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The limbic-reticular coupling theory of 
memory processing in the brain and its 
greater compatibility over other theories

Zi-Jian Cai1

ABSTRACT. The limbic-reticular coupling theory suggests that the hippocampus and amygdala regulate such descending 

limbic structures as the mammillary bodies, septum, hypothalamus and epithalamus to regulate the ascending 

noradrenergic, serotonergic, dopaminergic and cholinergic systems, performing declarative memory consolidation 

and recall. Recent studies have revealed that, less sensitive to familiarity, the hippocampus functions via the fornix, 

mammillary bodies and hypothalamus for memory recall. Lesions to the thalamic nuclei were complicated with damage 

to adjacent fornix, stria medullaris and habenula, simultaneously destroying two kinds of structures respectively for 

familiarity and recall. Furthermore, the orbitofrontal cortex was shown to be clinically irrelevant for memory recall. 

Electrophysiologically, the hippocampus regulates the raphe nuclei in complex ways, and the hippocampal theta wave 

activates the dopaminergic cells in ventral tegmental area and cholinergic neurons in basal forebrain, while cholinergic-

modulated theta-gamma coupling mediates cortical recall. These concurrent advances support the limbic-reticular 

coupling theory for elucidation of memory recall. 
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A TEORIA DO ACOPLAMENTO LÍMBICO-RETICULAR DO PROCESSAMENTO DE MEMÓRIA NO CÉREBRO E SUA MAIOR 

COMPATIBILIDADE COM OUTRAS TEORIAS

RESUMO. A teoria do acoplamento límbico-reticular sugere que o hipocampo e a amígdala regulam estruturas límbicas 

descendentes como os corpos mamilares, septum, hipotálamo e epitálamo para regular os sistemas ascendentes 

noradrenérgico, serotoninérgico, dopaminérgico e colinérgico, realizando a consolidação da memória declarativa e a 

recordação. Estudos recentes revelaram que, menos sensível à familiaridade, o hipocampo funcionava via fórnice, corpos 

mamilares e hipotálamo para a recordação da memória. Lesões aos núcleos talâmicos são complicadas com danos ao 

fórnice, estria medullaris e habenula adjacentes, destruindo simultaneamente dois tipos de estruturas, respectivamente, 

para familiaridade e recordação. Além disso, o córtex orbitofrontal mostrou-se clinicamente irrelevante para a recordação da 

memória. Eletrofisiologicamente, o hipocampo regula os núcleos da rafe de maneiras complexas, e a onda teta hipocampal 

ativa as células dopaminérgicas na área tegmentar ventral e os neurônios colinérgicos no prosencéfalo basal, enquanto 

que o acoplamento teta-gama colinergicamente modulado medeia a evocação cortical. Esses avanços concorrentes 

sugerem que a teoria do acoplamento límbico-reticular apropriada para a elucidação da recordação da memória.

Palavras-chave: recordar, hipocampo, corpo mamilar, acetilcolina, onda gama.

Declarative memory is the memory for 
facts and episodes, and is impaired in 

amnesia, while procedural memory is the 
memory for skills and habits, spared in amne-

sia. Declarative memory can be divided into 
short-term memory and long-term memory. 
Short-term memory is the memory of prec-
edent episodes or facts within minutes or sec-
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onds, while long-term memory is their recall after hours 
or days. Further, anterograde memory refers to the 
long-term memory occurring after the onset of amnesia, 
while retrograde memory refers to the memory before 
the onset of amnesia. In addition, recent memory refers 
to retrograde memory occurring several days to several 
years before the onset of amnesia, while remote mem-
ory refers to memory years before the onset of amnesia. 
Linguistic words are remote declarative memories.1 

Bilateral lesions of the medial temporal lobes, 
including the hippocampus and amygdala, can produce 
amnesia. In medial temporal lobe amnesia, anterograde 
memory and recent retrograde memory are impaired, 
whereas short-term and remote memory are spared. 
Besides, medial temporal lobe amnesia shows normal 
release from proactive interference (PI).2 There have 
been many reviews and books discussing the memories 
impaired and spared in amnesia.3,4

Korsakoff patients are another amnesia group with 
lesions to the mammillary bodies and the anterior or 
mediodorsal thalamic nuclei.5,6 The mammillary bodies 
and anterior thalamic nuclei receive afferents from the 
hippocampus,7-9 while the mediodorsal thalamic nuclei 
receive afferents from the amygdala.9,10 In turn, these 
thalamic nuclei send efferents to the prefrontal and cin-
gulate cortices.9,11 Some diencephalic amnesic patients 
are additionally impaired in short-term and remote ret-
rograde memory.12,13 

There have been many theories attempting to 
explain the mechanisms of hippocampal memory via its 
anatomical efferents, which fall into three categories. 
Notably, one category of theories3,14 suggested the hip-
pocampus and amygdala might mediate memory con-
solidation and retrieval via their direct efferents to the 
cortex, with those from the amygdala to the association 
areas15 and those from the hippocampus to the para-
hippocampal gyrus and entorhinal cortex.15 Another 
notable theory called the disconnection theory5,6 sug-
gests that diencephalic amnesia might result from the 
disconnection of memory storage sites in the temporal 
lobe and complex cognition sites in prefrontal cortex 
following lesions to the thalamus. In the third category, 
Mishkin and Appenzeller modified the disconnection 
theory in 1987 by adding the cholinergic (ACh) system 
in the basal forebrain,16 partly accomplishing the bio-
chemical consolidation of memories in cortex with ACh. 
In parallel, Cai published the limbic-reticular coupling 
theory in 1990,4 suggesting that the hippocampus and 
amygdala regulate descending limbic structures such 
as the mammillary bodies, septum, hypothalamus and 
epithalamus, and in turn regulate the four reticular neu-

romodulatory systems of noradrenaline (NA), serotonin 
(5-HT), dopamine (DA) and acetylcholine (ACh), and 
therefore accomplish declarative memory consolidation 
and retrieval.4 In this article, the author consolidates the 
latest facts and achievements to compare these theories, 
and examines their compatibility with recent advances. 

