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Review

Construction of complex memories via parallel
distributed cortical–subcortical
iterative integration

Neil McNaughton 1,* and Seralynne D. Vann 2,*

The construction of complex engrams requires hippocampal–cortical interactions.

These include both direct interactions and ones via often-overlooked subcortical

loops. Here, we review the anatomical organization of a hierarchy of parallel

‘Papez’ loops through the hypothalamus that are homologous in mammals from

rats to humans. These hypothalamic loops supplement direct hippocampal–

cortical connections with iterative reprocessing paced by theta rhythmicity. We

couple existing anatomy and lesion data with theory to propose that recirculation

in these loops progressively enhances desired connections, while reducing inter-

ference from competing external goals and internal associations. This increases

the signal-to-noise ratio in the distributed engrams (neocortical and cerebellar)

necessary for complex learning and memory. The hypothalamic nodes provide

key motivational input for engram enhancement during consolidation.

What is memory for?

Memory is phylogenetically old. Important aspects of human memory are ancient: they are

present in simple invertebrate circuits [1]; well developed in fish; and strongly homologous

in birds [2]. Therefore, human cortical memory has emerged out of conserved [3] funda-

mental subcortical memory systems. While basic memory systems are present across

species, memory capabilities have expanded with evolution, requiring a more energy-

expensive brain. However, neural memory did not evolve to simply store data; its adaptive

functions are linked to motivation. The bringing to mind of past experience, and of past

goal–subgoal sequences [4], generates current goals and the means to achieve them.

Yet, many assume that memory control is in ‘cold’ neocortex rather than in ‘hot’ limbic [5–8]

cortex, and certainly not in ultra-hot ‘survival circuit’ [9–12] subcortex. We think these assumptions

need to be revisited.

Here, we argue that formation of even the most data-focused engrams† in the cortex depends

on a set of highly conserved nested cortical–subcortical–cortical closed loops that are essen-

tially a set of parallel Papez circuits [13]. These loops support iterative processing, paced by

inhibitory ‘theta’ rhythmicity – and are positioned to add motivational bias. Critically, wherever

activity is blocked within these loops, the outcome is similar neural and behavioral dysfunction.

The same Papez architecture can be seen across amniotes and, likely, monotremes and Theria

[14], with perhaps a single equivalent loop even in fish [15–18]. However, there is also evolu-

tionary progression. Relative to other mammals and primates, the most recent of the dience-

phalic Papez-like closed-loop components appears larger in humans alongside the relatively
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expanded telencephalon [19]. This Papez architecture is at least partially distinct from, and

more unidirectional than, the many other interactive loops that use a ‘hierarchical system of

brain oscillations’ [20] to support more global processing, including the ‘emergence of cogni-

tion from action’ and alternative event predictions (see Figure 1 in [21]).

How and why do old brain areas control recent ones?

A key to goal-oriented engram processing lies in the motivation-biased base of the brain. The

hypothalamus is a surprisingly important node in mnemonic loops [22]. At only 2% of brain

volume in rodents (0.3% volume in humans) [23,24], it is nonetheless key to a vast range of func-

tions. It controls not only low-level autonomic and homeostatic functions [25], but (often

overlooked) high-level cognitive ones [26]. It is small and, thus, must exert wide-ranging diffuse

control rather than supplying detailed computation. Importantly, hypothalamic nuclei can add

emotional bias to the loop processing of engrams, held in areas such as the cortex, and, thus,

have a major adaptive impact on memory.
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Figure 1. Overview of long and short loop connections from the hippocampus via mammillary area to the

frontal cortex and back present in mammals ranging from rodents to primates [27,50,70,121–126]. The

mammillary bodies (MBs) and supramammillary area (SuM) have aligned medial, mediolateral, and lateral parts. MBs target

prefrontal and anterior cingulate cortex, which target the hippocampal formation, completing the Papez circuit. Tonic

arousing reticular input to medial (p, parvicellular [27]) SuM is converted to phasic theta rhythmicity (θ), passed to

mediolateral (g, grandicellular) SuM, then to the diagonal band of Broca (DBB)/medial septum (MS) complex and then to

the hippocampal formation. Lateral (s, shell) SuM projects to entorhinal cortex (EC). The fimbria (fi), fornix (fx), and internal

capsule (ic) return hippocampal formation output to SuM/MB in onion-like, nested loops. EC, dentate gyrus (DG), CA3,

CA1, subiculum (SUB), and retrosplenial cortex (RSp) connect unidirectionally. Successive loops are similar, but outside

loops have greater delays and more highly processed information. There is a similar ‘onion’ with mammillothalamic tract

(mt) output from MBs and output from AMT/AVT/ADT to infralimbic (IFL), prelimbic (PRL), and anterior cingulate (ACC)

cortex. Dorsal and ventral prefrontal (PRFd, PRFv) then perirhinal (Peri) and parahippocampal (Para) cortex complete the

Papez circuit in EC. We have not included, for example, the AMT–CA1 connection [127], to keep the fundamental

architecture of the loop circuits clear. Abbreviations: ADT, AMT, AVT, anterior thalamus, dorsal, medial, ventral,

respectively; ML, MML, MMM, mamillary nucleus, lateral, medial pars lateralis, medial pars medialis, respectively.
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Two adjacent posterior hypothalamic areas are particularly linked to cognition: the mammillary

bodies (MB) and supramammillary area (SuM). Each was initially seen as homogenous, but both

have three distinct, matching parts [27]. The six parts differ in detailed anatomical connectivity

and, at first sight, functions. Discrete lesions, targeting of specific connections, and genetic models

(particularly in SuM) have separated contributions from subregions as well as structures [28–33].

For example, the medial MB and lateral SuM both contribute to hippocampal activity during

rapid eye movement (REM) sleep [34,35]. Lateral and medial MB lesions both impair performance

on spatial memory tasks, but the pattern of impairments is different [29,36]. Lateral SuM is thought

to have a greater role in spatial learning and memory [32], with medial SuM being more biased

toward inhibitory learning [37]. Nonetheless, all six parts have similar roles in the integration of

input from ascending activating (‘arousal’) systems and in the rhythmic pacing of processing in,

for example, the Papez circuit [13]. As noted above, SuM and MBs are physically adjacent, and

we suggest that they are also computationally similar, but as key nodes in distinct loops that

have more engaged subcortex and cortex, respectively (Figure 1). They provide subcortical

motivational input into parallel circuits that support hippocampocortical long-loop interactions.

Memory and emotion?

Papez [13] initially put forward his eponymous hypothalamically mediated hippocampus–cortex–

hippocampus circuit as the basis of emotion [22]. However, to later researchers, the role of the

hippocampus in amnesia (particularly obvious in Henry Mollaison [38]) made the circuit appear

more relevant to memory. However, memory versus emotion is a false dichotomy given that

goals require both, and hippocampal damage alters emotion [39–41]. Indeed, the hippocampus

is among the main structures controlling the level of stress (and other) hormones [42–44]. Current

descriptions of memory, and its processes, need to better reflect interdependence with emotion.

