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Abstract: Stress and negative emotions evoked by social relationships and working conditions, fre-
quently accompanied by the consumption of addictive substances, and metabolic and/or genetic
predispositions, negatively affect brain function. One of the affected structures is nucleus accumbens
(NAc). Although its function is commonly known to be associated with brain reward responses and
addiction, a growing body of evidence also suggests its role in some mental disorders, such as depres-
sion and schizophrenia, as well as neurodegenerative diseases, such as Alzheimer’s, Huntington’s,
and Parkinson’s. This may result from disintegration of the extensive connections based on numerous
neurotransmitter systems, as well as impairment of some neuroplasticity mechanisms in the NAc.
The consequences of NAc lesions are both morphological and functional. They include changes in
the NAc’s volume, cell number, modifications of the neuronal dendritic tree and dendritic spines,
and changes in the number of synapses. Alterations in the synaptic plasticity affect the efficiency
of synaptic transmission. Modification of the number and structure of the receptors affects signal-
ing pathways, the content of neuromodulators (e.g., BDNF) and transcription factors (e.g., pCREB,
DeltaFosB, NFκB), and gene expression. Interestingly, changes in the NAc often have a different
character and intensity compared to the changes observed in the other parts of the basal ganglia, in
particular the dorsal striatum. In this review, we highlight the role of the NAc in various pathological
processes in the context of its structural and functional damage, impaired connections with the other
brain areas cooperating within functional systems, and progression of the pathological processes.

Keywords: addiction; Alzheimer’s disease; depression; Huntington’s disease; nucleus accumbens;
Parkinson’s disease; schizophrenia

1. Introduction

Striving for the goals of a professional career, higher social and/or economic status,
often results in stress and negative emotions, deteriorating self-esteem, mental functions,
and behavioral reactions. All these factors could enhance the development of some mental
disorders such as schizophrenia and depression. When coexisting with genetic predispo-
sitions, metabolic changes, and/or environmental factors having a negative effect on the
CNS, they can also augment the probability of development of some neurodegenerative
diseases such as Alzheimer’s (AD), Huntington’s (HD), and Parkinson’s disease (PD).
Accumulating data suggests that at the pathomorphological basis of these processes are
changes in the limbic system [1]. One of the areas affected by the negative stimuli is the
nucleus accumbens (NAc), a small region in the forebrain localized in the ventral part of
the striatum, considered a part of the basal ganglia and the brain reward system (BRS).
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This brain area has an integrative function upon limbic, motor, sensory, and vegetative
systems [1]. The NAc’s connections with cortical areas, the basal ganglia, diencephalon, and
the brain stem involve all major neurotransmitter systems. This enabled the development
of precise functional synaptic plasticity mechanisms, relying on molecular processes which
enable the most efficient impulse conduction, determining the NAc role in the physiological
conditions. However, this complex system is susceptible to alterations resulting from action
of the external pathological stimuli or being a consequence of the disturbed metabolic
processes, signaling pathways or genetic mutations [2–6]. These changes could lie at the
basis of not only addiction, but also some psychiatric disorders and neurodegenerative
diseases. Despite the extensive research on the mechanisms leading to the development of
such CNS pathologies as schizophrenia, depression, and AD, our understanding of their
molecular and structural basis is still incomplete.

In our previous publication [7], we focused on the specific pattern of connections,
neuroplasticity processes, and the neurotransmitter systems responsible for the complex
function of the NAc in the CNS. In this review, we summarize the current state of knowledge
on molecular mechanisms and morphological changes underlying the NAc dysfunction in
addiction, selected mental disorders, and neurodegenerative diseases. We also characterize
the functional relationships between the NAc and the other brain regions, which are
important for the development and progression of the CNS diseases. The role of the NAc
in the development of pathological symptoms is emphasized.

2. Addiction-Induced Short- and Long-Term Changes in Synaptic Plasticity Affect
Molecular Signaling and Spino-Dendritic Morphology of the Accumbal Neurons

Addiction relies on compulsive striving for the consumption of certain substances or
performing specific activities of rewarding value despite adverse, negative consequences [2,8].
Many authors emphasize a significant role of environmental pressure, genetic conditions, and
life experiences in the development of addiction [8–10]. Important features of addiction
are drug or reward craving, inadequate emotional responses, failure to recognize the
reasons affecting behavior, and an inability to control disturbed behavior. In the light of
current views, the concept of addiction is closely related to the advanced form of substance-
use disorder [10–12]. Commonly used stimulants, such as alcohol, nicotine, drugs, and
hallucinogens have addictive properties. Intake of addictive substances induces changes in
the functioning of the NAc and the disruption of plasticity processes within its synaptic
system. However, the mechanisms of these negative changes are different in each case and
not completely disclosed.

2.1. Alcohol

Although alcohol is one of the widely used addictive substances with anxiolytic,
mood-enhancing, and rewarding effects, it slows reaction times, causes motor incoordina-
tion, and impairs judgment abilities [13]. Its mechanism of action on synaptic plasticity
remains poorly understood [2]. It has been suggested that alcohol consumption results in
long-term potentiation (LTP) impairment in the NAc [14]. It may be a result of the changed
interactions between the NMDARs and the group I metabotropic glutamatergic receptors
(mGluRs) required for the development of LTP, as well as of the reduced dopamine (DA)
availability (Figure 1). The disruption of the synaptic plasticity, being a result of the dys-
function of NMDARs in the NAc core, most likely leads to an increased tendency towards
alcohol consumption. The decreased expression of NMDARs results in the development of
behavioral sensitization to alcohol [15].
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efficacy, **** impairment of NMDAR-dependent long-term potentiation and long-term depression 
at glutamatergic synapses. Abbreviations: Aß—amyloid ß; ACh—acetylcholine; AChR—acetyl-
choline receptor; AMPAR—α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-type gluta-
mate receptor; BDNF—brain-derived neurotrophic factor; Cdk5—cyclin-dependent kinase 5; DA—

