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Time to put the mammillothalamic pathway into context 
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A B S T R A C T   

The medial diencephalon, in particular the mammillary bodies and anterior thalamic nuclei, has long been linked 
to memory and amnesia. The mammillary bodies provide a dense input into the anterior thalamic nuclei, via the 
mammillothalamic tract. In both animal models, and in patients, lesions of the mammillary bodies, mammil-
lothalamic tract and anterior thalamic nuclei all produce severe impairments in temporal and contextual 
memory, yet it is uncertain why these regions are critical. Mounting evidence from electrophysiological and 
neural imaging studies suggests that mammillothalamic projections exercise considerable distal influence over 
thalamo-cortical and hippocampo-cortical interactions. Here, we outline how damage to the mammillary body- 
anterior thalamic axis, in both patients and animal models, disrupts behavioural performance on tasks that relate 
to contextual (“where”) and temporal (“when”) processing. Focusing on the medial mammillary nuclei as a 
possible ‘theta-generator’ (through their interconnections with the ventral tegmental nucleus of Gudden) we 
discuss how the mammillary body-anterior thalamic pathway may contribute to the mechanisms via which the 
hippocampus and neocortex encode representations of experience.   

1. Introduction 

Memory is thought to arise from the integration of multiple pro-
cessing streams subserved by several anatomical brain circuits. The 
anterior thalamic nuclei (ATN), which are positioned at the interface 
between hippocampal, cortical, and subcortical mnemonic networks, 
are posited to play a key role in cognition and memory (Dillingham 
et al., 2015a). Yet, despite significant advances in elucidating the roles 
of the hippocampus and cortex, still relatively little is known about the 
specific contributions of subcortical inputs, including the ATN and 
mammillary bodies (MBs). The MBs, a complex of small hypothalamic 
nuclei, constitute a major excitatory drive for the ATN, issuing dense 
unidirectional projections via the mammillothalamic tract (MTT). 
Damage to either the MBs, the MTT, or the ATN produce recollective 
memory impairments in humans (Carlesimo et al., 2007; Cipolotti et al., 
2008; Gentilini et al., 1987; Harding et al., 2000; Hildebrandt et al., 
2001; Kapur et al., 1996; Tanaka et al., 1997; Van der Werf et al., 2003) 
and spatial memory impairments in rodents (e.g. Byatt and 
Dalrymple-Alford, 1996; Field et al., 1978; Rosenstock et al., 1977; Vann 
and Aggleton, 2003). Furthermore, the degree of functional coupling 
between the MBs and the ATN has been shown to predict the severity of 
cognitive decline in Wernicke’s encephalopathy (Kim et al., 2009). 
Together, these findings suggest that the MB-ATN axis forms a vital 

component of the wider mnemonic circuitry. 
Much of our knowledge about medial diencephalic function has 

derived from studies involving patients with Korsakoff syndrome, a core 
feature of which is damage to the MBs and the ATN. In addition to a 
general memory impairment, one of the first specific deficits to be noted 
in this patient group was abnormal temporal memory (Kessels and 
Kopelman, 2012; Korsakoff et al., 1996). The temporal features of an 
event are a main component of episodic memory, i.e., the memory of 
what, where and when. The original observation of impoverished tem-
poral memory has been extended over the years to include context more 
generally, i.e., the background environment, typically encompassing 
geometric and/or visuospatial features. As such, the medial dienceph-
alon may be important for encoding contextual cues (Mayes et al., 
1985), or for binding features/items with these contextual cues (Chal-
fonte et al., 1996). An impaired representation of context is likely to 
further disrupt the effective encoding of specific events. This is because, 
under normal circumstances, contextual cues allocated to specific 
memories help reduce overlapping mnemonic representations and thus 
reduce the likelihood of similar events interfering with each other. In 
addition to the loss of contextual detail in newly acquired memories, 
there is also evidence that memories acquired prior to the onset of 
medial diencephalic pathology lack spatio-temporal detail (Hodges and 
McCarthy, 1993). This loss of both temporal and contextual information 
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means individuals can lose access to their own personal timelines as 
memories are no longer grounded by circumstantial detail. 

While many of the mnemonic impairments associated with dience-
phalic amnesia have been well-described, the neural processes under-
lying normal medial diencephalic function have been more difficult to 
gauge. For most of the 20th century, the MBs and the ATN were 

considered to be merely a part of an ’extended hippocampal system’ 
whose main function was to relay hippocampal signals to the cortex. 
While this model accurately reflects connectivity of the major anatom-
ical pathways (including subicular inputs to the MBs via the fornix, MB 
projections to the ATN via the MTT and, finally, ATN efferents to both 
the hippocampus and the neocortex; see Fig. 1), it does not account for 

Fig. 1. Main anatomical connections associated 
with the mammillary body-anterior thalamic 
pathway. The mammillary bodies receive 
topographically organised inputs from 
midbrain, subcortical, and cortical brain re-
gions and project to the anterior thalamic 
nuclei. a, Anatomical connections of the medial 
mammillary nuclei. The principle output from 
the medial nuclei constitute topographical 
projections from pars medialis and pars lateralis 
sub-nuclei to the anteromedial and ante-
roventral thalamic nuclei, respectively. Hippo-
campal efferents derive predominantly from the 
dorsal, intermediate and ventral subiculum. 
The ventral tegmental nuclei of Gudden send a 
dense GABAergic projection to the medial 
mammillary bodies, reciprocated by medial 
mammillary projections. This recurrent circuit 
is thought to aid the generation of theta 
rhythmicity (see Section 3.1). b, Anatomical 
connections of the lateral mammillary nuclei. 
Reciprocal connections between the lateral 
mammillary bodies and the dorsal tegmental 
nuclei of Gudden constitute the generative 
pathway of the vestibular head direction sys-
tem. Thalamic projections of the lateral 
mammillary nuclei are exclusively to the ante-
rodorsal thalamic nuclei while hippocampal 
inputs to the lateral mammillary nuclei arise 
dominantly from the postsubiculum of the hip-
pocampal formation. Dashed line in A repre-
sents a possible but unconfirmed projection (see 
Section 2.2.2). The connections depicted are for 
the rat; while the general pattern of connections 
is similar in the primate, there are some dif-
ferences in specific subregion connectivity. CTX 
– cortex.   
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processing of information by the MBs themselves, including their spe-
cific inputs from the tegmentum. Indeed, mounting evidence suggests 
that regarding the medial diencephalon (including the MBs and ATN) as 
a hippocampal relay is an oversimplification (see Sherman and Guillery, 
1998; Wolff and Vann, 2019). On the contrary, it is becoming apparent 
that under certain conditions MBs can exert long-range modulatory 
control over hippocampo-cortical activity by integrating and propa-
gating signals from their subcortical inputs (Dillingham et al., 2019). 
Indeed, the MBs receive a number of extra-hippocampal afferents 
(including the tegmental nuclei of Gudden, medial septum and supra-
mammillary nucleus) which again suggests they process more diverse 
information streams. This idea is further supported by behavioural ev-
idence as disconnection of hippocampal inputs to the MBs fails to pro-
duce deficits as severe as those following MB or MTT lesions (Roy et al., 
2017; Tonkiss and Rawlins, 1992; Vann, 2013; Vann et al., 2011) rein-
forcing the importance of these non-hippocampal inputs. 

This review will principally focus on the contributions of the MB- 
ATN axis to temporal and contextual memory and discuss some more 
recent evidence elucidating the possible underlying neural mechanisms. 
To do so, we will consider the links between the anatomy, connectivity, 
and physiology of the MBs, especially in the context of loss of function 
upon deliberate (animal lesion models), or incidental damage (clinical 
data). At least two distinct MB processing streams exist: the relatively 
well-characterised lateral head direction pathway [Fig. 1b; for recent 
reviews see Dudchenko et al., 2019 and Dillingham and Vann (2019)] 
and the medial, theta-related pathway (Fig. 1a). This review will pre-
dominantly expound on the latter as the medial system enables closer 
anatomical comparisons across species and provides a more relevant 
context for clinical findings (Casatti et al., 2002). However, one caveat 
relating to the interpretation of MB lesion effects in animals, and, to an 
extent, clinical findings, is that pathology typically includes both lateral 
and medial nuclei (and can include some supramammillary damage). 
ATN lesions also typically include all three nuclei. In contrast, rat studies 
involving MTT lesions appear to predominantly disrupt medial MB-ATN 
fibres (Vann and Albasser, 2009). Consequently, findings from some 
studies may reflect the involvement of both the medial and the lateral 
MB systems, while others will more specific to the medial MB system. 
The focus of this review will be on the potential mechanisms by which 
the medial mammillothalamic pathway may contribute to the thalamic, 
hippocampal and cortical processes, which are thought to support the 
representation of contextual and temporal memory. However, the 
possible contribution of the lateral stream will also be considered in 
Section 6. 