Lesions at any point within the Papez circuit (or its subloops) can impair memory.While the severity

and specificity of memory impairment can vary according to the site of pathology, a similar pattern

of impairments can be seen throughout the system. Importantly, in both humans and rodents,

many aspects of memory remain intact, such as in simple item discrimination tasks and procedural

tasks [45,46]. Rather than affecting a particular type of memory [47], impairment usually requires

that any type of paradigm has sources of interference, as when cues are combined into spatial

features, complex objects, or temporal contingencies (e.g., [48,49]). However, Papez circuit struc-

tures are also all implicated in stress, anxiety, and emotion, all of which can produce anxiolytic

effects in standard tests of anxiety, including approach–avoidance conflicts [50]. (Consistent with

this, HenryMollaison appeared to be unusually lacking in anxiety; J. Ogden, personal communication)

Benzodiazepine anxiolytics can produce amnesia; the high density of benzodiazepine receptors

within both the MBs and SuM could contribute to these amnestic effects [51,52].

The MBs and SuM receive external representations via inputs descending from limbic, temporal,

and prefrontal cortices. However, their key role is integrating these representations with ascending

somatic inputs. For instance, both regions have cells that are strongly responsive to running speed

and they moderate hippocampal speed–cell function [53–55]. They are also able, via inputs from

the dorsal tegmental nucleus, to provide wider hippocampocortical circuits with vestibular input

that is crucial for spatial memory (including hippocampal theta rhythm and ‘place fields’ [56,57]).

Lower-level input tomemory circuits is not functionally trivial. Simple peripheral vestibular receptor

damage disrupts emotion and memory: it is associated with hippocampal atrophy and may be a

risk factor for dementia [58]. Other low-level inputs (including from the ventral tegmental nucleus)

provide sensory, motor, autonomic, and arousal-related information and control the frequency of

hippocampal theta pattern activity. The theta pattern, per se, is important for neural plasticity [59]
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and spatial learning [60]. However, its disruption does not change the basic organization of place

fields [61], unlike disruption of head direction pathways in the antero- or laterodorsal thalamus

[62,63]. The theta system also responds strongly during threat-induced freezing [64].

In the context of goal processing, neocortex (particularly the interaction of anterior and posterior

neocortex) can maintain representations of the external world but, we argue, would need the

ascending inputs from the base of the Papez circuit to add key ‘contextual/emotional/internal’

information. In particular, if episodic memory (and mental time travel) depends on the cell assemblies

originally postulated by Hebb [65], spatial and temporal direction could be added by SuM/MB theta-

rhythmic control during circuit processing. The need for internal direction inputs for event processing

would explain the importance of simple vestibular input for ‘memory’. Therefore, the ascending inputs

to SuMwould inject position/emotion information into the base of the Papez circuit, while also having

more direct connections to higher levels, including the hippocampus.

Why is memory controlled by iterative loops?

The original circuit envisioned by Papez [13], while capturing the essence of a key unidirectional

loop around the various regions, does not give an accurate representation of the multiple parallel

Papez-architecture closed loops that it encompasses (Box 1 and Figure 1) and which all have

their lowest nodes in SuM/MB. The length and number of these closed loops likely explain the

fact that the range of frequencies of the (usually synchronous) theta rhythmicity covers the

round trip time from cortex to subcortex and back for these circuits [66,67]. One of the shortest

is SuM→hippocampus→MB→SuM, in which iteration has been clearly demonstrated and direc-

tional control of the rhythmicity shown to vary with its acceleration and deceleration [68]. Multiple

loops also fit with suggestions that the hippocampus uses ‘big loop’ iteration‡ for not only

episodic memory, but also ‘integration of information across experiences’ ([69] p. 1342) and likely

other forms of inferential processing.

On first glance, the circuits give an impression of redundancy. For each indirect two- or three-

synapse connection in a single pathway, there is usually a direct single-synapse connection,

with the direct and indirect paths often starting as collaterals of the originating neurons [70].

Why would this be, computationally? These multilevel connections provide a means for multilevel

processing. Each pathway is one part of a hierarchical onion-like layering, in which a simple direct

first pass through subcortical ‘survival circuits’ [9] (evolutionarily early, conserved, and likely more

linked to encoding and engram formation [71–73]) is followed by progressively more complex in-

direct cortical processing (evolutionarily late, expanding, and likely linked to recall,

consolidation, reconsolidation, and perhaps, more recently ,even imagination [74–76]). In evolu-

tionary terms, this subcortical/cortical hierarchy allows integration of fast but reflexive with slow

but sophisticated processing [77], achieving, phylogenetically, the most efficient processing

across a range of task urgencies.

We think there are two linked issues here. The prime issue for an evolved system is a form of

Cocktail Party Problem: how to separate signal (situation specific, not necessarily loud) from

noise (which may be loud and also situation related) via motivational bias. You must detect what

you most need, not what is most salient. This is analogous to the classic figure-background

problem, most easily solved in perceptual systems [78,79], in which within-circuit iteration is com-

putationally advantageous [78], but with added active motivational filtering. Second, is the issue of

recall. How is only one item retrieved against a background of similar competing remembered

‡ The circuits can be referred to as recurrent but, computationally, ‘recursion’ is a process different to iteration.
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items? For both issues, there is a need to prevent percept-level interference and catastrophic

forgetting [47].

We suggest that each of the known parallel loops operates to separate key percepts and

engrams from interfering associations and alternatives in much the same iterative way as a figure

is separated from its ground [78] but by motivational filtering (at the SuM/MB nodes). Current

active memory, one of the earliest stages of processing, is known to hold information without

modification by simple iteration in frontoposterior loops (Figure 2). By contrast, we suggest that

Papez-architecture loops through MB/SuM modify engrams via iterative reprocessing. This

iterative reprocessing progressively enhances active circulation of target stimulus components,

while suppressing active circulation of interfering stimulus components, through application of

a motivational filter. This would, in the first instance, reduce confusing competing associations

with nontarget external stimuli.

An initial engram would usually be a simple cell assembly [65]. Both consolidation and repeated

experience will then add additional components to this original engram and generate distributed

engram ensembles [80]. The MBs provide theta pattern input that guides plastic engram forma-

tion, both in the hippocampus and the cortex [34,81,82]. Functionally, damage to the MBs, and

other regions within the basic Papez circuit, is associated with relative impairments in recollective

memory, while the ability to discriminate whether simple items have been previously experienced

(i.e., familiarity) is left intact (e.g., [48]). These dissociations are often couched within dual-

processing models: two functions that are distinct and dissociable. However, we suggest that

this pattern of impairments instead reflects differences in the current configuration of the cell

§ Loops through, for example, nucleus reuniens ,are also important [139] but beyond the scope of this article.

Box 1. Connections of SuM and MBs: two hierarchies of iterative loops

Cortex–subcortex connections are complicated, involving sets of hierarchically organized parallel closed loops. The higher

functional levels of the hippocampus proper (area CA1 and the subiculum/SUB) send direct input only to evolutionarily old

parts of the frontal lobe (i.e., prefrontal allocortex). By contrast, the Papez circuit allows CA3 to control more evolutionarily

recent frontal isocortex [13] via the MBs→anterior thalamic nuclei (ATN)§1→frontal cortex path. This ATN projection also

allows theMBswide influence on temporal lobememory systems [119], including the entorhinal cortex, retrosplenial cortex

(RSp), and SUB (completing the Papez circuit). The MBs are much more than a ‘relay’, instead integrating hippocampal

outflow with independent mnemonic inputs from Gudden’s tegmental nuclei in the midbrain.