Figure 1. Psychostimulant-induced and related mental illnesses and neurodegenerative diseases
changes to the expression and activation level of different neuronal factors in the nucleus accum-
bens. * inhibition of group I mGluR-mediated potentiation of NMDAR, ** enhancement of ex-
citatory synaptic transmission onto D1R+ neurons, *** long-term changes in AMPAR-dependent
synaptic efficacy, **** impairment of NMDAR-dependent long-term potentiation and long-term
depression at glutamatergic synapses. Abbreviations: Aß—amyloid ß; ACh—acetylcholine;
AChR—acetylcholine receptor; AMPAR—α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-
type glutamate receptor; BDNF—brain-derived neurotrophic factor; Cdk5—cyclin-dependent ki-
nase 5; DA—dopamine; DARPP-32—cAMP-regulated phosphoprotein 32; D1R—dopamine D1
receptor; D2R—dopamine D2 receptor; D3R—dopamin D3 receptor; GABA—γ-aminobutyric acid;
GABAAR γ—aminobutyric acid type A receptor; Glu—glutamate; GluD1R—glutamate delta-1
receptor; GlyR—glycine receptor; HOMER2—Homer scaffolding protein 2; mGluR—metabotropic
glutamate receptor; mTOR1—mechanistic target of rapamycin complex 1; NFκB—Nuclear fac-
tor kappa B; NMDAR—N-methyl-D-aspartate receptor; Npas4—neuronal PAS domain protein
4; Nptx2—neuronal pentraxin 2; NPY—neuropeptide Y; pCREB—phosphorylated adenosine 3′5′

cyclic monophosphate response element binding protein; Pmepa1—prostate transmembrane protein,
androgen induced 1; SOM—somatostatin; TrkB—tropomyosin receptor kinase B; 5-HT—serotonin.
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Another regulatory mechanism involves the dopaminergic D1 receptor (D1R)-containing
GABA-ergic neurons in the NAc. Increase in the mTORC1 expression in the D1R-containing
neurons in the NAc shell was already observed during the first alcohol intoxication [16].
This can explain the stimulating effect of alcohol on synaptic plasticity already during
the first consumption. On the contrary, blocking mTORC1 expression resulted in reduced
alcohol consumption during the first session.

Control of alcohol consumption is also related to regulation of the inhibitory effects of
GABA-ergic neurons in the NAc by the other types of dopaminergic receptors. It has been
recently shown that D3R genetic-driven enhancement of α6 GABAA subunit expression
inhibits voluntary alcohol intake and increases GABA inhibition in the NAc [17].

Castelli and colleagues provided data connecting the expression of the Homer family
of adaptor proteins with alcohol consumption [18]. In the alcohol stimulation model,
they have shown that the expression of Homer 2 protein increases in the NAc along
with repeated alcohol consumption. This suggests a role of this brain area in the alcohol-
induced alterations of the synaptic plasticity mechanisms. However, the role of the Homer
2 protein in regulating addiction susceptibility remains unclear. Addressing this issue
could help to detect molecular mediators responsible for the alcohol-related functional
disorders. These mediators could be the potential therapeutic targets for future addiction
treatment strategies.

Finally, changes in BDNF expression have been found in several brain areas associated
with the development of addiction after heavy alcohol consumption [19]. However, the
role of BDNF in the synaptic plasticity processes within the NAc initiated by alcohol
consumption is not completely understood. Therefore, in order to develop more effective
methods for treating alcohol addiction, the molecular bases of all above-presented the
NAc-related processes should be further investigated.

Further studies on the influence of alcohol consumption on NAc should be focused on
the role of neurotransmitter systems, such as the dopaminergic and glutamatergic, their
receptors, neuroplasticity mechanisms in the NAc, and its connections with brain areas
regulating emotional and motivational behavior.

2.2. Cocaine

Studies have shown that cocaine administration evokes an increase in DA content in
the NAc shell (Figure 1) [20]. This suggests initiation of the addiction processes largely
based on functional synaptic plasticity. Although mechanisms of these processes are only
partially disclosed, some authors point to the complex nature of these phenomena [20,21].
Frequent exposure to cocaine affects AMPAR-mediated signaling and induces AMPAR-
dependent long-term changes in synaptic efficacy within the NAc shell [21]. Results of
animal studies showed that these changes depend on the level of AMPARs expression
and the receptor’s subunit composition [21]. Furthermore, an increased expression of the
orphan glutamate delta-1 receptor (GluD1R) has been reported in the NAc after cocaine
administration [22]. GluD1R is a member of the ionotropic glutamate receptor family
regarded as an important factor in the regulation of cocaine susceptibility. This takes place
through changing composition of the NMDA receptors subunits (i.e., incorporation of
GluN2B subunit) in the MSNs of NAc.

D’Ascenzo and colleagues have reported that animals receiving cocaine suffer from
impaired synaptic plasticity resulting from NMDAR dysfunction, which is caused by a
decrease in D-serine level (D-serine is a co-agonist of NMDA receptor) [23]. The association
between this impairment and cocaine addiction has been found. It is worth mentioning
that the same type of impairment has also been observed in some CNS diseases, such as
AD, schizophrenia, and depression [23]. Therefore, further studies on synaptic plasticity
dysfunction could be a starting point for the development of new treatment strategies not
only for addiction, but also for some mental illnesses and neurodegenerative diseases.

Among the important mechanisms determining the development of addiction are
epigenetic processes, which involve the modification of the DNA structure and binding
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with histone proteins [24]. The influence of environmental stimuli on the activation or
suppression of transcription and, consequently, on changes in gene expression could occur
in this way. The specific regions in the genome rich in histone H3.3 are believed to indicate
DNA sequences of genes binding with transcription factors involved in the cocaine-induced
plasticity (e.g., Npas4, Nptx2, Pmepa1, Vgf, and Fosb) [24]. Alterations to the expression of
the relevant genes may induce changes in BDNF concentration [25,26], morphogenesis of
dendrites and the dendritic spines, along with an increase in their density [27], and cluster-
ing of AMPARs in synapses [21]. The consequence of these processes could be behavioral
reactions, such as cocaine-conditioned place preference, drug self-administration, cocaine-
induced locomotor activity, and spatial memory disturbances [24]. Altogether, the data
indicate the involvement of various mechanisms of cocaine action upon the NAc during
the development of addiction. This should be considered while searching for effective
treatments for cocaine addiction.

