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Abstract

We described behavioral studies to highlight emotional processing deficits in Alzheimer’s disease 

(AD). The findings suggest prominent deficit in recognizing negative emotions, pronounced effect 

of positive emotion on enhancing memory, and a critical role of cognitive deficits in manifesting 

emotional processing dysfunction in AD. We reviewed imaging studies to highlight morphometric 

and functional markers of hippocampal circuit dysfunction in emotional processing deficits. 

Despite amygdala reactivity to emotional stimuli, hippocampal dysfunction conduces to deficits 

in emotional memory. Finally, the reviewed studies implicating major neurotransmitter systems 

in anxiety and depression in AD supported altered cholinergic and noradrenergic signaling 
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in AD emotional disorders. Overall, the studies showed altered emotions early in the course 

of illness and suggest the need of multimodal imaging for further investigations. Particularly, 

longitudinal studies with multiple behavioral paradigms translatable between preclinical and 

clinical models would provide data to elucidate the time course and underlying neurobiology 

of emotion processing dysfunction in AD.
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Alzheimer’s disease (AD) is the most common neurodegenerative disorder and a major 

cause of dementia among the elderly. Patients with AD manifest both cognitive and 

non-cognitive symptoms. Cognitive deficit typically starts with subtle memory lapses, 

which progress through the course of AD. Early AD patients may show impairment in 

episodic memory with declarative memory relatively spared. Affective symptoms, especially 

depression and anxiety, may present during the early stage of AD.1,2 As emotional 

disturbance and difficulty in social interaction worsen, patients can suffer restlessness, 

delusion, and aggression.3,4 However, perhaps because emotion deficits appear to be less 

severe or obvious than cognitive deficits, relatively less research has focused specifically on 

emotional dysfunction and its neural bases in AD.

Atrophy and functional changes of the medial temporal lobe, including the hippocampus, 

is among the earliest neural markers of mild cognitive impairment (MCI) and AD.5,6 

For instance, resting state functional connectivity (rsFC) between the right cornu 

ammonis CA1 and middle temporal gyrus was diminished in amnestic MCI (aMCI) as 

compared to controls and correlated with reduced capacity of episodic memory in aMCI 

subjects longitudinally.7 Although mostly examined with respect to memory function 

and dysfunction,8 the hippocampus along with the amygdala and other regions of the 

limbic circuit plays a central role in emotional processing.9–13 The hippocampus and 

amygdala coactivated in response to fear-related behavior.14 Hippocampal involvement 

in emotion regulation and memory has also been demonstrated in numerous functional 

magnetic resonance imaging (fMRI) studies.15–17 Volumetric studies with voxel based 

morphometry in healthy individuals showed hippocampal gray matter volume (GMV) in 

positive correlation with the capacity in episodic future thinking that engages emotion 

and goal-directed processing.18 Hippocampal volume and hippocampal–insula connectivity 

were correlated with trait anxiety and risk-taking in episodic future thinking.19 Patients 

with posttraumatic stress disorder (PTSD) showed smaller hippocampal volume relative 

to trauma-exposed group without PTSD and healthy controls. Further, likely reflecting 

a compensatory process, hippocampal GMV was positively correlated with diminished 

cognitive-emotional regulation and severity of experiential avoidance in PTSD.20 Chronic 

stress exposure was associated with diminished hippocampal–prefrontal cortical (PFC) rsFC, 

possibly reflecting a reduction of PFC control of hippocampal activity.21

Thus, degenerative pathology of the hippocampus, amygdala, anterior temporal cortex, 

ventromedial PFC, and other cortical regions may underpin the increasing severity of 
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emotion dysfunction as AD progresses.22,23 On the other hand, how hippocampal circuit 

dysfunction contributes to emotional processing deficits in AD remains unclear. This 

represents a critical gap of knowledge given the involvement of hippocampal pathology 

early in the course of AD.

This overview aims to provide a summary and synthesis of findings implicating 

hippocampal dysfunction in emotion processing deficits in AD. We will describe (1) briefly 

the clinical features and neural biology of AD; (2) behavioral and (3) imaging studies of 

emotion processing dysfunction in AD, the latter with a focus on volumetric (mostly gray 

matter) and functional changes; and (4) preclinical (rodent) and human studies implicating 

neurotransmitter systems in emotional dysfunction, including apathy, and mood disorders 

in AD. We did not specifically discuss behavioral or imaging studies of apathy or mood 

disorders, which have been extensively reviewed elsewhere.24–30 Also, we did not attempt 

a systemic review or meta-analysis of structural or functional imaging studies of emotion 

processing in AD, because of insufficient sample size, and/or task and clinical heterogeneity 

across studies.

Clinical Features and the Neural Biology of AD

Alzheimer’s disease is characterized by the presence of neurofibrillary tangles (NFTs), 

consisting of abnormally phosphorylated protein “tau,” and neuropil threads (NTs), 

comprising ubiquitin and tau in the brain.5 Regional accumulation of NFTs and NTs defines 

AD progression with initial involvement of the entorhinal regions and progression to the 

hippocampus, paralimbic region, medial–basal temporal cortex, association neocortex, and 

finally primary sensory and motor cortex, according to Braak staging.6 Another protein-

opathy involves extracellular amyloid-β (Aβ) deposition in the characteristic form of 

neuritic plaques, consisting of a dense central Aβ core surrounded by dystrophic neurites 

in the periphery.31 Multiple studies have suggested a stronger association of tau than Aβ 
pathology with cognitive impairment.32–34

Current diagnostic criteria distinguish amnestic and nonamnestic AD.35 Amnestic patients 

present medial temporal lobe atrophy whereas nonamnestic patients demonstrate more 

prominent atrophy in lateral temporal, parietal, and frontal lobes with relatively sparse 

changes in medial temporal regions. Further, amnestic patients are considered “typical AD” 

with NFT distribution balanced in the hippocampus and associative cortices and “limbic-

predominant AD” with NFT observed predominantly in the hippocampus, respectively. 

The nonamnestic patients are “atypical hippocampal-sparing” with NFT mainly seen in 

the associative cortices.35 Imaging studies have demonstrated an association between NFT 

deposition and regional atrophy with least hippocampal and prominent cortical atrophy in 

hippocampal-sparing and the opposite in limbic-predominant AD.36,37

Atypical AD is more difficult to diagnose as it features a broader array of symptoms.38 

Further, no population-based study of atypical AD exists to date39 and the prevalence of 

the atypical symptoms remains unclear. However, approximately 25% of AD cases do 

not conform to the typical AD NFT pathology as proposed by Braak.40 Atypical variants 

represent approximately one third of early-onset and 6% of late-onset AD.39
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The hippocampus plays important roles in episodic memory, autobiographical memory, 

as well as emotional experience and regulation.16 As most of the atypical AD cases are 

“hippocampal-sparing,” emotion may be differentially affected as compared to typical AD 

patients. However, most of the studies of emotional dysfunction have not distinguished 

typical and atypical AD. A review of emotion processing in MCI reported a similar 

issue and highlighted the importance of differentiating amnestic and nonamnestic emotion 

processing dysfunction.41 It is also worth noting that the extent of emotion processing deficit 

appears to be more severe in patients with behavioral and semantic frontotemporal dementia, 

vascular dementia, Huntington’s disease, and supranuclear palsy, relative to AD.42,43 

Nonetheless, emotion plays an integral role in cognitive processing, social interaction, and 

quality of life, and it is of critical importance that we understand the neural bases of 

emotional dysfunction in AD.

Emotion Processing in AD: Behavioral Findings

As discussed earlier, AD is associated with emotion processing dysfunction and emotional 

disturbance,44,45 likely as a result of pathological changes in the limbic circuits.9 A 

meta-analysis summarized the findings from various behavioral paradigms, including 

identification of facial expression, as well as exposure to emotions through audio, video, 

and audiovisual presentation, and reported dysfunctional emotion processing independent 

of the nature of task, emotional stimuli, disease severity, and cognitive state in AD.46 

Here, we briefly discussed AD emotion processing across different behavioral tasks, broadly 

categorized into facial and social emotion processing. We also included a brief section on 

emotion–cognition interaction focusing on effects of emotional reactivity on memory. Figure 

1 summarizes the main findings across various categories of studies, as details in following 

sections.

Facial Emotion Processing

Pathological changes in the amygdala and ventral hippocampus lead to impaired recognition 

of faces and facial emotions in AD.47 The latter review summarized deficient performance 

in AD patients in approximately 67% of the studies of facial emotion identification, 75% 

of emotion matching/selection, and 40% of emotion discrimination. The findings remained 

consistent in 50% of the identification and matching/selection and 40% of discrimination 

studies after controlling for general cognitive ability.47

Impairment in facial emotional identification appeared to be more prominent when subtle 

(low-intensity) emotions were to be identified48–50 and less so when easier (less cognitively 

demanding) tasks were involved.51 Other than the intensity of emotion, facial emotion 

identification also depends on the valence of emotion and deficits in identifying sad and 

other negative facial emotion are most consistently shown across studies of AD.47,48,52,53 

Further, facial emotion processing dysfunction progresses through the course of illness.23,54

Studies have also evaluated emotion recognition and emotional responses using film clips in 

AD that integrates visual and auditory information. Overall, patients correctly identified the 

emotions55,56 and showed enhancement of emotions—elevated positive or negative affect 

that sustained for a measured period of time (e.g., 30 m57). In particular, the enhancement 

Chaudhary et al. Page 4

Am J Alzheimers Dis Other Demen. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of sad emotions was found comparable to healthy controls.57,58 This is notable, considering 

impairment in the recognition of sad facial emotions in AD, as discussed earlier. However, 

the emotion enhancement did not appear to benefit declarative memory and AD patients 

performed worse than healthy controls on recall tasks.56,58

In another setting, attentional response to emotional facial cues was assessed using 

emotional Stroop task. In the task, participants were presented faces with, for example, 

happy/sad expression along with words “happy/sad” written in the middle of the face. Face 

and word valence are matched and nonmatched during congruent and incongruent trials, 

respectively. The task was to recognize the emotion as displayed by faces (with words as a 

distractor) during the “face block” or words (faces as a distractor) during the “word block.” 

Using the emotion Stroop task, studies have reported less interference in word than in face 

blocks (i.e., less distracted by face) in young and middle-aged adults.59,60 This was also 

found true in AD patients, whereas interference was equitable for emotional faces and words 

in age-matched healthy adults.61 Though it cannot be ruled out that words are over-learned 

and better recognized,61 the findings suggest less efficient face information processing in 

AD.