The nuclei of the MBs are connected by an onion-like series of nested loops to parallel levels of the hippocampal formation

(see Figure 1 in the main text). ‘The different levels are unlikely to exist simply so as to pass unaltered information on to one

another; eachmust allow some particular transformation or integration of its inputs.We propose that the hippocampus is a

system of logical gates which allows different types of information to progress to different points of the circuit and hence

to produce (or in many cases not produce) outputs from different levels of the system subject to different conditions.’

([50], p. 221). Importantly, the intrahippocampal connections are all in the same single direction. Thus, the hippocampal

formation is rectifying (forcing information to pass in only one direction in the loops), as are the connections fromSuM toMBs.

Important features of the hippocampal ‘onion’ are: (i) initial, partially processed, output is from area CA3, ‘relayed’ by the

lateral septum, to SuM; and (ii) the main final, highly processed, output is from SUB/RSp direct to MBs. The similarity of the

parallel loops suggests similar computational function, but the specific connections suggest that SuM mediates reflexive

[77] and SUB/RSp mediate sophisticated processing. That is, SuM controls subcortical processing, using partially

processed (CA3) information and with no neocortical efference copy. Fully processed information from SUB/RSp goes

directly to the higher (goal-processing) areas of prefrontal cortex and anterior cingulate, with an efference copy (often via

collaterals [70] and with similar cell-firing fields [120]) going directly to MBs as part of ‘slow and sophisticated’ processing.

The Papez circuit is also onion-like. Lateral, medio-lateral, and medial areas of MB primarily project to anterodorsal,

anteroventral, and anteromedial thalamus, respectively. Prefrontal cortex and perirhinal/parahippocampal cortex complete

the circuit in entorhinal cortex. All three thalamic areas make return projections to entorhinal cortex, SUB, and RSp.

Trends in Neurosciences

554 Trends in Neurosciences, July 2022, Vol. 45, No. 7



assembly coding the engram, not in distinct processes. That is, for complex episodic information,

activation of the single correct associative representation is necessary for recall. By contrast, the

activation by perceptual input of a more impoverished engram would be sufficient to detect a

previously experienced item. As such, a nascent partial engram would be detectable as familiar

even when the final full engram is not yet sufficiently developed to be recalled against the

background of interference. Although it is implicit in the ideas of consolidation and reconsolidation,

we think that engrams are rarely seen as both unitary and dynamic to this extent. However, iteration

[78] (particularly via replay [83–86]) combined with more basic interactions between Hebbian

learning and single-cell homeostasis [87] can solve the problem of retaining viable (albeit labile)

memories in a dynamic world.

Anatomically, there are multiple loops. Each of these loops operates at its own hierarchical neural

level [note the increase in loop nodes as one goes from dorsal anterior thalamus (ADT) to ventral

anterior thalamus (AVT) to medial anterior thalamus (AMT) in Figure 1]. The brain uses parallel

reflexive versus slow complex processing in many systems [77] to balance urgency against

clarity. Papez looping can start in a shorter loop and then be accompanied by processing in

progressively longer loops (Figure 1). With sufficient time (via consolidation or repeated experience),

this would selectively enrich the engram by allowing more distributed cell assemblies. Such enrich-

ment could involve extension of the time across which traces can bemaintained [88] or later exten-

sion of the components of the engram with more experience, or consolidation, or reconsolidation

[86], during wake or sleep [34]. Simple repetition of information in each loop as in active memory

would enhance the strength of connections of a cell assembly through conventional Hebbian

processes [89,90] for both noise and signal. By contrast, active iterative reprocessing (combining

general enhancement with selective suppression of motivationally unwanted connections [91,92])

should allow complex (e.g., temporally and episodically related) engrams to become stabilized in

the cortex. Thus, improvement in signal-to-noise ratio would be through not only reduction in
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Figure 2. Perception and action are

intertwined in a cycle in mammals,

sharing their neural circuitry

[128,129]. The will to act must start

with a goal, which is usually marked by

an external percept. The percept, itself,

may be fleeting, but then prefrontal

cortex uses iterative loops [130] to hold

information in posterior cortex in the

form of active memory [131]. The figure

illustrates these general principles with

a simple example based on a delayed

response working-memory task in

monkeys [130]. A target position is

briefly indicated on a screen and

registered by the retina (top left), which

passes information to visual cortex,

which in turn activates prefrontal cortex.

During a delay interval, activity from

prefrontal cortex refreshes visual cortex,

keeping the stimulus location in active

memory. When the end of the delay

interval is signaled, this location is read

out to circuits controlling eye movement

and the monkey then looks at the

position where the target was before

the delay. Unlike trace-conditioning tasks, delay tasks do not depend on hippocampal circuitry. Adapted, with permission,

from [50].
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noise, but also creation of a richer signal through expansion of the engram by progressively more

sophisticated loops. Consistent with this, lesions of the mammillothalamic tract in rats reduce ex-

pression of plasticity markers in the retrosplenial cortex [81,93], and neurogenesis and spine den-

sity in the hippocampus; and they attenuate long-term gray-matter changes observed in both

hippocampus and cortex following spatial training [34].

What triggers iterative processing?

Cortex–subcortex loop-related integration is an adjunct to the distinct cortex–cortex looping that

maintains active memory. Active memory is refreshed by loops in which frontal and posterior

cortex can be seen as simple relays. (The refreshment cost is born by the fact that information

needs to be temporarily maintained for adaptive function.) However, cortical–subcortical loops

go beyond, and should not be confused with, the simplicity of loops underlying active memory.

The temptation is to see prefrontal cortex (highly expanded in humans relative to other species)

as a be-all and end-all. This is an (anthropocentric) error.

‘To give to our prefrontal cortex the role of the autonomous origin of all our decisions and actions

leads inevitably to an infinite regress that should be avoided (“What agency controls the prefrontal

cortex? What other agency controls that one?”...and so on ad infinitum). The only reasonable

solution to the quandary is to place the prefrontal cortex in the perception-action cycle, where

the action can originate anywhere, including the cerebral cortex, prefrontal or other.’ ([94] p. 7).

The perception–action cycle depends on the interaction of anterior with posterior cortex (for an

example, see Figure 2). However a goal requires not only situation (whether a local object or a

more complex context), but also motivation (a neutral object will not be a goal). To some extent,

motivation will be supplied by limbic cortex via its circuits with the prefrontal cortex. However,

output from these areas, via the Papez circuit, to the hippocampal formation then receives hippo-

campal and hypothalamic processing before returning in a modified form to the prefrontal cortex

via the thalamus [95]. Functional hippocampal output requires that it receives theta pattern input

from the medial septum, dependent on arousal-related reticular and cerebellar input via areas

such as SuM [60]. The passage of the resultant hippocampal output through the MBs appears

to depend on similar arousal-related inputs from the dorsal and ventral tegmental nuclei [96–98].

Thus, SuM/MB would provide arousal and interoceptive information to boost and bias iterative

processing, while prefrontal cortex would contain the cell assemblies that the process

enhances, with increased signal-to-noise ratio with each iteration. The result would be truly

iterative processing (unlike the simple echo of active memory), with all nodes in a loop able to

adjust their output.

Does iteration affect cerebellum as well as neocortex?

The hippocampus is connected by closed loops to not only neocortical areas, but also the cere-

bellum, as are the cerebellum and neocortex [99,100]. The contribution of the cerebellum to

memory was traditionally considered limited to motor learning. In this context, eye blink condition-

ing provides a well-studied example of both the cerebellar role in simple conditioning and its inter-

action with limbic structures in, for example, trace conditioning (Figure 3). However, there is

increasing evidence that cerebellum has a more widespread, cognitive and emotional role.