DISSOCIATION OF RECALL AND FAMILIARITY  
IN VARIOUS AMNESIC PATIENTS
Lesions to hippocampus and mammillary  
bodies impair recall but not familiarity
Free recall requires subjects to recollect detailed 
portions of a memory, while familiarity only requires 
judgement as to whether a fact or event has previously 
been encountered without the need to recall the details. 
Familiarity is the feeling accompanied with recognition 
manifesting as habituation in sensation and relaxation 
in response. 

Studies on dissociation of free recall and familiar-
ity make it easy to deduce which hippocampal output is 
responsible for mediation of memory functions. After 
lesions, the hippocampus and fornix appear vulnerable 
to free recall and intact in familiarity in humans,17-20 a 
finding replicated in rats with fornical lesions.21 

Further downstream in anatomy, through the for-
nix the hippocampus projects to the mammillary bod-
ies.7,8 Lesions around the mammillary bodies indicate 
impairments in free recall but not familiarity,19,22,23 
resembling the effects of hippocampal/fornical lesions. 
Lesser damage might not necessarily cause memory 
impairment.24,25 Moreover, bilateral clinical hypotha-
lamic stimulation elicited autobiographical memories 
and increased recognition-based recollection rather 
than familiarity,26 resembling hippocampal/fornical 
memory functions. In contrast, either resection of the 
anterior temporal lobe27 or lesions of the frontal lobe28,29 
impaired familiarity but spared recall, the opposite to 
symptoms in hippocampal/fornical lesions. Accordingly, 
the hippocampus should accomplish its role in memory 
recall via its fornical efferents to the mammillary bodies 
and nearby hypothalamic nuclei, but not via its projec-
tions to the temporal or frontal lobe. This conclusion 
disagrees with a category of theories which hold that 
the hippocampus mediates its memory functions via its 
efferents directly to the cortices3,14 (Table 1). 

The prefrontal functions in recall and familiarity
The prefrontal cortex, especially the orbitofrontal cortex, 
is required for the disconnection theory,5,6 and its later 
modification by Mishkin and Appenzeller.16 Nonethe-
less, clinical studies have not supported its mediation of 



Dement Neuropsychol 2018 June;12(2):105-113

107Cai        Limbic-reticular memory processing

hippocampal memory functions. It was reported that a 
patient with extensive damage to bilateral orbitofrontal 
cortex on MRI exhibited neither memory impairment 
nor confabulation.30 An earlier report also indicated 
that large bilateral orbitofrontal lesions did not cause 
amnesia.31 

Lesions more to other frontal regions often manifest 
failure to release from proactive interference (PI),31-33  
which is spared in hippocampal amnesia.2 Besides, 
recent investigations have demonstrated that, in amne-
sia with lesions to the hippocampus/fornix, free recall 
was selectively impaired while familiarity was spared.17-20 

By contrast, in patients with frontal lesions, familiar-
ity was impaired while recall remained spared,28,29 the 
exact opposite symptoms. Obviously, it is not appropri-
ate to adopt the frontal cortex in disconnection theory 
to mediate the hippocampal functions in memory recall 
(Table 1). 

Nonetheless, many animal experiments have indi-
cated that bilateral lesions of orbitofrontal cortex did 
cause impairments in memory tasks such as delayed 
non-matching to sample requiring recall of previous 
performance.5,16 These discrepancies in human clinical 
studies are seen in the other behavioral effects of orbi-
tofrontal lesions, in which self-actions/movements had 
to be remembered. In humans, the orbitofrontal cortex 
was reported to play roles in self-evaluation and self-
reference.34,35 Additionally, damage to the right ventral 
frontal cortex impaired retrograde memories but not 
anterograde learning and memory.36 Therefore, it was 
probably the impairments in self-evaluation and refer-
ence that might have affected the behavioral tasks in 
animals. With regard to such controversy, because the 
clinical results in humans were more accurate in mem-
ory division, they are more reliable. 

The pathological duality of diencephalic amnesia
The limbic-reticular coupling theory4 predicts that, 
although the anterior and mediodorsal thalamic nuclei 
connect the temporal lobe with frontal lobe, damage 
to the adjacent stria medullaris, habenula and rostral 
fornix impairs limbic-reticular coupling, thereby also 
contributing to amnesia. It was reported that, in 
amnesic cases E.A. and H.J.,37 as well as J.W. and B.C.,38 
the thalamic lesions were restricted only to a small 
region medial to the mediodorsal thalamic nucleus but 
not the mediodorsal nucleus itself, which might destroy 
the stria medullaris and habenula. 

In regard to free recall and familiarity, it was dem-
onstrated that the mediodorsal thalamic nucleus was 
necessary for both recollection and familiarity,39 while 

the anteromedial thalamus was also important for both 
recall and familiarity,40 unlike the fornix or mammillary 
bodies (Table 1). A more recent paper further showed 
that Patient 1 with damage to the right anterior tha-
lamic nuclei but not mediodorsal nuclei should have 
preserved familiarity but did not, while Patient 2 with 
damage to the right mediodorsal thalamic nuclei but not 
anterior nuclei should have preserved free recall but did 
not.41 Also, it was reported in rats that, by changing the 
memory tasks from spatial alteration to sequential con-
tingency learning, the animals with lesions to anterior 
thalamic nuclei restored their impaired learning ability,42 
irrelevant for general memory recall.

Amygdalar sensation of novelty and familiarity
Amygdala plays roles in detection of novelty and famil-
iarity. It has been demonstrated that the activity in 
human amygdala was increased during presentation of 
novelty.43,44 Further, it was reported that a patient with 
hyperperfusion in the right amygdala and hippocampus 
even misidentified all surrounding persons as her 
family,45 obviously impaired for sensation of novelty. 
It was also shown that the amygdala was one of the 
substrates related to false memories,46 implying its role 
in familiarity. 