Although the right hemisphere may play a more dominant role in emotion processing,62 

investigators have noted the potential influences of right vs left hemispheric neuropathology 

on facial emotional identification in AD.63 For instance, difficulty in comprehending 

and remembering task instruction disrupted performance in “low verbal (left-hemispheric 

dominance),” whereas visuo-perceptual impairment did so in “low spatial (right-hemispheric 

dominance)” AD patients.64 Thus, facial emotion processing dysfunction may vary in 

severity depending on testing contingencies as well as the neuropathological characteristics 

of AD.23,51,54

Social Emotion

In the real world, experienced emotions may change dynamically and one needs to regulate 

behavior accordingly to optimize social interaction. In a dynamic valence tracking task, 

participants rated the changes in target character’s emotion in a movie clip using a dial 

pointing to extreme left, extreme right, and middle to signal “very bad” (frowning), 

“very good” (smiling), and “neutral,” respectively.65 Patients with AD performed worse 

than controls on the task, suggesting compromised recognition of social emotion. Further, 

AD performed worse on the dynamic tracking compared to emotion labeling task where 

participants watched film clips and identified one of the 11 emotions experienced by a 

character. In contrast, healthy controls performed better in dynamic tracking vs emotion 

labeling.65 Performance was not examined separately for valence of emotion in this study.

Social interaction requires one to modify (suppress/amplify) emotional expressions 

according to contexts. AD patients appear to experience difficulty in contextual regulation 

of emotional expressions.66 In the latter study, the ability to “manipulate” emotion was 

assessed using amusement film clips in three conditions—spontaneous, suppressed, or 

amplified expression—interleaved with neutral film clips. Participants were instructed to 

forcefully suppress or enhance the expressions during the manipulated while mapping 

the natural expressions during spontaneous conditions. The study also assessed theory of 

Chaudhary et al. Page 5

Am J Alzheimers Dis Other Demen. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mind (ToM) where participants judged complex emotion (e.g., jealousy) depicted by the 

pictures. AD patients relative to controls showed significant impairment in amplifying 

emotional expression but were intact in emotional expression suppression. Expression 

amplification, but not suppression, correlated with the ToM performance, which in itself 

was impaired in AD relative to controls, suggesting that expression amplification requires 

better understanding of others’ interpretation of behavior. Thus, the impairment in emotion 

expression amplification may affect social interaction in AD.66 In another study on facial 

expression regulation, display of positive facial expression seemed compromised in AD 

patients, as assessed using facial electromyographic recordings of corrugator and zygomatic 

activity, while presented with affective stimuli. In contrast, electromyographic patterns 

recorded during exposure to negative stimuli were comparable between AD and healthy 

controls.67

Empathy is crucial for social functioning and regulated by affective bottom–up and 

cognitive top–down processes that involve emotion awareness and regulation.68,69 A recent 

work summarized findings on different aspects of empathy, including emotion processing/

decoding, self-awareness, affective sharing, mental flexibility, and self-regulation, and 

reported deficits in emotion decoding and elevated affect sharing in AD.70 The seemingly 

enhanced ability in affect sharing or “emotional contagion” may result from dysfunctional 

emotion inhibition in AD, potentially because of degeneration of the hippocampus and 

parahippocampal gyrus.12 The general ability of self-other-awareness appears intact, though 

awareness about their AD-related self (e.g., about dementia) may be impaired in AD.70 

Mental flexibility and self-regulation are preserved in AD as long as the situational cognitive 

demand is not taxing for the patients. As cognitive capabilities decrease along the course 

of illness or the complexity of social situations increases, an impairment becomes apparent. 

Thus, cognition affects empathy processing in a context dependent manner in AD.70

Interaction of Emotion and Cognitive Processing

Emotion is inherently embedded in cognitive, including language and memory, 

processes.71,72 In this context, studies have evaluated the emotion enhancement effect (EEE) 

of memory. EEE is evident in nondemented elderly people as in quicker and more accurate 

recall of emotional vs nonemotional memory, relative to younger people.73 Though present 

for both, EEE favors memory of positive vs negative valence.73,74 EEE is demonstrated in 

AD by most but not all studies, with overall memory impairment potentially masking the 

actual effects of emotion.75 For instance, on both immediate and (20-minute) delayed recall 

of valenced words, AD patients performed worse than patients with aMCI and healthy 

controls. Emotional enhancement observed for positive word during delayed recall, as 

reflected by more correct recall of positive vs neutral words, was also significantly weaker 

in AD.76 Increasingly impaired emotion discrimination (e.g., facial emotion discrimination 

in memory tasks on facial emotional cues) with increased cognitive complexity of task in 

AD associates diminished EEE with AD pathology.77 Task repetitions, shorter time delay in 

recollection, higher emotional load (intensity), and self-reference of the stimuli benefit AD 

patients in manifesting EEE.
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The formation of episodic memory is typically laden with emotions.78 Associated with 

amygdala atrophy and hippocampal deafferentation, dysfunctional episodic memory is 

noted in early stage AD78 and may lead to over-generality or inability to reach past 

personal events.79 A fundamental component of self-awareness, autobiographical memory 

is impaired80 as a result of amygdala–hippocampus atrophy in AD.81 Studies have 

shown a positive effect of sensorial stimulation by familiar music/odor/taste on episodic 

autobiographical memory, which in turn may improve self-awareness in AD.79 As described 

earlier, for episodic and autobiographical memory, the presence of emotional benefit may 

depend upon task complexity.82 Cognitive demand may mask the benefits in AD. For 

instance, in contrast to simple recall of valenced stimuli, a task that requires association 

of the emotional context with its destination—an object defined by the task—may be 

cognitively too demanding and see no emotional benefits in AD.82

EEE is likewise evident for working memory.83 A study assessing age-related differences 

noted memory enhancement in recalling emotional vs neutral words in elderly people.84 

Young adults recalled more correct words than old adults, all recalled more negative than 

neutral and positive words, and old but not young adults recalled more positive than neutral 

words. As a result, the EEE was highly pronounced in old adults, particularly for negative 

words, nullifying age-related differences.84 Other studies noted positive emotion bias in 

emotion perception and memory in healthy old adults but not in patients with early-stage 

AD.55,85

In another setting with the Deese–Roediger–McDermott paradigm, participants were 

presented with semantically related words (e.g., hill, valley, climb, top, glacier, and steep.) 

and may erroneously recall a nonpresented theme word (e.g., mountain) during free recall 

or falsely recognize the lure words in the recognition test.86,87 AD patients demonstrated 

less true and false recognition compared to controls.88,89 In an emotion variant of the 

paradigm with four lists of semantically related theme words—depression (loneliness), 

delusion (betrayal), positive (holidays), or neutral (window)—AD and MCI patients relative 

to controls showed more false recognition for positively valenced words but comparable 

performance for other categories.90 Further, true recognition was comparable in AD while 

enhanced for emotional than neutral items in MCI and healthy controls, highlighting the 

absence of emotional memory benefit in AD. However, among the different categories 

of emotions, positive items were better recognized by AD, in contrast with equitable 

recognition across all emotions in MCI and positive/delusion-related items in controls.90 

Thus, positively valenced emotional words may not only enhance recognition in AD but also 

lead to false memories.90

On the other hand, AD is associated with impairment in attentional shift towards emotional 

stimuli.91 The latter study involved pro- and anti-saccades dictated by emotional visual 

stimuli with positive/negative/neutral valence. AD patients presented similar mean error 

rates in anti-saccades for both valenced and neutral stimuli, as opposed to controls who 

demonstrated more errors for emotional than neutral stimuli, indicating impaired attention 

capture by emotional stimuli in AD.91 In contrast, AD and controls did not show differences 

in pro-saccade error rates across all stimuli or with respective to emotional vs neutral 

stimuli, although AD did not show faster RT to emotional, particularly negative vs neutral 
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stimuli, as observed in controls, again in accord with deficits in attention capture by 

emotional stimuli. Another study investigated the influences of attention on emotional 

enhancement of memory (EEM) using a divided vs full attention paradigm with highly 

emotionally arousing stimuli.92 A cue was presented with (divided attention) and without 

(focused attention) distractor, and participants responded whether or not the cue stimulus 

comprised humans (discrimination) and whether or not the cue was presented earlier than 

the distractor (recognition). Regardless of the presence of distractor, no EEE was observed 

for discrimination, whereas valenced vs neutral pictures were better recognized leading 

to increase in both true and false recognition in AD. Thus, highly arousing stimuli do 

not recruit attentional resources explicitly, but the “feeling of familiarity” may influence 

recognition.92 Such lack of EEE was also evident in a visual target search task where AD 

patients showed comparable performance for neutral and valenced visual stimuli, contrary 

to controls who detected negative targets more efficiently.93 Thus, AD patients do not 

demonstrate EEE in behavioral tasks that require rapid attentional shift.

Neural Correlates of Emotion Processing Dysfunction in AD

In a broad conceptual scheme, the perception of emotional stimuli is followed by (i) 

identification and judgment on emotional components, (ii) production of stimulus-specific 

affective state, and (iii) adjustment of affective state/emotional behavior to be contextually 

relevant by modulating/inhibiting processes (i) and (ii).94 These processes can be explained 

in terms of three models—basic emotion, dimensional feeling, and regulation95 and two 

neural systems—the ventral system comprising the insula, amygdala, ventral striatum, and 

ventral PFC, including the ACC for processes (i) and (ii), and the dorsal system comprising 

the hippocampus, dorsal prefrontal, and cingulate gyrus for process (iii).94

Numerous studies have employed fMRI and PET imaging to investigate the neural correlates 

of these processes.96 A detailed review of these studies is available elsewhere.97–104 Briefly, 

the amygdala is involved in processing salient (particularly negative) stimuli, including those 

that elicit fear and require rapid “on-the-flight” decisions; the subcallosal cingulate cortex is 

involved in responses to stimuli that evoke negative mood; the insula is involved in recall 

of emotional memory and emotional experience; and the ventromedial and dorsolateral 

PFC are engaged during emotional regulation, likely via interaction with the amygdala and 

insula.102,104,105 These neural hubs along with other regions of the limbic and cognitive 

motor circuits support the perception, dimensional feeling, and regulatory processes of 

emotion. Studies have also provided evidence for regional specialization, with the amygdala 

in response to fear, insula, and globus pallidus to disgust, and lateral OFC to anger.96 

In contrast, the medial PFC, including the ACC, plays a more general role in emotional 

perception and regulation.96

The Role of the Hippocampus in Emotion Processing

The hippocampus interacts with the amygdala in responses to emotional stimuli and 

supports emotional memory.71,106 Studies of amygdala–hippocampal interaction have 

mainly focused on how the amygdala affects hippocampal processes of episodic memory.16 
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On the other hand, recollection of emotional experiences engages the hippocampus to 

influence amygdala responses.106

Anatomically, the hippocampus is divided into CA1, CA3, and dentate gyrus (DG) along the 

transverse axis.107 The DG forms the input and CA1 the output node of the tri-synaptic loop 

of hippocampus: DG→CA3→CA1.108 Projecting to the subiculum and entorhinal cortex, 

dorsal CA1 is mainly involved in episodic memory and spatial navigation.107 Projecting 

to the nucleus accumbens, amygdala, and PFC, the ventral CA1 is positioned to regulate 

affective and motivated behaviors.107,109,110 Thus, the hippocampus works in synergy with 

the emotion circuits whenever “emotion needs memory.”111 Rolls suggests that the emotion 

system (including amygdala, OFC, and ACC) follows the feed-forward pattern to learn 

stimulus-reward association, whereby reinforcers are recognized, evaluated for affective 

value, and translated to influence behavior. The hippocampus, on the other hand, works with 

recurrent collateral feedbacks, whereby contextual information in the CA3 can be recalled 

to facilitate recognition and evaluation of environmental stimuli and decision making.111 

Figure 2 illustrates the hippocampal emotion circuit.