One proposal is that the cerebellum has a particular role in goal/reward learning, especially in

novel situations. Cerebellum supports this function using trial-by-trial error correction, similar to

its contribution to motor learning [101]; here, its involvement is akin to the interference reduction

seen with more cognitive engrams. Situation (coupled with motivation) is a key element of goals. It

is most easily understood by experimenters when a situation reflects a place. The hippocampus,

Trends in Neurosciences

556 Trends in Neurosciences, July 2022, Vol. 45, No. 7



of course, has place (we would say goal) fields and the cerebellum contributes to the association

of hippocampal place fields with objects by updating the place fields when the objects are

relocated [102]. The synchronization of cerebellar-hippocampal interactions is also necessary

for appropriate spatial processing [103]. Overlapping similarities betweenMBs/SuM and cerebel-

lum include contributions to hippocampal processes for goal/spatial learning [102], involvement

of theta [103], and a bias for processing temporal information [49,104,105]. The unexpected

hippocampal role in eating [39–41] is also echoed by the cerebellum [106]. The direct connections

between MBs/SuM and the cerebellum form additional, remarkably similar, loops that provide

further inputs required for the development of representations to support long-term hippocampal-

dependent learning when, as with trace eyeblink conditioning, this involves the cerebellum.

More general computational features of interest in the cerebellum include (reviewed in [107]): (i) its

different implementations of learning at different timescales; (ii) its greater involvement during the

first hours after learning; (iii) extensive recurrent connections allowing iteration; and (iv) apparent

similarity of computations across areas, with differences in functional output depending on the

specific other brain areas providing input and receiving output. All of these features are reminis-

cent of extended hippocampal circuits.

‘A key difference between the cerebellum and other brain areas is the extraordinary amount of

neural hardware devoted to input preprocessing in the cerebellum, which is roughly equal to

the number of neurons in the rest of the brain combined. Yet the computational functions that

have been attributed to the cerebellar preprocessing stage are similar to those that have been

described for other brain areas — decorrelation, pattern separation, and the generation of tem-

poral basis sets.’ ([107] p. 244).

Importantly, while already clearly present in species such as sharks, which have no neocortex, the

cerebellum has steadily developed and expanded in phylogeny. In primates and humans, in par-

ticular, its expansion has been greater than that of the neocortex. Compared with baboons,
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Figure 3. The role of the

hippocampus (HPC) in eyeblink

conditioning in mammals, based

on [132–136]. HPC cells show firing

patterns, triggered by conditional (CS)

but not unconditional (US) stimuli, that

arise in training, progress during

conditioning, and often model the

conditioned eyeblink response (CR).

This combination of stimulus control

with response-related firing implies that

the hippocampal circuit is processing

complex goal information rather than

simple stimuli or actions. Hippocampal

lesions do not affect simple, or

delayed, or discriminative (CS+/CS–) conditioning. However, hippocampal lesions affect both trace conditioning and

discrimination reversal learning. Trace conditioning is mediated via output from delay-line activity from prefrontal cortex

(PFC) to lateral pontine nuclei (LPN), which inhibits activation of the eyeblink by the CS+ (in this case there is no CS–).

Reversal is mediated via output from the retrosplenial cortex (RSp), which inhibits activation of the eyeblink by the CS–

(which was the CS+ until reversal started). Hippocampal theta-related output from HPC, via the supramammillary area

(SuM), medial mammillary nucleus (MMM), and anterior thalamus (ATN) via pontine nuclei [137], impacts the rate of learning

[136]. In humans, ‘comparable delay and trace activation was measured in the cerebellum, whereas greater hippocampal

activity was detected during trace compared with delay conditioning’ [138] and there is good evidence for involvement of

such cerebellar circuits in working memory generally [99]. Abbreviation: IO, inferior olive; LTN, lateral tuberal nucleus; MS,

medial septum; RN, raphe nuclei; UR, unconditioned response.
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human cerebellum is 15% larger than would be expected from the expansion of neocortex; and

this cerebellar expansion is likely to have contributed to human cognitive evolution through

increased technical intelligence, advanced technological capacities, and preadaptation for

language [108]. Recent studies have also indicated a role for the cerebellum in both the perception

and action components of active memory [109]. As such, the perception–action cycle appears to

be supported by distributed networks from neocortex to cerebellum, including Papez-architecture

circuits that contribute both directly and indirectly [99,100].

Concluding remarks and future perspectives

Construction of complex memory engrams engages widespread cortical–subcortical networks.

Even simple engrams may require extended processing (consolidation and reconsolidation)

under conditions of extinction or reversal. Here, we have focused on the contribution of two

adjacent hypothalamic areas, MBs and SuM, to their Papez-architecture circuits.

We have reviewed data that demonstrate: (i) the presence of closed loops, which provides

the capacity for iterative processing (Figure 1); (ii) iterative looping in, for example, the

SuM→hippocampus→MB→SuM circuit, with evidence for driving of the circuit from

SuM→hippocampus during theta frequency acceleration and from hippocampus→MB→SuM

during deceleration (see [68]); (iii) the importance of the Papez-architecture circuits for interference

reduction (e.g., [48,49]); (iv) the contribution of the Papez-architecture circuits to the formation of

mnemonic representations in hippocampus and cortex (e.g., [34,110]); and (v) the integration of

motivational and situational information into the circuits at SuM/MB (Box 1).

We have combined these known features of the system to suggest that the Papez-architecture

circuits use their known capacity for iteration to progressively adjust signal and noise

[78,79] coded by cell assemblies and, thus, to both enhance engrams and reduce interference.

Both MBs and SuM have a driving role in the combining of representations of both internal

and external information that is needed to identify and prioritize engrams. Their component

nuclei are positioned so as to allow iteration within, and among, parallel distributed loops.

Iteration provides an ideal mechanism for integrating local and long-range inputs and,

thus, constructing and integrating elements of complex (e.g., episodic) engrams, while

also limiting the effects of external (e.g., competing objects) and internal (competing asso-

ciative retrieval) interference.

While the original Papez circuit has been associated with memory processing for over 80 years

[111], its precise role has been unclear. Many have seen it as a relay circuit, passively transferring

information; however, this ignores the massive energy cost of axons and nuclei. In addition, to

what ends would it simply relay information? The hippocampus and cortex already have direct

connections; thus, what use is an additional loop? Why are there, in fact, multiple, nested,

loops, including links to cerebellum that are similar to those to prefrontal cortex (with cerebellum

and cortex also highly interconnected)?

We argue that the extended parallel distributed system of Papez-architecture loops has two

adaptive functions. First, it enables the integration of internal cues, emotional and positional,

into hippocampocortical-dependent engrams. Second, the iteration of information around the

circuit allows representations to be fine-tuned and enhanced in terms of detail, while also increasing

the signal-to-noise ratio via a process analogous to figure-ground separation [78,79]. Iterative

reprocessing helps to construct memory representations that have sufficient contextual information

to reduce interference across similar overlapping experiences. However, beyond that, it also

provides additional gateways to influence and incorporate wider networks for learning, including
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Outstanding questions

There are many hippocampus↔cortex

and hippocampus↔cerebellum loops,

with widely varying architectures and

important mammillary connections

independent of hippocampus. How

do the architecturally different loops

through, for example, nucleus reuniens,

interact with the anterior thalamic

Papez-architecture circuits described in

the current article? How do the circuits

through the neocortex compare to

those through the cerebellum?