A promising area for further research seems to be epigenetic mechanisms influenc-
ing changes in gene expression related to the maturation of synaptic systems, increased
effectiveness of synaptic transmission, and characteristics of receptors.

2.3. Morphine

Another addictive substance having considerable influence on the processes occurring
in the NAc is morphine. The results of experimental studies have shown that chronic use
of morphine contributes to the reduced expression of BDNF and TrkB receptors in the
NAc (Figure 1) [28]. The coexistence of this phenomenon with decreased inhibition via
GABAARs of D1R-MSNs may contribute to an enhancement of the reward feeling after
morphine administration and to intensification of addiction.

Morphine affects the synaptic plasticity which determines the functioning of the BRS.
Administration of morphine induces morphological changes leading to an increase in the
dendritic spines’ density in the MSNs in the NAc [5]. This suggests the involvement of this
opioid in the modification of the structural plasticity in this brain area. Interestingly, the
way of morphine administration seems to be important for the dynamics of this process.
In animals trained for self-administration, the increase in the dendritic spine density was
higher than in those to whom it was administered regardless of their will [5]. Although
the reason behind this difference has not been elucidated, it may suggest the induction of
different signaling pathways depending on the route of administration of the substance, as
well as the effect of the additional stimulation of the limbic system in the case of the forced
morphine administration.

A long-term morphine administration causes changes in the DA metabolism in the
basal ganglia which finally leads to a decrease in the level of this neurotransmitter in the
NAc [29]. Interestingly, the effect of morphine can be attenuated by physical exercise. A
recent study has shown alleviated cognitive and behavioral deficits caused by morphine
use in female rats forced to physical exercise [30]. In conclusion, the presented data indicate
a plethora of morphine functional and morphological effects exerted upon the NAc activity.
However, a full explanation of its role in the regulation of the BRS functioning awaits
further research.

2.4. Nicotine

Nicotine stimulates cholinergic receptors located on the dopaminergic projection neu-
rons in the BRS. The long-term use of nicotine also increases the neuronal expression of
NMDAR in the NAc (Figure 1). Interestingly, this effect has been reported only in the
core [31]. This may be due to a stimulating effect, which contributes to the activation
of signaling pathways and behavioral reactions aimed at achieving satisfaction and re-
ward. Administration of nicotine increases levels of pCREB and DeltaFosB in the BRS
areas [32]. Previously published results of studies on the nicotine-induced activation of
transcription factors indicate a considerable diversity in this process among the various
BRS structures [33–35]. For example, whereas nicotine induces a significant increase in
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the pCREB in the NAc, the DeltaFosB increase is more pronounced in the Amg. This
can be explained, on the one hand, by the involvement of these areas in different aspects
of behavioral reaction in response to the stimulus. On the other hand, this indicates the
possibility of triggering different signaling pathways and regulatory mechanisms in various
brain regions. A better understanding of the expression patterns of pCREB and DeltaFosB
and the signaling pathways they are involved in under nicotine stimulation may be of
importance for the development of new treatments for nicotine addiction.

Interestingly, changes in neuroplasticity within the BRS have also been observed in
the case of nicotine withdrawal. Cessation of nicotine administration after chronic use has
induced an increase in the BDNF level in the NAc and VTA neurons in mice [36]. This
may suggest the occurrence of adaptation processes based on functional and structural
plasticity changes. They could reduce the negative effects of nicotine withdrawal, but also
support signaling pathways and behavioral reactions associated with the desire to restore
the well-being status. In addition, a recent study found that a short-term 24-48 h nicotine
withdrawal increased mRNA levels of NPY Y1 and Y2 receptors in the NAc [37]. This may
suggest the participation of this neuropeptide in the development of negative affective
symptoms initiated by nicotine withdrawal.

Nicotine is an example of a stimulating agent acting on the BRS in different ways. It
induces the activation of several signaling pathways and participates in various aspects of
behavioral reactions depending on the brain area. Interesting results can be obtained in the
future by studying the signaling pathways involved in nicotine stimulation of the NAc, as
well as changes in their activity during withdrawal.

3. Impairment of the Synaptic Plasticity and Dysregulation of Signaling Pathways
Contribute to the Brain Reward System Dysfunction in Mental Illnesses
3.1. Depression

A low self-esteem accompanied by anxiety, loss of pleasure, appetite and sleeping disor-
ders are among the most important symptoms of major depressive disorder (MDD) [38,39].
Apart from genetic predispositions and chronic stress contributing to its development, some
evidence also suggests that structural and functional alterations in the BRS could be involved
in the development of MDD. The important role in this process is played by a functional
imbalance of the connections between the ventral tegmental area (VTA) and the NAc [40],
as well as between the VTA and the medial prefrontal cortex (mPFC) [41–43]. Interestingly,
while inhibition of interactions between the VTA and mPFC increases susceptibility to MDD,
inhibition of interactions between the the VTA and NAc has been suggested to increase the
resistance to depression [41–43].

Other studies demonstrated a relationship between a reduction in the volume of
several brain regions (including the NAc) and the development of the MDD symptoms or
attenuated reward response [44,45]. A correlation has been found between the co-existence
of MDD with chronic stress and morphological changes to the structure of the neuronal
dendritic tree in various brain regions [46]. However, these effects may vary depending on
the patient’s age, the severity of the pathological process, the therapy introduced (or not),
and the area of the brain studied [47,48]. While in Hip and PFC these changes include an
atrophy and loss of dendritic spines, in the NAc and Amg the density of dendritic spines
increases [46]. One possible explanation could be a disruption of the mTOR-dependent
signaling pathway, which varies among brain regions. It has been present, for instance, in
the PFC of patients with MDD [46]. Hence, a comparative assessment of morphological
changes in the spino-dendritic system, as well as the expression level of mTOR in the BRS
of patients with depression, could shed more light on the pathomechanism of this illness.