The hippocampus is connected with basolateral amygdala via (1) lateral entorhinal 

cortex indirectly, (2) hypothalamus and medial septum indirectly, and (3) CA1/subiculum 

directly.113 An fMRI study of adults 60–91 years noted higher hippocampal DG and CA3 

activity during correct rejection of lure negative vs neutral images during emotional pattern 

separation.114 In contrast, the amygdala showed higher activity during false identification of 

negative vs neutral images; that is, during over-generalized responses.114 An extension of 

this work combining diffusion tensor imaging (DTI) with fMRI showed that the integrity 

of uncinate fasciculus (connecting the medial temporal regions and OFC) is central to 

hippocampal DG/CA3 activity and emotional discrimination.115 In real-time fMRI, neuro-

feedback training resulted in enhanced emotion regulation along with elevated hippocampal 

activation and hippocampus–amygdala connectivity.16,116,117 The hippocampus partakes in 

down-regulation of negative emotion using humorous reappraisal, likely via a hippocampal–

thalamic–frontal pathway, to “re-present” emotions, that is, cognitive restructuring of 

negative to positive emotions.118 Hippocampal rsFC is central to EEM.119 In contrast, 

focused attention to reduce the emotional impact of distressing memory is associated 

with reduced hippocampus, amygdala, and anterior parahippocampal activity.120 Reduced 

hippocampal activity and connectivity with the PFC and amygdala was also observed 

in paradigms involving suppression of emotional memory.121,122 Other studies broadly 

highlighted the role of the hippocampus in facial recognition and music-evoked17,123,124 as 

well as social125–127 emotions.

Together, these studies support a critical role of the hippocampal circuit in emotional 

memory and regulation in youth and during healthy aging.

Hippocampal Atrophy and Morphometrics in AD

Hippocampus is one of the brain regions affected earliest in the course of AD dementia.128 

Machine learning showed that hippocampal volume distinguished AD, MCI, and cognitively 

normal individuals with ~80% accuracy.128 Other studies implicated hippocampal texture—

the texture descriptor comprising spectral histograms that capture different micro-structural 
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properties, including steep transitions and blobs129—as a critical feature in computer-aided 

differential diagnosis of dementia.130 A study reported fastest reduction of gray matter 

density (GMD) in hippocampal CA2, amygdala, and hippocampal–amygdala transition area 

in AD vs controls over a 2-year period, with GMD changes predicting Mini Mental State 

Examination (MMSE) scores in AD.131 A 14-year cohort study of nondemented older 

adults showed that the annual rate of CA1–3 atrophy correlated significantly with increased 

risk of developing AD symptoms, independent of age, education, gender, or ApoE4 

genotype.132 Hippocampal atrophy was mirrored by CSF levels of tau protein longitudinally 

in tau(+)AD.133,134 A recent work refined the hippocampal subareas where the GMV best 

differentiated AD from controls.135 Another study associated hippocampal atrophy with 

depression and anxiety in AD.136 Pronounced right hippocampal atrophy was observed in 

AD with psychiatric symptoms relative to those without, even after controlling for frontal 

lobe volume.137 Numerous other studies have documented altered hippocampal structure in 

link with visuospatial, executive, visual association, and verbal memory dysfunction in MCI 

and/or AD.138–140

Hippocampal atrophy is noted even in atypical AD and logopenic progressive aphasia, 

which are generally considered “hippocampal sparing”141 as well as in semantic dementia 

and dementia with Lewy bodies.142 Hippocampal atrophy is associated with cognitive 

impairment during aging independent of AD neuropathologies.143 Other studies have 

focused on hippocampal local surface roughness as a predictive marker of progression from 

MCI to AD,144 and hippocampal shape and asymmetry in differential diagnosis of AD145,146 

and early vs late onset AD,147 and documented functional, metabolic, and shape changes in 

the hippocampus.148–152

Hippocampal Atrophy and Emotion Processing Deficits in AD

In this subsection, we summarize the studies of volumetric correlates of emotion processing 

and highlight the hippocampus specifically. The studies are grouped into those assessing 

emotional memory, facial emotion processing, and social emotion.

Emotional memory and EEM.—With film clips depicting happy and sad emotions 

presented to the subjects, a study associated amygdala and hippocampal volume with 

emotion ratings and declarative memory, respectively.57 Experienced emotion and its 

persistence were comparable between AD and HC. Hippocampal volume was significantly 

smaller but amygdala volume was comparable in AD relative to HC. Persistence of 

happy and negative emotion each showed a positive and negative correlation with 

amygdala volume; in contrast, hippocampal volume was positively correlated with memory, 

irrespective of emotion.57 Another study reported in a pooled sample of AD, MCI, and 

cognitively normal controls a correlation of left amygdala volume with immediate recall of 

both positive and negative words and with delayed recall of positive words, right amygdala 

volume with delayed recall of negative words, left hippocampus volume with immediate 

recall of positive words, and bilateral hippocampus volumes with delayed recall of negative 

words. Thus, both the amygdala and hippocampus partake in emotional memory.76 In 

another study, AD vs HC demonstrated bilateral amygdala and hippocampal atrophy and 

deficits in both immediate and delayed recall of emotional pictures, and hippocampal 
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volumes were positively correlated with recall of pictures of positive valence in AD.153 

On the other hand, amygdalar but not hippocampal volumes were positively correlated with 

memory of real-life emotional events (e.g., Kobe earthquake), even after controlling for 

age, sex, education, and whole brain atrophy.154 Amygdala thus appeared to play a more 

dominant role during recall of self-referencing emotional events.154,155 However, although 

AD vs controls showed impairment in fear conditioning, the deficits did not appear related to 

amygdala volume.156

The amygdala interacts with the hippocampus and PFC to modulate cognition,75 including 

EEM. Presented emotionally charged and neutral story followed by recall of details one 

day later, patients with mild AD showed EEM comparable to controls. Further, EEM was 

correlated with bilateral hippocampus, parahippocampus, fusiform gyrus, and frontal pole 

volumes in AD.157 However, another study of recognition of valenced and neutral pictures 

reported EEM in HC but not AD.158 Overall, the EEM correlated with right amygdala and 

bilateral hippocampus volumes in AD. More specifically, memory enhanced by positive 

stimuli correlated with right amygdala and hippocampus volume, while EEM of negative 

stimuli correlated with bilateral hippocampus volume in AD. No such correlations were 

evident in HC.158 Perrin and colleagues159 assessed EEM using cued and free recall of 

valenced and neutral pictures (content) preceded and followed by an emotional or neutral 

dialogue in AD. Free-recall EEM was correlated with right amygdala volume for both 

positive and negative content, whereas left amygdala volume was correlated with negative 

content only. No volumetric association was observed for cued recalls. Thus, although 

the hippocampus and amygdala are involved in emotion memory and EEM, the findings 

were mixed in terms of EEM by positive vs negative stimuli and the potential hemispherity-

specific roles of hippocampus vs amygdala.

The volumetric correlates of emotional memory and EEM are summarized in Figure 3.

Identification of facial emotion and intentional emotional facial expression.—
Impairment in facial emotion processing is evident in AD, and the great majority of studies 

reported a positive association between regional GMVs and performance (see Ref. 160 for 

contrasting findings). A study associated the capacity in identifying facial emotions with 

left middle frontal and superior/middle/inferior temporal gyrus volumes in a population 

of HC, MCI, AD, and FTD.161 Recognition of negative emotion (anger, sadness, and 

fear) was positively correlated with volumes of the right inferior and middle temporal 

gyri and right anterior inferior temporal gyrus extending into right lateral OFC in HC, 

AD, MCI, progressive supranuclear palsy (PSP), and frontotemporal lobar degeneration.162 

Right superior temporal gyrus volume correlated with recognition of sadness independent of 

disgust and anger.162 Recognition performance for a broad range of positive and negative 

emotions correlated with GMVs of bilateral caudate, thalamus, inferior orbitofrontal and 

inferior/middle frontal cortex, left fusiform gyrus, supplementary motor area, posterior 

insula, right superior frontal gyrus and gyrus rectus in a combined sample of AD, 

behavioral variant FTD (bvFTD), semantic variant primary progressive aphasia (svPPA), 

nonfluent variant primary progressive aphasia (nfvPPA), PSP, corticobasal syndrome (CBS), 

and HC.65 Other studies associated emotion identification with right-hemispheric anterior 

temporal cortex, insula, amygdala, and posterior fusiform volumes in a combined sample 
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of HC, SD, and AD63 and bilateral insula thickness and right hippocampal volumes in 

AD.42 On dynamic emotion tracking, lower performance correlated with atrophy of bilateral 

OFC and right inferior/middle frontal gyri in a sample including HC, AD, PSP, CBS, 

and frontotemporal lobar degeneration.163 Specifically, lower performance for positive and 

negative emotion was associated with tissue loss in right frontopolar cortex (Brodmann area 

or BA10) and lateral OFC (BA47), respectively.163 Another study with emotion tracking 

highlighted the roles of bilateral superior medial frontal gyrus, ACC, supplementary motor 

area, right middle/inferior temporal gyri, fusiform gyrus, middle temporal pole, amygdala, 

insula, and inferior OFC in a sample of AD, bvFTD, svPPA, nfvPPA, PSP, CBS, and HC.65 

Performance in dynamic emotion tracking was impaired in AD vs HC in the latter study but 

was not compared between groups in Ref. 163.