2. Nomenclature, cytoarchitecture, and anatomical connectivity 

2.1. Nomenclature and cytoarchitecture 

The MBs are a complex of nuclei occupying the ventral floor of the 
posterior hypothalamus, appearing as a pair of spherical protrusions 
from the underside of the brain. Most anatomical and physiological 
characteristics of the MBs have emerged from detailed studies of the 
rodent diencephalon which shares a good degree of homology with its 
human counterpart. In rodents, the MBs comprise the smaller lateral 
nuclei, which contain relatively large and densely packed fusiform/ 
reticular neurons, and the more prominent medial nuclei, containing 
more loosely packed fusiform cells (Babmindra et al., 1979). 

The rodent medial MBs can be further split into several subdivisions: 
pars lateralis, pars medialis, pars basalis, pars medianus and pars pos-
terior (reflecting differences in their cytoarchitecture and thalamic 
connectivity). The rostral boundary of the MBs is defined by the poorly 
differentiated pre-mammillary nucleus, while dorsally, the MBs are 
limited by horizontally oriented axonal fibres coursing beneath the 
supramammillary nucleus. The MBs’ morphogenesis relies on a tightly 
orchestrated cascade of genetic events (Alvarez-Bolado et al., 2000; 
Marion et al., 2005; Szabo et al., 2015; Tsuchiya et al., 2009; Valverde 

et al., 2000; Zappala et al., 2007), disruption of which can result in 
deficits akin to those following targeted ablation of the MBs or the MTT 
(Radyushkin et al., 2005). 

2.2. Anatomical connectivity 

2.2.1. Mammillary body afferent connections 
Both lateral and medial MBs receive their principal inputs from two 

regions: the hippocampal formation and Gudden’s tegmental nuclei 
(Fig. 1). The hippocampal projections travel to the MBs via the fornix. 
All medial MB subregions other than pars medianus are innervated by 
the subiculum with inputs originating in the dorsal, intermediate and 
ventral subiculum (Allen and Hopkins, 1989; Huang et al., 2017). 
Interestingly, a large proportion of dorsal subicular neurons that project 
to the medial MBs send collaterals to the entorhinal cortex (as much as 
~80 %; Donovan and Wyss, 1983; Roy et al., 2017), while approxi-
mately 50 % of subicular neurons projecting to the retrosplenial cortex 
send collateral projections to the MBs (Cembrowski et al., 2018; Kin-
navane et al., 2018). Such an arrangement could provide a mechanism 
to co-ordinate activity across distal regions but could also result in some 
redundancy within the system and perhaps explain the relatively mild 
effects of hippocampal-MB disconnection (Roy et al., 2017; Tonkiss and 
Rawlins, 1992; Vann, 2013; Vann et al., 2011). In addition to inputs 
from the subicular complex, pars lateralis of the medial MBs is also 
innervated by the medial entorhinal cortex (Shibata, 1988). 

In terms of subcortical connections, the ventral tegmental nucleus of 
Gudden (VTg) innervates all of the medial MB subdivisions in a topo-
graphically ordered manner (Allen and Hopkins, 1989). Whereas sub-
icular projections provide a major excitatory drive (Roy et al., 2017; 
Wright et al., 2010), VTg afferents exert a tonic inhibitory influence over 
the medial MBs (Kocsis et al., 2001), forming about 80 % of all inhibi-
tory (symmetric) synapses (Hayakawa and Zyo, 1991). Consistently, a 
high proportion of medial MB-projecting VTg neurons express parval-
bumin (Dillingham et al., 2015b) and GAD (Wirtshafter and Stratford, 
1993) such that pharmacological inactivation of VTg leads to enhanced 
activity of the medial MBs (as well as upstream targets; Shim and 
Wirtshafter, 1996). The presence of GABA, as well as neurotensin and 
leu-enkephalin have been detected in VTg cells projecting to the MBs 
(Gonzalo-Ruiz et al., 1999). In addition to these dense connections, more 
diffuse inputs to the medial MBs arise from the dorsal peduncular cortex, 
infralimbic cortex (Allen and Hopkins, 1989; Mathiasen et al., 2019), 
and retrosplenial cortex (Shibata, 1989). 

2.2.2. Mammillary body efferent connections 
The principal efferent projections of the MBs are to the ATN and 

Gudden’s tegmental nuclei (Fig. 1), the majority of which collateralise to 
both regions (Hayakawa and Zyo, 1989). Predominantly glutamatergic 
projections to the ATN arise from all MB subnuclei (Bernstein et al., 
2007; Gonzalo-Ruiz et al., 1996): pars medialis projects to the ante-
romedial thalamic nucleus (AM); pars lateralis predominantly projects 
to the anteroventral thalamic nucleus (AV) although some studies 
(Shibata, 1992; Yamadori, 1973) but not others (Seki and Zyo, 1984) 
also report a projection to AM; both pars basalis and pars posterior 
subdivisions project exclusively to the anteroventral thalamic nucleus 
(Shibata, 1992). All medial MB subregions apart from pars lateralis send 
excitatory projections, via the mammillotegmental tract, to the VTg (van 
der Kooy et al., 1978). In addition to their projections to the ATN and the 
VTg, the medial MBs send diffuse projections to the basal pontine nu-
cleus, pontine tegmental nucleus, central grey area of the brainstem, 
medial septum and the diagonal band of Broca (Shen, 1983). 

2.2.3. Mammillary body-anterior thalamic axis and beyond 
While the MBs are not in a position to directly affect wider memory 

networks, they can indirectly influence a number of hippocampo- 
cortical regions via their projections to the ATN. For example, the MBs 
have been shown to influence hippocampal, retrosplenial and frontal 
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activity, as demonstrated by extensive changes in immediate early gene 
expression following MTT lesions (Frizzati et al., 2016; Vann, 2013; 
Vann and Albasser, 2009), consistent with the principal output targets of 
the ATN. Therefore, in order to fully appreciate the wider scope of 
medial MB influence over the brain, it is most informative to further 
consider anteromedial (AM) and anteroventral (AV) thalamic efferent 
projections. 

The AM projects to frontal and anterior cingulate cortices (de Lima 
et al., 2017; Hoover and Vertes, 2007; Shibata and Kato, 1993; van 
Groen et al., 1999). It also issues a dense projection to the dysgranular 
retrosplenial cortex (Shibata and Kato, 1993; van Groen et al., 1999), a 
subregion specifically associated with visuo-spatial processing (Hindley 
et al., 2014a; Powell et al., 2020; Vann and Aggleton, 2005). In addition, 
AM is in a position to both directly and indirectly affect hippocampal 
functions via its projections to medial and lateral entorhinal cortex, 
presubiculum, subiculum (Shibata, 1993a; Shibata and Kato, 1993; van 
Groen et al., 1999), as well as direct projections to CA1 (de Lima et al., 
2017). As such, AM is well-placed to contribute to hippocampal func-
tioning via multiple, converging routes. 

With the exception of frontal cortical connections, AV broadly pro-
jects to similar areas as AM. AV projects more widely to the retrosplenial 
cortex innervating both granular and dysgranular subdivisions (Shibata, 
1993b; Van Groen and Wyss, 2003). The projections from AV to the 
hippocampal complex primarily target pre-, para- and postsubiculum 
while the subiculum and medial entorhinal cortex receive weaker inputs 
(Shibata, 1993a; van Groen and Wyss, 1990, 1995). Like the AM nu-
cleus, AV is also able to affect the hippocampus proper via multiple 
routes, i.e., via light projections to the subiculum and then to CA1 (Sun 
et al., 2019; Xu et al., 2016); but more likely, via the more dense pro-
jections to pre- and parasubiculum and from there to medial entorhinal 
cortex. 