Other cortices for memory organization and familiarity
There has been growing attention to the memory func-
tions of the retrosplenial cortex. It has been reported 
that focal lesions to the left retrosplenial cortex causes 
impairment in acquisition of temporal information47 
and failure in verbal encoding/categorization,48 while 
lesions to the right retrosplenial cortex result in disori-
entation in directions but not in buildings and land-
scapes.49 Besides, MRI studies have demonstrated that 
the retrosplenial cortex was involved in identification 
of scenes within a large extended environment,50 espe-
cially relevant to familiar scenes and environment.51 
Consistently, it was reported that the gamma-power, 
which was modulated by the reticular ACh neurons,52,53 
increased within the human retrosplenial cortex during 
autobiographical retrieval but not self-referential 
semantic recall.54,55 Obviously, temporal categorization 
and spatial orientation correspond to the roles of the 
retrosplenial cortex (Table 1). 

There are few studies relating cingulate lesions to 
memory impairments in humans, but there are some 
brain imaging studies in the region. As the cingulate cor-
tex associates the memories in the posterior lobe with 
the feeling of self from the physiological body, it is likely 
that the cingulate cortex correlates more to self-memory 
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or familiarity than to contextual recall. Indeed, from 
human brain imaging studies, the posterior cingulate 
cortex has been implicated in sensation of familiarity56,57 
(Table 1), while the involvement of both the anterior 
cingulate cortex and retrosplenial cortex in autobio-
graphical memory recall has been implicated.54,55,58 In 
monkeys, it was demonstrated that anterior cingulate 
lesions caused less or milder impairments in nonmatch-
ing-to-sample and object reversal learning than orbital 
frontal lesions,59,60 unfavorable for the recall function of 
the cingulate cortex.

THE LIMBIC-RETICULAR 
ELECTROPHYSIOLOGICAL COUPLING
The limbic-reticular coupling: anatomical facts
In the limbic-reticular coupling theory, the four retic-
ular neuromodulatory systems receive afferents from 
the descending limbic system.4 The locus coeruleus (LC) 
receives fibers from the central nucleus of amygdala, bed 
nucleus of stria terminalis, lateral and paraventricular 
hypothalamic nuclei, lateral preoptic area and also from 
the raphe nuclei.61,62 The dorsal raphe nucleus receives 
fibers from the bed nucleus of stria terminalis, nucleus 
of the diagonal tract, lateral hypothalamus, lateral 
preoptic area, lateral habenula and also from the LC.63,64 
The DA neurons in ventral tegmental area receive affer-
ents from the amygdala, diagonal band of Broca, bed 
nucleus of stria terminalis, lateral hypothalamus, lateral 
preoptic area, lateral habenula and also from LC and 
raphe nuclei.65,66 Primate ACh neurons in the nucleus 
basalis and diagonal band receive afferents from the 
amygdala, mammillary bodies, septal nuclei, entorhinal 
cortex, lateral preoptic area, and also from the LC, raphe 
nuclei and ventral tegmental area, and so on.67 

In addition, the mammillary bodies innervate the 
ascending ACh neurons in the nucleus basalis and diago-
nal band.67 The medial mammillary nucleus also inner-
vates the ventral tegmental area where many ascend-
ing DA neurons situate,68 while the lateral mammillary 
nucleus innervates the dorsal tegmental nucleus68 which 
contributes a small portion of ascending ACh projec-
tions into the cortex and thalamus.69,70

Limbic-reticular coupling via the  
hippocampal theta wave
It is necessary to match the electrophysiological changes 
in hippocampus to its memory processes. It was demon-
strated that the human memory encoding requires 
theta synchronization,71-73 while memory recall was 
related to activation in hippocampal CA3 neurons with 
theta modulation.74,75 It was also shown in rats that, 

in novel environments for encoding, the theta phase 
of CA1 shifted closer to the CA1 pyramidal-layer theta 
peak; while in familiar environments, the theta firing 
phase shifted closer to the theta trough.76 

The hippocampal theta wave can propagate to the 
descending limbic structures. It was shown that neurons 
in posterior hypothalamic nucleus increased discharge 
during hippocampal tonic theta, whereas neurons in 
supramammillary and medial mammillary nucleus dis-
played rhythmic discharge in phase with the ongoing 
theta.77 

It is necessary to correlate the ascending reticular 
systems to the hippocampus with electrophysiology. 
It was shown that the theta wave was coupled to the 
posterior parietal gamma amplitude during human 
memory recall,55,78,79 while cholinergic blockade reduced 
the theta-gamma coupling.80 The theta-gamma coupling 
in the retrosplenial cortex55 indicated that this region 
mediates hippocampal recall via cholinergic projections 
rather than thalamus (Table 1). Moreover, it is impor-
tant to emphasize that, as demonstrated in the previ-
ous section, neither orbitofrontal30,31 nor lateral frontal 
cortex28,29 is relevant to memory recall. Therefore, it is 
concluded from these concurrent results that it is the 
cholinergic-modulated hippocampal theta-gamma cou-
pling that participates in cortical recall of memories.

Recently, a paper published in “Science” illustrated 
that stimulation of hippocampal CA3 neurons with 
theta frequency excited the DA neurons in the ven-
tral tegmental area.74 It was also shown that the ACh 
neurons in the basal forebrain were regulated by theta 
waves.81 These results demonstrated that the hippocam-
pal theta activity caused activation of DA neurons in the 
ventral tegmental area and ACh neurons in the basal 
forebrain. 