Intentional emotional facial expression is learned through social communication and likely 

to involve neuroanatomical correlates distinct from those of basic facial expression.164 

Patients with AD but not those with FTD, PSP, and primary progressive aphasia (PPA) 

were intact in generating facial expressions following verbal command and in imitating 

the emotions displayed by pictures, relative to controls.165 Overall (verbal + imitation) 

deficits were associated with volume loss in bilateral central operculum, frontal operculum, 

anterior insula, medial OFC, inferior frontal gyrus, dorsal anterior cingulate, precentral 

gyrus, putamen, thalamus, and medial temporal gyrus, with right-lateralized loss specifically 

for imitation deficits, across all subjects.165

In sum, except for dynamic emotion tracking and intentional imitation of facial expressions, 

which involve most prominently the OFC, frontoparietal cortex, and insula, hippocampal 

dysfunction in facial emotion recognition/identification were evident in AD. However, most 

studies have included patients with other types of dementia, likely to increase sample size, 

and the deficits specific to AD pathology remain to be investigated. These volumetric 

correlates of facial emotion processing are summarized in Figure 4.

Social emotion.—The total awareness of social inference test (TASIT) evaluates the 

ability to recognize dynamic display of emotions and sincerity or sarcasm in videotaped 

vignettes of everyday social interactions.166 It has two parts: TASIT 1 assesses recognition 

of spontaneous emotional expression; TASIT 2 assesses social inference, including for 

example, comprehension of sincere vs sarcastic exchanges, with speaker’s voice and facial 

expression indicating the intended meaning of the exchange. Social inference is assessed via 

questions probing for understanding of the emotions, intentions, and beliefs of the speakers. 

AD patients relative to controls did worse in the recognition of disgust, sadness, surprise, 

and happiness but not anger, anxiety, or fear.42 The deficits correlated with right insula 

and anterior cingulate cortical thinning as well as bilateral hippocampus, right amygdala, 

bilateral accumbens, and putamen atrophy in AD.42 Another study of TASIT reported no 

deficits in emotion recognition and social inference, after controlling for overall cognitive 

ability, in AD.167 Right posterior middle/inferior temporal, right middle temporal/temporo-

occipital, left fusiform, right frontal pole, left hippocampus, left insula, right inferior frontal, 

left postcentral/angular gyrus, and right superior parietal GMVs were positively correlated 

with performance in emotion recognition in AD after accounting for education and cognitive 

abilities; in contrast, no volumetric correlates were identified for social inference.167 Rankin 
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et al168 likewise found intact comprehension of sarcasm in AD, which was correlated 

positively with GMVs of right superior temporal pole, bilateral parahippocampal gyrus, 

right superior frontal gyrus, middle temporal gyrus, and caudate in a combined sample 

of HC, AD, FTD, SD, progressive non-fluent aphasia (PNFA), corticobasal degeneration 

(CBD), and PSP.

A study assessed AD, bvFTD, SD, and HC with a social–emotional questionnaire (SEQ) and 

observed relatively intact social emotion in AD.169 In the pooled sample, SEQ overall score 

was correlated with the GMVs of bilateral anterior temporal poles and fusiform gyri, and 

left frontal pole, OFC, and insula. Across groups, emotion recognition alone was correlated 

with the GMVs of left OFC, left temporal pole, bilateral hippocampus, and left cerebellum, 

and “empathy” with right insula, left OFC, left temporal pole, and left cerebellum. No 

volumetric correlates were identified in AD alone.169 Another study used the Revised Self-

Monitoring Scale—sensitivity to expressive behavioral subscale (RSMS-EX) to evaluate 

the ability to interpret subtle nonverbal social cues and Interpersonal Reactivity Index–

empathic concern (IRI-EC) to evaluate the tendency of emotional empathy.170 Prosocial 

motivation (reflected by IRI-EC, after controlling for RSMS-EX score) and affect sharing 

(vice versa) were evaluated for patients with AD, PSP, PPA, bvFTD, and HC. The 

results noted comparable empathic concern but diminished prosocial motivation in the 

patients relative to controls. Further, affect sharing was associated with amygdala and 

hippocampus and prosocial motivation with frontal cortical and striatal volumes.170 Another 

study examined IRI sub-scales “perspective taking” (cognitive empathy) and “empathetic 

concern” (emotional empathy) in FTD, semantic dementia (SD), PNFA, AD, CBD, PSP, and 

HC.171 AD patients alone vs controls showed worse cognitive but comparable emotional 

empathy, though no volumetric differences survived the threshold.171 In the entire sample, 

emotional empathy was correlated with GMVs of the right temporal pole, right caudate, and 

right inferior frontal gyrus, and cognitive empathy with right temporal pole, right caudate/

subcallosal gyrus, and right fusiform gyrus. A more recent work likewise noted impairment 

in perspective taking but not empathetic concern in AD relative to HC.172 Impairment 

of perspective taking in AD was correlated with atrophy in left inferior/middle/superior 

temporal cortex, left angular gyrus, left parahippocampal gyrus, left cerebellum, and right 

middle temporal gyrus.172 Insight is crucial to emotional awareness. Frontotemporal and 

subcortical regional volumes were implicated in insight in patients with AD, bvFTD, SD, 

PNFA, and LPA.173 Among the different components of insight, social interaction deficit 

correlated with left OFC, left parahippocampus, right middle temporal gyrus, bilateral 

insula, and right amygdala atrophy; motivation/organization insight deficit correlated with 

bilateral orbitofrontal, left anterior cingulate, and right frontopolar atrophy; deficits in 

emotion insight correlated with bilateral frontopolar, right dorsolateral PFC, SMA, bilateral 

anterior cingulate, and left amygdala atrophy in all groups combined. No correlation 

survived on separate analysis for each group.173 Other studies implicated the hippocampus, 

temporal cortex, and amygdala in emotional contagion,12 a physiological and behavioral 

state that promotes affective stimulation among peers, possibly through the activation of 

visceromotor mirroring mechanisms.174–176 Emotion contagion may increase in intensity 

at each stage of AD (HC<MCI<AD) and appear to be correlated with smaller bilateral 
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temporal cortical, temporal pole, hippocampal, and parahippocampal and bilateral amygdala 

volumes.12

These volumetric correlates of social emotion processing are summarized in Figure 5. 

The hippocampus and parahippocampal gyrus seem involved in many different dimensions 

of social emotional dysfunction. On the other hand, as with facial emotion identification 

and imitation, many studies involved patients with dementia other than AD; thus, the AD-

specific neuroanatomical correlates of social emotion processing remain to be clarified.

Hippocampal Circuit Activity and Connectivity and Emotion Processing Deficits in AD

This subsection will summarize fMRI studies of AD, which have commonly assessed 

reactivity to emotional stimuli and emotional memory of faces and pictures. Connectivity 

studies on AD emotion are limited but discussed where relevant.

Reactivity to emotional stimuli.—Functional magnetic resonance imaging studies on 

emotion processing are far fewer in AD than in other clinical populations, probably because 

of the difficulty in engaging patients in such tasks. In the conceptual scheme of emotion 

processing, as described earlier, emotion perception and reactivity represents the first stage 

of information processing. AD patients relative to young and old HCs showed greater 

amygdala activation during exposure to both novel fearful and familiar neutral faces but only 

early during the experiment, suggesting hyperactivation rather than reduced habituation.177 

Higher right amygdala activation remained significant in AD vs old HC, after adjusting for 

the amygdala volume, which was significantly reduced in AD vs old HC.177 In another 

study, patients with mild AD relative to HC showed reduced responses in left insula/frontal 

operculum to happy, left MPFC to sad, and left ventral premotor cortex to fearful facial 

expression during passive viewing.178 AD patients with vs without apathy showed lower 

activation in bilateral amygdala and fusiform gyri during passive viewing of sad vs neutral 

faces but no differences viewing happy vs neutral faces.179 The latter finding suggests the 

influence in motivational state on emotional reactivity and amygdala responses in AD.

Reactivity to emotional stimuli influences working memory when the emotional stimuli are 

not the targets to be encoded. In a visual working memory task with emotionally neutral and 

negative background pictures as distractors, while both AD/MCI and HC reacted slower in 

target identification with emotional vs neutral distractors and with increased memory load, 

AD/MCI were less distracted than HC by emotional pictures.180 Overall, AD/MCI vs HC 

showed higher activation in left cerebellum, putamen, fusiform, amygdala, right superior 

temporal pole, and parahippocampal gyrus, and lower activation in bilateral occipital, insula, 

and frontal regions. Further, HC showed lower activation of the amygdala with increased 

memory load, while AD/MCI showed amygdala activation during both low and high load, 

reflecting dysfunctional inhibition of distractor processing in AD/MCI. Finally, AD/MCI vs 

HC showed higher left amygdala responses to negative emotion distractors but diminished 

DLPFC activation during working memory, independent of memory load.180

These functional neural correlates are summarized in Figure 6. Together, along with the 

discussion of the impairment in identifying negative emotions, these findings suggest that 
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higher amygdala reactivity to negative emotions likely did not reach awareness to influence 

cognitive processing or impact hippocampal mechanisms of memory encoding in AD.

Emotional memory.—In studies of emotional memory, participants are asked to 

remember emotionally valenced and neutral stimuli and to recall these stimuli after fMRI 

scan. For instance, investigators observed enhanced recognition of positive emotional scenes 

in HC but not MCI or AD subjects.181 Negative emotional stimuli were not studied in 

the latter report. Recognition performance was worse in AD compared to HC and MCI, 

while HC and MCI were comparable. AD relative to HC and MCI showed diminished 

parahippocampal/hippocampal activation for both neutral and emotional vs baseline (i.e., 

visual fixation) but not between emotional vs neutral stimuli. Middle temporal cortical 

activation was correlated with recognition performance for emotional pictures across 

all groups and AD/MCI. The study also noted enhanced hippocampal/parahippocampal 

activation to both emotional and neutral scenes in MCI relative to HC and attributed 

the same to compensatory enhancement (though insufficient to impact performance) 

during early phases of cognitive decline.181 Music is emotionally arousing and often 

evokes emotional memory. A study examined how long-known and recently-heard music 

differentially recruit the emotion circuits in MCI and early AD, and noted activation of 

bilateral pre-frontal, limbic, motor, auditory cortical, and subcortical regions for long-known 

music.182 Recently heard vs baseline engaged activation of the inferior frontal gyrus, 

precentral gyrus, and superior/medial temporal lobe and “deactivation” of the DLPFC and 

MPFC, including the ACC. Long-known vs baseline and vs recently-heard recruited many 

of the same regions, as well as the supplementary motor area, precentral gyrus, inferior 

frontal gyrus, hippocampus, parahippocampus, amygdala, superior/inferior temporal cortex, 

anterior insula, putamen, pallidum, and anterior thalamus. Thus, long-known music activated 

regions involved in autobiographical memory and emotion processing in AD.182 However, 

no control participants were scanned in the latter study. The functional neural correlates of 

emotional memory are summarized in Figure 7.

