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Abstract. 

The hippocampus is regarded as the pivotal structure for episodic memory symptoms 

associated with Alzheimer’s disease (AD) pathophysiology. However, what is often 

overlooked is that the hippocampus is ‘only’ one part of a network of memory critical regions, 

the Papez circuit. Other Papez circuit regions are often regarded as less relevant for AD as they 

are thought to sit ‘downstream’ of the hippocampus. However, this notion is oversimplistic and 

increasing evidence suggest that other Papez regions might be affected before or concurrently 

with the hippocampus. In addition, AD research has mostly focused on episodic memory 

deficits, whereas spatial navigation processes are also subserved by the Papez circuit with 

increasing evidence supporting its valuable potential as a diagnostic measure of incipient AD 

pathophysiology.  

In the current review we take a step forward analysing recent evidence on the structural and 

functional integrity of the Papez circuit across AD disease stages. Specifically, we will review 

the integrity of specific Papez regions from at-genetic-risk (APOE4 carriers), to mild cognitive 

impairment (MCI), to dementia stage of sporadic AD, as well as autosomal dominant AD 

(ADAD). We related those changes to episodic memory and spatial navigation/orientation 

deficits in AD. Finally, we provide an overview of how the Papez circuit is affected in AD 

diseases and their specific symptomology contributions. This overview strengthened the need 

for moving away from a hippocampal-centric view to a network approach on how the whole 

Papez circuit is affected in AD and contributes to its symptomology, informing future research 

and clinical approaches.        
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Introduction 

Alzheimer’s disease (AD) is the most prevalent form of dementia contributing to 60-

70% of all cases (WHO, 2017). It is a slowly progressive disease with insidious onset and, most 

commonly, impaired episodic memory (Schroeter et al., 2009). Its most common presentation 

consists on sporadic AD, whereas a minority of AD cases are inheritance with an autosomal 

dominant pattern (ADAD) caused by mutation in different causal genes (presenilin 1, 

presenilin 2 or amyloid precursor protein), with nearly 100% penetrance at 65 years old (Fortea 

et al., 2010). AD has also known genetic risk factors, with APOE4 being the major 

susceptibility gene (Li et al., 2014), with three to four times more likely to develop AD in 

carriers with at least one copy (Brown et al., 2011).     

For decades, the hippocampus has been the centre of memory research as it is so 

strongly associated with Alzheimer’s neuropathology.  Notwithstanding, increasing evidence 

have shown that episodic memory does not rely solely in the hippocampus as several cortico-

subcortical structures plays a critical role in mnemonic function (Moscovitch et al., 2006; 

Hornberger et al., 2012; Jankowski et al., 2013; Acosta-Cabronero & Nestor, 2014; Aggleton, 

2014; Aggleton et al., 2016). In particular the larger Papez circuit, which involve the 

hippocampus, fornix, mammillary bodies (MB), mammillothalamic tract (MTT), anterior 

thalamic nuclei (ATN), cingulate cortex and the parahippocampal cortex (PHC) (Figure 1), 

contributes to the episodic memory and spatial navigation symptomology in AD. Furthermore, 

AD view as a hippocampal-amnesic disorder, could be misleading as memory impairment is 

not always sensitive enough for differentiating AD from other dementias (Hornberger et al., 

2012) and different presentations of AD reflects pathologies that extend beyond the 

hippocampus (Aggleton et al., 2016; Falgas et al., 2019).  

Previous evidence (Aggleton et al., 2016) has shown that structures of the Papez circuit, 

specifically the limbic thalamus and their reciprocal connections with the retrosplenial cortex, 

are vulnerable to AD pathology and might contribute to early symptomatology in AD and its 

prodromal phases. Further, spatial navigation and orientation have been described as a novel 

feature of cognitive evaluation for incipient AD offering a sensitive and specific marker of the 

disease (Coughlan et al., 2018). Despite these important advances, no previous work has 

analysed the Papez circuit structure by structure and how its structural/functional disposition 

may be affected across different stages of sporadic AD and ADAD. Moreover, few works have 

related the specifics Papez circuit structures with the main symptomatology of AD.           
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Based on this, the current literature review takes a step back to examine the evidence 

of how Papez circuit regions are affected in genetically at-risk subjects due to APOE4, mild 

cognitive impairment (MCI), sporadic AD and genetic ADAD (presymptomatic mutation 

carriers -PMC- and symptomatic mutation carriers -SMC). We will review each region of the 

circuit and how it is structurally and functionally affected throughout the different stages of the 

disease. We will further analyse how these changes are associated with impaired episodic 

memory and spatial navigation deficits. 

Anatomical and Functional Findings 

Hippocampus 

Located adjacent the PHC (Small et al., 2011), the hippocampus ranges 4 to 4.5 cm 

along the medial temporal pole (Thomas et al., 2008). Along its longitudinal axis, the 

hippocampus cellular cytoarchitecture can be subdivided into CA1 — 4 subfields, the dentate 

gyrus (DG), the presubiculum, parasubiculum and subiculum (Thomas et al., 2008; Small et 

al., 2011; Zeidman & Maguire, 2016; Lindberg et al., 2017). From a functional point of view, 

the hippocampus trails the following pathway: the entorhinal cortex (EC) projects, through the 

perforant pathway, to the dentate gyrus (DG) which connects CA3 to CA1 subfield and the 

subiculum (Small et al., 2011; Zeidman & Maguire, 2016). Finally, the subiculum and CA1 

projects back to the EC (Zeidman & Maguire, 2016).  

More recent evidence has shown that the hippocampus might not be a uniform structure. 

Emerging findings show that there is an anatomical differentiation along the longitudinal 

hippocampal axis, implying a functional differentiation along its anterior and posterior axis and 

associated cortical projection areas (Dalton et al., 2019). Not only does this functional 

specialisation impact on the theoretical aspects but also as to whether it can explain the 

vulnerability of the hippocampus across proteinopathies, such as AD (Llado et al., 2018).  