The 5-HT neurons cooperate with NA neurons to 
regulate sleep, arousal and vigilance.82,83 It was reported 
that the hippocampus and median raphe nucleus mani-
fested theta activities from the medial septum.84 The 
desynchronized hippocampal activity85 or activation of 
CA3 neurons in hippocampus86 tended to activate the 
median raphe nucleus, but inhibited reticular forma-
tion.86 It is necessary to point out that the dorsal raphe 
nucleus,87 but not the median raphe nucleus,88 projects 
to the cortex. Accordingly, the hippocampus regulates 
the 5-HT neurons in raphe nuclei in complex ways.

Other hippocampal activities
The hippocampus also manifests other synchronized 
and desynchronized activities, such as the place cell 
activities and so on.89 These hippocampal activities 
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are sometimes activated by external cues, and are not 
unretrieved signals waiting for hippocampus to recall. 
The unretrieved signals for hippocampus to recall are 
most likely present together with other signals as 
hippocampal theta activities, as already known to many 
people in the media.90 

The anatomical and electrophysiological facts sup-
porting or disagreeing with the three theories are listed 
in Table 1.

DEPICTION OF MEMORY  
CONSOLIDATION AND RECALL
Depiction of memory consolidation
Novelty detection and memory encoding cause neuronal 
activation in the amygdala43,44,73 and theta wave in the 
hippocampal CA1 region.73,76 Downstream to them, 
the NA neurons in locus coeruleus(LC) and 5-HT 
neurons in raphe nuclei increase discharge in response 
to novelty,82,83 manifesting elevation in vigilance. It 
has been suggested that the vigilant elevation of their 

discharge can not only inhibit random firing of cortical 
neurons to increase signal/noise ratio in attention, but 
also consolidate the memory of important signals with 
biochemical effects of NA.4,82,91-93 The dual effects have 
been postulated as important to temporarily maintain 
the emotional balance within the limbic system and not 
to prolong stress afterwards during waking.91-93

In the modified theory of Mishkin,16 the ACh system 
helped biochemical consolidation of memories in cortex, 
while in the limbic-reticular coupling theory proposed by 
Cai,4 the NA, 5-HT, DA and ACh systems were adopted 
altogether for this purpose. 

The processes of limbic-reticular coupling theory for 
memory consolidation are outlined in Figure 1. 

Depiction of memory recall
Recall of memory activates the hippocampal CA3 
neurons with modulation of theta wave,74-76 and in 
turn activates the ACh neurons in the nucleus basalis/
diagonal band and DA neurons in ventral tegmental 

Table 1. Comparison of three theories on brain memory processing.

Theories Anatomy Supporting evidence Opposing evidence

Hippocampal efferent memory 
processing

Hippocampus mediates memory 
consolidation and recall via its 
direct efferents to the cortex.

Hippocampus mediates memory 
consolidation and recall.

(1) Hippocampus mediates free 
recall, but anterior temporal lobe 
or frontal lobe does not.

(2) Recall in retrosplenial cortex is 
mediated by theta-gamma (ACh) 
coupling.

Disconnection theory The thalamus relays the 
memories in storage site in 
temporal lobe and complex 
cognition site in prefrontal cortex.

Lesions to either medial temporal 
lobe or thalamus may cause 
memory impairments.

(1) Hippocampus mediates free 
recall but not familiarity, whereas 
the frontal or posterior cingulate 
cortex does so reversely.

(2) Either the anterior or 
mediodorsal thalamus mediates 
both familiarity and recall, 
different from the hippocampus.

(3) Recall in retrosplenial cortex is 
mediated by theta-gamma (ACh) 
coupling.

Limbic-reticular coupling theory Hippocampus regulates the 
mammillary bodies, septum, 
hypothalamus and epithalamus 
to regulate the ascending NA, 
5-HT, DA and ACh systems to 
consolidate and recall declarative 
memories.

(1) Hippocampus, fornix, and 
mammillary bodies mediate free 
recall.

(2) The hippocampal theta wave 
activates the DA cells in ventral 
tegmental area and ACh neurons 
in basal forebrain.

(3) Recall in retrosplenial cortex is 
mediated by theta-gamma (ACh) 
coupling. 

Currently none available.
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area through the septum74 and mammillary bodies.67,68. 
In addition, the hippocampal theta-gamma coupling, 
modulated by the reticular ACh neurons,52,53 partici-
pates in human memory recall.54,55,78,79 In parallel, many 
pharmacological studies have demonstrated that the 
ACh and DA systems are necessary for free recall in both 
humans94,95 and animals.4,96 

Through activation and modulation of various corti-
cal areas with the ascending ACh and DA systems, via 
limbic-reticular coupling, a memory cue in hippocampus 
can synchronously recall several other components of 
the memory dispersed in other cortical areas. This is the 
intuitive mechanism by which the hippocampus recalls 
the memory dispersed in many cortical areas through 
limbic-reticular coupling.

It could be appropriate to adopt the four ratios ACh/
NA, ACh/5-HT, DA/NA and DA/5-HT to depict the brain 
state favorable for recall or encoding. If the sum of these 
four ratios ACh/NA, ACh/5-HT, DA/NA, and DA/5-HT 
increases, the brain state shifts to recall. In contrast, 
if the sum of the four ratios decreases, the brain state 
shifts to encoding. 

Although very successful for the limbic-reticular 
coupling theory to explain the hippocampal function of 
memory, it is still necessary to point out some limita-
tions of this theory: (1) This theory only explains free 
recall of memory, but not familiarity; (2) This theory 
only explains the recall of recent memory, but not 
remote memory; (3) This theory only explains the con-
solidation of newly acquired declarative memory, but 
not the mechanism by which recent memory is trans-
formed into remote memory by familiarity, not strictly 
requiring the hippocampus. These unresolved limita-
tions require the use of the other neural structures in 
the brain to accomplish them, such as the cingulate cor-
tex, frontal cortex and so forth, which are beyond the 
scope of this paper. 

The processes of the limbic-reticular coupling theory 
for recall are outlined in Figure 2. 