Resting-state functional connectivity/co-activation of the hippocampal circuit.
—Whereas few fMRI studies examined emotional dysfunction by engaging participants 

in a behavioral task, resting-state studies have demonstrated altered hippocampal and 

amygdala functional connectivity in AD, though most have not related imaging to clinical 

or behavioral findings.152,183,184 AD showed higher and lower bilateral hippocampal 

connectivity with the precuneus and superior temporal gyri, respectively,152 and a reduction 

of amygdala connectivity with the hippocampus, temporal, and frontoparietal areas that 

progressed in severity, with probable implications for emotional processing dysfunction.184

Another study noted significant bilateral hippocampal/entorhinal cortex coactivation with 

the default mode network (DMN) in both AD and HC and lower resting-state low 

frequency activity in the hippocampus and posterior cingulate in AD relative to HC.185 

In prodromal AD, the hippocampus decoupled functionally from the posterior DMN during 

resting state.186 DMN-hippocampal coupling has been implicated during different phases of 

memory processing.187 An earlier review posits a role of the DMN in representing discrete 
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emotions by abstraction.188 In AD, altered DMN-hippocampus FC may impair emotion 

processing.

A recent work associated altered FC of the frontal pole, temporal, and insular cortex with 

impaired emotion detection and cognitive empathy in AD.189 The study assessed social 

cognition using TASIT-Emotion Evaluation Test (TASIT-EET), RSMS, IRI, and Social 

Norms Questionnaire in AD, PD, FTD, and HC. All three patient groups scored worse than 

HC on perspective-taking (IRI-PT), and across all subjects, IRI-PT score was positively 

correlated with left inferior temporal cortical connectivity with bilateral frontal pole and 

posterior cingulate gyrus, and with right inferior parietal connectivity with right frontal 

pole and temporal gyri.189 Another study associated higher socioemotional sensitivity with 

mean FC of the salience network (SN) across dementia patients and controls, although the 

patients did not differ from HC in socioemotional sensitivity (as assessed with RSMS) and 

showed lower connectivity of the DMN and sensorimotor but not the SN, relative to HC.190 

Of the SN, right anterior insula connectivity with the ACC was positively correlated with 

RSMS score, in support of SN’s role in socioemotional functions,190 as also demonstrated in 

other studies.191,192 AD and aMCI patients each showed 13.2% and 5.9% lower SN GMV, 

along with reduced intra-SN FC in AD, as compared to controls.193 A recent meta-analysis 

supported altered SN connectivity as an imaging marker of MCI,194 though Ng et al, 

2021195 noted intact graph-theoretic metrics of the SN in AD. The roles of the SN in 

emotional processing dysfunction remain to be clarified.

A longitudinal study evaluated affective symptoms in healthy older adults with the self-

report version of the revised NEO (Neuroticism, Extraversion, and Openness) Personality 

Inventory, followed by amyloid-PET scan and rsfMRI.196 Emotional reactivity, as indexed 

by a composite score of anxiety, depression, and emotional vulnerability, increased with 

age in subjects later found to be amyloid-positive (PiB+) but not in PiB− subjects, whereas 

all showed decline in interpersonal warmth, indexed by a composite score of extraversion. 

PiB+ relative to PiB− subjects showed significantly higher global connectivity within the 

right insula and superior temporal sulcus, left hippocampus and entorhinal cortex, bilateral 

midbrain and midline pons, as well as the cerebellum. Higher superior temporal sulcus 

connectivity was correlated with lower interpersonal warmth and higher emotional reactivity, 

regardless of PiB status. Thus, temporal and insular cortical connectivity may influence 

affective processing even during the preclinical stage of AD.196

Structural connectivity of the hippocampus and parahippocampal gyrus.—
A study combining DTI and PET imaging showed higher diffusivity of the anterior 

hippocampus in AD patients vs controls and in negative correlation with FDG uptake 

in the hippocampus, parahippocampus, and posterior cingulate cortex in AD patients.197 

Delayed verbal recall score correlated negatively with anterior hippocampal diffusivity and 

positively with FDG uptake in posterior cingulate cortex and bilateral hippocampus and 

parahippocampus.197 The uncinate fasciculus (UF), connecting the PFC to anteromedial 

temporal lobe, and cingulate-parahippocampal fasciculus (CHG) are two major white matter 

tracks in the middle temporal lobe. Higher diffusivity of the UF and CHG at baseline 

predicted decline in episodic memory over a 3-year period in healthy elderly at higher risk 

of AD, including those with a family history of dementia and carriers of apolipoprotein E 
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ε4 allele.198 Another study reported reduced fractional anisotropy (FA) and elevated radial 

diffusivity in bilateral UF, CHG, and fornix in MCI relative to HC and a significant positive 

correlation between left UF FA and episodic memory in MCI alone.199

A recent work evaluated the integrity of UF, inferior longitudinal fasciculus (ILF, connecting 

occipital cortex with anterior temporal lobe and amygdala), and inferior fronto-occipital 

fasciculus (IFOF, connecting occipital cortex to OFC through temporal cortex dorsal 

to uncinate fasciculus) along with the facial emotion selection test in AD.200 Patients 

performed significantly worse in identifying negative but not positive or neutral facial 

emotions relative to HC. No differences in FA and mean diffusivity were observed between 

groups, though left UF but not ILF or IFOF diffusivity was negatively correlated with 

negative emotion score in patients. Thus, in AD patients, disruption of UF may affect the 

top-down PFC regulation of the amygdala during evaluation and recognition of negative 

facial emotions.200 Notably, functional imaging studies of emotional reactivity as discussed 

in Section 4.4.1 suggest higher amygdala and lower cortical responses to negative emotions 

in AD. Thus, higher amygdala activity to negative facial emotional stimuli, whether 

reflecting a pathophysiological change or a compensatory process, did not appear to capture 

attention or facilitate the identification of emotional stimuli. It is highly likely that the 

disruption of amygdala cortical and hippocampal connectivity prevents emotional signals 

from being processed further in AD.

Progression of Emotion Processing Impairment in AD and Potential Neural 

Bases

It is difficult to characterize systematically how emotion processing dysfunction progresses 

through the course of AD. First, most of the studies included early-stage AD patients; 

second, mostly the studies are cross-sectional rather than longitudinal; and third, the studies 

were highly heterogeneous in the behavioral tasks employed to assess emotion processing. 

These limitations are also noted in a recent review.201 The findings of impairment in facial 

emotion processing in early stage AD appear to be robust after controlling for cognitive 

impairment.47–50,52 A study targeting MCI and early stage AD observed impaired facial 

emotion recognition, but only for negative emotion (sadness).53 A review on emotion 

recognition reported compromised identification of facial expression in MCI subjects.41 

However, another study observed that basic facial emotion processing is preserved in mild 

as well as severe AD.51 On dynamic emotion recognition using film clips, recognition 

was preserved during early AD.55–58 In prospective assessments, emotion processing was 

worse during follow-up compared to baseline.23,56 Additionally, emotional memory appears 

to be impaired during early stage AD.57,58,78 Cognitive and attention dysfunctions may 

influence emotion processing, including labeling, recognition, and discrimination,48,49 but 

the great majority of studies suggest that AD may manifest emotional processing deficits 

independent of cognitive dysfunction even during the early stages.202,203 To fully understand 

how emotion processing dysfunction manifests during MCI and progresses through the 

course of AD would require longitudinal assessment of multiple domains of emotional 

function.
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Both amygdala and hippocampus undergo atrophy during early stage AD,153 with 

hippocampal atrophy associated with emotional memory dysfunction consistently across 

volumetric studies57,76,153,157,158 and amygdala atrophy associated with deficits in both 

emotion perception57 and memory.76,153,154,157–159 These differences are also reflected in 

fMRI, with studies reporting amygdala hyperactivity during emotion perception, especially 

of negative emotion;177 hippocampal hypoactivity during emotional memory181; and 

hippocampal along with frontoparietal cortical hypoactivity during complex emotional 

memory (e.g., autobiographical memory).182 However, it was noted in a study that 

the amygdala but not hippocampus was involved in self-referential negative memory.154 

Emotion processing implicates a number of other cortical and subcortical regions, 

including the prefrontal cortex, pre-/postcentral gyrus, cingulate, insula, and basal 

ganglia,42,63,65,161–163 which may be differentially involved in the neuropathology through 

the course of AD. The nature and extent of emotional processing deficits may depend on 

which specific brain regions and/or circuits are compromised across the stages of AD, a 

topic clearly warranting further investigation.

Studies assessing social emotion likewise utilized different tasks, targeted different 

functions, and reported mixed findings. Social emotion appears to be intact after accounting 

for cognitive ability167,168 in some studies but impaired in others42,170 in early AD. Atrophy 

of the insula, inferior frontal cortex, cingulate, hippocampus, amygdala, accumbens, 

and putamen correlated with social emotion processing dysfunction in AD.42 Emotional 

empathy appeared to be intact, while cognitive empathy was impaired in early AD.171,172 

Temporal cortical atrophy correlated with the severity of both emotional and cognitive 

empathy.171,172

Thus, although the findings are likely task-specific, emotion recognition, and memory 

appear to be impaired at the early stage and processing through the course of AD. 

Further, although emotion processing impairment may be present independent of cognitive 

dysfunction, cognitive demand of the emotional tasks and atrophy of brain regions required 

of the behavioral tasks may determine the overall severity.

Neurotransmitter Systems and Emotion Processing Dysfunction in AD

We review preclinical (AD rodent model) and clinical studies of the cholinergic, 

noradrenergic, serotoninergic, dopaminergic, and glutamatergic systems in emotional 

processing dysfunction in AD. Figure 8 provides a summary of the main findings as detailed 

in the following subsections.