 The hippocampus is a well-known key structure affected by AD, by being one of the 

earliest regions to be affected by the pathophysiology (Braak & Braak, 1991), and causing the 

typical episodic memory deficits (McKhann et al., 2011). Nowadays, hippocampal amnesic 

syndrome has been characterized as the most common syndromic presentation of AD 

(McKhann et al., 2011) and essential for typical AD diagnosis (Sarazin et al., 2007; Aggleton 

et al., 2016). Neuropathological studies have described neurofibrillary tangles at first, in the 

transentorhinal cortex and then progress, across the limbic system, throughout the entire cortex 

in the end-stages of AD (Braak & Braak, 1991). Accompanied by significant microstructural 
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degeneration, changes on the hippocampal body white matter are also early noted (Cherubini 

et al., 2010; Hong et al., 2013), resulting in increasing cognitive impairment in severer stages 

of the disease (Desgranges et al., 2002; den Heijer et al., 2012). Amyloid accumulation, on the 

other hand, shows more variability, especially in the early stages of the disease (Braak & Braak, 

1991). β-amyloidosis is a successive process beginning with neocortical Aβ-deposition 

expanding step by step into further regions of the brain (Thal et al., 2002). Braak and Braak A-

B-C scheme described few Aβ deposits located in the subiculum and CA1 in Stage B  (Braak 

& Braak, 1991). While Thal scheme of 5 progressive phases of cerebral amyloidosis, described 

Aβ deposits in the entorhinal region, CA1 and the insular cortex since phase 2 (Thal et al., 

2002).        

In the early stages, typical AD is associated with atrophy of CA1 and subiculum 

(Carlesimo et al., 2015), whereas atypical presentations of AD, such as logopenic variant 

primary progressive aphasia (lvPPA), posterior cortical atrophy (PCA), corticobasal syndrome 

(CBS-AD) and behavioural/dysexecutive AD often show highly variable hippocampal atrophy 

(Whitwell et al., 2010; Ossenkoppele et al., 2015a; Ossenkoppele et al., 2015b; Phillips et al., 

2018).  

For ADAD, hippocampal atrophy, white matter pathology, abnormal functional 

connectivity and cortical thickness have been widely reported in SMC and PMC close to the 

age of symptom onset (Ridha et al., 2006; Quiroz et al., 2010; Apostolova et al., 2011; Bateman 

et al., 2012; Ryan et al., 2013; Sala-Llonch et al., 2015; Thordardottir et al., 2015; Zheng et 

al., 2018), resembling the so-called “AD signature” described in sporadic AD (Dickerson et 

al., 2009). However, hippocampal changes in PMC might not follow a linear trajectory as more 

often a rapid, nonlinear change in hippocampal volume is only noted shortly before symptom 

onset (Fortea et al., 2010; Apostolova et al., 2011; Ryan et al., 2013; Sala-Llonch et al., 2015). 

In healthy APOE4 carriers evidence showing structural hippocampal changes are not 

consistent. While some studies reported decreased hippocampal volume in young and old 

cognitively intact carriers (Wishart et al., 2006; Crivello et al., 2010; O'Dwyer et al., 2012), 

other studies show no hippocampal volume decrease (Honea et al., 2009; Haller et al., 2017). 

It has been even suggested that hippocampal structural changes may not be a good imaging 

marker to understand the effect of APOE4 on the risk of dementia (Crivello et al., 2010). 

Functional changes, on the other hand, seem to be more robust. Studies have consistently 
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reported hippocampal altered functional connectivity in healthy young and older APOE4 

carriers (Lind et al., 2006; Filippini et al., 2009; Dennis et al., 2010; Patel et al., 2013).       

On a cognitive level, episodic memory impairment remains as the most common 

clinical feature in AD, associated with hippocampal changes. Vulnerability within a posterior 

network including the posterior cingulate, precuneus and hippocampus (La Joie et al., 2014), 

supports the hypothesis that AD-related episodic memory impairments rely on a network 

including but going beyond the hippocampus, rather than focal hippocampal changes solely 

(Nestor et al., 2006; La Joie et al., 2014). More recently, differentiation along the hippocampal 

anterior-posterior longitudinal axis has shown more pronounced posterior hippocampal 

atrophy associated with visual memory decline in AD (Llado et al., 2018). 

Interestingly, while episodic memory impairment is also the most common clinical 

presentation on ADAD (Ridha et al., 2006), the relationship of APOE4 and episodic memory 

remains somewhat controversial in healthy carriers. Alterations in functional connectivity in 

episodic memory-related regions and impaired memory associated with APOE4 in AD has 

been consistently described (El Haj et al., 2016; Rajah et al., 2017; Rabipour et al., 2020). 

However, there is also evidence that shows similar performance on clinical memory tests 

between APOE4 and non-carriers healthy elderly controls (Haller et al., 2017). When 

cognitively healthy, APOE4 is not always associated with an increased risk of cognitive 

deterioration, suggesting that APOE4 effects on terms of structural and/or clinical progression 

becomes evident only in MCI and AD  (Haller et al., 2017).   

Despite the clinical focus on episodic memory, animal models have shown that the 

hippocampus is critical for another cognitive function - spatial navigation. The discovery of 

place cells in CA1 and grid cells in the EC, presubiculum and parasubiculum (O'Keefe, 1976; 

Hafting et al., 2005; O'Mara et al., 2009; Zeidman & Maguire, 2016) has helped us understand 

how location of the animal in space (O'Keefe & Dostrovsky, 1971; Suthana et al., 2009) and 

spatial representation are modulated in the brain (Hafting et al., 2005; Zeidman & Maguire, 

2016). For instance, CA1 and CA3 regions are involved in allocentric navigation strategies. 

This is, navigation using world-centred strategies forming a cognitive map of the environment 

(Coughlan et al., 2018).   

However, spatial navigation and orientation are only recently emerging as potential 

cognitive marker in AD (Ritchie et al., 2018) and as a sensitive measure to differentiate 

between AD and other dementias (Tu et al., 2015). Contrary to episodic memory, spatial 
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navigation is an uncommon complaint in healthy older adults and non-AD dementia (Cerman 

et al., 2018; Coughlan et al., 2018). Probably because the EC integrity is critical for successful 

navigation and at the same time is the cortical origin of AD pathophysiology (McNaughton et 

al., 2006; Coughlan et al., 2018). Not surprisingly, an increasing amount of studies show spatial 

navigation/orientation deficits in AD, due to hippocampal changes with some studies indicating 

that these changes are even present in MCI patients and cognitively healthy APOE4 carriers 

(Coughlan et al., 2018; Coughlan et al., 2020).  Indeed, allocentric spatial processing deficit 

has been proposed as a better predictor of risk to future dementia that episodic memory 

impairment in a middle-age APOE4 cohort  (Ritchie et al., 2018). It remains therefore to be 

explored whether spatial navigation might be a more sensitive and specific cognitive marker 

for hippocampal pathophysiology in AD (Tu et al., 2015; Tu et al., 2017).    