In conclusion, in this article, we underscore that 
the hippocampus, fornix and mammillary bodies are 
involved more in free recall than familiarity, whereby 
the recall from the hippocampus is relayed to the mam-
millary bodies via the fornix. However, thalamic lesions 

Figure 1. The processes of limbic-reticular coupling theory for memory consolidation.

Memory Storage Sites in Cortex 
Temporal lobe, Dorsal frontal lobe, Retrosplenial cortex and so on. 

Amygdala and Hippocampal CA1 Region
Amygdalar activation and hippocampal CA1 

theta wave in response to novelty activates the 
ascending NA, 5-HT, ACh systems and so on.

The Ascending NA, 5-HT, ACh Systems
In response to the amygdalar activation and 

hippocampal CA1 theta wave by novelty, 
these ascending systems help biochemical 

consolidation of declarative memories in cortex. 

Figure 2. The processes of limbic-reticular coupling theory for memory recall.

Memory Storage Sites in Cortex
Temporal lobe, Dorsal frontal lobe, Retrosplenial cortex and so on. 

Hippocampal CA3 Region
Activation of CA3 region and the theta wave 
in hippocampus activates the ACh neurons in 

nucleus basalis/diagonal band and DA neurons 
in ventral tegmental area, as well as manifests 

the theta-gamma coupling. 

The Ascending ACh, DA, 5-HT, NA Systems 
With the ascending ACh and DA systems, via 
limbic-reticular coupling, a memory cue in 

hippocampus can synchronously recall several 
other components of memory dispersed in 

other cortical areas. 
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are complicated with damage to the nearby fornix, stria 
medullaris and habenula, being involved in both free 
recall and familiarity as two distinct pathological mecha-
nisms. Due to its irrelevance to many memory tasks, the 
orbitofrontal cortex is not an appropriate site for human 
memory recall, whereas the posterior cingulate cortex 
may be implicated more in self memory or familiarity.

In the limbic-reticular coupling theory, it was origi-
nally suggested in anatomy that the hippocampus and 
amygdala regulate the descending limbic system and in 
turn the reticular systems accomplish declarative mem-
ory consolidation and recall. Herein, many electrophysi-
ological advances substantiating this theory are cited, 
especially the relay of hippocampal theta activity con-
taining unretrieved signals for excitation of the ascend-

ing DA and ACh neurons; the activation of median raphe 
nucleus and inhibition of reticular formation by hippo-
campal CA3 neurons; as well as theta-gamma coupling 
under reticular ACh modulation participating in human 
cortical memory recall. 

During recall, the hippocampal CA3 neurons are acti-
vated with theta wave, and then regulate the ascending 
ACh and DA systems via limbic-reticular coupling, and 
in turn via their modulation and effect such as cholin-
ergic-mediated gamma wave, recall many other compo-
nents of the memory stored in various cortical areas. 
The biochemical consolidation of memories in cortex is 
likewise mediated with the ascending ACh, DA, NA and 
5-HT systems via limbic-reticular coupling from amyg-
dalar activation and hippocampal CA1 theta wave.

REFERENCES
1.	 Cai Z-J. Semantic memory association, procedural grammar syntax and 

episodic modality coordination as three interactive neural processes 
organizing language: A model. OALib J. 2015;2: e1718.

2.	 Milner B. Disorder of memory after brain lesions in man. Preface:Material-
specific and generalized memory loss. Neuropsychologia. 1968;6:175-9. 

3.	 Squire LR. Memory and brain. New Jersey, Oxford University Press;1987.
4.	 Cai Z-J. The neural mechanism of declarative memory consolidation 

and retrieval: A hypothesis. Neurosci Biobehav Rev. 1990;14:295-304.
5.	 Mishkin M. A memory system in the monkey. Philos Trans R Soc Lond 

B (Biol). 1982;298:83-95.
6.	 Warrington EK, Weiskrantz L. Amnesia:A disconnection syndrome? 

Neuropsychologia. 1982;20:233-48. 
7.	 Nauta WJ. Hippocampal projections and related neural pathways to the 

midbrain in the cat. Brain. 1958;81:319-40. 
8.	 Swanson LW, Cowan WM. An autoradiographic study of the organiza-

tion of the efferent connections of the hippocampal formation in the rat.  
J Comp Neurol. 1977;172:49-84.

9.	 Jones EG. The thalamus. New York, Plenum Press;1985. 
10.	 Russchen FT, Amaral DG, Price JL. The afferent input to the magnocel-

lular division of the mediodorsal thalamic nucleus in the monkey, Macaca 
fascicularis. J Comp Neurol. 1987;256:175-210. 

11.	 Fuster JM. The prefrontal cortex:Anatomy, physiology and neuropsy-
chology of the frontal lobe. New York, Raven Press;1980.

12.	 Parkin AJ. Amnesic syndrome:A lesion-specific disorder? Cortex. 1984; 
20:479-508. 

13.	 Winocur G, Oxbury S, Roberts R, Agnetti V, Davis C. Amnesia in a patient 
with bilateral lesions to the thalamus. Neuropsychologia. 1984;22:123-3.

14.	 Teyler TJ, DiScenna P. The role of hippocampus in memory:A hypothesis. 
Neurosci Biobehav Rev. 1985;9:377-89.

15.	 Saunders RC, Rosene DL. A comparison of the efferents of the amyg-
dala and the hippocampal formation in the Rhesus Monkey:I. Conver-
gence in the entorhinal, prorhinal and perirhinal cortices. J Comp Neurol. 
1988;271:153-84. 

16.	 Mishkin M, Appenzeller T. The anatomy of memory. Sci Am. 1987;256: 80-9.
17.	 Aggleton JP, Vann SD, Denby C, Dix S, Mayes AR, Roberts N, 

Yonelinas AP. Sparing of the familiarity component of recognition 
memory in a patient with hippocampal pathology. Neuropsychologia. 
2005;43:1810-23.