Importantly, up-regulation of mTOR induced by a stimulation of AMPARs and by an
increase in BDNF level, especially in the Hip and PFC, underlies the antidepressant action
of ketamine [46]. This induces an increase in the content of the synaptic signaling proteins,
as well as an increase in the number of spinal synapses [49]. Further studies on the role of
the mTOR-dependent pathways in MDD may be important for the design of new antide-
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pressant drugs [50]. Studies have also shown that chronic stress can initiate atrophy and
remodeling of the dendritic system in the D1R-MSNs in the NAc by activating the RhoA-
dependent pathway [51,52]. This may result in a decreased D1R-MSNs-mediated synaptic
stimulation, which can be manifested by anhedonia and followed by the development
of MDD.

An important role in development of MDD has also been attributed to BDNF. Changes
in the expression of this neurotrophic factor in the BRS are triggered by both MDD and
stress [53]. When both are present, the BDNF-related signaling is reduced in the Hip and
PFC, while it increases in the Amg and NAc (Figure 1) [54–56]. Patients with schizophrenia
and comorbid depression have decreased levels of BDNF and TrkB in serum and in the
Hip [57–59], which may be accompanied by a decrease in the hippocampal volume [60].
This, in turn, could have a significant impact on the course of both pathologies. The
BDNF expression-related changes could also be responsible for the severity of anxiety and
cognitive disorders.

Some reports suggest disturbances in the functioning of the neurotransmitter systems
in the NAc as one of the causes of MDD [61]. They could be triggered directly by damage
to the neuronal subpopulations in the NAc caused by local harmful factors. A recently
formulated hypothesis suggests a link between chronic unpredictable mild stress (CUMS)
along with MDD and dysfunction of the GABA-ergic and dopaminergic neurotransmitter
systems in the NAc [61]. This could be a consequence of stress-induced autophagy and
apoptosis. However, identification of the factors responsible for triggering death mecha-
nisms in the course of MDD requires further studies. In this context, an important issue that
may contribute to a better understanding of these mechanisms seems to be the attempt to
link depressive-like behaviors with the reduction of dopaminergic D3R receptor expression,
the activation of microglia in the NAc, and the development of neuroinflammation [62].

Another area of research on the molecular factors involved in the development of
depression focuses on transcription factors. Among these, one of the most important is
NF-kB. Its role may result from involvement in dysregulation of neurogenesis and synaptic
transmission. It has been suggested that enhancement of MDD symptoms may be a
consequence of the decrease in the BDNF level with a simultaneous increase in NF-kB [63].
In this context, a crucial issue seems to be keeping the dynamic balance between processes
regulated by NF-kB and BDNF.

Taken together, the results published so far justify the need to continue research aimed
at combining neurobiological observations (e.g., morphometric assessment of changes in
the NAc structure, the efficiency of its connections) with the results of clinical studies on
the nature and severity of behavioral manifestations of depression.

3.2. Schizophrenia

Characteristic structural and functional changes in the NAc and other areas of the
BRS have been observed in patients with schizophrenia [64]. Considering the integrative
function of the NAc in information transfer between the PFC and Hip, the cortico-limbic
dissociation occurring in schizophrenia is largely a consequence of the NAc dysfunction [64].
Hyperactivity of the ventral subiculum (vSub), being a part of the hippocampal complex,
has been shown in schizophrenia. Moreover, it corresponded to the severity of the presented
positive symptoms [64]. It has been suggested that vSub hyperactivity impairs NAc
function through its reciprocal connections [65–67]. This could explain the appearance and
exacerbation of psychotic symptoms. In physiological conditions, the mPFC exerts most
likely an inhibitory effect upon the vSub, which indirectly modulates NAc activity [68,69].
The role of the NAc in this system is the integration of contextual stimuli arising in the
Hip with patterns of behavioral performance created in the mPFC. Additionally, in the
NAc these stimuli are modulated by dopaminergic projection originating in the VTA. The
physiological effect of this complex integration is control over behavioral patterns aimed
at reward achievement [70,71]. An excessive activation of the vSub, as a result of PFC



Int. J. Mol. Sci. 2022, 23, 2618 8 of 19

dysfunction in schizophrenia, changes modulation in the mPFC-vSub-NAc system. This
results in development of pathological symptoms [68,69].

There is no consistent data on DA levels in the NAc in patients with schizophrenia.
Two postmortem studies found an increased concentration of DA in this brain area [72,73].
However, the results of a more recent study suggest no changes in DA level [74].

Another suggested pathomechanism in schizophrenia is changes in the BDNF expres-
sion. However, data on this issue is still inconclusive [75,76]. Although some evidence
indicates a decrease in BDNF in serum from patients with schizophrenia, other studies
have shown its elevated level (Figure 1). This could be explained either by an unequal
degree of brain damage in the analyzed cases or by the administration of various drugs
affecting the BDNF expression. There is also a contradictory evidence for both the elevation
and reduction of BDNF levels in the frontal cortex [77,78] and in the Hip in the course of
schizophrenia [79,80]. A recently published clinical study has reported significantly lower
BDNF plasma concentrations in schizophrenic patients with concomitant depression [81].
Although an explanation of this issue requires further studies, the consequences of it can
be related with morphological changes affecting the spino-dendritic system, resulting in
disruption of the morphological and functional plasticity, and aggravation of the clinical
symptoms. A few studies reported a reduced volume of the PFC with the concomitant
decrease in the BDNF content [82–84]. In other brain areas (e.g., the NAc and Amg), on the
contrary, an increase in BDNF concentration [85] correlating with an increase in volume was
reported [86,87]. Although explanation of these differences requires further research, one
can speculate that the opposite tendencies in the volume changes observed in the various
brain areas can result from the changes occurring in their neuropil (composed mainly of
the axo-dendritic elements), initiated by the alterations in the plasticity processes. This
could lead to the activation of signaling pathways involved in the initiation of different
behavioral response patterns. The consequence of this, in turn, could be an aggravation
of symptoms.

Recent studied have shown that in many mental diseases, including schizophrenia,
an inflammatory process develops in NAc, and this is associated with abnormal DA
concentration in this brain area [88,89]. This can result in neuronal atrophy and changes in
the axo-dendritic system, leading to the exacerbation of disease symptoms. Mitigating the
consequences of this inflammatory process requires further in vivo and clinical research.