Cholinergic System

Acetylcholine (ACh) is central to cognitive functioning; altered cholinergic transmission 

has been reported in various dementia syndromes, including AD.204 In AD, cholinergic 

deficiency in the hippocampus and other cortico–limbic regions may contribute to the 

behavioral and psychological symptoms of dementia (BPSD), including apathy, agitation/

irritability, and aggression.205 The nucleus basalis of Meynert (nbM) along with the 

medial septum provides the primary cholinergic innervations to the cerebral cortex 

and hippocampus, and supports memory, attention, aversive learning, and executive 
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functions.206,207 The nbM cholinergic neurons undergo approximately 5-fold decrease in 

number during advanced AD as compared to healthy aging.208 Pathological changes of the 

nbM disrupt limbic ACh inputs to the neocortex and emotion processing, possibly leading to 

apathy, in AD.209

Preclinical studies.—Preclinical studies have provided ample evidence implicating 

the cholinergic system in the manifestation of AD symptoms. Immunohistochemistry 

demonstrated dystrophy of cholinergic neurites in AD mice model with amyloid pathology, 

as quantified by cholinergic presynaptic bouton density in the cortex.210 Studies of 

transgenic mouse models showed cholinergic vulnerability to amyloid pathology,211 up-

regulated acetylcholinesterase (AChE) activity in the hippocampus, amygdala as well as 

lateral PFC, thalamus, and insula,212 and anxiety-like symptoms along with a reduction 

in basal forebrain and amygdala cholinergic neurons as well as hippocampal and cortical 

levels of ACh.213 Further, AChE inhibitors led to improvement in fear memory214 and 

in anxiety-like behavioral responses215 and memory in AD mouse models.216 In accord, 

time-dependent changes in basal forebrain AChE expression coincided with anxiety-like 

behavior in aged mice.217 Chronic ventricular infusion of Aβ fragments produced AD-like 

symptoms in rats, with the severity of anxiety (passive avoidance) correlated with decreases 

in ACh release in the frontal cortex and hippocampus.218 Dietary choline supplements 

partially prevented these changes.213 In mice exposed to chronic restraint stress, AChE 

inhibitors remediated loss of motivation and emotional responsiveness.219 N-methyl-d-

aspartate (NMDA)-induced neuronal loss in the amygdala led to reduced fear-freezing 

behavior and transplantation of neural stem cells overexpressing choline acetyltransferase 

gene successfully restored fear-freezing.220

Clinical studies.—Very few studies have specifically investigated the cholinergic system 

in humans. By examining the cytoarchitectonics of postmortem human brains, Zaborszky 

and colleagues constructed stereotaxic probabilistic maps in Montreal Neurological Institute 

coordinates of the basal forebrain areas, including the nbM.221 Both the right and left 

nbM showed significantly smaller volumes with increasing age.221 Building on this brain 

template, an earlier work described whole-brain functional connectivity (FC) of the nbM, 

showing that nbM FC with the visual and somatomotor cortices decreases while FC with 

subcortical structures including the midbrain, thalamus, and pallidum increases with age.222

Pharmacological trials provide evidence of cholinergic dysfunction in AD. Administration 

of selective AChE and cholinesterase (ChE) inhibitors is known to improve AD 

symptoms.205,223–226 In a longitudinal study, rivastigmine improved anxiety, apathy, 

and agitation by more than 55% from the baseline.227 Galantamine showed efficacy 

in ameliorating the deterioration in Neuropsychiatric Inventory (NPI) score, including 

agitation/aggression, anxiety, apathy, and irritability.228,229 Donepezil may improve the 

symptoms in moderately severe noninstitutionalized AD but showed no efficacy in mild 

to moderate noninstitutionalized AD or severe institutionalized AD patients,230 suggesting 

a limited window of therapeutic efficacy. Other studies showed that ChE231,232 and AChE 

inhibitors233 may improve apathy (see, however Ref. 234 for contrasting findings). These 

clinical trials involved patients at different stages of AD, which could account for the 
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less than consistent findings.235 A trial of donepezil with choline alphoscerate (choline-

containing phospholipid) showed significant benefit in alleviating apathy, depression, and 

anxiety, as compared to donepezil alone.236 The efficacy of most of ChE drugs reached 

a plateau after one to three years237 and a switch in medications may improve the 

condition.238,239

Thus, preclinical and clinical studies support the roles of the cholinergic circuits in emotion 

processing dysfunction, most consistently with respect to anxiety-related behavior, in AD. 

Cholinergic circuit function likely undergoes dynamic changes through the course of illness, 

raising challenges to the efficacy of treatment with cholinergic agents.

Noradrenergic System

The cerebral cortex receives noradrenergic (NA) inputs primarily from the locus coeruleus 

(LC), a small nucleus located adjacent to the fourth ventricle in the midbrain with each LC 

comprising ~1500 neurons in rodents240 and ~50 000 neurons in humans.241 LC neurons 

project widely across cortical and subcortical regions. Projections to hypothalamus regulate 

hypothalamus–pituitary–adrenal circuit response to stress.242 Animal work has focused on 

the role of the LC circuit in supporting arousal, attention, stress-related responses, and 

adaptive regulation of behavior.243–246 In particular, studies have accumulated to suggest 

that the NA circuits may contribute significantly to effort and motivated behavior.247 These 

studies suggest a potentially critical role of LC circuit dysfunction in the pathogenesis of 

apathy in AD. There are very few imaging studies of the LC in humans, likely because 

of its small size, limited spatial resolution of MRI, and susceptibility of the MR signals in 

this region to physiological artifacts. Earlier studies controlled for physiological signals and 

demonstrated whole-brain FC of the LC in humans.248,249 On the other hand, combining 

neuromelanin imaging and fMRI offers a promising venue in delineating LC circuit function 

and dysfunction in humans.250

Preclinical studies.—Animal work implicates altered LC-NA signaling in depression. 

Loss of LC NA neurons by administration of 6-hydroxydopamine led depression-like 

behavior, as shown in increased immobility during a forced swim test (FST), in adult 

C57BL/6 mice.251 The number of surviving LC neurons was positively correlated with FST 

immobility times, highlighting an ill-adaptive compensatory process leading to depressive 

behavior.251 Chronic stress along with treatment with N-(2-chloroethyl)-N-ethyl-2-

bromobenzylamine hydrochloride, a selective LC neurotoxin, induced AD-like despair 

(measured using FST) in C57BL/6 mice.252 A study quantified aminergic neurotransmission 

using micro-dialysis followed by high performance liquid chromatography and reported 

more frequent depressive behavior in 3 × Tg-AD mice along with reduced basal and K+ 

stimulated extracellular release of monoamines in frontal cortex and ventral hippocampus, 

compared to wild-type littermates.253

Indeed, hippocampal NA signaling plays pivotal roles in contextual fear conditioning, 

where norepinephrine (NE) generally enhances hippocampal synaptic efficacy. However, 

NE beyond the optimal levels may compromise hippocampal long-term potentiation (LTP) 

and memory formation.254 Propranolol (β-adrenergic receptor antagonist) treatment induced 
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impairment in contextual fear conditioning.255,256 Clonidine (α2-adrenoreceptor agonist) 

administration blocked reconsolidation of fear memory, probably by altering hippocampal 

circuit activity.257 Age-related decrease in NE levels affected hippocampal LTP, leading 

to impaired fear conditioning, a deficit reversible by administration of NE.258 During fear 

conditioning, infusion of NE into hippocampal CA1 enhanced consolidation of extinction, 

an effect that could be blocked by treatment with propranolol.259 Injection of low-dose of 

propranolol bilaterally to the hippocampus immediately after contextual fear conditioning 

induced generalized fear to safe cues, and the PTSD-like memory was associated with 

elevated hippocampal NE levels.260 Another study showed that NA activation of basolateral 

amygdala may enhance hippocampus-dependent long-term emotional memory.261 Thus, 

hippocampal NA signaling is involved in the consolidation and extinction of emotional 

memory via a number of cellular and molecular mechanisms.262–264

Clinical studies.—Noradrenergic (NA) signaling modulates emotional memory and NA 

dysregulation may influence emotional memory in AD.258 A 7-Tesla fMRI study observed 

LC activity in conjunction with amygdala and hippocampal activation each during memory 

encoding and consolidation, along with elevated heart rate and saliva α amylase levels.265 

A review of NA modulation of fear conditioning and extinction noted that amygdala-LC 

interaction may be governed by inverted-U effects of LC-NA inputs to the medial PFC 

(MPFC).254 That is, under stress and other high-arousal conditions, LC enhances amygdala 

activity, leading to encoding/cued fear learning with concurrent blunting of MPFC activity. 

In contrast, during low-arousal conditions, LC enhances MPFC activity that in turn leads to 

inhibition of amygdala activity and extinction of fear memory.254

AD presents with pathological changes in the LC during early stages of the illness, followed 

by widespread loss of NA neurons as the disease processes.5 Studies reported a 12–66% 

reduction in tissue NE levels in the hippocampus, frontal and temporal cortex, thalamus, 

and amygdala.266 Dysregulation of LC-NA system was associated with depression, anxiety, 

and agitation.267,268 LC neuronal loss was greater in AD patients with depression than 

those without,209 in contrast with an earlier report.269 The reduction in NE levels in both 

neocortex and allocortex was associated with higher rates of depressive AD symptoms.270 In 

a recent study, bupropion (a NE reuptake inhibitor) vs placebo showed a positive effect on 

improving Neuropsychiatric Inventory (NPI) total score, distress, depression, and quality of 

life in AD patients but not improving apathy in nondepressed AD patients with apathy.271

A positron emission tomography (PET) imaging study noted lower NE concentration in the 

mid-temporal and orbitofrontal cortex (OFC) in AD than controls and lower cell count in 

rostral LC in correlation with aggression in AD.272 Higher cerebellar NA nerve fibers and 

α2 receptor densities209 as well as cerebellar but not frontal cortical or hypothalamic α2, β1, 

and β2 adrenoreceptor density were noted in AD patients with aggression compared to those 

without aggression and healthy controls.273 In addition, the CSF levels of 3-methoxy-4-

hydroxyphenylethyleneglycol—a marker of NE metabolism, with a higher level indicating 

reduced NE levels274—was positively correlated with NPI score in a combined sample of 

patients with subjective cognitive decline, MCI, and probable AD.267 An α1 adrenergic 

receptor blocker, prazosin improved NPI, and Brief Psychiatric Rating Scale scores with a 

profile of adverse effects comparable to placebo.275 Propranolol also improved total NPI and 
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Clinical Global Impression of Change scores, especially agitation/aggression and anxiety.276 

A study showed efficacy of low dose (10–80 mg/day) propranolol in alleviating agitation by 

67% without prominent side effects over a period of 14 months.277

Thus, ample direct and indirect evidence implicates the LC-NA systems in affective 

dysfunction in AD.