18.	 Gilboa A, Winocur G, Rosenbaum RS, Poreh A, Gao F, Black SE, et al. 
Hippocampal contributions to recollection in retrograde and anterograde 
amnesia. Hippocampus. 2006;16:966-80.

19.	 Tsivilis D, Vann SD, Denby C, Roberts N, Mayes AR, Montaldi D, 
Aggleton JP. A disproportionate role for the fornix and mammillary bodies 
in recall versus recognition memory. Nat Neurosci. 2008;11:834-42.

20.	 Rudebeck SR, Scholz J, Millington R, Rohenkohl G, Johansen-Berg 
H, Lee AC. Fornix microstructure correlates with recollection but not 
familiarity memory. J Neurosci. 2009;29:14987-92.

21.	 Easton A, Zinkivskay A, Eacott MJ. Recollection is impaired, but famil-
iarity remains intact in rats with lesions of the fornix. Hippocampus. 
2009;19:837-43.

22.	 Hildebrandt H, Müller S, Bussmann-Mork B, Goebel S, Eilers N. Are 
some memory deficits unique to lesions of the mammillary bodies? J 
Clin Exp Neuropsychol. 2001;23:490-501.

23.	 Carlesimo GA, Serra L, Fadda L, Cherubini A, Bozzali M, Caltagirone 
C. Bilateral damage to the mammillo-thalamic tract impairs recollection 
but not familiarity in the recognition process:a single case investigation. 
Neuropsychologia. 2007;45:2467-79.

24.	 Pittella, JE, Maciel ST. Partial fusion of the mammillary bodies. Case 
study and review of congenital anomalies of these structures. Arch 
Pathol Lab Med. 1985;109:567-8.

25.	 Duprez TP, Serieha BA, Raftopoulos C. Absence of memory dysfunction 
after bilateral mammillary body and mammillothalamic tract electrode 
implantation:Preliminary experience in three patients. Am J Neuroradiol. 
2005;26:195-7. 

26.	 Hamani C, McAndrews MP, Cohn M, Oh M, Zumsteg D, Shapiro CM, 
et al. Memory enhancement induced by hypothalamic/fornix deep brain 
stimulation. Ann Neurol. 2008;63:119-23.

27.	 Bowles B. Crupi C, Mirsattari SM, Pigott SE, Parrent AG, Pruessner 
JC, et al. Impaired familiarity with preserved recollection after anterior 
temporal-lobe resection that spares the hippocampus. Proc Natl Acad 
Sci USA. 2007;104:16382-7.

28.	 MacPherson SE, Bozzali M, Cipolotti L, Dolan RJ, Rees JH, Shallice T. 
Effect of frontal lobe lesions on the recollection and familiarity compo-
nents of recognition memory. Neuropsychologia. 2008;46:3124-32.

29.	 Aly M, Yonelinas AP, Kishiyama MM, Knight RT. Damage to the lateral 
prefrontal cortex impairs familiarity but not recollection. Behav Brain Res. 
2011;225:297-304. 

30.	 Fujii T, Suzuki M, Suzuki K, Ohtake H, Tsukiura T, Miura R. Normal 
memory and no confabulation after extensive damage to the orbitofrontal 
cortex. J Neurol Neurosurg Psychiatry. 2005;76:1309-10.

31.	 Stuss DT, Kaplan EF, Benson DF, Weir WS, Chiulli S, Sarazin FF. Evidence 
for the involvement of orbitofrontal cortex in memory functions:an inter-
ference effect. J Comp Physiol Psychol. 1982;96:913-25.

32.	 Zatorre RJ, McEntee WJ. Semantic encoding deficits in a case of trau-
matic amnesia. Brain Cogn. 1983;2:331-45.

33.	 Freedman M, Cermak LS. Semantic encoding deficits in frontal lobe 
disease and amnesia. Brain Cogn. 1986;5:108-14.

34.	 Hughes BL, Beer JS. Medial orbitofrontal cortex is associated with shifting 
decision thresholds in self-serving cognition. NeuroImage. 2012; 61:889-98.

35.	 Leshikar ED, Duarte A. Medial prefrontal cortex supports source memory 
accuracy for self-referenced items. Soc Neurosci. 2012;7:126-45.

36.	 Levine B, Black SE, Cabeza R, Sinden M, Mcintosh AR, Toth JP, et al. 
Episodic memory and the self in a case of isolated retrograde amnesia. 
Brain. 1998;121:1951-73. 



Dement Neuropsychol 2018 June;12(2):105-113

112 Limbic-reticular memory processing        Cai

37.	 Mair WGP, Warrington EK, Weiskrantz L. Memory disorder in Korsakoff’s 
psychosis:A neuropathological and neuropsychological investigation of 
two cases. Brain. 1979;102:749-83.

38.	 Mayes AR, Meudell PR, Mann D, Pickering A. Location of lesions in 
Korsakoff’s syndrome:Neuropsychological and neuropathological data 
on two patients. Cortex. 1988;24:367-88. 

39.	 Zoppelt D, Koch B, Schwarz M, Daum I. Involvement of the mediodorsal 
thalamic nucleus in mediating recollection and familiarity. Neuropsycho-
logia. 2003;41(9):1160-70.

40.	 Kishiyama MM, Yonelinas AP, Kroll NE, Lazzara MM, Nolan EC, Jones 
EG, Jagust WJ. Bilateral thalamic lesions affect recollection-and famil-
iarity-based recognition memory judgments. Cortex. 2005;41:778-88.

41.	 Cipolotti L, Husain M, Crinion J, Bird CM, Khan SS, Losseff N, et al. The 
role of the thalamus in amnesia:A tractography, high-resolution MRI and 
neuropsychological study. Neuropsychologia. 2008;46:2745-58.