Reassuming, among the most important functions of the NAc in the pathophysiology
of schizophrenia one can include the excessive activation of the mPFC-vSub-NAc axis,
unstable BDNF expression and, finally, changes in the NAc volume most probably resulting
from neuropil modifications which influence neuroplasticity processes. These data suggests
that the NAc is an important brain region involved in the pathogenesis of schizophrenia.

4. The Nucleus Accumbens Contribution to Neurodegeneration Results Not Only
from Changes Occurring within the Nucleus Itself but Also within the Functionally
Related Brain Areas
4.1. Alzheimer’s Disease

The role of the NAc in the pathogenesis of AD is a consequence of processes occurring
in this brain region, as well as of the constantly changing influence of the other degenerated
brain areas connected to the NAc. Although it is well known that in the course of AD
there are volume changes of the limbic structures, only recently the atrophy of NAc has
been reported as a consequence of this process [90]. The volume reduction has a regional
character and occurs mainly in the ventral and posterior parts of NAc. Interestingly, the
total volume of the nucleus remains unchanged. On the one hand, this could probably
explain the lack of data on this phenomenon in previous studies. On the other hand,
this suggests possible differentiation of metabolic and signaling processes occurring in
different parts of the NAc. Furthermore, the volume reduction in different parts of the
NAc could result in cognitive, motivation, pleasure, and reward disorders. The issue of
internal molecular and functional differences between the various parts of the NAc needs
further investigation. These studies may also be a good starting point for application of
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the deep brain stimulation (DBS) in AD therapy [90]. Indeed, previous reports suggested
the possibility of the NAc ablation or stimulation as a treatment strategy for some CNS
disorders [1].

Another important issue in the context of AD neuropathology is the accumulation of
tau protein in the NAc (Figure 1). This has been reported in tangle predominant dementia
(TPD), a late onset dementia showing similar features to AD and considered by some
authors as its atypical form [91]. The pathomechanism of tau protein deposits’ formation
in the NAc is still the subject of investigation. It has been suggested that their spread in the
brain may be a consequence of expansion which occurs along the nerve fibers between the
regions having strong connections [91]. According to this hypothesis, accumulation of the
tau protein deposits in NAc is a consequence of their earlier appearance in the Hip (e.g.,
the CA1 sector and subiculum). Thus, the accumulation of tau protein may be indicative
of the duration and severity of the pathological process. Importantly, the presence of tau
protein in the NAc has also been observed in patients with AD [91].

An example of the influence of the neighboring structures on the NAc in AD is reduced
dopaminergic projection, which results from a decrease in the amount of DA produced
in the VTA. Studies on an animal model of AD (Tg2576 mice) have shown a decreased
number of dopaminergic cells in the VTA due to their apoptotic death [92]. In consequence,
dysregulated interactions between the VTA, Hip, and NAc were recorded [93]. This could
lead to an impairment of memory, influence new and permanent memory traces formation,
and affect the efficiency of spatial memory and reward processing.

Recently, a decrease in glycine receptors (GlyR) together with a reduction in the pre-
and post-synaptic proteins SV2 and gephyrin, respectively, were reported in an animal
AD model [94]. These observations could explain not only the nature of morphological
synaptic changes, but also the decrease in the efficiency of synaptic transmission occurring
in early stages of AD.

During AD progression, changes in BDNF expression have also been reported. In
physiological conditions, this neurotrophic factor increases the chances for neuronal sur-
vival [95,96]. The action of BDNF is based on involvement in the synaptic plasticity via
enhancement of the dendritic tree, axonal growth, and neurotransmitters’ release. In addi-
tion, the results of both in vitro and in vivo studies have shown the neuroprotective effect
of BDNF reflected in decreased production and accumulation of amyloid ß (Aß) within the
brain tissue [97,98]. This results in reduced neurotoxicity and the likelihood of cell death
and synaptic dysfunction [99,100] as a result of synaptic insertion of calcium-permeable
AMPA receptors normally absent in the NAc neurons [101]. Furthermore, by supporting
the processes of synaptogenesis and synaptic plasticity, BDNF improves cognition, learning
abilities, and memory consolidation [95,102]. This factor is also responsible for reduction
of the spatial memory deficits [103,104]. These effects are consequences of the improve-
ment of long-term synaptic transmission efficiency, initiated through the induction and
maintenance of the LTP.

Several clinical reports have shown a decrease in BDNF mRNA and protein expression
in the Hip and cerebral cortex in AD patients [105,106]. However, decrease in both the
pro-BDNF and BDNF levels has been observed only at the early stages of disease, preceding
a decrease in the choline acetyltransferase activity [107]. Moreover, a negative correlation
between decreased BDNF and increased severity of cognitive impairment has been ob-
served. Therefore, according to some experts, BDNF could be of potential diagnostic value
as a biomarker for the early stage of AD [107].

Apart from the expression changes observed at the early phase of AD, the effects
of BDNF disturbance were also manifested at later stages of this neurodegenerative dis-
ease [108]. They have been attributed to increased and accelerated accumulation of Aß
and activation of the inflammatory response. The consequences of decrease in the BDNF
content could be changes in the number and types of receptors, decrease in the number of
synapses, weakening of the LTP and, consequently, reduction in the efficiency of synaptic
transmission. All these changes could result in deterioration of the cognitive functions.
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Hence, important aspects of potential NAc involvement in AD development and
promising areas for further research include dysregulated VTA-Hip-NAc interactions, the
NAc volume changes, tau protein accumulation, and decreased dopaminergic control of
NAc activity.

4.2. Huntington’s Disease

NAc volume reduction, being a consequence of atrophy, has been observed in patients
with HD. However, in this region of the ventral striatum, the atrophy is not as pronounced
as in the dorsal striatum [109,110]. Nonetheless, this parameter may still have some value in
assessing the disease progression. The morphological analysis of the NAc’s shape showed
a correlation between the extent of atrophy and the disease progression during both the pre-
manifestation and the manifestation periods [110]. In the latter, the changes were especially
clearly presented in the caudal part of the NAc. This may be due to a differentiated internal
structure of this brain region, its diversified function or heterogeneous susceptibility to
neurodegeneration.