Fornix 

Acting as the major output fibre of the hippocampus, the fornix plays an important role 

connecting the medial temporal lobe to associated regions. Located on the medial aspects of 

the cerebral hemisphere beneath the corpus callosum and above the thalamus, fornix 

projections end in the MB and the ATN (Copenhaver et al., 2006; Aggleton et al., 2010; 

Thomas et al., 2011; Bubb et al., 2017). Fornix fibres passing rostral to the anterior commissure 

also ends in the septal area, basal forebrain (Thomas et al., 2011) and prefrontal cortex 

(Copenhaver et al., 2006). On a functional level, the fornix plays an important role in the Papez 

circuit which is critical for memory consolidation and learning new episodic information 

(Aggleton et al., 2010; Thomas et al., 2011; Bubb et al., 2017). It is therefore not surprising 

that AD studies in particular have investigated this region, due to pervasive episodic memory 

changes in AD.  

On a structural level, neuropathological evidence has shown widespread atrophy in 

limbic structures, including the fornix in AD (Callen et al., 2001). The neuropathological 

findings have been extended to MCI by diffusion tensor imaging (DTI), a sensitive white matter 

technique. DTI results have consistently shown fractional anisotropy fornix changes in MCI 

(Mielke et al., 2009; Kantarci, 2014; Wang et al., 2020). Studies have even suggested that 

decreased fractional anisotropy in the fornix could be an early diagnostic and prognostic 

biomarker in sporadic AD (Ringman et al., 2007; Mielke et al., 2009; Mielke et al., 2012). 

Furthermore, damage in white matter integrity, including the fornix, has been proposed as 
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partially responsible for reduced resting-state functional connectivity in MCI and AD (Wang 

et al., 2020).  

Altered white matter integrity in the fornix has also been found on ADAD (Ringman et 

al., 2007; Cash et al., 2013; Kantarci, 2014; Sanchez-Valle et al., 2016). Decreased fractional 

anisotropy (Ringman et al., 2007; Kantarci, 2014), and increased radial diffusivity  (Ryan et 

al., 2013) in the fornix can be already seen in  PMC (PSEN1), although more significant 

reduction have been reported in SMC (Cash et al., 2013). Similarly, APOE4 carriers have 

shown widespread disruption of white matter tracts, including the fornix, even when no 

cognitive impairment is reported (Zhang et al., 2015).  

There is a clear consensus in the role the fornix plays in memory and learning new 

information (Rudebeck et al., 2009; Aggleton et al., 2010; Metzler-Baddeley et al., 2011; 

Kantarci, 2014), as reflected by their connections with other key limbic structures (Copenhaver 

et al., 2006). Furthermore, fornix structural and functional changes consistently correlate with 

cognitive impairment across different studies (Wang et al., 2020), with fornix white matter 

integrity significantly associated with memory performance in MCI and AD.  

In healthy adults, recent evidence has also demonstrated the functional relevance of the 

fornix in human spatial navigation using virtual reality (Dahmani et al., 2019; Hodgetts et al., 

2020). Crucially, this supports the idea that spatial navigation does not solely depends on 

individual regions but also the white matter linking these brain areas (Hodgetts et al., 2020). 

Although this evidence is of increasing interest, to date we are not aware of any study analysing 

how spatial navigation is affected by fornix vulnerability to AD pathology.    

Mammillary Bodies 

Situated ventral to the hypothalamus, the MB comprise two main nucleus: the lateral 

and medial with the lateral portion only accounting for 6% of the entire structure (Vann, 2010). 

Animal models have shown that MB are connected mainly by fibres originated in the 

subiculum, which join the fornix to end in the medial mammillary nucleus  (Bubb et al., 2017). 

Other inputs ending in the medial mammillary nucleus emerge from the medial EC, while the 

lateral mammillary nucleus receive parallel projections from the presubiculum, parasubiculum 

and postsubiculum (Vann & Aggleton, 2004). Also, MB receive inputs from the tegmental 

nuclei of Gudden, via the mammillary peduncle.  While projections from the hippocampus are 

solely efferents (Bubb et al., 2017), both medial and lateral mammillary nucleus have 
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reciprocal connections with the ventral tegmental nucleus of Gudden (Vann, 2010). MB also 

connect the ATN via the MTT (Aggleton & Sahgal, 1993).  

While lesion studies have consistently shown amnestic symptoms after mammillary 

damage (Dusoir et al., 1990; Tanaka et al., 1997; Hildebrandt et al., 2001), evidence showing 

mammillary volume reduction in AD is somehow inconsistent (Callen et al., 2001; Copenhaver 

et al., 2006; Hornberger et al., 2012). For instance, MB volumetric loss in mild to moderate 

AD, have been described when compared with healthy controls (Callen et al., 2001), MCI and 

older people with a subjective cognitive decline (Copenhaver et al., 2006). Increased iron level 

in the right mammillary body with no apparent volumetric differences has been reported when 

comparing MCI and healthy controls (Jin et al., 2020). Substantial decrease in neuronal 

population and abbreviation in dendritic arbores have also been reported in early cases of AD 

using electron microscopy and silver impregnation techniques (Baloyannis et al., 2016). 

Furthermore, comparison of metabolic activity between MCI and AD, revealed hypometabolic 

activity in a limbic network including the MB (Nestor et al., 2003).  However, other study did 

not found significant differences in MB between AD and healthy controls using in vivo and 

post-mortem volumetric methods (Hornberger et al., 2012). The conflicting results might be 

explained due to a variable loss of hippocampal afferents for MB, which might affect its own 

AD neuronal loss (Hornberger et al., 2012). However, the sparsity of the data suggests that this 

requires more extensive, future investigation. 

On a cognitive and functional level, MB has been commonly seen as hippocampal-

dependent, and their role interpreted as a hippocampal relay, sending the information to the 

ATN and thus, heavily associated with hippocampal integrity. Nonetheless, recent findings 

suggest that MB have a role in memory independent to the hippocampus. It seems that the 

ventral tegmental nucleus of Gudden could provide critical input needed to support mnemonic 

processes (Vann, 2010; Vann & Nelson, 2015). Animal and human models have shown that 

MB are involved in, at least, two related system (Vann & Aggleton, 2004; Vann, 2010). The 

first one, implicated in episodic memory associated with medial mammillary nucleus, and the 

second one, as a critical structure for normal spatial navigation due to ‘head direction’ neurons 

located in the lateral mammillary nucleus. Both systems are tightly related and damage to either 

one of them, produce similar consequences (Vann & Aggleton, 2004; Vann, 2010; Jankowski 

et al., 2013).  
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Evidence in animal models of AD consistently show that MB volume reduction is 

associated with episodic and spatial memory deficit (Grossi et al., 1989; Baloyannis et al., 

2016). Dysfunction in an integrated network, including the MB, could be partially responsible 

for episodic memory deficits in AD (Nestor et al., 2006). Overall, memory performance and 

MB shrinkage are consistently found across studies, strengthening the role that MB play in 

episodic and spatial memory (Grossi et al., 1989; Hornberger et al., 2012; Tan et al., 2014; 

Bueno et al., 2020), at least in animals, whereas the human evidence is still largely missing.  