Serotoninergic System

Serotonin or 5-hydroxytryptamine (5-HT) is central to the regulation of sleep–wake cycle, 

emotion, pain, as well as memory and learning.278,279 The raphe nuclei project widely 

across the central nervous system (CNS), to the cortex, thalamus, hypothalamus, basal 

ganglia, brain stem, and spinal cord, highlighting potential roles of the serotoninergic 

circuits in cognitive and emotion processing.280

Preclinical studies.—Serotonin receptors colocalize on cholinergic, glutamatergic as 

well as GABAergic neurons281 and serotonergic dysfunction may lead to AD pathology 

and symptomatology.278,282,283 A study highlighted the interaction of serotonergic, 

glutamatergic, and cholinergic systems in the formation of emotion memory and contextual 

freezing.284 Other studies showed that serotonin-selective reuptake inhibitor paroxetine 

ameliorated anxiety-like behavior in AD mice.285,286 Fluoxetine treatment reversed 

depressive behavior elicited by intraventricular injection of Aβ-oligomers in mice,287 likely 

via mechanisms related to Toll-like receptor 4-dependent microglial activity.288 Preclinical 

studies have also associated serotoninergic system with aggression in AD models.280,286,289

Clinical studies.—In postmortem, studies decreases in cortical tissue 5-HT levels were 

evident in agitated vs nonagitated AD and CSF levels of 5-HT metabolites were correlated 

with the severity of anxiety and fear in AD.290 AD vs controls showed no significant 

differences in 5-HT(1A) receptor affinity and density in postmortem neocortical samples; 

however, within the AD group, 5-HT(1A) receptor density was correlated negatively 

with aggression.291 Another postmortem study reported reduced temporal cortical 5-HT 

transporter (5-HTT) density in AD patients without anxiety but not those with anxiety, 

relative to controls.292 The study also observed that polymorphism in 5-HTT promoter 

region in the homozygous condition led to enhanced incidence of anxiety in AD.292 A 

review supports this finding and suggests that the anti-aggressive effects of 5-HT(1A/1B) 

receptor agonist are due to reduction rather than enhancement of serotonergic transmission 

during aggressive/combative social situations.293 5-HT(1A/1B) receptor agonists, when 

administered systemically, decreased 5-HT release via their inhibitory actions at 

somatodendritic and terminal autoreceptors.293 AD patients with involuntary emotional 

expression—prevalent in 15–39% of AD and characterized by episodes of uncontainable 

crying/laughing, irritation, anger, and frustration294—demonstrated significantly lower 

platelet 5-HT concentration compared to AD patients with aggression and controls.295

Serotonin reuptake inhibitors (SRIs) form one of the therapeutic regimens for AD behavioral 

symptoms.296 SRIs reduced irritability,297 agitation,298,299 anxiety, and depression209 in 

patients with AD and other forms of dementia. On the other hand, a meta-analysis showed 

no benefits of SRIs on cognition, mood, agitation, and daily activities in patients with 
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dementia.300 Combination of agonists and antagonists targeting different serotonin receptors 

may represent one therapeutic avenue in managing behavioral and psychological symptoms 

of dementia.280

Dopaminergic System

The ventral tegmental area (VTA) is the origin of dopaminergic (DA/TH+) axons that 

project to the hippocampus, nucleus accumbens, PFC, olfactory bulb, and amygdala.301 

This mesocorticolimbic DA pathway supports reward processing and motived behavior,302 

and degeneration of the VTA may manifest in behavioral symptoms in AD.301 Aging is 

associated with decrease in dopamine release in the caudate, putamen, hippocampus, and 

frontal cortex303; however, the exact roles of DA dysfunction in the pathogenesis of AD 

remain unclear.304 Recent studies demonstrated anti-amyloidogenic activity of dopamine 

and its derivatives in ameliorating inflammation and oxidative stress, suggesting a potential 

pathway of DA dysfunction in the disease process of AD.305

Pre-clinical studies.—AD animal models showed early degeneration of VTA in the 

preplaque phase,306,307 resulting in reduced DA outflow and altered neuronal excitability 

and synaptic plasticity in the hippocampus and nucleus accumbens.306,308 Reduction of 

VTA DA inputs to the nucleus accumbens shell was associated with impairment in food 

conditioned place preference (CPP), highlighting the contribution of dopamine to age-

related changes in reward processing and learning.306 Neurochemical studies have aimed 

to delineate the functional roles of DA receptor systems in learning. Pre-training infusion 

of SCH-23390 (D1 receptor antagonist) in the MPFC led to impaired fear memory retrieval 

in rats.309,310 SCH-23390 infusion into the hippocampus and basolateral amygdala led to 

impaired contextual fear conditioning.311 In addition, systemic administration of D1 receptor 

agonist enhanced fear conditioning312 and extinction.313 A food reward study implicated 

D1/D5 and D2 receptors each in context-dependent and context-independent extinction.314 

D2 antagonist and agonist enhanced fear response and reduced fear conditioning, 

respectively.315 In rats engaged in an effort-based decision-making task, D1 antagonist 

SCH-23390 and D2 antagonist haloperidol reduced the effort expended to obtain reward.316 

DA agonist d-amphetamine reversed these effects and rats were driven to more frequent 

reward-seeking behavior. In contrast, treatment with D3 receptor antagonist U99194 and 

agonist 7-OH-DPAT showed no effect.316 Stress elevated DA signals in the MPFC317 and 

administration of dopamine D3 receptor antagonist-YQA14A and SB-277011A reduced 

stress-like behavior in rats.318 Thus, preclinical studies point to dopamine’s complex roles 

in emotional and motivational behavior. How DA system and behavior supported by the 

DA system are impacted by aging and AD models associating changes in DA functions to 

emotional behavior remain to be investigated.

Clinical studies.—Studies in healthy individuals have documented the roles of DA 

transmission in reward and emotion processing.315,319,320 Other studies noted stress-induced 

enhancement of dopamine release in the PFC in healthy adults, suggesting a complex and 

likely region-specific relationship between DA signaling and stress/anxiety.321,322 Other 

PET and fMRI studies have implicated the DA system in response inhibition,323 reward 
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learning324 as well as reward and loss processing,325 which are known to alter during 

aging.326–332

Studies have proposed a DA basis of apathy in AD, considering dopamine’s role in reward 

processing and motivated behavior. A PET study associated reduced levels of dopamine 

transporter (DAT) or loss of putaminal DA neurons with apathy in AD.333 Another study 

noted a correlation between the reduction in bilateral caudate dopamine receptors and apathy 

in AD.334

In recent years, a number of studies have suggested modest efficacy of methylphenidate 

(a DAT inhibitor) in alleviating apathy in AD.335–337 However, methylphenidate also 

blocks norepinephrine (NE) transporter (NET), and thus, the benefit cannot be conclusively 

attributed to DA signaling.268,338 Rodent studies have suggested that methylphenidate 

produces an even greater increase in NE than DA in medial PFC.339 Moreover, therapeutic 

doses of methylphenidate in humans have yielded receptor occupancy that is at least as great 

for NET340 as for DAT,341 consistent with the higher in vitro affinity of methylphenidate 

for NET than DAT342 and suggesting the potential relevance of NET inhibition in 

the therapeutic effects of methylphenidate. In contrast, a recent study of the combined 

DAT/NET inhibitor bupropion showed no benefit in ameliorating apathy in non-depressed 

AD patients.271 Dextroamphetamine, modafinil, amantadine, and bromocriptine are some 

other dopamine modulating drugs that have been studied for the treatment of AD apathy,343 

although some of these have noradrenergic effects as well.

In AD, neuropsychiatric symptoms (NPS) including agitation, irritability, and disinhibition 

correlated with VTA-parahippocampal gyrus and cerebellum connectivity.344 In addition, 

DA receptor agonists and antagonists promote and attenuate reward-seeking behavior, 

respectively, in AD.343

Thus, DA neurotransmission may contribute to behavioral pathophysiology of AD, but the 

area is relatively new and much more needs to be studied.

Glutamatergic System

A major excitatory neurotransmitter glutamate at high synaptic concentrations may cause 

excitotoxicity and neuronal death. In AD, dysregulated activation of glutamate receptors, 

mainly the N-methyl-D-aspartate receptor (NMDAR), may instigate excitotoxicity and 

affect learning and memory.283,345 In contrast, hypo-NMDAR activity induced by NMDAR 

antagonists may also cause neurodegeneration.346 Frontal presynaptic glutamatergic bouton 

density was upregulated in MCI but depleted in mild and severe AD.347 Findings of CSF 

glutamate levels were inconsistent.348 It is possible that glutamatergic activity is enhanced 

during the initial stages, leading to neuronal loss and under-active glutamatergic signaling 

during later stages349 of AD. Notably, the glutamatergic systems support both long- and 

short-range neural connections across the brain350 and glutamatergic dysfunction is likely to 

have broad impacts on cognition and emotion in pathological aging.

Pre-clinical studies.—The protein structure, binding specificity, signaling mechanism, 

and anatomical distribution of glutamate receptors vary and thus their actions are 
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specific and may even be functionally antagonistic.350 Sustained suppression of group-

II metabotropic glutamate receptors promoted hippocampal neurogenesis and improved 

anxiety-like behavior in AD animal model.351 Another study showed reduced expression 

of hippocampal metabotropic receptor-7 in association with anxiety-like behavior in AD 

mice model.352 Further, overexpression of hippocampal EphB2, a regulator of synaptic 

localization of NMDA receptors, improved anxiety, and depression-like behavior in AD 

mice model.353 Hippocampal NMDA receptor blockade improved anxiety and depression-

like symptoms induced by streptozotocin in rat models of sporadic AD.354 Guanosine 

modulated glutamatergic signaling and prevented anhedonia in AD-like mouse model 

possibly via restoring the hippocampal glutamate uptake.355 In AD mouse model with 

aggression and impaired fear memory, hippocampal GluN1 expression was increased and 

GluA2 was decreased, potentially affecting the formation of stable synapses.356 Further, 

paroxetine, which improved anxiety- and depression-like behavior, may functionally restore 

PFC glutamate receptors in an AD mice model.285 Thus, preclinical studies implicate the 

glutamatergic system in emotion processing dysfunction and the pathophysiology of anxiety 

and depression.

Clinical studies.—Dysfunctional glutamatergic system is also implicated in the 

pathogenesis of anxiety, depression, and agitation in humans. Both enhancement and 

attenuation of glutamate signaling have benefited behavioral symptoms, suggesting a 

complex role of glutamatergic signaling in AD.346 For instance, an NMDAR partial 

antagonist, memantine could alleviate agitation by normalizing frontal cortical and cingulate 

glutamatergic dysfunction or by reducing tau phosphorylation leading to reduced NFT 

formation.357 Further, patients with probable AD and major depression showed higher CSF 

glutamate and glutamine levels relative to healthy controls.348 Orbitofrontal cortical density 

of NMDAR subunit NR2A was reduced in high vs low anxiety AD patients.358 In addition, 

AD patients with high vs low anxiety showed elevated NMDAR glycine recognition site 

(GlyRS) binding affinity for GlyRS antagonist in association with reduction of NR2A 

density and the severity of anxiety.358 Thus, the literature suggests a complex, receptor, 

and/or receptor subunit-specific alterations in glutamate functions in association with AD 

behavioral and psychological symptoms.