42.	 Aggleton JP, Amin E, Jenkins TA, Pearce JM, Robinson J. Lesions in 
the anterior thalamic nuclei of rats do not disrupt acquisition of stimulus 
sequence learning. Q J Exp Psychol (Hove). 2011;64:65-73. 

43.	 Blackford JU, Buckholtz JW, Avery SN, Zald DH. A unique role for the 
human amygdala in novelty detection. NeuroImage. 2010;50:1188-93.

44.	 Balderston NL, Schultz DH, Helmstetter FJ. The human amygdala 
plays a stimulus specific role in the detection of novelty. NeuroImage. 
2011;55:1889-98.

45.	 Sakurai K, Kurita T, Shiga T, Takeda Y. A patient who misidentified all 
surrounding persons as her family. Epilepsy Behav. 2012;25:162-5.

46.	 Iidaka T, Harada T, Kawaguchi J, Sadato N. Neuroanatomical substrates 
involved in true and false memories for face. NeuroImage. 2012;62: 
167-76.

47.	 Bowers D, Verfaellie M, Valenstein E, Heilman KM. Impaired acquisition of 
temporal information in retrosplenial amnesia. Brain Cogn. 1988;8:47-66. 

48.	 McDonald CR, Crosson B, Valenstein E, Bowers D. Verbal encoding 
deficits in a patient with a left retrosplenial lesion. Neurocase. 2001;7: 
407-17.

49.	 Takahashi N, Kawamura M, Shiota J, Kasahata N, Hirayama K. Pure 
topographic disorientation due to right retrosplenial lesion. Neurology. 
1997;49:464-9.

50.	 Epstein RA, Higgins JS. Differential parahippocampal and retrosplenial 
involvement in three types of visual scene recognition. Cereb Cortex. 
2007;17:1680-93.

51.	 Epstein RA, Parker WE, Feiler AM. Where am I now? Distinct roles 
for parahippocampal and retrosplenial cortices in place recognition. J 
Neurosci. 2007;27:6141-9.

52.	 Cape EG, Manns ID, Alonso A, Beaudet A, Jones BE. Neurotensin-
induced bursting of cholinergic basal forebrain neurons promotes 
gamma and theta cortical activity together with waking and paradoxical 
sleep. J Neurosci. 2000;20:8452-61. 

53.	 Mena-Segovia J, Sims HM, Magill PJ, Bolam JP. Cholinergic brainstem 
neurons modulate cortical gamma activity during slow oscillations. J 
Physiol. 2008;586:2947-60.

54.	 Foster BL, Dastjerdi M, Parvizi J. Neural populations in human postero-
medial cortex display opposing responses during memory and numerical 
processing. Proc Natl Acad Sci USA. 2012;109:15514-9.

55.	 Foster BL, Kaveh A, Dastjerdi M, Miller KJ, Parvizi J. Human retrosplenial 
cortex displays transient theta phase locking with medial temporal cortex 
prior to activation during autobiographical memory retrieval. J Neurosci. 
2013;33:10439-46.

56.	 Shah NJ, Marshall JC, Zafiris O, Schwab A, Zilles K, Markowitsch 
HJ, Fink GR. The neural correlates of person familiarity. A functional 
magnetic resonance imaging study with clinical implications. Brain. 
2001;124:804-15.

57.	 Qin P, Liu Y, Shi J, Wang Y, Duncan N, Gong Q, et al. Dissociation 
between anterior and posterior cortical regions during self-specificity 
and familiarity:a combined fMRI-meta-analytic study. Hum Brain Mapp. 
2012;33:154-64.

58.	 Martinelli P, Sperduti M, Devauchelle AD, Kalenzaga S, Gallarda T, Lion S, 
et al. Age-related changes in the functional network underlying specific 
and general autobiographical memory retrieval:a pivotal role for the ante-
rior cingulate cortex. PLoS One. 2013;8:e82385.

59.	 Meunier M, Bachevalier J, Mishkin M. Effects of orbital frontal and ante-
rior cingulate lesions on object and spatial memory in rhesus monkeys. 
Neuropsychologia. 1997;35:999-1015. 

60.	 Rushworth MF, Hadland KA, Gaffan D, Passingham RE. The effect of 
cingulate cortex lesions on task switching and working memory. J Cogn 
Neurosci. 2003;15:338-53.

61.	 Cedarbaum JM, Aghajanian GK. Afferent projections to the rat locus 
coeruleus as determined by a retrograde tracing technique. J Comp 
Neurol. 1978;178:1-15.

62.	 Foote SL, Bloom FE, Aston-Jones G. Nucleus locus ceruleus:New 
evidence of anatomical and physiological specificity. Physiol Rev. 
1983;63:844-914.

63.	 Aghajanian GK, Wang RY. Habenular and other midbrain raphe afferents 
demonstrated by a modified retrograde tracing technique. Brain Res. 
1977;122:229-42.

64.	 Sakai K, Salvert D, Touret M, Jouvet M. Afferent connections of the 
nucleus raphe dorsalis in the cat as visualized by the horseradish peroxi-
dase technique. Brain Res. 1977;137:11-35. 

65.	 Phillipson OT. Afferent projections to the ventral tegmental area of Tsai 
and interfascicular nucleus:A horseradish peroxidase study in the rat. J 
Comp Neurol. 1979;187:117-43. 

66.	 Oades RD, Halliday GM. Ventral tegmental (A10) system:Neurobiology 
1:Anatomy and connectivity. Brain Res Rev. 1987;12:117-65. 

67.	 Russchen FT,Amaral DG, Price JL. The afferents connections of the 
substantia innominata in the monkey. Macaca fascicularis. J Comp 
Neurol. 1985;242:1-27. 

68.	 Allen GV, Hopkins DA. Topography and synaptology of mamillary body 
projections to the mesencephalon and pons in the rat. J Comp Neurol. 
1990;301:214-31.

