 2013; Vann and Aggleton, 2003) and disrupt cortical head-direction signaling
(Sharp and Koester, 2008b), nonetheless leave hippocampal place cell firing intact (Sharp
and Koester, 2008b). The clinical picture is equally mixed, with some reports that medial
diencephalic pathology can lead to hippocampal hypoactivity (e.g.,Caulo et al., 2005; Kapur
et al., 1994; Reed et al., 2003), while other neuroimaging studies suggest that the
hippocampus can appear functionally intact following pathology in the medial diencephalon
(e.g., Martin et al., 1992; Ozyurt et al., 2014; Paller et al., 1997). The data, therefore, are
currently inconclusive. There is some evidence that the hippocampus is functionally
dependent on its inputs from the medial diencephalon but also instances of apparent
“normal” hippocampal function despite the presence of marked memory impairments.

The proponents of the “extended hippocampal memory system” argue that damage to the
different components of the Papez circuit should result in similar impairments consistent
with a unitary memory system (e.g., Aggleton and Brown, 1999; Warrington and
Weiskrantz, 1982). However, others have questioned what the benefits of such a memory
circuit might be and suggested that the medial diencephalon and medial temporal lobe
support different aspects of memory (e.g., Parkin, 1984, 1996; Squire, 1981). Diencephalic
amnesia has been proposed to specifically reflect an impairment in encoding (Butters and
Cermak, 1980; Cermak et al., 1980; Huppert and Piercy, 1977; Sweeney-Reed et al., 2014;
Vann and Aggleton, 2003; Wetzel and Squire, 1980); conversely, differences in forgetting
rates between diencephalic and medial temporal lobe amnesics have been taken to suggest
that the medial temporal lobe is particularly important for consolidation (e.g., Parkin, 1992;
Squire, 1981) (but see Aggleton, 2008; Freed and Corkin, 1988; Freed et al., 1987;
Kopelman, 2002; McKee and Squire, 1992; Parkin, 1992). A further dissociation between
diencephalic and medial temporal lobe amnesia has been reported for temporal order
memory, with diencephalic amnesics performing disproportionately worse on this aspect of
memory (Hunkin and Parkin, 1993; Hunkin et al., 1994; Kopelman et al., 1997; Squire,
1982). As studies involving diencephalic amnesics typically include Korsakoff patients, the
argument has been made that the poor performance on temporal memory reflects the
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additional frontal pathology that can be found in this patient group (Aggleton and Brown,
1999; Squire, 1982). However, patients with lesions restricted to the medial diencephalon
also show impaired temporal memory (Hildebrandt et al., 2001; Parkin and Hunkin, 1993).
Furthermore, anterior thalamic lesions in rats impair disrupt aspects of temporal processing
(Dumont and Aggleton, 2013; Wolff et al., 2006), and unpublished findings from our
laboratory indicate that these processes depend critically on the mammillary body inputs to
the anterior thalamus (see also Tonkiss and Rawlins, 1992). So it appears that the temporal
memory impairments cannot simply be attributed to co-occurring frontal pathology, and it
may be that the medial diencephalon and medial temporal lobe make separate but
interconnected contributions to memory.

5 CONCLUSIONS

Ever since Papez proposed his influential circuit, the mammillary bodies have been viewed
principally in terms of their hippocampal inputs. However, for both the medial and lateral
mammillary bodies, their ascending inputs from the tegmental nuclei appear to be,
functionally, more important than those from the hippocampal formation (e.g., Dillingham et
al., 2014; Goodridge and Taube, 1997; Stackman and Taube, 1997; Taube et al., 1996;
Tonkiss and Rawlins, 1992; Vann, 2013). These findings are inconsistent with those models
of memory based on the Papez circuit and raise new questions as to how the medial
diencephalon and medial temporal lobe might interact to support memory. From cross-lesion
studies, it is clear that the anterior thalamic nuclei and hippocampus are interdependent, for
at least some aspects of memory (Henry et al., 2004; Warburton et al., 2001). However,
instead of the hippocampus driving the medial diencephalon, as previously thought, the
reverse might be true, i.e., the hippocampus is dependent on inputs from the medial
diencephalon. Nevertheless, there is also evidence that the hippocampus is, according to
some measures, functionally intact following medial diencephalic lesions, despite the
presence of memory impairments. It is clear that further research is needed to consolidate
these seemingly disparate findings, but it does raise the possibility that in some instances the
medial diencephalon and hippocampus make distinct contributions to memory. Medial
diencephalic amnesia has been known about for longer than medial temporal lobe amnesia,
but due to the overwhelming interest in the hippocampus, it has become the older, less-
fashionable relation of medial temporal lobe amnesia. However, if we are to truly
understand the neural bases of memory, we must look beyond the hippocampus and refocus
on these other interconnected structures, whose contribution to memory is often woefully
overlooked.
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FIGURE 1.

Dissection of the Papez circuit. (A) Photograph of a dissection of the medial aspect of the
hemisphere: a, body of fornix; b, descending postcommissural fornix; ¢, mammillary bodies;
d, mammillothalamic tract; e, mammillotegmental tract. (B) Photograph showing the
mammillary body and surrounding structures after removal of the dentate gyrus: a,
hippocampus; b, fimbria; ¢, crus of the fornix; d, body of the fornix; e, descending
postcommissural fornix; f, mammillary body; g, mammillothalamic tract; h, anterior
thalamic nuclei.
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FIGURE 2.
Disconnection of the descending postcommissural fornix in rats. Rats underwent a control

surgery (A) or a radiofrequency lesion of the descending postcommissural fornix (B).
Fluorescent retrograde tracers were then injected into the mammillary bodies and anterior
thalamic nuclei. In an intact rat (left), neurons containing the two retrograde tracers can
clearly be seen. The deep subicular layers (Fast Blue (gray in the print version)) project to
the anterior thalamic nuclei whereas the more superficial layers (Fluorogold (light gray in
the print version)) project to the mammillary bodies. Following postcommissural fornix
lesions, there is a complete disconnection of subicular-mammillary projections as shown by
the loss of Fluorogold (light gray in the print version) label. This demonstrates that the
hippocampal formation projects to the mammillary bodies solely by way of the fornix. Rats
with these disconnection lesions are only very mildly impaired on spatial memory tasks
(Vann, 2013; Vann et al., 2011).
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FIGURE 3.
Updated Papez circuit. The original circuit has been modified to include the direct

hippocampal-anterior thalamic nuclei connections. The mammillary body connections with
Gudden’s tegmental nuclei have also been included.
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FIGURE 4.

Scatterplot showing the positive relationship between mammillary body volume (intracranial
normalized) and index of recollective memory. Pearson correlation was significant
(p<0.001).
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FIGURE 5.
MR images of patient H.C., a developmental amnesic with congenital absence of the

mammillary bodies. Axial T1 images showing absent mammillary bodies (aMB) in H.C. (A)
compared to a control (B). Inverted T2 coronal images showing absent mammillary bodies
and pillar of the fornix (aPF) in H.C. (C) compared to a control (D).
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