The neurodegenerative changes in the cellular structure of the NAc are diversi-
fied [111]. While the changes in the density of small neurons are lesser than in the dorsal
striatum, the changes in the density of large neurons are more pronounced. Moreover,
they also depend on the phenotype of the onset of the clinical symptoms. The density
of the large neurons in the NAc is increased in patients with neuropsychiatric symptoms
compared to patients with the motor symptoms [111].

In patients with HD, the atrophy of the NAc is not as pronounced as of the other parts
of the basal ganglia [109]. The changes in the NAc’s cellular structure are characteristic
and affect mainly the projection neurons and, to a lesser extent, the interneurons. Indeed, a
few studies showed spared subpopulations of the medium-sized spiny neurons which con-
tained NADPH-d, somatostatin (SOM) and neuropeptide Y (NPY), in the NAc of patients
with HD [112,113]. Moreover, the cellular density of these neurons was even increased in
the NAc (part of the ventral striatum) compared to the dorsal striatum. The elevated level
of SOM in the NAc was accompanied by a higher concentration of SOM receptors in this
brain region in patients with Huntington’s chorea [109,114,115]. Furthermore, the intrinsic
Enk (enkephalin)-, SP (substance P)- and AChE (acetylcholinesterase) -positive neurons
and fibers were also spared in the NAc [116].

Growing evidence indicates changes in concentration of the classical neurotransmitters
in the course of HD [117–119]. Although there has been reported a decrease in GABA and
Glu throughout the entire striatum, their level is different in its various parts, which corre-
sponds to the development of the pathological changes [118]. The decrease is the highest in
the caudate nucleus, slightly lower in the putamen, and the lowest in the NAc. Similarly,
differentiated dynamics characterizes changes in DA and serotonin (5-HT) concentrations
in HD striatum [117]. DA level in the dorsal striatum is reduced. Additionally, striatal
degeneration of dopamine D1- and D2-containing neurons in HD patients is accompanied
by a decrease in the protein levels of D1R and D2R (Figure 1) [120,121]. At the same time,
the 5-HT level is elevated. However, concentrations of both neurotransmitters remain
unchanged in the NAc. Based on assessment of the immunoreactivity and the enzyme
activity of AChE, Hammond and Brimijoin have reported that the level of acetylcholine
(ACh) in the NAc in the brains of HD patients does not change [119]. This points to
significant difference between the changes observed in HD and AD, where significant
decreases in both the enzyme activity and the immunoreactivity of AChE in the NAc were
reported [119].

Studies suggest an important role of BDNF in HD. Couly et al. showed a decrease in
BDNF concentration in striatum in HD model [122], and overexpression of this neurotrophic
factor in other brain regions ameliorated HD phenotypes in mice [123]. On the one hand,
the data suggests the uneven dynamics of the atrophy in different parts of the striatum,
whereas on the other hand, this may indicate the unequal susceptibility of the different
cell subpopulations to damage and the occurrence of different metabolic conditions. This
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may explain the various degree of neurodegenerative processes. In addition, induced
by the pathological processes changes in the functioning of the various neurotransmitter
systems may explain the occurrence of the HD-specific symptoms like motor dysfunctions,
neuropsychological and cognitive disorders, as well as impairment of concentration of
attention, learning and memory.

Although the molecular basis of neuropsychological processes such as depression
in HD is only partially understood, recently published results suggest a role of Cyclin-
dependent kinase 5 (Cdk5)–related signaling pathway in the NAc in this pathology [124].
Through the action of Cdk5 upon dopamine- and cAMP-regulated phosphoprotein 32
(DARPP-32) and the phosphorylation of β-adducin, formation of the dendritic spine cy-
toskeleton can be affected resulting in the development of depression.

Reassuming, a complex morphology along with characteristic cell populations, ex-
pression levels of certain neuropeptides, proteins and classical neurotransmitters, as well
as signaling pathways in the NAc could explain the nature of pathological processes in
HD. The link between the intensity of morphological changes in the NAc and the clinical
picture in HD should be emphasized. Despite the fact that the intensity of changes in
the NAc in HD is not as pronounced as in the other regions of the basal ganglia, further
research on the NAc role in development of the neurodegenerative diseases is warranted.
The obtained knowledge could prove to be useful for developing new diagnostic and
therapeutic strategies against HD.

4.3. Parkinson Disease (PD)

A decrease in the NAc volume has also been observed in Parkinson’s disease [125–127].
In patients with PD, the percent of the NAc shrinkage is estimated for 11.77% [126]. One of
the reasons at the base of these morphological changes is the reduced stimulating effect of DA
resulting in the NAc’s neurons dysfunction, impairment of synaptic plasticity and, ultimately,
decrease in the number of neurons [128]. A positive correlation between the decrease in
the NAc volume and the intensity of its dysfunction has been shown. This involves both
neuropsychiatric symptoms, such as depression, impairment of cognition and learning, apathy,
anxiety, anhedonia [129], and motor dysfunction such as hypokinesia [128].

Furthermore, manifestation of the impulsive-compulsive behaviors in PD is related
to the pathological changes in the NAc [130]. They could be a result of the decreased
α-synuclein concentration and a reduction of the dopaminergic D3 receptors (D3Rs) in this
brain area (Figure 1). Consequently, the control of the ventral striatum activity is reduced,
which leads to its over-activity. It has been suggested that the reduced expression of D3Rs
is caused by a reduction in BDNF levels, rather than a loss of DA [131].

In the course of PD, there are also disorders resulting from impairment of functional
axes based on classic neurotransmitters, such as DA and Glu [132]. Although slight changes
in their concentration are necessary for initiation of the goal-directed behaviors and motor
learning, larger fluctuations can result in the development of addition and exacerbation of
PD. The disturbance of the dopaminergic control of cortical, glutamatergic stimulation in
the NAc can result in an impairment of motor activity learning, various forms of behavioral
reactions, and in the development of addiction [132]. The reduced influence of the anterior
cingulate cortex on the NAc lies at the base of the impulse-compulsive behaviors in PD
patients [133].