Mammillothalamic Tract 

The MTT have been characterized as the only white matter tract that exclusively 

connects two Papez circuit regions (Bubb et al., 2017) – the MB and the thalamus. Within the 

tract the medial mammillary nucleus projects ipsilaterally to the anterior medial and anterior 

ventral thalamic nucleus, while the lateral mammillary nucleus has a bilateral projection to the 

anterior dorsal thalamic nucleus (Aggleton & Sahgal, 1993). As stated before, MB are the only 

structure that contributes to the MTT allowing a direct understanding of their contribution to 

cognition and normal functioning. Nonetheless, evidence targeting the MTT integrity in AD 

are non-existent, to our knowledge.  

On the contrary, studies using lesions and animal models in MTT and cognition are 

more common (Van der Werf et al., 2000; Yoneoka et al., 2004; Vann et al., 2011; Jankowski 

et al., 2013; Danet et al., 2015; Vann & Nelson, 2015). Lesions studies has mainly focussed 

on thalamic infarct, where lesions in the MTT produce severe cases of amnesia (Carlesimo et 

al., 2011). Even more severely affected than damage to the mediodorsal thalamic nucleus only 

(Van der Werf et al., 2000; Danet et al., 2015). Moreover, memory impairment by structural 

damage due to bilateral MTT infarction can be so severe, that it could mirror Korsakoff 

syndrome (Yoneoka et al., 2004).  

On the other hand, animal models have consistently shown the role that MTT play in 

spatial navigation (Vann et al., 2011; Jankowski et al., 2013; Vann & Nelson, 2015).  Using 

rat models in the T-maze, radial-arm maze and water maze, difficulties on learning new spatial 

information (allocentric) were impaired after MTT lesions (Vann & Aggleton, 2003). Overall, 

animal and lesion model has consistently show that MTT inputs to the ATN are crucial for 

normal episodic and spatial memory. But there is, to our knowledge, no evidence how damage 

to this structure might impact on the symptomology in AD. 
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Anterior Thalamic Nucleus 

Within the thalamic nuclei, the ATN is a highly interconnected region connecting key 

limbic areas. It can be subdivided into an anterior medial, anterior ventral and anterior dorsal 

nucleus (Aggleton & Sahgal, 1993), which receives densely projections from regions like the 

MB, hippocampus, retrosplenial cortex (RSC) and anterior cingulate cortex (ACC). While 

indirect hippocampal information reaches the ATN through the MTT, fibres passing 

exclusively through the fornix connects the ATN directly with the hippocampus (Thomas et 

al., 2011). Arising from the presubiculum and parasubiculum, hippocampal projections 

connects the anterior ventral nucleus, while the anterior medial nucleus is predominantly 

innervated by the subiculum (Aggleton & Sahgal, 1993). Unlike the mammillothalamic 

pathway, the direct ATN and hippocampal connections are reciprocal, with projections arising 

from the ATN reaching the subiculum, presubiculum and parasubiculum (Aggleton & Sahgal, 

1993; Aggleton et al., 2010). Finally, among the cingulate cortex, the ATN possesses densely 

reciprocal connections with medial posterior brain regions, especially the RSC (Aggleton & 

Sahgal, 1993; Bubb et al., 2017). 

The ATN has received increasing interest, due to its i) dense reciprocal connections 

with the hippocampus and the RSC (Aggleton, 2012; Jankowski et al., 2013; Aggleton et al., 

2016; Bubb et al., 2017), ii) its role in cognition (Aggleton, 2012; Hornberger et al., 2012; 

Jankowski et al., 2013; Aggleton et al., 2016) and iii) its vulnerability to neurodegenerative 

diseases (Nestor et al., 2003; Schroeter et al., 2009; Hornberger et al., 2012; Ryan et al., 2013; 

Aggleton et al., 2016; Tentolouris-Piperas et al., 2017). Beyond the medial temporal lobe, 

marked neurofibrillary changes have been found in the anterodorsal thalamus at the same time 

as the hippocampus in AD (Braak & Braak, 1991; Aggleton et al., 2016). Also, substantial 

atrophy (Callen et al., 2001; de Jong et al., 2008; Zarei et al., 2010), decreased blood perfusion 

(Kobayashi et al., 2008), hypometabolism (Nestor et al., 2003; Villain et al., 2008), and altered 

connectivity (Zarei et al., 2010; Wang et al., 2020) of the ATN have been described in AD. 

The focus now is to understand if thalamic abnormalities in AD are secondary process due to 

medial temporal lobe dysfunction or occur at early stages of the disease.  

According to the first point of view, thalamic and extra-hippocampal dysfunction would 

be a response of a ‘disconnection process’, akin to Wallerian degeneration, resulting due to 

hippocampal atrophy followed by white matter changes, with the cingulum bundle and the 

fornix playing a critical role (Villain et al., 2008; Wang et al., 2020). For example, a meta-
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analysis concluded that the hippocampal formation is the first affected region in amnesic MCI, 

followed by latter changes in the limbic thalamus in AD  (Schroeter et al., 2009).  By contrast, 

other findings suggest that thalamic abnormalities occur in the earliest stages of AD (Aggleton 

et al., 2016). For instance, hypometabolism and significant volume reduction in the anterior 

thalamus has been associated with very earlier stages of AD, and even MCI (Nestor et al., 

2003; de Jong et al., 2008). Also, altered connectivity patterns in the thalamus have been 

described in MCI and AD (Rose et al., 2006; Zhou et al., 2013).  

A substantial amount of evidence has also shown thalamic changes in ADAD. For 

instance, reduced thalamic volumes, increased fractional anisotropy and increased mean 

diffusivity have been described in PMC and SMC PSEN1 carriers (Ryan et al., 2013; Sala-

Llonch et al., 2015; Pardilla-Delgado et al., 2021). Changes that have been described, even 15 

years prior to symptom onset (Lee et al., 2013). Furthermore, the thalamus has been described 

as one of the earliest sites of amyloid deposition (Knight et al., 2011b). Similar findings are 

reported in relation to APOE4, as decreased thalamic volume and altered functional 

connectivity have been described in cognitively healthy and MCI APOE4 carriers (Patel et al., 

2013; Li et al., 2014; Novellino et al., 2019).  