3. Electrophysiological properties 

3.1. Medial mammillary nucleus 

While the medial MBs comprise a morphologically homogenous 
population of projection neurons, there is substantial heterogeneity in 
terms of the electrophysiological properties (Alonso and Llinas, 1992; 
Kocsis and Vertes, 1997). In both anaesthetised (Kocsis and Vertes, 
1994) and awake-behaving animals (Sharp and Turner-Williams, 2005), 
a large proportion of medial MB units were found to be entrained to 
theta band (4− 12 Hz) oscillations and modulated by running speed. In 
addition, angular velocity neurons have been recorded from the medial 
MBs. Experiments using slice preparations have demonstrated that 
medial MB neurons exhibit calcium-dependent complex bursting 
(Alonso and Llinas, 1992; Kocsis and Vertes, 1997), suggesting that these 
responses may be modulating network excitability (Zeldenrust et al., 
2018). Like the medial MBs, a large proportion of VTg neurons exhibit 
complex bursting activity (Bassant and Poindessous-Jazat, 2001), which 
is particularly evident during REM (paradoxical) sleep. Consistent with 
the findings from rodents, theta entrained neurons have also been 
recorded in human MBs (van Rijckevorsel et al., 2005). 

Theta band oscillations encode information critical to mnemonic 
processing across a wide range of diencephalic and cortical brain areas. 
In addition to being generated intrinsically (through interneuron- 
pyramidal cell interactions; Amilhon et al., 2015), hippocampal theta 
can also be driven by external regions including the medial septum 
(Brandon et al., 2014; Lee et al., 1994) and the supramammillary nu-
cleus. Inactivating these regions results in the disruption of theta in 
downstream targets, e.g. inactivation of the medial septum abolishes 
hippocampal theta while lesions of the medial supramammillary nucleus 
attenuate the frequency of hippocampal theta oscillations (Pan and 
McNaughton, 1997; Sharp and Koester, 2008). 

The medial MBs, through interactions with the VTg, are thought to 
constitute an independently-driven source of theta capable of 

modulating activity in downstream regions. Conjoint recordings in the 
VTg and the hippocampus revealed that the temporal onset of theta 
bursting activity in VTg preceded that of the hippocampus, often by a 
matter of seconds in both awake behaving rats (Bassant and 
Poindessous-Jazat, 2001) and in anaesthetised rats (Kocsis et al., 2001). 
Following this delayed onset, however, hippocampal and VTg theta 
oscillations were found to be highly coherent. The mechanisms by which 
neurons in the VTg, or VTg-MB interactions generate theta are not well 
understood, however, parallels between the anatomical and neuro-
chemical characteristics of the VTg-MB axis and the medial septum exist. 
The activity of hippocampal parvalbuminergic interneurons and 
GABAergic septo-hippocampal inputs are critical to the generation of 
hippocampal theta (Amilhon et al., 2015). Comparably, parvalbumi-
nergic interneurons in the VTg also comprise a sizeable input to the 
medial MB (Dillingham et al., 2015b), which may subserve a similar 
role, potentially through the modulation of intrinsic theta bursting in 
MB projection neurons. Such an organisation, i.e. a combination of 
intrinsic excitation (unit bursting) and extrinsic inhibition (parvalbu-
mineric/GABAergic input) is thought to be one mechanism through 
which network theta activity in other theta-generating circuitry is 
generated (Colgin, 2013; Hu et al., 2002; Hutcheon and Yarom, 2000; 
Stark et al., 2013). Accordingly, the medial MBs express genes pro-
moting rhythmic firing behaviour such as T-type calcium channel re-
ceptor subunits (Talley et al., 1999) as well as various calcium binding 
proteins, including parvalbumin, calbindin, calretinin and hippocalcin 
(Bernstein et al., 2007; Celio, 1990; Fortin and Parent, 1997; Paterlini 
et al., 2000; Zakowski et al., 2014). In addition, the medial MBs are also 
subject to diverse neuromodulatory influences, which are likely to 
support oscillatory activity and, more broadly, their role in memory. 

While more recent proposals have suggested medial MB-VTg in-
teractions comprise an independent theta source, the original view was 
that MB theta was driven via its hippocampal inputs. This line of 
thinking was supported by a group of studies that assessed the effects of 
hippocampal theta disruption on MB theta in anaesthetised animals. 
Abolition of hippocampal theta through inactivation of the medial 
septum was found to inhibit theta modulation in MB units (Kirk et al., 
1996). Theta modulation of medial MB neurons was, however, 
re-elicited by stimulation of nucleus pontis oralis (RPO), which rein-
stated hippocampal theta through the RPO-supramammillary-septal 
pathway (Kirk et al., 1996). While these findings suggest that MB 
theta entrainment is dependent on septo-hippocampal inputs, it does not 
account for the finding that sensory-elicited theta, e.g. toe-pinch, rein-
stated theta modulation in the absence of descending hippocampal in-
puts. More recently, in awake and behaving rats, abolition of 
hippocampal theta through inactivation of the medial septum was found 
to reduce, but not abolish theta oscillatory power in the MBs and, 
interestingly, increased the dominant frequency of theta in the MBs 
(Ruan et al., 2017). Given that local field potential recordings are 
thought to represent the post-synaptic input into the recording site, the 
residual theta activity observed in the medial MBs may reflect theta 
generated through interconnections with the VTg. 

3.2. Relationship with anterior thalamic nuclei electrophysiology 

Out of the three anterior thalamic nuclei, the electrophysiological 
properties of the anterodorsal thalamic nucleus (AD) have been the most 
extensively examined, with a high proportion of head direction cells 
reported (Blair et al., 1998). The lateral MB-AD pathway (Fig. 1b) forms 
an established element of the head direction network and, significantly, 
directional encoding in AD is dependent on mammillothalamic, rather 
than postsubicular inputs (Dillingham and Vann, 2019). In turn, direc-
tional activity in hippocampo-cortical regions is dependent on 
ascending AD projections (but see Clark et al., 2010). 

By contrast, the electrophysiological properties of AV and AM nuclei 
have been less well characterised. The studies available, however, show 
that a notable proportion of AV and AM neuronal activity is entrained to 
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theta band oscillatory input (Albo et al., 2006; Tsanov et al., 2011b; 
Vertes et al., 2001). Initial recordings in anaesthetised animals found 
high levels of theta-responsive cells (i.e. cells that fire at a higher rate in 
the presence of theta) across all three thalamic subnuclei although only 
AV had strongly responsive cells, i.e. fired in bursts synchronous with 
theta; almost half of the cells recorded in AV demonstrated this activity 
(Vertes et al., 2001). Albo et al. (2006) also found theta-responsive cells 
across all nuclei of the ATN, up to 75 % of which were ‘theta-on’ cells 
showing theta phase-synchronous firing. Consistent with these animal 
studies, theta-responsive cells have also been recorded in human ATN 
(Sweeney-Reed et al., 2017, 2015; Sweeney-Reed et al., 2016). More 
recently, it has been established that both ‘true’ head direction cells 
(directional firing as a function of firing rate), as well as theta modulated 
head direction cells are present in AV (Tsanov et al., 2011a; Welday 
et al., 2011) and AM (Welday et al., 2011). In the latter study, Welday 
et al. (2011) also reported a population of neurons in AV and AM in 
which the frequency of theta cell burst firing was directionally modu-
lated. In combination with speed-dependent theta modulated firing, 
such activity is theorised to be necessary for spatially-tuned firing 
(oscillatory interference model which will be discussed later; Burgess, 
2008; Burgess et al., 2007). Consistently, the AM nucleus has been re-
ported to contain a number of spatially tuned cells, including place cells 
and perimeter/border cells (Jankowski et al., 2015). Importantly, 
however, while it is known that the AD head direction signal is driven by 
lateral MB, it is not yet clear to what extent AV/AM theta-related 
directional activity is dependent on mammillothalamic inputs. ATN 
theta, however, is at least partly driven by the MBs, as procaine infusions 
into the MBs of anaesthetised rats reduces AV theta power (Zakowski 
et al., 2017). Furthermore, theta activity in AV is unaffected by dorsal 
hippocampal lesions, again suggesting that, similar to the supra-
mammillary nucleus (Kirk and McNaughton, 1991), the MB-ATN 
pathway forms a medial diencephalic theta network that arises inde-
pendently of the hippocampus (Talk et al., 2004). 