Altogether, in patients with PD changes in the NAc are at the base of functional disor-
ders associated with neuropsychological and motor dysfunctions. Due to the integrative
role of the NAc, based on the interaction of several neurotransmitter systems, the spectrum
of disorders resulting from its dysfunction is broad and often difficult to distinguish from
impairment of the other basal ganglia. Hence, the role of the NAc in PD should be analyzed
in close connection with the dysfunction of the other areas.
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5. Conclusions and Perspectives for Future Research

This review summarizes the molecular and functional alterations which occur within
the NAc in the course of several CNS pathologies, such as addiction, mental disorders (i.e.,
depression and schizophrenia), and neurodegenerative diseases (i.e., AD, HD, and PD). The
role of the NAc in so many pathological processes can be explained based on its structural
and functional characteristics. The NAc has extensive connections with the other brain
regions organized in a hierarchal pattern that involves several neurotransmitter systems and
well-developed synaptic plasticity mechanisms. This complex structural organization is
exposed to the influence of pathological stimuli, of both external and internal origin, which
are responsible for its disintegration. The morphological consequences induced by these
factors are manifested by changes in the NAc’s volume, most likely resulting from changes
in the neuropil volume and cell death, as well as the formation or disappearance of the
dendritic tree elements, the dendritic spines, and synapses. The functional consequences
involve changes in the synaptic plasticity, which lead to a decreased effectiveness of
the neurotransmission. They also include changes in the expression of some receptors
(e.g., NMDAR, AMPAR D1R, D2R) and the composition of their subunits. All these
alterations can be induced by either external (e.g., addictive substances) or internal factors
(e.g., metabolic disorders, dysregulation of signaling pathways or genetic conditions) and
lead to dysfunction of the signaling pathways, changes in the content of neuromodulators
(e.g., BDNF), transcription factors (e.g., pCREB, DeltaFosB, NFkB), histones (e.g., histone
H3.3) and, ultimately, changes in the gene expression. Importantly, changes in the NAc
have a different character and intensity compared to those observed in the other parts of
the basal ganglia, in particular in the dorsal striatum, which emphasizes the functional
differences between these two brain regions.

We propose that the role of NAc in the development of pathological processes should
be seen in several aspects. First, one should consider the morphological changes of neurons
and neuropil, together with dysfunction of the signaling pathways and the decreased
effectiveness of the synaptic transmission, all of which could explain the nature of the
pathological processes destroying the NAc itself. Secondly, changes in the NAc connections
with the other brain areas involved in the specific pathologies should be taken into account.
Thus, what happens within the NAc must be considered as a result of processes occurring
simultaneously in many brain areas, related reciprocally to each other in the majority of
cases. Thirdly, the pathological changes and the resulting signs and symptoms are, to a
large extent, determined by the stage of the disease. Consequently, the NAc damage is
not an isolated phenomenon that occurs independently from damage to the other brain
regions. On the contrary, this is an effect of processes acting simultaneously in many brain
regions and functional systems, although the nature of these destructive processes and
their intensity may considerably differ among them.

Future research on the role of NAc in the course of various pathological processes
should focus on several issues. First, valuable information can be obtained from the
broadly understood morphological studies of this nucleus focused on the assessment of
changes in its volume, cellular and neuropil content, as well as morphological changes
occurring within its parts, which has not been described in detail so far. Second, research
on NAc connections with other brain regions, in particular those constituting the limbic
system, seems to be very promising. The results of these studies will contribute to a better
understanding of the pathomechanisms of addictions development, mental disorders, and
neurodegenerative diseases. Third, a valuable complementation to these studies may
be the assessment of changes occurring in the NAc related to structural and functional
synaptic plasticity disorders, changes in the neurotransmitters’ and neuromodulators’
concentrations, the structure and number of receptors and, consequently, changes in the
effectiveness of synaptic transmission. Fourth, studies on changes in gene expression and
epigenetic modifications and in the effectiveness of signaling pathways in the course of
CNS diseases can provide valuable information. Finally, it should be emphasized that a
comprehensive understanding of the role of NAc in a specific CNS pathology requires a
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translational approach that combines the results of basic and clinical research and takes
into consideration the coexistence of comorbid pathological processes. We believe that the
presented view on the changes occurring in NAc, and resulting from them pathological
symptoms, can be useful not only for setting new directions of research but also in designing
new diagnostic and therapeutic strategies against the CNS diseases.
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Abbreviations

Aß amyloid ß
ACh acetylcholine
AChE acetylcholinesterase
AD Alzheimer’s disease
Amg amygdala
AMPARs α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-type glutamate receptors
BDNF brain-derived neurotrophic factor
BRS brain reward system
Cdk5 cyclin-dependent kinase 5
CNS central nervous system
CUMS chronic unpredictable mild stress
DA dopamine
DARPP-32 cAMP-regulated phosphoprotein 32
DBS deep brain stimulation
D1R D1 dopamine receptor
GABA γ-aminobutyric acid
GABAARs γ-aminobutyric acid A receptors
Glu glutamate
GluD1R glutamate delta-1 receptor
HD Huntington’s disease
Hip hippocampus
5-HT serotonin
LTP long-term potentiation
MDD major depressive disorder
MGluRs metabotropic glutamatergic receptors
MSNs medium spiny neurons
mPFC medial prefrontal cortex
NAc nucleus accumbens
NADPH-d dihydronicotinamide adenine dinucleotide phosphate diaphorase
NMDARs N-methyl-D-aspartate receptors
NPY neuropeptide Y
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pCREB
phosphorylated cAMP (adenosine 3′5′ cyclic monophosphate)-
Response Element Binding protein

PD Parkinson’s disease
PFC prefrontal cortex
SOM somatostatin
TPD tangle-predominant dementia
TrkB tropomyosin receptor kinase B
vSub ventral subiculum
VTA ventral tegmental area
Enk enkephalin
SP substance P
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and DeltaFosB activity is modified by caffeine in the brain reward system of the rat. J. Chem. Neuroanat. 2018, 88, 1–12. [CrossRef]

33. Tanda, G.; Goldberg, S.R. Alteration of the behavioral effects of nicotine by chronic caffeine exposure. Pharmacol. Biochem. Behav.
2000, 66, 47–64. [CrossRef]

34. Liu, X.; Jernigan, C. Effects of caffeine on persistence and reinstatement of nicotine-seeking behavior in rats: Interaction with
nicotine-associated cues. Psychopharmacology 2012, 220, 541–550. [CrossRef] [PubMed]

35. Nestler, E.J. Transcriptional Mechanisms of Addiction: Role of ∆FosB. In Proceedings of the Philosophical Transactions of the
Royal Society B: Biological Sciences; Royal Society: London, UK, 2008; Volume 363, pp. 3245–3255.