Other types of circuit exist for other

purposes. Papez-architecture circuits

are not required for learning and

memory in terms of simple stimuli and

simple motor responses (e.g., eyeblink

or freezing) but become involved when

interference from pre-emptive (trace

conditioning) or competing (water

maze, conditioning to ‘context’) re-

sponses must be suppressed. What

qualitatively and/or quantitatively deter-

mines the threshold for requiring

Papez-architecture processing? Is this

linked to the need for inhibition? Does

this vary across individuals?

Disruption ofMBs/SuMdisrupts several

electrophysiological signatures across

hippocampus and cortex. We know

that behavioral impairments can be

ameliorated with artificial stimulation

that reverses this disruption, but how

general is this? Would theta-frequency

stimulation be sufficient to reverse all

impairments due to Papez-circuit dys-

function or would the stimulation need

to be more nuanced, such as taking

into account gamma rhythmicity and

theta–gamma coupling?

Memory construction occurs across

different time frames: during the event,

immediately following the event, and

during subsequent periods of sleep.

MBs/SuM circuits have been implicated

in all stages. Is essentially the same

iterative integrative computation carried

out during these different stages or

does it vary according to state of the

constructed engram?



the cerebellum. This adds further spatial and temporal processing with, again, its local iterative

looping enabling the formation of distinct, separable, representations.

Seeing memory networks as extended subcortically beyond primary hippocampal–cortical in-

teraction is essential if we are to properly model the dynamic widespread neural activity of

memory construction and consolidation (see Outstanding questions). This extension poses

new experimental challenges. Individual brain structures are only small windows into the pro-

cessing and storing of information. Detailed analysis of network level activity is needed to un-

derstand the dynamic interactions across memory circuits that vary with time and task

demand. The greatest insights will be obtained when complex circuit analysis and sophisti-

cated behavioral paradigms are combined. However, advances in behavioral analyses are

not developing at the same speed as the tools needed for circuit analyses. It is also important

to make use of tasks that can tap into cross-species processes, while capitalizing on the nat-

ural behavior of individual species.

One key future methodological challenge is that the subcortical structures of interest are small

and deeply located. This makes it hard to identify neural activity originating from them in humans.

Non-invasive recording of electrical activity (such as with EEG) does not pick up from deep

sources, while techniques such as functional magnetic resonance imaging (fMRI) are limited in

their spatial resolution, particularly for small deep structures. Invasive recordings (in patients

with implanted electrodes for neurological treatment) have been made of some structures, for

example, of the MBs and anterior thalamic nuclei [112,113]. These have identified cross-

species similarities in oscillatory mechanisms, but there are few studies to date, and these only

involve individuals with underlying pathology. Future improvements in human imaging should

address some of these outstanding issues, and combining techniques, such as fMRI and EEG,

could also be advantageous. Testing the hypotheses derived from animal work in humans,

coupled with detailed analysis of circuits and task phases, should elucidate the processing

implied by Figures 1–3. Critically, we think that analyses should assess the role of the multiple

parallel networks that we know exist in some form across a range of species. As with task

selection, a key to progress will be the use of appropriate comparative neural techniques [114]

that allow for species-specific (often cortical) expression while assessing species-general (often

subcortical) processes.

The extended Papez circuits, including the MBs and/or the anterior thalamic nuclei, have been

implicated in several neurological disorders associated with memory impairments, such as

Korsakoff’s syndrome, Alzheimer’s disease, Down syndrome, and hypoxic-ischemic enceph-

alopathy [115,116]. However, there is also increasing evidence for a role for the medial dien-

cephalon in psychiatric and neurodevelopmental disorders [98,117,118], in which not only

memory impairments, but also emotional dysregulation are present. Given the role we attribute

to the supramammillary and mammillary areas in Papez-circuit processing, we think that it is

time for a closer look into overlaps between memory and emotion across mnemonic,

neurodevelopmental, and psychiatric disorders.

Acknowledgments

This work was funded in whole, or in part, by the Wellcome Trust (Wellcome Trust Senior Research Fellowship awarded to S.

D.V.; Grant number WT 212273/Z/18/Z). For the purpose of open access, the author has applied a CC BY public copyright

licence to any Author Accepted Manuscript version arising from this submission.

Declaration of interests

The authors declare no conflicts of interests in relation to this work.

Trends in Neurosciences

Trends in Neurosciences, July 2022, Vol. 45, No. 7 559



References
1. Kandel, E.R. (2002) The molecular biology of memory storage:

a dialogue between genes and synapses. Science 294,

1030–1038

2. Scarf, D. et al. (2014) Inhibition, the final frontier: the impact of

hippocampal lesions on behavioral inhibition and spatial

processing in pigeons. Behav. Neurosci. 128, 42–47

3. Thome, A. et al. (2017) Evidence for an evolutionarily conserved

memory coding scheme in the mammalian hippocampus.

J. Neurosci. 137, 2795–2801

4. Franklin, N. and Bower, G.H. (1988) Retrieving actions from

goal hierarchies. Bull. Psychonom. Soc. 26, 15–18

5. Gray, J.A. (1972) The structure of the emotions and the

limbic system. In Physiology, Emotion and Psychosomatic Ill-

ness (Porter, R. and Knight, J., eds), pp. 87–130, Associated

Scientific Publishers

6. Harley, C.W. (1987) A role for norepinephrine in arousal, emo-

tion and learning? Limbic modulation by norepinephrine

and the Kety hypothesis. Prog. Neuropsychopharmacol. Biol.

Psychiatry 11, 419–458

7. Vanderwolf, C.H. et al. (1988) Are emotion and motivation lo-

calized in the limbic system and nucleus accumbens? Behav.

Brain Res. 27, 45–58

8. LeDoux, J.E. (1991) Emotion and the limbic system concept.

Conc. Neurosci. 2, 169–199

9. Mobbs, D. and LeDoux, J.E. (2018) Editorial overview: survival

behaviors and circuits. Curr. Opin. Behav. Sci. 24, 168–171

10. McNaughton, N. and Corr, P.J. (2018) Survival circuits and risk

assessment. Curr. Opin. Behav. Sci. 24, 14–20

11. Canteras, N.S. (2018) Hypothalamic survival circuits related

to social and predatory defenses and their interactions with

metabolic control, reproductive behaviors and memory sys-

tems. Curr. Opin. Behav. Sci. 24, 7–13

12. Sternson, S.M. (2013) Hypothalamic survival circuits: blue-

prints for purposive behaviors. Neuron 77, 810–824

13. Papez, J.W. (1937) A proposed mechanism of emotion. Arch.

Neurol. Psychiatr. 38, 725–743

14. Ashwell, K.W.S. (2012) Development of the dorsal and ventral

thalamus in platypus (Ornithorhynchus anatinus) and short-

beaked echidna (Tachyglossus aculeatus). Brain Struct.