4. A time and a place for the mammillothalamic pathway: a 
behavioural perspective 

4.1. Temporal memory 

4.1.1. Patient studies 
As mentioned in Section 1, much of our initial knowledge of medial 

diencephalic function has been drawn from patients with Korsakoff 
syndrome. This condition typically arises from thiamine deficiency but 
is often associated with chronic alcoholism. This neurological disorder is 
consistently linked to pathology within the medial MBs (Kopelman et al., 
2009; Sullivan and Pfefferbaum, 2009) but it also causes widespread 
grey and white matter pathology as well as frontal pathology, often 
making it difficult to attribute specific cognitive impairments to specific 
brain regions. While Korsakoff syndrome is most commonly associated 
with a dense amnesic syndrome it can also cause numerous additional 
cognitive impairments including information processing and sensory 
deficits (Butters et al., 1975). Nevertheless, a consistent finding across 
studies involving Korsakoff syndrome patients, and indeed one of the 
earliest noted findings in this condition (Kessels and Kopelman, 2012; 
Korsakoff et al., 1996), is that patients are particularly impaired on 
temporal memory discrimination, i.e. the ability to remember the tem-
poral order, or the temporal context in which events occur. It is this 
feature of Korsakoff syndrome that will be the focus of the current 
review. 

In patients, anterograde temporal order memory is typically assessed 
in the laboratory using two types of tasks: within-list discrimination 
and/or between-list discrimination. Within-list discrimination involves 
a sample phase in which items (i.e. pictures or words) are presented 
sequentially followed by a test phase where the participant is required to 
decide which of two items was presented earlier in the sequence. 
Between-list discrimination involves the presentation of items in two 

distinct lists that are separated by a period of time; in the test phase the 
participant is required to determine the list from which the item origi-
nated. The between-list version is considered an easier task as there is a 
greater temporal separation between the test items and, therefore, more 
unique contextual cues. However, patients with Korsakoff syndrome are 
severely impaired on both versions, highlighting the severity of tem-
poral memory impairment in this patient group (Hildebrandt et al., 
2001; Hunkin et al., 2015; Huppert and Piercy, 1977; Kopelman et al., 
1997; Meudell et al., 1985). The temporal memory impairments are not 
simply a reflection of the patients’ ability to remember the items, as they 
often perform normally when asked to decide which items had been 
presented, but are unable to put them into a temporal context. 

As previously mentioned, one limitation when interpreting findings 
from Korsakoff syndrome studies is that the widespread grey and white 
matter damage makes it difficult to attribute specific memory impair-
ments to specific brain regions. As such, there had been uncertainty as to 
whether the observed temporal memory impairments in this patient 
group resulted from medial diencephalic damage or from co-occurring 
frontal pathology; frontal pathology in patients has been repeatedly 
shown to affect strategic retrieval and the use of contextual cues. 
However, it has become evident that temporal memory impairments in 
Korsakoff syndrome patients can occur independently of frontal pa-
thology. Firstly, Hunkin and Parkin (1993) found no correlation be-
tween Korsakoff syndrome patients’ performance on a temporal memory 
task and their performance on frontal tasks. Secondly, patients with 
selective medial diencephalic damage, targeting the MB region, also 
show very similar profiles to Korsakoff syndrome patients with marked 
impairments on temporal discrimination memory (Hildebrandt et al., 
2001; Parkin and Hunkin, 1993). Furthermore, the findings from animal 
studies, where it is possible to assess the effects of even more selective 
damage, are also highly consistent with the MB-ATN pathway being 
particularly important for temporal memory. 

4.1.2. Animal models 
Temporal memory tests in animals typically involve object or odour 

discrimination. Object recognition-based tasks capitalise on rats’ 
inherent preference for relative novelty, such that the amount of time 
spent exploring objects can indicate the extent to which animals 
remember the objects. Consistent with findings from patient studies, 
lesions of the ATN, MBs and MTT all leave intact the ability to 
discriminate novel from familiar items on tests of standard object 
recognition (Aggleton et al., 1995; Mitchell and Dalrymple-Alford, 
2005; Moran and Dalrymple-Alford, 2003; Nelson and Vann, 2014; 
Warburton and Aggleton, 1999), making object discrimination a useful 
format to test temporal memory. 

Several versions of temporal memory tasks have been employed in 
rodents, varying in their degree of similarity to human tasks. In the 
simplest version, rats distinguish between just two sets of items that are 
presented at distinct time points; intact animals should spend longer 
exploring objects presented first as they would be relatively more novel 
than the objects experienced more recently. This task is considerably less 
demanding than paradigms used to assess diencephalic lesion patients 
and, as such, it is perhaps unsurprising that neither ATN nor MTT lesions 
disrupt performance (Mitchell and Dalrymple-Alford, 2005; Nelson and 
Vann, 2017). 

However, tasks exist that are more comparable to those used in pa-
tient studies (Hunkin et al., 2015) where animals are exposed to longer 
“lists” of sequentially-presented objects. Similar to the tasks used in 
patients, in the between-block discrimination, lists are presented in two 
distinct temporal blocks, while in the within-block discrimination, all 
objects are presented in a single continuous series (Dumont and Aggle-
ton, 2013). Both versions of this task provide a measure of whether 
animals are able to discriminate objects based on their relative recency. 
However, as with the patient tasks, between-block discrimination is 
considered less demanding due to a greater temporal separation. 
Consistent with the findings from patients, both rats with MTT or ATN 
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(including AD) lesions perform at chance levels on within-block recency 
tasks, however, in the case of the easier between-block recency task, 
only rats with MTT lesions were found to be impaired (and performing at 
chance levels; Fig. 2a) (Dumont and Aggleton, 2013; Nelson and Vann, 
2017). This is somewhat surprising as one would expect ATN lesion 
effects to be at least as severe as those arising from MTT lesions given the 
MBs are thought to contribute to memory processes via their inputs to 
the ATN (Dillingham et al., 2015a). A likely explanation for this spared 
between-block recency performance in the ATN lesion animals is the 
relatively small lesion-size in this study as remaining tissue may have 
been sufficient to support the easier version of the task (Dumont and 
Aggleton, 2013). 

Notably, ATN lesions (again, including AD) result in temporal 
memory impairments irrespective of the modality of the test stimuli or 
whether the tasks use spontaneous or rewarded behaviour. Wolff et al. 
(2006) rewarded rats for selecting one of two odours on the basis of 
presentation order during the sample phase. Rats with ATN lesions 
performed near chance on this task. Interestingly, performance was 
unaffected by the temporal spacing of the odours during the initial 
presentation (i.e. there was no effect of the number of intervening 
odours during the initial presentation). This was also found to be the 
case for object recognition tasks where rats withs rats with MTT or ATN 
lesions were unaffected by the degree of temporal separation (Dumont 
and Aggleton, 2013; Nelson and Vann, 2017), and it is also consistent 

with impairments on both within- and between-list tasks (Hunkin et al., 
2015; Nelson and Vann, 2017) (but see Dumont and Aggleton, 2013). 

The deficits observed with both between- and within-list tasks sug-
gest the medial MB-ATN pathway is required for both fine-tuned tem-
poral judgments and much coarser judgements over more temporally 
distinct periods. However, as mentioned earlier, neither MTT nor ATN 
lesions disrupt performance on the simplest version of the object recency 
task where animals discriminate between just two temporal events. This 
pattern of impairment is in contrast to frontal cortex lesions which result 
in an impairment on the simple temporal memory test (Warburton and 
Brown, 2015). Hunkin and Parkin (1993) suggested that frontal cortex 
and medial diencephalon both contribute to temporal memory pro-
cessing but are necessary for different aspects. The frontal cortex may be 
necessary for the strategic recall of previously stored information 
whereas the medial diencephalon may support the encoding of temporal 
information (see also Huppert and Piercy, 1976, 1978). 