Interaction Between Neurotransmitter Systems

Although discussed separately, the neurotransmitter systems may interact to influence 

cognition and emotion in AD. For instance, Aβ oligomers bind with α7 nicotinic 

acetylcholine receptors (nAChR) with high affinity,304 which may lead to a reduction of DA 

signaling304,359 and apathy and depression in addition to cognitive dysfunction in AD.204 

LC may enhance the release of ACh via activating α2-adrenoceptors on the cholinergic 

terminals of the nbM during healthy aging, a mechanism that when going awry may lead 

to AD.360,361 In addition, a dopamine D2-like receptor agonist, rotigotine induced cortical 

excitability and restored central cholinergic transmission in AD.362 In the prefrontal cortex, 

glutamate release gets attenuated by acetylcholine receptor AChR antagonist.349 Further, a 

postmortem study showed that an imbalance in serotonergic and cholinergic signaling may 

underpin the behavioral symptoms in AD.363 However, a detailed review is beyond the scope 

of the current work.
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Summary of emotion Processing Dysfunction in AD

We reviewed the neural bases of emotional dysfunction in AD with two foci: (1) clinical 

psychological and imaging studies of AD and (2) clinical and preclinical studies implicating 

the major neurotransmitter systems in emotion processing in AD as well as anxiety- and 

depression-related behavior in animal models of AD. Studies broadly support multiple 

chemical circuits in emotion processing dysfunction in AD, although the evidence appears 

the strongest and most direct for a role of the cholinergic and noradrenergic system each in 

emotion memory and anxiety. The basal nucleus of Meynert undergoes significant loss of 

neurons and may lead to disconnection with the cortico–limbic circuits during emotion 

processing. Likewise, early degeneration of the locus coeruleus disrupts noradrenergic 

signaling in the hippocampal circuits and contributes to emotion processing dysfunction 

and emotional disorders in AD. Psychological studies have employed different paradigms 

to address emotional dysfunction in AD and the findings vary significantly with respect 

to the experimental tasks, particularly in terms of the demand on cognitive capacity. 

Nonetheless, the studies most consistently reported deficits in processing negative emotions 

(sadness and fear) in AD. Notably, environmental stimuli that elicit negative emotions 

tend to be more salient and demand attention and arousal in fight or flight decisions, 

in broad accord with cholinergic and noradrenergic circuit dysfunction in AD. Further, 

although imaging studies have not differentiated the neural bases of positive and negative 

emotions, negative emotions more significantly engage the left insula, amygdala, and 

anterior hippocampus,364 consistent with behavioral findings and evidence of hippocampal 

circuit dysfunction early in the course of AD. Emotional enhancement of memory appears 

to be relatively preserved, and the effects seem most prominent for positive emotions; in 

contrast, emotional stimuli do not capture attention, despite evidence of emotion reactivity in 

AD. In social emotions, AD subjects exhibit contagious emotional behavior and emotional 

empathy, although the extent of social emotion deficits varies across studies. Imaging studies 

support elevated amygdala reactivity to emotional stimuli; however, structural and functional 

cortical and hippocampal connectivity are disrupted in AD. Further, the hippocampus 

demonstrates structural (volumetric and connectivity) and functional changes that impact 

emotion processing in AD. It is possible that the amygdala responds to emotional stimuli 

but, as a result of cortical and hippocampal circuit dysfunction, the stimuli were not 

properly registered, perceived, and/or evaluated in AD. Overall, the studies suggest altered 

experience of emotions early in the course of illness and a central role of the cholinergic and 

noradrenergic signaling in the hippocampal circuits in manifesting emotional deficits in AD.

A number of research directions may be fruitful in understanding emotional dysfunction in 

AD. First, studies can systematically distinguish the neural processes of emotional reactivity 

and emotional memory both during healthy aging and early in the course of AD. In 

addition to subjective report of emotional experience and assessment of the accuracy of 

emotion memory, investigators can quantify arousal by recording galvanic skin response 

and pupil size to fully understand the physiological impact of the emotional stimuli. 

Further, by employing neuromelanin imaging investigators will be able to localize the 

locus coeruleus and characterize the roles of noradrenergic as well as cholinergic circuits 

in supporting emotional reactivity and memory. Second, emotional experience depends 
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significantly on how one regulates emotions and successful emotion regulation conduces 

to well-being during aging.365 Research in experimental psychology has described the 

neural processes of emotion regulation via reappraisal and distancing as well as age-related 

changes in the psychological processes of emotion regulation. For instance, older people 

seem able to suppress emotion without experiencing higher anxiety as observed in younger 

individuals.366 However, it remains unclear whether aging contributes to positive emotional 

experience because of more efficient regulation or because of diminished registration of 

negative emotions? No studies to our knowledge have distinguished these mechanisms or 

investigated these issues in AD. Finally, the hippocampus plays important roles in the 

encoding of episodic and autobiographical memory as well as in emotional experience and 

regulation.16 As most of the atypical AD cases are “hippocampal-sparing,” emotion may 

be differentially affected as compared to typical AD patients. Yet, most of the studies of 

emotional dysfunction have not distinguished typical and atypical AD. Research focusing 

on both limbic predominant and hippocampal-sparing AD would provide an opportunity to 

specify the roles of the hippocampal circuit dysfunction in emotion processing deficits in 

AD.
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Significance Statement

• Deficits in emotion recognition and memory manifest early in the course of 

AD.

• Processing of subtle and negative emotion is more significantly impaired than 

of intense and positive emotions.

• Despite amygdala reactivity to emotional stimuli, hippocampal dysfunction 

conduces to the deficits in emotional memory.

• Cholinergic and noradrenergic dysfunction may play a prominent role in 

emotional memory and the pathophysiology of emotional disorders, including 

anxiety and apathy.

• Multimodal imaging may help in revealing the neural bases of emotional 

aging.
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Figure 1. 
Summary of emotion processing deficits in Alzheimer’s disease. The description under each 

category refers to findings in Alzheimer’s disease relative to controls. The arrow pointing 

up and down each indicates elevation and diminution of the function/effect in Alzheimer’s 

disease (studies discussed in Sections 2.1–2.3).
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Figure 2. 
Hippocampal emotion circuit. Primary and secondary reinforcers processed for the 

“what” component of the stimuli by the insula/frontal operculum/olfactory cortex/primary 

somatosensory cortex and visual/auditory cortices, respectively. These regions project to 

the orbitofrontal cortex and amygdala, which in turn project to the entorhinal cortex and 

(for amygdala additionally) to the CA1/subiculum of the hippocampus (curved dashed 

arrows in black). Both entorhinal cortex and CA1/subiculum project to the cingulate, 

hypothalamus, striatum, and medial prefrontal cortical, depending upon stimulus-specific 

action (solid straight/angled arrows in black). Parietal cortex, temporal cortex, and prefrontal 

cortical (processing “where” component of the stimulus) project to the entorhinal cortex 

via parahippocampal/perirhinal gyri (dashed straight arrows in black). Medial PFC and 

cingulate/hypothalamus also project to the entorhinal cortex (dashed straight/angled arrows 

in black). Finally, the entorhinal cortex projects back to the amygdala, orbitofrontal cortex, 

medial prefrontal cortical, striatum, cingulate/hypothalamus, and other prefrontal cortical 

regions (dashed curved, angled, and straight arrows in yellow). Within the hippocampus, 

feed-forward and unidirectional projections are shown in green thick curved arrows, direct 

feed-forward projection from CA1 to entorhinal cortex in green thin curved arrows, CA3 

back-projection to dentate gyrus, and recurrent CA3 connections in blue thick curved/

circular arrows, back projections from entorhinal cortex to CA1/subiculum in blue thin 

curved arrows, and noncanonical subiculum back projections in red solid arrows.108,110–112
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Figure 3. 
Gray matter volumetric correlates of emotional memory and emotional enhancement of 

memory. Lower volumes of these regions are associated with impairment in emotion 

memory or EEM in AD. Asterisks indicate the strength of supporting evidence: *** > ** 

> *. OFC: orbitofrontal cortex (studies included in Supplemental Table S1 and discussed in 

section 3.3.1).
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Figure 4. 
Gray matter volumetric correlates of emotional face identification. Note that almost all 

studies evaluated regional volumetric correlates across a sample of multiple forms of 

dementia. Thus, we do not specifically indicate the strength of evidence here. G: gyrus; 

AMG: amygdala; HPC: hippocampus; OFC: orbitofrontal cortex; MFG/SFG/IFG: middle/

superior/inferior frontal gyrus; SMA: supplementary motor area; STG/MTG/ITG: superior/

middle/inferior temporal gyrus; SMG: supramarginal gyrus; FPC: frontopolar cortex; CO: 

central operculum; FO: frontal operculum (studies included in Supplemental Table S1 and 

discussed in Section 3.3.2).
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Figure 5. 
Gray matter volumetric correlates of social emotions. Lower volumes of the brain regions 

are associated with social emotion deficits. * Findings specific to AD. G: gyrus, HPC: 

hippocampus, AMG: amygdala, IFG: inferior frontal gyrus, PHG: parahippocampal gyrus, 

SFG: superior frontal gyrus, OFC: orbitofrontal cortex, STP: superior temporal pole, MTG: 

middle temporal gyrus, and BG: basal ganglia (studies included in Supplemental Table S1 

and discussed in Section 3.3.3).
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Figure 6. 
Functional correlates of reactivity to emotional stimuli in AD. The results from a small 

number of studies suggest higher amygdala and lower cortical responses to negative 

emotions in AD. Up and down pointing arrows each indicate higher and lower response 

in AD relative to control. ACC: anterior cingulate cortex; DLPFC: dorsolateral prefrontal 

cortex; G: gyrus; and MPFC: medial prefrontal cortex (studies included in Supplemental 

Table S2 and discussed in section 3.4.1).
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Figure 7. 
Functional correlates of emotional memory in AD. The regions with upward/downward 

arrows depict increased/decreased BOLD activity in AD compared to HC. The regions 

without arrows depict BOLD correlates. G: gyrus, STP: superior temporal pole, PHG: 

parahippocampal gyrus, MFG: middle frontal gyrus, PFC: prefrontal cortex, IFG: 

inferior frontal gyrus, STG: superior temporal gyrus, MTG: middle temporal gyrus, 

SMA: supplementary motor area, and ITG: inferior temporal gyrus (studies included in 

Supplemental Table S2 and discussed in section 3.4.2).
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Figure 8. 
Implications of key neurotransmitter systems in AD emotion dysfunction. The major 

neurotransmitter systems are noted on the right, with colored arrows indicating the 

projections to cortical and subcortical targets. The hippocampus is highlighted in dark 

blue. Produced in almost all central nervous system cells (including neurons and glia) with 

receptors broadly available in the brain, glutamate interacts with many neurotransmitter 

pathways in all brain regions; thus, we did not depict the glutamatergic system in the figure.
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