Funct. 217, 577–589

15. Wolf, A. and Ryu, S. (2013) Specification of posterior hypotha-

lamic neurons requires coordinated activities of fezf2, otp,

sim1a and foxb1.2. Development 140, 1762–1773

16. Gerlai, R.T. (2020) Chapter 13 - relational learning in zebrafish:

a model of declarative memory in humans? In Behavioral and

Neural Genetics of Zebrafish (Gerlai, R.T., ed.), pp. 205–220,

Academic Press

17. Saleem, S. and Kannan, R.R. (2018) Zebrafish: an emerging

real-time model system to study Alzheimer’s disease and

neurospecific drug discovery. Cell Death Discov. 4, 45

18. Folgueira, M. et al. (2005) Experimental study of the connections

of the preglomerular nuclei and corpus mamillare in the rainbow

trout, Oncorhynchus mykiss. Brain Res. Bull. 66, 361–364

19. Nauta, W.J. (1969) Hypothalamic nuclei and their fiber con-

nections. In The Hypothalamus (Haymaker, W. et al., eds),

pp. 136–209, C.C. Thomas

20. Buzsaki, G. et al. (2013) Scaling brain size, keeping timing: evo-

lutionary preservation of brain rhythms. Neuron 80, 751–764

21. Buzsaki, G. et al. (2014) Emergence of cognition from action.

Cold Spring Harb. Symp. Quant. Biol. 79, 41–50

22. Vann, S.D. and Nelson, A.J. (2015) The mammillary bodies and

memory: more than a hippocampal relay. Prog. Brain Res.

219, 163–185

23. Le Gros Clark, W.E. (1938) The Hypothalamus: Morphological,

Functional, Clinical and Surgical Aspects, Oliver and Boyd

24. Hofman, M.A. and Swaab, D.F. (1992) The human hypothala-

mus: comparative morphometry and photoperiodic influences.

Prog. Brain Res. 93, 133–147, discussion 148-139

25. Saper, C.B. and Lowell, B.B. (2014) The hypothalamus. Curr.

Biol. 24, R1111–R1116

26. Burdakov, D. and Peleg-Raibstein, D. (2020) The hypothalamus

as a primary coordinator of memory updating. Physiol. Behav.

223, 112988

27. Pan, W.-X. and McNaughton, N. (2004) The supramammillary

area: Its organization, functions and relationship to the hippo-

campus. Prog. Neurobiol. 74, 127–166

28. Pan, W.-X. and McNaughton, N. (1997) The medial

supramammillary nucleus, spatial learning and the frequency

of hippocampal theta activity. Brain Res. 764, 101–108

29. Dillingham, C.M. and Vann, S.D. (2019) Why isn't the head

direction system necessary for direction? Lessons from the

lateral mammillary nuclei. Front. Neural Circuits 13, 60

30. Dillingham, C.M. et al. (2015) How do mammillary body inputs

contribute to anterior thalamic function? Neurosci. Biobehav.

Rev. 54, 108–119

31. Heiss, J.E. et al. (2018) Parallel arousal pathways in the lateral

hypothalamus. eNeuro 5 ENEURO.0228-18.2018

32. Li, Y. et al. (2020) Supramammillary nucleus synchronizes with

dentate gyrus to regulate spatial memory retrieval through

glutamate release. eLife 9, e53129

33. Chen, S. et al. (2020) A hypothalamic novelty signal modulates

hippocampal memory. Nature 586, 270–274

34. Dillingham, C.M. et al. (2019) Mammillothalamic disconnection

alters hippocampocortical oscillatory activity and microstruc-

ture: Implications for diencephalic amnesia. J. Neurosci. 39,

6696–6713

35. Billwiller, F. et al. (2020) Gaba-glutamate supramammillary

neurons control theta and gamma oscillations in the dentate

gyrus during paradoxical (rem) sleep. Brain Struct. Funct.

225, 2643–2668

36. Harland, B. et al. (2015) The head direction cell system and be-

havior: the effects of lesions to the lateral mammillary bodies on

spatial memory in a novel landmark task and in the water maze.

Behav. Neurosci. 129, 70–719

37. Woodnorth, M.A. and McNaughton, N. (2002) Similar effects of

medial supramammillary or systemic injection of chlordiazepoxide

on both theta frequency and fixed-interval responding. Cogn.

Affect. Behav. Neurosci. 2, 76–83

38. Ogden, J. and Corkin, S. (1991) Memories of H.M. In

Memory Mechanisms: A tribute to G.V. Goddard (Abraham,

W.C. et al., eds), pp. 195–215, Lawrence Erlbaum

39. Davidson, T.L. et al. (2009) Contributions of the hippocampus

and medial prefrontal cortex to energy and body weight regu-

lation. Hippocampus 19, 235–252

40. Tracy, A.L. et al. (2001) The hippocampus and motivation

revisited: appetite and activity. Behav. Brain Res. 127, 13–23

41. Davidson, T. et al. (2005) Memory inhibition and energy regula-

tion. Physiol. Behav. 86, 731–746

42. Lathe, R. (2001) Hormones and the hippocampus. J. Endocrinol.

169, 205–231

43. Lathe, R. et al. (2020) The interoceptive hippocampus: mouse

brain endocrine receptor expression highlights a dentate gyrus

(DG)–cornu ammonis (CA) challenge–sufficiency axis. PLoS

ONE 15, e0227575

44. Lathe, R. (2004) The individuality of mice. Genes Brain Behav.

3, 317–327

45. Van der Werf, Y.D. et al. (2003) Deficits of memory, executive

functioning and attention following infarction in the thalamus;

a study of 22 cases with localised lesions. Neuropsychologia

41, 1330–1344

46. Oudman, E. et al. (2015) Procedural learning and memory re-

habilitation in Korsakoff's syndrome - a review of the literature.

Neuropsychol. Rev. 25, 134–148

47. McNaughton, N. and Wickens, J. (2003) Hebb, pandemonium

and catastrophic hypermnesia: the hippocampus as a sup-

pressor of inappropriate associations. Cortex 39, 1139–1163

48. Tsivilis, D. et al. (2008) A disproportionate role for the fornix and

mammillary bodies in recall versus recognition memory. Nat.

Neurosci. 11, 834–842

49. Dillingham, C.M. et al. (2021) Time to put the mammillothalamic

pathway into context. Neurosci. Biobehav. Rev. 121, 60–74

50. Gray, J.A. and McNaughton, N. (2000) The Neuropsychology

of Anxiety: An Enquiry into the Functions of the Septo-

Hippocampal System (2nd edn), Oxford University Press

51. Woodnorth, M.A. and McNaughton, N. (2002) Benzodiazepine

receptors in the medial-posterior hypothalamus mediate the

Trends in Neurosciences

560 Trends in Neurosciences, July 2022, Vol. 45, No. 7



reduction of hippocampal theta frequency by chlordiazepoxide.

Brain Res. 954, 194–201

52. Zezula, J. et al. (1988) Benzodiazepine receptor sites in the

human brain: autoradiographic mapping. Neuroscience 25,

771–795

53. Sharp, P.E. and Turner-Williams, S. (2005) Movement-related

correlates of single-cell activity in the medial mammillary

nucleus of the rat during a pellet-chasing task. J. Neurophysiol.

94, 1920–1927

54. Sharp, P.E. and Koester, K. (2008) Lesions of the mammillary

body region alter hippocampal movement signals and theta fre-

quency: implications for path integration models. Hippocampus

18, 862–878

55. Farrell, J.S. et al. (2021) Supramammillary regulation of loco-

motion and hippocampal activity. Science 374, 1492–1496

56. Russell, N.A. et al. (2006) Lesions of the vestibular systemdisrupt

hippocampal theta rhythm in the rat. J. Neurophysiol. 96, 4–14

57. Russell, N.A. et al. (2003) Long-term effects of permanent

vestibular lesions on hippocampal spatial firing. J. Neurosci.