In addition to assessingmemory for the temporal order of events, it is 
also possible to probe individuals’ ability to estimate time intervals. 
Time estimation tasks have typically found impairments in patients with 
hippocampal damage (Kesner and Hopkins, 2001; Palombo et al., 2016). 
While there do not appear to be any studies that have assessed time 
estimation in humans with MB/ATN pathology, there are rodent studies 
that have assessed the contributions of the MBs to differential rein-
forcement of low-rate response tasks (DRL). This task requires animals to 
make a response in an operant chamber (e.g. lever-press) and then 
withhold a response for a specific period of time before making a further 
response to obtain a reward. Rats with MB lesions are severely impaired 
on this task (Smith and Schmaltz, 1979; Tonkiss and Rawlins, 1992). 
Impairments were found irrespective of whether animals were lesioned 
before or after training (Tonkiss and Rawlins, 1992), suggesting that 
they were not simply a result of difficutlties in learning task demands. 
Poor performance on this task can reflect either difficulties with 
response inhibition or with the perception of timing. However, there 
was no difference in overall response rate in the MB lesion animals 
(Smith and Schmaltz, 1979) and MB lesions do not typically affect 
response inhibition (Nelson and Vann, 2014), suggesting that the im-
pairments observed on this task likely reflect an inability to accurately 
judge periods of time. These findings are similar to those from animals 
with hippocampal (Sinden et al., 1986) and entorhinal cortex lesions 
(Ramirez et al., 1995) both areas that have been linked to temporal 
processing. In contrast, subicular (Sinden et al., 1986) and post-
ommissural fornix lesions (Johnson et al., 1977; Macdougall et al., 
1969) appear to have little effect on performance, suggesting that the 
MBs’ involvement is at least partly independent of their hippocampal 
inputs (see also Tonkiss and Rawlins, 1992). 

4.2. Contextual memory 

4.2.1. Patient studies 
The importance of the MB-ATN axis for temporal processing has been 

clearly demonstrated across species, but it is possible that the temporal 
memory impairments form part of a more general difficulty in pro-
cessing and encoding context. In this instance, context would be 
considered to be the environmental setting of the event or the back-
ground information (Kessels and Kopelman, 2012), i.e. the additional 
information that prevents the event being untethered in space and time. 

While studies of Korsakoff syndrome patients report the most robust 
deficits on temporal memory tasks, additional evidence suggests further 
impairments in patients’ ability to access other details of memory, for 
example, source memory. Hildebrandt et al. (2001) tested a patient with 
MB pathology, resulting from a tumour, on a source memory task. Two 
experimenters each read a list of words and the patient’s task was to 
recall which word was read by which experimenter. The patient showed 
a clear impairment which contrasted with their intact performance 
when simply required to recognise previously presented words. Further 
studies have identified additional contextual memory impairments in 

Fig. 2. Mammillothalamic lesions (MTT) result in temporal (a) and contextual 
(b) memory impairments. In object recency experiments (a), rats are trained to 
shuttle from end-to-end in a bow tie maze. In each end of the maze, a partition 
separates the two objects which are positioned over a reward. On visits to each 
end of the maze, rats push away each object to retrieve the reward and are 
given the opportunity to explore each object. On the test sesion they are given a 
choice (“Test”) of one object from block 1, first encountered ~40 min prior, or 
another object from block 2, encountered ~10 min prior. Rats with MTT lesions 
are significantly impaired when required to discriminate between objects based 
on relative recency (Nelson and Vann, 2016). In object-in-place experiments 
(b), a sample phase consisting of one arrangement of four different objects (A, 
B, C and D), is followed, after a 15 min delay, by a choice phase in which objects 
B and C had switched positions. Both intramaze cues (i.e., cue cards) and 
extramaze cues are available. Rats with MTT lesions were significantly impaired 
in discriminating objects in a novel position (B and C) from those in a familiar 
position (A and D) (Nelson and Vann, 2014). In the both experiments, prefer-
ential exploration of the ‘novel’ object (i.e. less recent or displaced objects) was 
expressed as a discrimination ratio calculated as subtracting the time spent 
exploring the familiar from the novel item divided by the total time exploring 
both objects. 
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Korsakoff patients. These include impaired spatial location judgements 
within a two-dimensional space, such as in object-location tasks (Kessels 
and Kopelman, 2012; Shoqeirat and Mayes, 1991). Performance on a 
more ethologically relevant task, where different word-pairs were pre-
sented at different times and at different spatial locations, was also 
affected in patients with Korsakoff syndrome (Pitel et al., 2008). 

In a study by Tielemans et al. (2012), patients with Korsakoff syn-
drome and controls were presented with words paired with a photo-
graph of a scene. During recall, the presentation of the photographs 
facilitated the memory for the words in the control group but not in the 
Korsakoff group. Again, this could reflect a role for the medial dien-
cephalon in encoding or binding contextual information (Mayes and 
Downes, 1997; Tielemans et al., 2012). Consistent with deficient bind-
ing of complex features, Postma and colleagues found Korsakoff syn-
drome patients to be comparatively impaired on both object-location 
and temporal order tasks but much more severely impaired when faced 
with a combination of the two (Postma et al., 2006). 

Since the deficits described above are features of Korsakoff syn-
drome, it remains possible they arise from more diffuse damage rather 
than specific damage to the medial-diencephalon. However, patients 
with thalamic infarcts that included damage encompassing the ATN and 
MTT were impaired when required to learn the correct path across a 
table-top maze (Stuss et al., 1988), while patient BJ (who had more 
discrete MB pathology as a result of an intranasal penetrating injury) 
was also impaired on an object-in-place task (Kapur, 1994). Further-
more, in patients with implanted electrodes, theta activity in the ATN 
was found to correlate with successful encoding of photographic scenes 
(Sweeney-Reed et al., 2015). 

4.2.2. Animal models 
The pattern of contextual memory impairments, described above, is 

very similar across species. Item-place memory is disrupted in monkeys 
with either MB or ATN lesions (Croxson et al., 2012; Parker and Gaffan, 
1997a, b). Similar object-location impairments have also been found in 
rodent models, as rats with MTT lesions are impaired on object-in-place 
tasks (Nelson and Vann, 2014), which require animals to combine the 
memory of an item with its spatial location within an arena or maze 
(Fig. 2b). These object-in-place impairments in rodents may reflect an 
inability to combine the object and place information but they could also 
reflect an impoverished representation of the spatial environment more 
generally. Rats with MTT and ATN lesions have difficulty discriminating 
between two corners of a room when tested on a go-no-go task where a 
pot in one location was rewarded whereas the pot in the other location 
was unrewarded (Dumont et al., 2014; Nelson and Vann, 2014). In the 
same way, MTT lesions impaired contextual discrimination in operant 
boxes where rats were required to learn one visuospatial context was 
rewarded while the other was unrewarded. In contrast, they had no 
difficulty on a similar task which required discrimination based on floor 
temperature (Vann et al., 2003) (but see Dumont et al., 2014). Likewise, 
MB lesions in mice and ATN lesions in rats disrupt contextual fear 
conditioning but spare cued fear conditioning (Celerier et al., 2004; 
Dupire et al., 2013; Marchand et al., 2014). Furthermore, re-exposure to 
a context that had previously been paired with a shock increased activity 
in medial MBs (Conejo et al., 2007). Taken together, the importance of 
the MBs and the ATN for contextual encoding is clearly evident across 
various tasks, yet, given the complex multisensory nature of these par-
adigms, the precise nature of the lesion-induced deficit awaits further 
clarification. 

4.3. Impaired contextual encoding can result in greater mnemonic 
interference 

Additional evidence suggests that poor contextual encoding can 
make it difficult to disambiguate familiar or similar items during 
recognition tasks. As described above, simple recognition tasks are often 
unaffected by damage to the MB-ATN pathway, however, this appears to 

be the case only when the task can be resolved by familiarity. Huppert 
and Piercy (1976) found Korsakoff patients to be impaired when 
required to make recognition judgments of high-frequency words but 
not low-frequency words. For the low-frequency words, it is possible to 
perform the task by simply using a familiarity judgment as the words are 
unlikely to have recently been encountered. However, greater exposure 
to high-frequency words will produce more interference. Therefore, to 
solve the task, participants need to specifically place the word within the 
context of the list. A somewhat analogous finding occurs in rats with 
MTT lesions where their ability to discriminate between new and pre-
viously presented objects became less accurate when they were pre-
sented with a greater number of objects. This effect was interpreted as a 
greater susceptibility of the lesioned animals to the increased interfer-
ence between multiple objects with overlapping features (Nelson and 
Vann, 2017). The control group was unaffected by the increasing 
number of items suggesting they were more able to use additional cues, 
such as contextual cues, to help discriminate between these objects. 