  The ATN, as well as the hippocampus, plays a critical role in episodic memory and 

spatial navigation. Specifically, the ATN has been described as critical for recollective memory 

rather than familiarity-based recognition (Aggleton et al., 2010; Aggleton et al., 2011; de 

Bourbon-Teles et al., 2014). In very early symptomatic AD when memory impairment is an 

isolated feature, hypometabolism in a “limbic-diencephalic” network, were the thalamus plays 

a critical role, has been identified (Acosta-Cabronero & Nestor, 2014) with metabolic function 

been crucial for episodic memory performance in AD (Desgranges et al., 2002; Salmon et al., 

2009). Moreover, altered thalamic functional connectivity has been related with difficulties in 

memory task in amnesic MCI (aMCI) APOE non carriers (Cai et al., 2015),  and MCI APOE4 

carriers (Li et al., 2014; Novellino et al., 2019).       

Regarding navigation, head directions cells, interaction between the allocentric—

egocentric navigation system, and navigation capacity are all mediated by the ATN 

accompanied by frontal, temporal and parietal regions (Coughlan et al., 2018). However, to 

our knowledge, there are no studies having investigated spatial navigation impairment in 

relation to thalamic changes in AD.  
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Cingulum Bundle 

The cingulum bundle is one of the most prominent white matter tracts that connects 

frontal, parietal and temporal cortices, as well as subcortical structures. It almost forms a ring 

from the orbital prefrontal cortex going through the dorsal surface of the corpus callosum up 

to the temporal pole through the PHC. There is no clear consensus on how to subdivide the 

cingulum bundle due to its complexity and length (Bubb et al., 2018), but most literature 

analysing white matter changes on neurodegenerative diseases has focussed on the 

rostral/anterior and caudal/posterior cingulum (e.g., (Fouquet et al., 2009; Acosta-Cabronero 

et al., 2010; Villain et al., 2010; Agosta et al., 2012)). While others have also considered the 

parahippocampal/temporal cingulum bundle (e.g., (Metzler-Baddeley et al., 2011; Daianu et 

al., 2016)).  

Increased absolute (axial, radial, and mean) diffusivity in AD has been described in 

critical white matter tracts connecting Papez circuit, like the parahippocampal gyrus, posterior 

cingulum, splenium and fornix (Acosta-Cabronero et al., 2010). Specifically in the cingulum, 

significantly lower fractional anisotropy values in AD compared with healthy older adults has 

been reported (Stricker et al., 2009). As well as cingulum fibre loss associated with decreased 

metabolism in the posterior cingulate and the orbitofrontal cortices in early AD (Villain et al., 

2010).  

Interestingly, disruptions of the cingulum bundle have already been described in MCI. 

It seems that the cingulum plays a critical role in connecting areas of the Default Mode Network 

(DMN), as synchronic hypoactivation of the hippocampus and posterior cingulate cortex (PCC) 

measured with fMRI may reflects cingulum bundle disruption (Choo et al., 2010; Villain et al., 

2010; Papma et al., 2017). Increasing evidence point to an important role in this white matter 

tract as volume loss and decreased fractional anisotropy in the cingulum bundle have been 

reported as early as in aMCI (Kiuchi et al., 2009; Wang et al., 2009; Villain et al., 2010). 

Fractional anisotropy decreased of the cingulum fibres has even been suggested as an early 

marker of AD (Zhang et al., 2007). Although, both MCI and AD presents with cingulum 

disruption, it appears that patterns of diminished fractional anisotropy distinctly affect MCI 

and AD. While no apparent differences in mild cingulum fractional anisotropy would be found 

in both groups, AD present decreased fractional anisotropy in the parahippocampal and 

posterior cingulum bundle, whereas MCI would only show significant fractional anisotropy 

decreased in the parahippocampal cingulum (Choo et al., 2010).  
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 When analysing white matter integrity of the cingulum bundle in ADAD, decreased 

fractional anisotropy and extensive white matter loss have been described in SMC and PMC 

(Ryan et al., 2013; Araque Caballero et al., 2018). Altered mean diffusivity in the cingulum 

bundle have also been reported in older APOE4 carriers (Bendlin et al., 2010; Adluru et al., 

2014). However, at this stage it is not yet clear how the cingulum structural changes (e.g., 

fractional anisotropy) impact on the well-known reduced network efficiency along the DMN 

(Hodgetts et al., 2019), as DMN regions are partly connected via cingulum tracts (Cavedo et 

al., 2017).    

Consequently, cingulum white matter abnormalities have been related with cognitive 

impairment in AD. For instance, changes in the anisotropy of the cingulum bundle in MCI and 

AD has been associated with episodic memory deficit (Choo et al., 2010; Sexton et al., 2010). 

Evidence that is consistence with several studies showing hippocampal volume reduction and 

PCC hypometabolism mediated by the cingulate bundle disruption and its impact in episodic 

memory (Choo et al., 2010; Villain et al., 2010; Papma et al., 2017). The cingulum contribution 

to spatial navigation remains less clear at this stage.  

Posterior Cingulate cortex 

Due to its cytoarchitectonic differentiation, regional circuitry and specificity in 

cognitive, motor and emotional processes, the cingulate cortex cannot be considered as one 

structure as Papez originally described (Papez, 1937; Vogt, 2009). Instead, we will be focusing 

on the posterior region of the cingulate cortex, referred to as PCC. The nomenclature of the 

posterior cingulate remains challenging with many people still referring to it as RSC, which is 

only a very small proportion of the PCC. Here we consider the PCC to comprise Brodmann 

areas 23, 29, 30, 31, which includes also the precuneus and the RSC  (Vogt, 2009; Shah et al., 

2012; Rolls, 2019). Anatomically situated anteriorly to the parieto-occipital sulcus, posteriorly 

to the ventral anterior cingulate and located between the marginal ramus of the cingulate sulcus 

and the corpus callosum, the PCC is heavily interconnected with other limbic, paralimbic and 

cortical areas (Beckmann et al., 2009; Leech & Sharp, 2014). Along its critical connections, 

white matter tracts emerge from the retrosplenial and ventral posterior cingulate cortex to 

connect the medial temporal lobes while dorsal posterior cingulate cortex connects the 

ventromedial prefrontal cortex along the cingulum bundle (Greicius et al., 2009; Leech & 

Sharp, 2014).   
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The PCC is a core structure of the DMN (Buckner et al., 2008), and it has been heavily 

associated with AD pathology (Callen et al., 2001; Nestor et al., 2003; Choo et al., 2010). 