69.	 Crawley JN, Olschowka JA, Diz DI, Jacobowitz DM. Behavioral investiga-
tion of the coexistence of substance P, corticotropin releasing factor, and 
acetylcholinesterase in lateral dorsal tegmental neurons projecting to the 
medial frontal cortex of the rat. Peptides. 1985;6:891-901.

70.	 Jones BE, Beaudet A. Retrograde labeling of neurones in the brain stem 
following injections of [3H]choline into the forebrain of the rat. Exp. Brain 
Res. 1987;65:437-48.

71.	 Mölle M, Marshall L, Fehm HL, Born J. EEG theta synchronization 
conjoined with alpha desynchronization indicate intentional encoding. 
Eur J Neurosci. 2002;15:923-8.

72.	 Sato N, Yamaguchi Y. Theta synchronization networks emerge during 
human object-place memory encoding. Neuroreport. 2007;18:419-24.

73.	 Babiloni C, Vecchio F, Mirabella G, Buttiglione M, Sebastiano F, Picardi 
A, et al. Hippocampal, amygdala, and neocortical synchronization of 
theta rhythms is related to an immediate recall during rey auditory verbal 
learning test. Hum Brain Mapp. 2009;30:2077-89.

74.	 Luo AH, Tahsili-Fahadan P, Wise RA, Lupica CR, Aston-Jones G. Linking 
context with reward:A functional circuit from hippocampal CA3 to ventral 
tegmental area. Science 2011;333:353-7.

75.	 Stella F, Treves A. Associative memory storage and retrieval:involvement 
of theta oscillations in hippocampal information processing. Neural Plast. 
2011;2011:e683961.

76.	 Douchamps V, Jeewajee A, Blundell P, Burgess N, Lever C. Evidence for 
encoding versus retrieval scheduling in the hippocampus by theta phase 
and acetylcholine. J Neurosci. 2013;33:8689-704.

77.	 Kirk IJ, Oddie SD, Konopacki J, Bland BH. Evidence for differential 
control of posterior hypothalamic, supramammillary, and medial mammil-
lary theta-related cellular discharge by ascending and descending path-
ways. J Neurosci. 1996;16:5547-54.

78.	 Kaplan R, Bush D, Bonnefond M, Bandettini PA, Barnes GR, Doeller CF, 
Burgess N. Medial prefrontal theta phase coupling during spatial memory 
retrieval. Hippocampus 2014;24:656-65.

79.	 Köster M, Friese U, Schöne B, Trujillo-Barreto N, Gruber T. Theta-
gamma coupling during episodic retrieval in the human EEG. Brain Res. 
2014;1577:57-68.

80.	 Newman EL, Gillet SN, Climer JR, Hasselmo ME. Cholinergic blockade 
reduces theta-gamma phase amplitude coupling and speed modulation 
of theta frequency consistent with behavioral effects on encoding. J 
Neurosci. 2013;33:19635-46.

81.	 Lee MG, Hassani OK, Alonso A, Jones BE. Cholinergic basal fore-
brain neurons burst with theta during waking and paradoxical sleep. J 
Neurosci. 2005;25:4365-9.

82.	 Foote SL, Morrison JH. Extrathalamic modulation of cortical function. 
Annu Rev Neurosci. 1987;10:67-95.

83.	 McGinty D, Szymusiak R. Neuronal unit activity patterns in behaving 
animals:Brainstem and limbic system. Annu Rev Psychol. 1988;39: 135-68.

84.	 Partlo LA, Sainsbury RS. Influence of medial septal and entorhinal cortex 
lesions on theta activity recorded from the hippocampus and median 
raphe nucleus. Physiol Behav. 1996;59(4-5):887-95.

85.	 Varga V, Kekesi A, Juhasz G, Kocsis B. Reduction of the extracel-
lular level of glutamate in the median raphe nucleus associated with 



Dement Neuropsychol 2018 June;12(2):105-113

113Cai        Limbic-reticular memory processing

hippocampal theta activity in the anaesthetized rat. Neuroscience. 
1998;84(1):49-57.

86.	 Vinogradova OS. Hippocampus as comparator:Role of the two input and 
two output systems of the hippocampus in selection and registration of 
information. Hippocampus. 2001;11:578-98.

87.	 Vertes RP. A PHA-L analysis of ascending projections of the dorsal raphe 
nucleus in the rat. J Comp Neurol. 1991;313(4):643-68.

88.	 Vertes RP, Fortin WJ, Crane AM. Projections of the median raphe 
nucleus in the rat. J Comp Neurol. 1999;407(4):555-82.

89.	 Moser MB. Nobel Lecture: Grid Cells, Place Cells and Memory. Nobel 
Media AB, Nobelprize.org;2014. 

90.	 Cai Z-J. The electrophysiological memory function of hippocampus 
different from O’Keefe and Mosers. J Neurol Neurophysiol. 2016;7:362.

91.	 Cai Z-J. The functions of sleep:further analysis. Physiol Behav. 
1991;50:53-60.

92.	 Cai Z-J. An integrative analysis to sleep functions. Behav Brain Res. 
1995;69:187-94.

93.	 Cai Z-J. Progressions of sleep, memory and depression applicable to 
psychoanalysis:A review. Curr Psychiat Rev. 2016;12:240-5.

94.	 Voss B, Thienel R, Reske M, Habel U, Kircher T. Cognitive performance 
and cholinergic transmission:Influence of muscarinic and nicotinic 
receptor blockade. Eur Arch Psychiatry Clin Neurosci. 2010;260Suppl 
2:S106-110.

95.	 Shepherd TA, Edelstyn NM, Mayes AR, Ellis SJ. Second-generation 
dopamine agonists and recollection impairments in Parkinson’s disease. 
J Neuropsychol. 2013;7:284-305.

96.	 Aigner TG, Mishkin M. The effects of physostigmine and scopolamine 
on recognition memory in monkeys. Behav Neural Biol. 1986;45:81-7.