Likewise, the ATN appears particularly important for encoding 
contextual cues that can be used to reduce interference. In one study 
(Law and Smith, 2012), rats were trained to discriminate one set of 
odours for a reward in one context. They were then infused with either 
saline or muscimol into the ATN before being trained on a second 
discrimination where some of the rewarded odours from the first odour 
set were now unrewarded and vice versa. Half of the rats from each 
infusion group were trained in a novel context for the second odour-list 
and the remainder were trained in the same context. In saline infused 
(control) rats, there was a benefit of learning the second discrimination 
in a novel context, likely due to the reduced interference when able to 
use additional contextual cues. In contrast, animals that received mus-
cimol infusions showed no benefit of the novel context, highlighting the 
importance of the ATN for encoding contextual cues that can be used to 
dissociate stimuli with high levels of interference (Law and Smith, 
2012). Furthermore, the impairments observed following ATN inacti-
vation were very similar to the impairments observed following hippo-
campal lesions (Butterly et al., 2012). 

5. How might the mammillothalamic pathway contribute to 
contextual encoding? 

While the influence of the medial MB pathway on contextual and 
temporal processing has been well-established, comparably little is un-
derstood about the underlying physiological mechanisms that may be 
supporting this role. Based on current knowledge, the most straight-
forward explanation is that the medial MBs have a role in driving and/or 
modulating wider hippocampo-cortical circuits that are able to encode, 
generate and store contextual and temporal memories. As mentioned 
earlier (e.g. Section 3.1), theta oscillations are critical to a variety of 
mnemonic processes, providing an additional dimension within which 
neuronal firing dynamics represent experience, e.g. a spike-phase metric 
(Buzsáki, 2005). In light of what is known about the intrinsic electro-
physiological properties of the medial MBs, as well as the 
theta-generating capacity of the VTg-medial MB axis (see Section 3), it is 
probable that deficits in contextual discrimination and temporal pro-
cessing following experimental disconnection of mammillothalamic 
projections can be explained, at least in part, by disruption of 
theta-dependant mechanisms. In awake-behaving animals, disruption of 
MTT projections attenuates the frequency of theta band oscillations in 
the hippocampus and retrosplenial cortex (Dillingham et al., 2019) 
(Fig. 3a, c), but preserves rate coding for position (Sharp and Koester, 
2008). Furthermore, inactivation of the ATN impairs grid cell period-
icity in the entorhinal cortex (Winter et al., 2015). Under anaesthesia, 
both MB and ATN inactivation attenuate hippocampal theta and MB 
inactivation reduces theta power in AV (Zakowski et al., 2017), high-
lighting the importance on ascending MB projections for theta-related 
firing across memory networks. 

Contextual and temporal memory processes are multi-faceted and 
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are therefore likely undepinned by numerous complementary mecha-
nisms. As such, selective disruption to different but parallel processing 
streams involved in generation and maintenance of contextual/temporal 
memory may still result in qualitatively equivalent deficits. In other 
words, insufficient contextual detail at any stage of mnemonic pro-
cessing may outwardly manifest in a similar fashion. As suggested 
above, the MB-ATN axis may be specifically tuned (via theta oscilla-
tions) to process and relay context-rich and time-critical information 
that is further integrated and distributed to higher-order areas by tha-
lamocortical circuits. As will be outlined below, mounting experimental 
evidence indeed points toward a widespread role of the MBs in sup-
porting hippocampo-cortical functioning thus highlighting the potential 
complexity of mechanisms through which the MBs may affect contextual 
and temporal processing. Consequently, in the sections that follow, we 
consider how the medial MB-ATN axis may contribute to hippocampo- 
cortical mechanisms which are thought to underpin the formation of 
spatio-temporal representations (Fig. 4). 

5.1. Theta-sequences 

Despite MB/MTT lesions disrupting spatial memory and attenuating 
hippocampal theta frequency, they appear to leave place cell firing in 
CA1 largely intact (Sharp and Koester, 2008; unpublished findings from 
our lab) (Fig. 3f). A similar dissociation between effects on theta and 
place cell firing is also found following medial septal inactivation 
(Brandon et al., 2014). On one level, this suggests that CA1 place cell 
activity in and of itself is not sufficient to support spatial encoding. 
However, it appears likely that simply measuring place cell firing is 
likely to overlook many additional complexities related to temporal and 
contextual processing. Hippocampal place cells discharge as a function 
of the position of the animal in its environment (O’Keefe and Dostrov-
sky, 1971). In this context, theta oscillations (4–12 Hz) provide a tem-
poral framework within which the resolution of the spatial 

representation is enhanced. So-called theta precession (O’Keefe and 
Recce, 1993) is a mechanism by which the position of an animal within a 
place field is encoded by the phase, within a theta cycle, at which action 
potentials take place; firing occurs at progressively earlier phases (from 
the peak, towards the theta trough) of subsequent theta cycles. 
Time-compressed sequences of past and future locations are represented 
by assemblies of phase-precessing neurons (Dragoi and Buzsaki, 2006; 
Huxter et al., 2003). Such theta sequences develop within a novel 
environment over the course of repeated experience to the same tra-
jectory (Feng et al., 2015), possibly in alignment with 
experience/familiarity-dependent asymmetric expansion of place fields 
(Mehta et al., 1997, 2000). The interdependence of phase precession and 
theta cycles is not fully understood (Drieu and Zugaro, 2019), however, 
it is generally accepted that it constitutes an important mechanism that 
enables associated representations to be linked together, thus providing 
spatio-temporal information about an event. Many characteristics of 
theta oscillations and associated spiking activity are modulated by 
ambulatory activity, e.g. exploration and rearing; at higher running 
speeds, theta frequency increases (Hinman et al., 2011; Jeewajee et al., 
2008; Vanderwolf, 1969) and the ‘slope’ of phase precession within a 
theta cycle becomes steeper such that the accuracy of the positional 
representation is maintained in spite of the increase in the rate of in-
formation flow (Geisler et al., 2007; McNaughton et al., 1983). In the 
hippocampus, increases in theta frequency are primarily the result of 
changes in the ascending (trough-to-peak) phase duration of the theta 
cycle. While running speed-dependent changes in ascending phase 
duration are not altered by MTT lesions, overall durations of ascending 
phases in theta cycles are greater (Dillingham et al., 2019) (Fig. 3b). A 
potential consequence of this shift in oscillatory dynamics might be that 
phase precession is modified e.g., through a change in the slope of phase 
precession of pyramidal cell/interneurons, and/or a change in the rate 
of change in speed-dependent firing. In both instances, the rate, as well 
as the resolution, at which positional information is updated would 

Fig. 3. Physiological consequences of mammillothalamic tract (MTT) or mammillary body (MB) lesions. a, MTT lesions result in an attenuation of theta frequency in 
the CA1 subfield of the hippocampal formation and the retrosplenial cortex, the product of reduced ascending phase duration (trough-to-peak) of the theta cycle (b); 
c, lesions of MB (*and the supramammillary nucleus) reduce the frequency of hippocampal theta neuron entrainment by approximately 1 Hz; d, spectral coherence of 
hippocampal-retrospenial theta is increased in MTT lesioned animals, while theta-(high) gamma phase amplitude coupling in both regions is enhanced (e); f, 
Hippocampal place fields appear superficially intact following either MTT or MB lesions. 
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likely be reduced, thus impacting spatio-temporal processing (but see 
Carpenter et al., 2017). 

5.2. Hippocampal time cells 

In addition to simply representing positional space, hippocampal 
pyramidal neurons can also encode further aspects of contextual expe-
rience: firing may preferentially reflect the direction in which a place 
field is entered (O’Keefe and Dostrovsky, 1971), can be modulated by 
linear velocity (Gois and Tort, 2018; Hirase et al., 1999; Maurer et al., 
2005; McNaughton et al., 1983; Wiener et al., 1989), and also has the 
capacity to encode temporal information (Mau et al., 2018; Pastalkova 
et al., 2008). Time-dependent activity in CA1 appears dependent on the 
demands of the task or activity in which the animal is engaged (Mac-
Donald et al., 2011). In this respect, periodic firing of pyramidal neurons 
is representative of specific temporal features, i.e. the “when” aspect of 
episodic memory. Hippocampal time cells may not explicitly encode 
time but instead a combination of time in association with place, di-
rection, and/or speed or reward (Muller et al., 1994; Poucet and Hok, 
2017). It has been suggested that the variable temporal framework 
within which these partially decorrelated place cells represent time 
windows, or features, are modulated by inputs from the lateral ento-
rhinal cortex, within which task- and spatially-independent representa-
tions of time have been described (Tsao et al., 2018). Entorhinal time 

cells exhibit cycles of low firing rate ramping to higher frequency firing 
over the course of relatively long time periods. In turn, this dynamic 
ramping activity is thought to be transformed to a discrete hippocampal 
time cell code (Rolls and Mills, 2019). This additional temporal infor-
mation enables discrete spatial locations to be linked within theta se-
quences and also provides a mechanism for encoding distance travelled 
(Kraus et al., 2013). 