23, 6490–6498

58. Smith, P.F. (2017) The vestibular system and cognition. Curr.

Opin. Neurol. 30, 84–89

59. Albers, C. et al. (2013) Theta-specific susceptibility in a model

of adaptive synaptic plasticity. Front. Comput. Neurosci. 7, 170

60. McNaughton, N. et al. (2006) Restoring theta-like rhythmicity in rats

restores initial learning in the Morris water maze. Hippocampus 16,

1102–1110

61. Mizumori, S.J. et al. (1990) Reversible inactivation of the medial

septum differentially affects two forms of learning in rats. Brain

Res. 528, 12–20

62. Mizumori, S.J.Y. et al. (1994) Reversible inactivation of the

lateral dorsal thalamus disrupts hippocampal place represen-

tation and impairs spatial learning. Brain Res. 644, 168–174

63. Calton, J.L. et al. (2003) Hippocampal place cell instability after

lesions of the head direction cell network. J. Neurosci. 23,

9719–9731

64. Sainsbury, R.S. and Montoya, C.P. (1984) The relationship be-

tween type 2 theta and behavior. Physiol. Behav. 33, 621–626

65. Hebb, D.O. (1949) The Organization of Behavior: A Neuro-

psychological Theory, Wiley-Interscience

66. Miller, R. (1989) Cortico-hippocampal interplay: self-organizing

phase-locked loops for indexing memory. Psychobiology 17,

115–128

67. Miller, R. (1991) Cortico-Hippocampal Interplay and the Repre-

sentation of Contexts in the Brain, Springer-Verlag

68. Ruan, M. et al. (2017) Bi-directional theta modulation between

the septo-hippocampal system and the mammillary area in

free-moving rats. Front. Neural Circuits 11, 62

69. Koster, R. et al. (2018) Big-loop recurrence within the hippo-

campal system supports integration of information across epi-

sodes. Neuron 99, 1342–1354

70. Kinnavane, L. et al. (2018) Collateral projections innervate the

mammillary bodies and retrosplenial cortex: a new category

of hippocampal cells. eNeuro 5 ENEURO.0383-17.2018

71. Sif, J. et al. (1991) Time-dependent sequential increases in

[14c]2-deoxyglucose uptake in subcortical and cortical struc-

tures during memory consolidation of an operant training in

mice. Behav. Neural Biol. 56, 43–61

72. Vann, S.D. and Aggleton, J.P. (2003) Evidence of a spatial

encoding deficit in rats with lesions of the mammillary bodies

or mammillothalamic tract. J. Neurosci. 23, 3506–3514

73. Caulo, M. et al. (2005) Functional MRI study of diencephalic am-

nesia in Wernicke-Korsakoff syndrome. Brain 128, 1584–1594

74. Gauthier, M. et al. (1982) Late post-learning participation of en-

torhinal cortex in memory processes. Brain Res. 233, 255–264

75. Milczarek, M.M. et al. (2018) Spatial memory engram in the

mouse retrosplenial cortex. Curr. Biol. 28, 1975–1980

76. Mitchell, A.S. et al. (2008) Dissociable roles for cortical and

subcortical structures in memory retrieval and acquisition.

J. Neurosci. 28, 8387–8396

77. LeDoux, J.E. (1994) Emotion, memory and the brain. Sci. Am.

270, 50–59

78. Marr, D. and Poggio, T. (1976) Cooperative computation of

stereo disparity. Science 194, 283–287

79. Marr, D. (1982) Vision, W.H. Freeman and Co

80. Josselyn, S.A. and Tonegawa, S. (2020) Memory engrams:

recalling the past and imagining the future. Science 367,

eaaw4325

81. Frizzati, A. et al. (2016) Comparable reduction in zif268 levels

and cytochrome oxidase activity in the retrosplenial cortex fol-

lowing mammillothalamic tract lesions. Neuroscience 330,

39–49

82. Vann, S.D. and Albasser, M.M. (2009) Hippocampal, retrosplenial,

and prefrontal hypoactivity in a model of diencephalic amnesia:

Evidence towards an interdependent subcortical-cortical memory

network. Hippocampus 19, 1090–1102

83. Skaggs, W.E. and McNaughton, B.L. (1996) ‘Replay’ of hippo-

campal ‘memories’ - response. Science 274, 1216–1217

84. Fujisawa, S. and Ouchi, A. (2022) Replays of socially acquired

information in the hippocampus. Neuron 110, 744–745

85. Gillespie, A.K. et al. (2021) Hippocampal replay reflects specific

past experiences rather than a plan for subsequent choice.

Neuron 109, 3149–3163

86. Mou, X. et al. (2022) Observational learning promotes hippo-

campal remote awake replay toward future reward locations.

Neuron 110, 891–902

87. Rule, M.E. and O'Leary, T. (2022) Self-healing codes: how stable

neural populations can track continually reconfiguring neural rep-

resentations. Proc. Natl. Acad. Sci. U. S. A. 119, e2106692119

88. Hattori, R. and Komiyama, T. (2021) Context-dependent per-

sistency as a coding mechanism for robust and widely distrib-

uted value coding. Neuron 110, 502–515

89. Sumner, R.L. et al. (2020) The role of Hebbian learning in

human perception: a methodological and theoretical review

of the human visual long-term potentiation paradigm.

Neurosci. Biobehav. Rev. 115, 220–237

90. Nadel, L. and Maurer, A.P. (2020) Recalling Lashley and

reconsolidating Hebb. Hippocampus 30, 776–793

91. Walker, M.P. (2005) A refined model of sleep and the time

course of memory formation. Behav. Brain Sci. 28, 51–104

92. Inostroza, M. and Born, J. (2013) Sleep for preserving and

transforming episodic memory. Annu. Rev. Neurosci. 36, 79–102

93. Perry, B.A.L. et al. (2018) Anterior thalamic nuclei lesions have

a greater impact than mammillothalamic tract lesions on the

extended hippocampal system. Hippocampus 28, 121–135

94. Fuster, J.M. (2022) Cognitive networks (cognits) process and

maintain working memory. Front. Neur. Circ. 15, 790691

95. Adeyelu, T. and Ogundele, O.M. (2022) Anterior thalamic

glutamatergic neurons modulate prefrontal cortical firing and

regularity. Neurosci. Lett. 776, 136565

96. Vann, S.D. (2013) Dismantling the Papez circuit for memory in

rats. eLife 2, e00736

97. Bassett, J.P. et al. (2007) Lesions of the tegmentomammillary

circuit in the head direction system disrupt the head direction

signal in the anterior thalamus. J. Neurosci. 27, 7564–7577

98. Küçükerden, M. et al. (2022) Compromised mammillary body

connectivity and psychotic symptoms in mice with di- and

mesencephalic ablation of st8sia2. Transl. Psychiatry 12, 51

99. Stein, H. (2021) Why does the neocortex need the cerebellum

for working memory? J. Neurosci. 41, 6368–6370

100. Yu, W. and Krook-Magnuson, E. (2015) Cognitive collaborations:

bidirectional functional connectivity between the cerebellum and

the hippocampus. Front. Syst. Neurosci. 9, 177

101. Raymond, J.L. (2020) Research on the cerebellum yields re-

wards. Nature 106, 202–203

102. Zeidler, Z. et al. (2020) Hippobellum: acute cerebellar modula-

tion alters hippocampal dynamics and function. J. Neurosci.