Conjointly evidence have consistently shown decreased PCC volume (Callen et al., 2001; Choo 

et al., 2010; Mutlu et al., 2016), increased cortical thinning (Im et al., 2008; Dickerson et al., 

2009), disrupted functional connectivity (Zhou et al., 2008; Buckner et al., 2009; Mutlu et al., 

2016), hypometabolism (Minoshima et al., 1997; Nestor et al., 2003; Salmon et al., 2009; 

Villain et al., 2010), and diffusion abnormalities (Rose et al., 2008; Nakata et al., 2009; Nir et 

al., 2013) in AD.  All these evidences have supported the notion that PCC abnormalities, form 

part of an AD “cortical signature” (Dickerson et al., 2009).   

Grey matter loss in the PCC (Choo et al., 2010) and hypometabolism (Villain et al., 

2010) has also been reported in MCI. Notably, significant grey matter volume loss in the PCC 

has been associated with rapid converters in MCI towards probable AD (Chetelat et al., 2005). 

Also, reduced connectivity and decreased fibres bundle from the PCC to the whole brain, have 

been described in MCI (Zhou et al., 2008). More specifically, evidence has shown disrupted 

functional connectivity in a ventral PCC network (including the hippocampus, posterior 

occipitotemporal and temporoparietal regions) in aMCI (Mutlu et al., 2016). 

Evidence is also consistent when analysing ADAD reports. Even in PMC, volume loss 

(Fox et al., 2001), hypometabolism (Mosconi et al., 2006), and impaired functional 

connectivity (Chhatwal et al., 2013) in the PCC have been reported. As a core structure of the 

DMN, functional disruption of the PCC is evident in presymptomatic ADAD and continue 

worsening in more advanced stages of the disease (Chhatwal et al., 2013). Notably, impaired 

DMN functional connectivity before clinical symptomatology onset trace a similar pattern in 

ADAD and sporadic AD. However, this is not always the case for all biomarkers as PiB 

retention in PMC PSEN1 is less intense than in sporadic AD (Klunk et al., 2007) and no PCC 

white matter loss has been reported in PMC (Quan et al., 2020). 

Similarly, cognitively healthy APOE4 carriers also shows PCC hypometabolism 

(Reiman et al., 1996; Small et al., 2000; Reiman et al., 2004; Drzezga et al., 2005), increased 

cortical thickness associated with age (Brown et al., 2011), and altered functional connectivity 

(Filippini et al., 2009; Dennis et al., 2010; Sheline et al., 2010; Westlye et al., 2011). Likewise, 

sporadic AD and ADAD, APOE4 carriers shows impaired functional connectivity on posterior 

regions of the DMN, including the PCC (Sheline et al., 2010; Westlye et al., 2011). Evidence 

has shown a more abruptly functional decline in APOE4 carriers across age span which may 
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contribute with cognitive abilities rapidly decline (Brown et al., 2011). Strikingly, APOE4 

carriers only present PCC grey matter loss when cognitive impairment is evident (Haller et al., 

2017).  

  The PCC, particularly the RSC, has also been characterized as a critical node in a 

hippocampal memory network (Tan et al., 2014).  Evidence in AD have consistently shown 

that PCC impairment is associated with episodic memory impairment (Choo et al., 2010; Irish 

et al., 2014; Leech & Sharp, 2014). It seems that hypometabolism and PCC functional 

impairment are, at least, partially responsible for aMCI and AD episodic memory decline (La 

Joie et al., 2014; Mutlu et al., 2016). Interestingly, in APOE4 carriers reduced PCC glucose 

metabolic rates have been associated with greater memory impairment (Small et al., 2000).    

The PCC has also been heavily associated with spatial navigation and orientation 

(Leech & Sharp, 2014; Coughlan et al., 2018; Coughlan et al., 2020) characterized as critical 

for normal integration of egocentric and allocentric spatial information (Coughlan et al., 2018), 

a function that has been associated with cognitive deficits in early AD (Tu et al., 2015; 

Coughlan et al., 2018). Difficulties that have been also reported in homozygous heathy APOE4 

carriers (Laczo et al., 2014) and aMCI (Hort et al., 2007) with the latest presenting more 

difficulties on allocentric orientation. Even though studies have shown that PSEN1 and APP 

carriers show changes to PCC thickness 8 years prior clinical symptom onset (Weston et al., 

2016), to our knowledge no studies have been conducted in these population when assessing 

spatial navigation abilities.  

Anterior Parahippocampal Cortex     

The PHC encompass a large part of the temporal lobe, located between the 

hippocampus and the fusiform gyrus. Caudally including the entorhinal and perirhinal cortex 

and posteriorly ending with the occipital cortex (Aminoff et al., 2013), the PHC is classically 

divided into an anterior and posterior region (Powell et al., 2004). The anterior PHC (aPHC) 

is a significant part of the Papez circuit as it is strongly connected with areas of the DMN 

(Baldassano et al., 2013), the RSC (Aminoff et al., 2013), and it has strong reciprocal 

connections with the hippocampus (Powell et al., 2004) playing an important role in episodic 

memory and spatial navigation (Baldassano et al., 2013). For instance, animal models have 

shown that EC projections, through perirhinal and postrhinal connections to the hippocampus, 

forms the main extrahippocampal network within medial temporal lobe structures (Burwell & 

Amaral, 1998; van Strien et al., 2009).  Perirhinal—lateral EC pathway has even been 
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described as critical for object—space association, having a direct impact in spatial memory 

and spatial information processing (Connor & Knierim, 2017). For the review we only focus, 

therefore, on the aPHC as it has more relevance for AD pathophysiology. 

Evidence has shown that there is a specific aPHC vulnerability to pathological changes 

in AD, with its entorhinal and perirhinal subdivisions most significantly affected (Van Hoesen 

et al., 2000; Desgranges et al., 2002; Im et al., 2008). Specifically, structural changes have 

been detected in anterior regions of the transentorhinal and entorhinal cortex 9—14 and 8—11 

years respectively, prior to a diagnosis of MCI (Kulason et al., 2020). Compared to healthy 

controls, AD patients show aPHC volume decreases (Frisoni et al., 1999; Callen et al., 2001; 

Carter et al., 2014; Mutlu et al., 2016), hypometabolism (Salmon et al., 2009), white matter 

abnormalities (Zhang et al., 2007; Rose et al., 2008; Choo et al., 2010), loss of cortical 

thickness (Im et al., 2008) and functional connectivity disruption (Mutlu et al., 2016). 

Furthermore, studies in MCI have also found lower fractional anisotropy values (Zhang et al., 

2007; Mutlu et al., 2016), altered functional connectivity (Mutlu et al., 2016; Wang et al., 

2020) and loss of cortical thickness (Wang et al., 2009).  

Contrary to sporadic AD, reports on aPHC abnormalities in ADAD are somehow 

inconsistence. Some studies investigating atrophy, cortical thinning and white matter pathology 

cross-sectionally and longitudinally (Knight et al., 2011a; Cash et al., 2013) have reported no 

significant results in the aPHC. By contrast, other studies have shown increased tau 

accumulation (Quiroz et al., 2018) and decreased metabolism in the PHC, when compared with 

sporadic AD (Mosconi et al., 2003). 