Several computational models have been proposed to characterize 
potential mechanisms by which spatially tuned firing is generated. 
Attractor network (Samsonovich and McNaughton, 1997) and oscilla-
tory interference models (Burgess et al., 2007) are two popular exam-
ples. While the former provides a mechanism based on neuronal firing 
alone, of more relevance to the current discussion (relating to the medial 
MBs as a source of speed and potentially head direction modulated 
theta), oscillatory interference models provide a mechanism through 
which spike timing dynamics interact with multiple oscillatory sources 
to generate spatial periodicity. Oscillatory interference models posit that 
spatial tuning of neuronal firing is generated by the phase interference of 
speed- and velocity-dependent oscillators (Burgess, 2008; Burgess et al., 
2007). Entorhinal speed cells discharge purely as a function of running 
speed and while the inputs driving this modulation are unknown, they 
are thought to be independent of septal activity (Carvalho et al., 2020; 
Dannenberg et al., 2019). Given the acute effects of ATN inactivation on 
entorhinal activity (Winter et al., 2015), an open question is whether or 

Fig. 4. A possible route through which the medial mammillary bodies (MBs) and their projections to the anterior thalamic nuclei might influence contextual 
representations in the hippocampal formation. a, As well as head direction cells, anteroventral (AV) and anteromedial (AM) thalamic nuclei contain a high proportion 
of theta entrained neurons, a proportion of which encode direction through through the frequency of theta bursting (Welday et al., 2011). The medial MBs also house 
a high proportion of theta entrained neurons as well as those that are correlated with running speed, and angular head velocity. If it is the case that AM/AV activity is 
driven by the MBs, ascending MB activity may influence parahippocampal periodic tuning through modulation of thalamic directionally/velocity controlled os-
cillators; activity which is critical to oscillatory interference models of entorhinal (EC) grid cell periodicity (b; see Winter et al., 2015); Direct (AM-EC) and indirect 
(AV-subiculum-EC) thalamic influence over the EC may in turn modulate theta frequency/cycle asymmetry (Dillingham et al., 2019) and the related fast gamma low 
gamma ratio (which are dominant in the descending and ascending phase of the theta cycle, respectively) in CA1. The fast gamma (EC-CA1 derived), slow gamma 
(CA3-CA1 derived) ratio is thought to reflect a variable focus on prospective (future action) planning (fast gamma dominant) vs. current position encoding (slow 
gamma dominant). 
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not indirect MB-entorhinal inputs (via ATN or subicular cortices; Nassar 
et al., 2018) influence the entorhinal-hippocampal axis. Idiothetic input 
from the MB-ATN axis (e.g. velocity-dependent theta frequency, speed 
cells) could be important for those hippocampal time cells that represent 
a ‘distance-travelled over time’ metric, rather than a specific temporal 
feature of a task (Kraus et al., 2013). Thus, in parallel with the likely 
influence of the lateral MB on the entorhinal head direction signal 
(Winter et al., 2015) medial MB speed-modulated cells (Fig. 4a) and 
associated speed-dependent VTg-MB theta may represent an important 
component of path integration related information, i.e. a velocity 
controlled oscillatory source which contributes to spatial periodic firing 
but also, potentially, time cell representations of distance travelled. This 
would be consistent with impairments in dead reackoning observed in 
rats with MTT lesions (Winter et al., 2011). 

5.3. Gamma oscillations 

Hippocampal gamma oscillations (30− 140 Hz) are phase modulated 
by theta (Belluscio et al., 2012; Colgin, 2015b; Colgin et al., 2009; 
Lasztoczi and Klausberger, 2016) and, on a cellular level, gamma-theta 
interactions are thought to be important in the temporal orchestration of 
place cell ensemble activation (Fernandez-Ruiz et al., 2017; Schomburg 
et al., 2014; Senior et al., 2008). Gamma oscillations are typically sub-
divided into slow (30− 50 Hz), fast (50− 90 Hz) and epsilon (90− 140 Hz) 
bands. The ratio of low/high gamma modulation is thought to reflect a 
distinction between the representation of current location (high gamma) 
versus that of the future trajectory (prospective encoding; low gamma) 
(Bieri et al., 2014; Hasselmo et al., 2002; Zheng et al., 2016). The former 
is thought to be predominantly reliant on entorhinal-CA1 projections, as 
opposed to the latter, where CA3-CA1 projections dominate (Brun et al., 
2002; Colgin, 2015b) (Fig. 4b). In contrast to a typical sinusoidal rep-
resentation of filtered theta oscillations, theta cycles are typically 
asymmetrical, with a shorter ascending phase and a longer descending 
phase (Amemiya and Redish, 2018; Belluscio et al., 2012; Buzsaki et al., 
1985). Low gamma is dominant in more symmetrical theta cycles 
whereas high gamma is dominant in more asymmetrical cycles, 
reflecting the fact that high gamma is entrained to the descending slope 
of the cycle, while low gamma is embedded within the ascending phase 
(Belluscio et al., 2012; Colgin, 2015a) (Fig. 4b). Associated with a 
reduction in theta frequency, lesions of the MTT result in more sym-
metrical hippocampal and cortical (retrosplenial) theta cycles (Dilling-
ham et al., 2019) (Fig. 3b). Following MTT lesions, hippocampal theta 
cycles exhibited increased ascending phase durations, potentially 
reflecting an increased low-high gamma ratio, which would reduce the 
capacity to encode current location. The lesions also resulted in changes 
to the theta cycle in retrosplenial cortex: descending phase cycle dura-
tions were significantly increased, coupled with an increase in the peak 
frequency and theta phase amplitude coupling of high/epsilon gamma 
(Dillingham et al., 2019) (Fig. 4e). Together, these phenomena may 
reflect a reorganisation in the dominance of CA3 versus entorhinal 
hippocampal inputs which might reflect compromised contextual 
encoding (Alexander and Nitz, 2015; Mao et al., 2017; Miller et al., 
2019). 

5.4. Place field remapping 

A consistent finding following disruption of major afferent hippo-
campal pathways (e.g. septal or entorhinal) is an increase in the fre-
quency of place field remapping within familiar environments. 
Inactivation of the medial septum abolishes theta in the hippocampus 
and induces remapping of CA1 place cells (although place fields retain 
the spatial content and stability once remapped; Brandon et al., 2014). 
Upon recovery from temporary septal inactivation, place cells were 
found to recover their previous spatial organisation. Similarly, lesions of 
the medial entorhinal cortex induce remapping of CA1 place fields (Miao 
et al., 2015) but without impairing spatial information content or field 

stability. Chemogenetic inactivation of the medial entorhinal cortex, 
however, results in a strong reduction in phase precession during 
exploration and a reduction in the efficacy of replay of past exploratory 
trajectories (Kanter et al., 2017). A similar pattern of effects is found 
following systemic administration of the NMDA antagonist CPP, which 
also leaves place fields intact but disrupts the replay of recent events 
(Kentros et al., 1998; Rowland et al., 2011). In spite of place fields being 
intact following CPP administration, replay of trajectories experienced 
during CPP treatment was abolished and replay of experiences prior to 
CPP administration was observed instead. In these instances, spatial 
encoding appeared intact at a superficial level, however, mechanisms 
underlying the experiential transition from novel to familiar environ-
ment were impaired. Given the partial overlap in the effects of septal, 
entorhinal and medial diencephalic lesions, it is likely that, in spite of 
the seemingly intact CA1 place cell firing, animals with MTT lesions still 
experience impoverished contextual encoding that could contribute to 
the behavioural impairments observed. 