40, 6910–6926

103. Watson, T.C. et al. (2019) Anatomical and physiological foun-

dations of cerebello-hippocampal interaction. eLife 8, e41896

104. Vinogradova, O.S. (2001) Hippocampus as comparator: role of the

two input and two output systems of the hippocampus in selection

and registration of information. Hippocampus 11, 578–598

105. De Zeeuw, C.I. et al. (2021) Diversity and dynamism in the cere-

bellum. Nat. Neurosci. 24, 160–167

106. Low, A.Y.T. et al. (2021) Reverse-translational identification of a

cerebellar satiation network. Nature 600, 269–273

107. Raymond, J.L. and Medina, J.F. (2018) Computational princi-

ples of supervised learning in the cerebellum. Ann. Rev.

Neurosci. 41, 233–253

Trends in Neurosciences

Trends in Neurosciences, July 2022, Vol. 45, No. 7 561



108. Barton, R.A. and Venditti, C. (2014) Rapid evolution of the cerebel-

lum in humans and other great apes. Curr. Biol. 24, 2440–2444

109. Brissenden, J.A. et al. (2021) Stimulus-specific visual working

memory representations in human cerebellar lobule viib/viiia.

J. Neurosci. 41, 1033–1045

110. Garden, D.L. et al. (2009) Anterior thalamic lesions stop synaptic

plasticity in retrosplenial cortex slices: expanding the pathology of

diencephalic amnesia. Brain 132, 1847–1857

111. Barbizet, J. (1963) Defect of memorizing of hippocampal-

mammillary origin: a review. J. Neurol. Neurosurg. Psychiatry

26, 127–135

112. Sweeney-Reed, C.M. et al. (2014) Corticothalamic phase syn-

chrony and cross-frequency coupling predict human memory

formation. eLife 4, e05352

113. van Rijckevorsel, K. et al. (2005) Deep EEG recordings of the

mammillary body in epilepsy patients. Epilepsia 46, 781–785

114. McNaughton, N. (2019) Brain maps of fear and anxiety. Nat.

Hum. Behav. 3, 662–663

115. Meys, K.M.E. et al. (2022) The mammillary bodies: a review of

causes of injury in infants and children. Am. J. Neuroradiol.

129, 1468–1476

116. Forno, G. et al. (2021) Going round in circles-the Papez circuit

in Alzheimer's disease. Eur. J. Neurosci. 54, 7668–7687

117. Roy, D.S. et al. (2021) Anterior thalamic dysfunction underlies

cognitive deficits in a subset of neuropsychiatric disease

models. Neuron 109, 2590–2603

118. Bernstein, H.G. et al. (2007) Strongly reduced number of

parvalbumin-immunoreactive projection neurons in the mam-

millary bodies in schizophrenia: further evidence for limbic neu-

ropathology. Ann. N. Y. Acad. Sci. 1096, 120–127

119. Squire, L.R. and Zola-Morgan, S. (1991) The medial temporal

lobe memory system. Science 253, 1380–1386

120. Kitanishi, T. et al. (2021) Robust information routing by dorsal

subiculum neurons. Sci. Adv. 7, eabf1913

121. Heilbronner, S.R. and Hayden, B.Y. (2016) Dorsal anterior cingu-

late cortex: a bottom-up view. Annu. Rev. Neurosci. 39, 149–170

122. Vogt, B. (2009) Cingulate Neurobiology and Disease, Oxford

University Press

123. Naber, P.A. et al. (1999) Perirhinal cortex input to the hippo-

campus in the rat: evidence for parallel pathways, both direct

and indirect. A combined physiological and anatomical study.

Eur. J. Neurosci. 11, 4119–4133

124. Bassant, M.H. and Poindessous-Jazat, F. (2001) Ventral

tegmental nucleus of Gudden: a pontine hippocampal theta

generator? Hippocampus 11, 809–813

125. Kocsis, B. et al. (2001) Theta synchronization in the limbic sys-

tem: the role of Gudden's tegmental nuclei. Eur. J. Neurosci.

13, 381–388

126. Harley, C.W. et al. (1983) Hypothalamic afferents to the dorsal den-

tate gyrus contain acetylcholinesterase. Brain Res. 270, 335–339

127. de Lima, M.A. et al. (2017) A role for the anteromedial thalamic

nucleus in the acquisition of contextual fear memory to preda-

tory threats. Brain Struct. Funct. 222, 113–129

128. MacKay, D.G. (1987) The Organization of Perception and

Action: A Theory for Language and other Cognitive Skills,

Springer-Verlag

129. Fuster, J.M. (1990) Behavioral electrophysiology of the pre-

frontal cortex of the primate. In Prog Brain Res (Uylings,

H.B.M. et al., eds), pp. 313–324, Elsevier Science

130. Goldman-Rakic, P.S. (1992) Working memory and the mind.

Sci. Am. 267, 73–79

131. Fuster, J.M. (1995) Memory in the Cerebral Cortex, MIT Press

132. Berry, S.D. and Hoffmann, L.C. (2011) Hippocampal theta-

dependent eyeblink classical conditioning: Coordination of a dis-

tributed learning system. Neurobiol. Learn. Mem. 95, 185–189

133. Berger, T.W. et al. (1986) Lesions of the retrosplenial cortex

produce deficits in reversal learning of the rabbit nictitating

membrane response: implications for potential interactions be-

tween hippocampal and cerebellar brain systems. Behav.

Neurosci. 100, 802–809

134. Cacciola, A. et al. (2017) Constrained spherical deconvolution

tractography reveals cerebello-mammillary connections in

humans. Cerebellum 16, 483–495

135. Bohne, P. et al. (2019) A new projection from the deep cerebel-

lar nuclei to the hippocampus via the ventrolateral and

laterodorsal thalamus in mice. Front. Neur. Circ. 13, 51

136. Hoffmann, L.C. et al. (2015) Harnessing the power of theta:

natural manipulations of cognitive performance during hippo-

campal theta-contingent eyeblink conditioning. Front. Syst.

Neurosci. 9, 50

137. Dietrichs, E. and Haines, D.E. (1989) Interconnections be-

tween hypothalamus and cerebellum. Anat. Embryol. 179,

207–220

138. Cheng, D.T. et al. (2008) Neural substrates underlying human

delay and trace eyeblink conditioning. Proc. Natl. Acad. Sci.

U. S. A. 195, 8108–8113

139. Joyce, M.K.P. et al. (2022) Pathways for memory, cognition

and emotional context: hippocampal, subgenual area 25, and

amygdalar axons show unique interactions in the primate tha-

lamic reuniens nucleus. J. Neurosci. 42, 1068–1089

Trends in Neurosciences

562 Trends in Neurosciences, July 2022, Vol. 45, No. 7


	Construction of complex memories via parallel distributed cortical–subcortical iterative integration
	What is memory for?
	How and why do old brain areas control recent ones?
	Memory and emotion?
	Why is memory controlled by iterative loops?
	What triggers iterative processing?
	Does iteration affect cerebellum as well as neocortex?
	Concluding remarks and future perspectives
	Acknowledgments
	Declaration of interests
	References