APOE4 carriers, on the other hand, have consistently shown to have aPHC changes, 

even when cognitively healthy. A couple of studies have described lower fractional anisotropy 

in parahippocampal white matter tracts in healthy APOE4 carriers compared with non-carriers 

(Nierenberg et al., 2005; Honea et al., 2009). Disrupted functional connectivity in the aPHC, 

have also been reported in active (Dennis et al., 2010) and resting state fMRI in APEO4 carriers 

(Sheline et al., 2010; Machulda et al., 2011; Westlye et al., 2011).  

On a cognitive level, the aPHC has been consistently associated with episodic memory 

(Desgranges et al., 2002; Nestor et al., 2006; Lin et al., 2014), spatial navigation (Moscovitch 

et al., 2006; Suthana et al., 2009; Coughlan et al., 2018) and is also considered to be a crucial 

node for the DMN (Buckner et al., 2008). Interestingly, episodic memory deficits and aPHC 
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changes have been described in early stages of the disease with no significant association in 

the more severe stages of AD (Desgranges et al., 2002).  

Discussion  

 The present review highlights the structural and functional integrity of Papez circuit in 

APOE4 carriers (at genetic-risk AD), mild cognitive impairment (MCI), sporadic AD and 

ADAD (including PMC and SMC). We further analysed how different Papez circuit subregions 

are involved in the main cognitive symptomology of AD.  

Contrary to Papez’ original conception of a serial circuit (Papez, 1937), a better 

understanding regarding this network is of parallel and reciprocal connections between critical 

limbic structures with the hippocampus, the ATN and the PCC, as key hubs. With the exception 

of the MTT, evidence showing structural and functional impairment along Papez circuit in AD 

is abundant (Table 1). At clinical presentation, both sporadic AD and ADAD present similar 

grey and white matter pathology for the hippocampus, PCC, ATN and fornix. Still despite 

similar cognitive impairment in ADAD and sporadic AD there are differences in aPHC 

vulnerability, as no significant changes have been reported in ADAD (Cash et al., 2013) but 

altered functional connectivity and loss of cortical thickness have been reported in sporadic 

AD (Wang et al., 2009; Mutlu et al., 2016).   

Interestingly, while sporadic AD has been typically associated with atrophy of 

primarily the hippocampus, ADAD might not follow the same path. Evidence in PMC (PSEN1) 

shows more of a nonlinear hippocampal atrophic trajectory. Specifically, it appears that 

changes in the PCC (Fortea et al., 2010; Apostolova et al., 2011; Sala-Llonch et al., 2015) and 

thalamus are evident years before expected symptom onset (Ryan et al., 2013), whereas 

hippocampal changes occur only shortly before symptom onset (Lee et al., 2013). This would 

suggest that structural and functional changes in ADAD can be first observed in the PCC before 

progressing to the temporal cortex (Benzinger et al., 2013). This notion is further confirmed as 

no macroscopic changes in the lateral temporal cortex have been reported in PMC (Knight et 

al., 2011a), with changes only emerging in mildly symptomatic ADAD (Cash et al., 2013).  

Furthermore, evidence of thalamic involvement along different stages of AD has been 

consistently described. Progressive cognitive impairment in MCI towards AD have been 

associated with increasing thalamic volume reduction (Bernstein et al., 2021) along with 

changes to thalamic functional connectivity (Aggleton et al., 2016). There have been also 

suggestions that thalamic changes might have prognostic value to determine the conversion 
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from aMCI to AD (de Oliveira et al., 2011), which clearly needs to be investigated further. 

Thalamic changes are also common in ADAD, but have so far not been associated with 

cognitive worsening, despite reduced thalamic integrity reported up to 15 years before 

symptom onset (Lee et al., 2013).  Notably, PMC white matter changes along the cingulum 

bundle has been limited to the anterior thalamic tracts projecting to the cingulate cortex and the 

hippocampus (Ryan et al., 2013), while hippocampal cingulum bundle alterations appear only 

in SMC (Araque Caballero et al., 2018). It is still debated as to whether ADAD is similar in its 

disease trajectory to sporadic AD, however, considering these findings, it might be more the 

PCC and the ATN than the hippocampus which should be the focus in PMC, with the 

hippocampus only giving an indication of when patients convert to clinical symptoms. One 

intriguing question is, as to whether current clinical symptomology is too ‘crude’ to detect 

extra-hippocampal changes in the Papez circuit network?   

Another intriguing finding is that APOE4 carriers show a similar relationship between 

decreased PCC grey matter and cognitive impairment onset (Haller et al., 2017). Even more 

striking is the fact that APOE4 carriers can present hippocampal volume reduction (Honea et 

al., 2009; O'Dwyer et al., 2012), altered hippocampal functional connectivity (Li et al., 2014), 

fornix white matter disruption (Zhang et al., 2015), thalamic functional abnormalities (Patel et 

al., 2013; Li et al., 2014), and parahippocampal white matter pathology (Nierenberg et al., 

2005) with no apparent cognitive impairment on clinical tests. At this stage it is not clear in 

how far cognitive reserve processes might contribute to the lack of clinical cognitive symptoms 

in this group, despite them having clear changes in several Papez circuit regions. Again, the 

PCC emerges as a critical region to explore further to determine how it might contribute to the 

disease and cognitive impairment developing in APOE.  

Overall, AD associated structural and functional changes can be noted along several 

Papez circuit regions even when no clinical symptomatology is evident. Although hippocampal 

changes have been commonly associated with early AD neuropathology, emerging evidence 

has consistently show that other Papez circuit regions are also vulnerable in the earliest stage 

of AD. Even in PMC and healthy APOE4 carriers, various Papez circuit region, along with the 

hippocampus, show already neuroimaging changes. In particular, our review highlights that 

subcortical structures and posterior parietal regions are highly susceptible to AD 

pathophysiology in ADAD and healthy APOE4 carriers.       
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Far from being exclusively implicated in episodic memory, there is increasing evidence 

showing that Papez circuit plays a role in both, episodic memory and spatial 

navigation/orientation. It becomes increasingly clear that the core network for navigation is 

highly vulnerable to AD pathophysiology, even in prodromal stages of the disease (Coughlan 

et al., 2018). Together, the EC and the PCC are consistently described as crucial for spatial 

navigation, as they are critical for path integration and normal egocentric and allocentric spatial 

information integration (Howett et al., 2019; Coughlan et al., 2020). Even in at-genetic risk 

subjects, path integration deficits related to EC grey matter volume and changes in grid cell 

functioning are detected before potential disease onset (Bierbrauer et al., 2020). Egocentric—

allocentric deficits have been associated with an extensive cerebral spatial network covering 

the hippocampus, retrosplenial and parietal dysfunction in positive amyloid aMCI (Schoberl et 

al., 2020). Deficits restricted to allocentric strategies in negative amyloid aMCI, suggesting 

preserved extrahippocampal egocentric strategies in this group  (Schoberl et al., 2020).     