5.5. Neurogenesis: differentiating memories through context 

New neurons are continuously generated in the subventricular zone 
and granule cell layer of the dentate gyrus. These adult-generated den-
tate granule cells are thought to contribute to hippocampal-dependent 
memory (Deng et al., 2010; Shors, 2008). The integration of newborn 
cells into the dentate gyrus has been specifically linked to contextual 
learning and to reducing interference across overlapping memories 
(Miller and Sahay, 2019; Winocur et al., 2012). For example, Winocur 
et al. (2012) suggested that newborn dentate gyrus cells were particu-
larly important for separating target memories from those with over-
lapping contextual features. One proposal is that hippocampal 
neurogenesis enables novel events to be encoded into newly-born pop-
ulations of cells, leaving older neurons to represent older memories; this 
representation of events by distinct neuronal clusters provides a mech-
anism that reduces interference across events. A further suggestion is 
that new populations of neurons act as a time-stamp as events separated 
by time will be encoded by different populations of new neurons within 
the dentate gyrus. Immature hippocampal cells have been shown to be 
particularly important for spatial encoding and for novel learning 
(Tronel et al., 2015; Vukovic et al., 2013) and, as such, many of the 
processes linked to neurogenesis appear to closely match those processes 
supported by the medial diencephalon. 

Consistent with this observation, animal models of Korsakoff syn-
drome show reduced hippocampal neurogenesis (Vetreno et al., 2011; 
Zhao et al., 2008). Again, the use of thiamine-deficient models makes it 
difficult to determine whether this effect was specifically driven by 
medial diencephalic damage. However, our recent findings suggest this 
reduction in neurogenesis may specifically reflect damage along the 
medial MB-ATN axis as a reduction in neurogenesis was found following 
selective lesions to the MTT. Not only were there fewer newborn cells in 
the dentate gyrus, as measured by doublecortin, but the cells that were 
present were less complex with fewer dendritic branches (Dillingham 
et al., 2019). There is also evidence that stimulation of the ATN pro-
motes hippocampal neurogenesis, as does stimulation of the entorhinal 
cortex (Encinas et al., 2011; Stone et al., 2011; Toda et al., 2008). The 
mammillothalamic axis may, therefore, support aspects of contextual 
encoding via its distal effects on neurogenesis. However, any disruption 
to neurogenesis as a result of medial diencephalic pathology is likely to 
only partially account for the memory effects observed as the number of 
newborn cells was only moderately reduced (by 30 %) in the MTT-lesion 
model (Dillingham et al., 2019), whereas more pronounced spatial 
memory deficits are typically reported after a more complete loss of 
adult newborn cells (e.g., Jessberger et al., 2009). Furthermore, the 
time-frame of neurogenesis is unlikely to provide a timing mechanism 
for short term temporal discrimination but it may help to make 
temporally distal memories more distinct. 
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5.6. Retrosplenial cortex dysfunction 

In addition to its contribution to hippocampal function, the MB-ATN 
pathway may further support temporal and contextual processing via its 
dense connections with the retrosplenial cortex. The retrosplenial cortex 
has been consistently linked to spatial memory and navigation in both 
rodents and humans (Milczarek and Vann, 2020; Vann et al., 2009a), 
supported by recordings of spatially-related neural responses (Alexander 
and Nitz, 2015; Mao et al., 2018; Milczarek et al., 2018; Miller et al., 
2019). Furthermore, many of the spatio-temporal impairments observed 
in rodents with MTT/ATN lesions (see Section 4) are also found 
following retrosplenial lesions, including contextual fear conditioning 
(Keene and Bucci, 2008), place discrimination (Hindley et al., 2014b), 
and temporal discrimination (Powell et al., 2017). Loss of the ascending 
inputs from the MB-ATN pathway has been repeatedly shown to disrupt 
normal retrosplenial function, as measured by multiple activity markers. 
For example, lesions of the MTT and/or ATN (and to a lesser extent 
lateral MBs) produce a striking reduction in immediate-early gene 
expression in the retrosplenial cortex (Frizzati et al., 2016; Jenkins et al., 
2004; Vann, 2018; Vann and Albasser, 2009), as well as reduce 
long-term depression (Garden et al., 2009). Moreover, retrosplenial 
hypometabolism has been reported in Korsakoff syndrome patients 
(Reed et al., 2003). Our recent study in MTT lesioned rats showed not 
only disrupted retrosplenial theta rhythm, but also an increase in 
hippocampal-retrosplenial coherence (Fig. 3d), suggesting a loss of in-
formation content due to excessive synchronisation. Furthermore, using 
MR imaging in rats, we demonstrated a relative reduction in a measure 
of experience-driven grey matter diffusivity (elicited by spatial training 
the the radial-arm maze) in MTT-lesioned rats compared to controls 
(Dillingham et al., 2019). As such, the medial MB-ATN pathway is likely 
to provide critical input for temporal and contextual processing within 
the retrosplenial cortex. 

6. Conclusions 

The MB-ATN pathway has consistently been found to be critical for 
both temporal and contextual discrimination across species. There are 
many overlapping features in the mechanisms underlying temporal and 
contextual processing and considering time as an additional dimension 
of space could explain the similarity in impairments involving both 
features. Context provides a clear additional means for segmenting pe-
riods of time, with changing contexts likely providing mnemonic 
boundaries for discrete epochs. 

While the importance of the MBs and ATN for contextual memory 
has been repeatedly demonstrated, there are still many outstanding 
questions in terms of what these impairments reflect. Is it impoverished 
contextual encoding? an impairment in combining features? or perhaps 
both? The behavioural tests typically used in animals require integrated 
learning, e.g. combining reward, shock, an object, or an odour with 
context, making it difficult to tease apart the underlying impairment. 
Resolving this issue may depend on electrophysiological recordings, 
rather than behaviour alone, which would enable context-related neural 
signatures to be assessed in intact animals and following the disruption 
of medial MB-ATN connections. As described above, on a superficial 
level, hippocampal place fields appear intact following MTT lesions, 
which might suggest that behavioural impairments are not due to failure 
at encoding space/context but instead an inability to integrate features 
within these contexts. It is clear, however, that place fields alone remain 
a relatively crude measure of spatial representation. Consequently, a 
more comprehensive understanding of how the medial MB-ATN 
pathway supports the encoding of theta sequences and place cell/ 
oscillatory interactions is needed in order to make a clearer determi-
nation of their role in contextual encoding and processing. 

Despite increasing evidence that medial MB-ATN pathway is 
required for normal hippocampal neural activity, the anatomical 
pathway(s) that supports these mechanisms is still unknown. There are 

multiple direct and indirect routes into the hippocampal/para-
hippocampal regions from both the AV and AM subnuclei. It is, there-
fore, a clear goal to elucidate the functional importance of each pathway 
to fully map out the neuroanatomical substrates supporting temporal 
and contextual memory. In the same way, there are multiple mecha-
nisms via which the medial MB-ATN pathway may be supporting 
temporal-contextual memory, across both the hippocampus and retro-
splenial cortex, and a critical future aim is to identify which mechanisms 
support which aspects of behaviour. 

The current review has predominantly focused on the role of the 
medial MB pathway in contextual learning. Nevertheless, the possibility 
that the lateral MB pathway may be providing complementary infor-
mation required for certain aspects of contextual learning cannot be 
overlooked. Lesions of the lateral MBs, for example, have been found to 
disrupt the use of geometric and allocentric cues in spatial learning and 
navigation (Vann, 2005, 2011) while directional firing in the lateral MB 
network has been shown to be anchored to local spatial environments, e. 
g. in the T-maze during alternation learning (Dudchenko et al., 2005). 
Relatedly, lesions of the lateral MBs abolish the directional specificity of 
hippocampal place field repetition, potentially resulting in increased 
overlap across spatial representations and, thus, a reduced capacity to 
discriminate different spatial contexts (Harland et al., 2017). Together, 
these examples highlight the importance of teasing apart these two 
parallel streams when attempting to understand the functional role of 
the MB-ATN pathway. Although certain similar behavioural conse-
quences may be observed following disruption to each of these path-
ways, the underlying mechanisms are likely to be very different. 

While MB-ATN pathology has been traditionally linked to Korsakoff 
syndrome, there is increasing evidence for MB-ATN pathology across a 
wide range of neurological disorders that are associated with memory 
impairments, e.g. neonatal hypoxia (Molavi et al., 2019) and other 
conditions associated with low oxygen levels (Cabrera-Mino et al., 
2020), Down syndrome (Perry et al., 2019) and colloid cysts (Denby 
et al., 2009; Vann et al., 2009b). Together, these various conditions 
highlight the pressing need to better understand the mechanisms by 
which the MBs and ATN support normal memory in order to ultimately 
identify routes to restoring function. 
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