Less known is how spatial navigation and orientation are affected due to changes among 

other Papez circuit regions, as few, studies have investigated how spatial navigation is impaired 

in relation with ATN, and no study have analysed how fornix and MB changes affects spatial 

navigation in AD. A recent review already analysed the critical role of the limbic thalamus on 

spatial orientation and its impact in clinical symptomatology in prodromal AD, remarking the 

need for the development of specific cognitive measures that tap ATN dysfunction (Aggleton 

et al., 2016).  

Therefore, the need for future research to investigate how these subcortical and white 

matter structures vulnerability to AD pathology affects cognition and clinical symptomatology 

along different stages of the disease are still strongly needed. Finally, the PCC is a critical 

region to integrate allocentric and egocentric spatial navigation processes, due to its early 

involvement in sporadic AD and ADAD (PMC), the development of PCC specific spatial tests 

might shift the diagnostic goal post to identify ‘pre-symptomatic’ clinical symptoms.  

Different approaches have been made recently to assess whether spatial navigation is 

sensitive to detect preclinical AD stage (Levine et al., 2020; Bayat et al., 2021) and at-genetic-

risk (APOE4) (Coughlan et al., 2020). Real world paradigms (Bayat et al., 2021) and virtual 

navigation task studies (Howett et al., 2019; Coughlan et al., 2020; Levine et al., 2020) have 

proved effective in identifying preclinical AD among older adults (Howett et al., 2019; 

Coughlan et al., 2020; Levine et al., 2020; Bayat et al., 2021). Spatial navigation and 
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orientation processes emerge, therefore, as potential more sensitive cognitive marker of AD 

pathophysiology than solely relying on episodic memory measures.  

In summary, there is a clear need for future investigations to consider the Papez circuit 

as a network and explore how critical regions of this network are involved in AD 

pathophysiology progression. As emerging evidence is suggesting, regions such as the 

thalamus, fornix and the MB are closely related with AD neuropathology and progression 

(Ringman et al., 2007). Despite their relevance, thalamus, fornix and MB changes and their 

impact in clinical symptomatology has not been studied thoroughly as other Papez circuit 

regions, especially the hippocampus. This might be in particular due to clinical scans often not 

capturing these subcortical regions, making it more difficult to take their integrity into account. 

However, on a research level there is clear indication to take the subcortical Papez circuit 

regions into account when investigating AD disease progression. Finally, the PCC emerges as 

a key region in the development of the disease in particular in APOE4 carriers however the 

PCC is often overlooked in clinical investigation in comparison to hippocampal integrity and 

there are no validated cognitive measures to tap into its functionality. This clearly needs to be 

addressed in future investigations, along with longitudinal studies investigating Papez circuit 

integrity in AD progression.  

Despite these intriguing findings, there are some important limitations to consider for 

the review. For example, many of the cited studies did not have biomarker confirmation for 

their participants. This means that most of the sporadic AD literature reviewed remains without 

pathophysiological of AD in those. Clearly this is more of an issue with MCI and not clinical 

AD but future investigations for the Papez circuit are needed which have biomarker-confirmed 

sporadic MCI and AD cases. Further, most of the studies reviewed were of a cross-sectional 

nature, except for most ADAD findings. It remains, therefore, to be explored in how far 

longitudinal changes in the Papez circuit network contributes to the disease progression and 

symptomology in sporadic AD. Finally, as with any narrative review, a number of factors may 

differ between studies including age, educational level, neuropsychological protocols, sample 

size, or imaging acquisition parameters, to name a few. Once more systematic data is available 

for most Papez circuit structures, it would be therefore important to conduct systematic review 

or meta-analyses on the circuit for AD population. Regardless, we believe that the review 

provides a stepping stone towards a re-evaluation of the whole Papez circuit network in AD, 

moving away from a hippocampal-centric view.  
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Taken together, the review highlights the importance of an extended network in the 

pathophysiology and clinical symptomatology of AD, the Papez circuit. There is substantive 

and consistent evidence that multiple Papez regions are affected by AD pathophysiology, with 

some affected before or concurrently with the hippocampus. Further, there is a main focus on 

episodic memory deficits due Papez circuit changes.  

There is a clear need to rectify this since spatial disorientation is a common and early 

symptom in AD and animal studies have consistently shown that the Papez circuit is involved 

in spatial navigation tasks. This suggests that those regions likely contribute to spatial 

disorientation in AD, which needs further investigation. Overall, our evidence reinforces the 

notion that current AD diagnostics and research is too hippocampal and episodic memory 

centric, not taking into account other Papez circuit regions or spatial navigation deficits. 

Addressing those shortcomings will not only inform better research but also more importantly, 

improve AD patients diagnostic and disease management in the future. 
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Genetically at 
risk (Healthy 

APOE4 

carriers) 

PMC MCI SMC sAD 

Hippocampus      

Fornix      

MB   ~  ~ 

MTT      

ATN      

Cingulum 
Bundle 

     

PCC      

aPHC  ~  ~  

 

Table 1  

Evidence showing structural impairment of Papez circuit structures along different stages of 

Alzheimer’s disease.  

PMC: Presymptomatic mutation carriers; MCI: Mild Cognitive Impairment; SMC: Symptomatic 

mutation carriers; sAD: sporadic Alzheimer’s disease. 

MB: Mammillary bodies; MTT: Mammillothalamic tract; ATN: Anterior thalamic nucleus; PCC: 

Posterior cingulate cortex; aPHC: anterior Parahippocampal cortex; — :  Indicates no findings;                  

~ : Indicates conflicting results.  
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Figure 1  

Diagrammatic representation of the Papez Circuit and its divisions. Solid black arrows represent 

reciprocal connections and dashed arrows shows connections that are solely afferent. MB: mammillary 

bodies; ATN: anterior thalamic nuclei; PCC: posterior cingulate cortex; aPHC: anterior 

parahippocampal cortex.    
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Graphical Abstract 

This review strengthens the need for future investigations to move away from a hippocampal-

centric view, considering an extended network involved in the pathophysiology and clinical 

symptomatology of Alzheimer’s disease, the Papez circuit.    
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