36. Kivinummi, T.; Kaste, K.; Rantamäki, T.; Castrén, E.; Ahtee, L. Alterations in BDNF and phospho-CREB levels following chronic
oral nicotine treatment and its withdrawal in dopaminergic brain areas of mice. Neurosci. Lett. 2011, 491, 108–112. [CrossRef]
[PubMed]

37. Birdogan, A.; Salur, E.; Tuzcu, F.; Gokmen, R.C.; Ozturk Bintepe, M.; Aypar, B.; Keser, A.; Balkan, B.; Koylu, E.O.; Kanit, L.;
et al. Chronic oral nicotine administration and withdrawal regulate the expression of neuropeptide Y and its receptors in the
mesocorticolimbic system. Neuropeptides 2021, 90, 102184. [CrossRef] [PubMed]

38. Shelton, R.C. The molecular neurobiology of depression. Psychiatr. Clin. N. Am. 2007, 30, 1–11. [CrossRef]
39. Si, Y.; Song, Z.; Sun, X.; Wang, J.H. microRNA and mRNA profiles in nucleus accumbens underlying depression versus resilience

in response to chronic stress. Am. J. Med. Genet. Part B Neuropsychiatr. Genet. 2018, 177, 563–579. [CrossRef] [PubMed]
40. Qi, G.; Zhang, P.; Li, T.; Li, M.; Zhang, Q.; He, F.; Zhang, L.; Cai, H.; Lv, X.; Qiao, H.; et al. NAc-VTA circuit underlies emotional

stress-induced anxiety-like behavior in the three-chamber vicarious social defeat stress mouse model. Nat. Commun. 2022, 13,
1–19. [CrossRef]

41. Pittenger, C.; Duman, R.S. Stress, depression, and neuroplasticity: A convergence of mechanisms. Neuropsychopharmacology 2008,
33, 88–109. [CrossRef]

42. Bagot, R.C.; Parise, E.M.; Peña, C.J.; Zhang, H.X.; Maze, I.; Chaudhury, D.; Persaud, B.; Cachope, R.; Bolaños-Guzmán, C.A.;
Cheer, J.; et al. Ventral hippocampal afferents to the nucleus accumbens regulate susceptibility to depression. Nat. Commun. 2015,
6. [CrossRef]

43. Russo, S.J.; Nestler, E.J. The brain reward circuitry in mood disorders. Nat. Rev. Neurosci. 2013, 14, 609–625. [CrossRef]
44. Lorenzetti, V.; Allen, N.B.; Fornito, A.; Yücel, M. Structural brain abnormalities in major depressive disorder: A selective review

of recent MRI studies. J. Affect. Disord. 2009, 117, 1–17. [CrossRef] [PubMed]
45. Pizzagalli, D.A.; Holmes, A.J.; Dillon, D.G.; Goetz, E.L.; Birk, J.L.; Bogdan, R.; Dougherty, D.D.; Iosifescu, D.V.; Rauch, S.L.; Fava,

M. Reduced caudate and nucleus accumbens response to rewards in unmedicated individuals with major depressive disorder.
Am. J. Psychiatry 2009, 166, 702–710. [CrossRef]

46. Jernigan, C.S.; Goswami, D.B.; Austin, M.C.; Iyo, A.H.; Chandran, A.; Stockmeier, C.A.; Karolewicz, B. The mTOR signaling
pathway in the prefrontal cortex is compromised in major depressive disorder. Prog. NeuroPsychopharmacol. Biol. Psychiatry 2011,
35, 1774–1779. [CrossRef]

http://doi.org/10.1038/s41398-018-0273-9
http://doi.org/10.3389/fnsyn.2014.00016
http://doi.org/10.1523/JNEUROSCI.0015-19.2019
http://www.ncbi.nlm.nih.gov/pubmed/31043484
http://doi.org/10.1073/pnas.1702441114
http://www.ncbi.nlm.nih.gov/pubmed/28808012
http://doi.org/10.1016/j.drugalcdep.2016.04.019
http://doi.org/10.1371/journal.pone.0030241
http://doi.org/10.1038/npp.2014.118
http://doi.org/10.1016/j.brainres.2017.02.024
http://doi.org/10.1002/syn.21726
http://doi.org/10.1016/j.jchemneu.2017.10.005
http://doi.org/10.1016/S0091-3057(00)00234-3
http://doi.org/10.1007/s00213-011-2505-z
http://www.ncbi.nlm.nih.gov/pubmed/21947355
http://doi.org/10.1016/j.neulet.2011.01.015
http://www.ncbi.nlm.nih.gov/pubmed/21232579
http://doi.org/10.1016/j.npep.2021.102184
http://www.ncbi.nlm.nih.gov/pubmed/34425507
http://doi.org/10.1016/j.psc.2006.12.005
http://doi.org/10.1002/ajmg.b.32651
http://www.ncbi.nlm.nih.gov/pubmed/30105773
http://doi.org/10.1038/s41467-022-28190-2
http://doi.org/10.1038/sj.npp.1301574
http://doi.org/10.1038/ncomms8062
http://doi.org/10.1038/nrn3381
http://doi.org/10.1016/j.jad.2008.11.021
http://www.ncbi.nlm.nih.gov/pubmed/19237202
http://doi.org/10.1176/appi.ajp.2008.08081201
http://doi.org/10.1016/j.pnpbp.2011.05.010


Int. J. Mol. Sci. 2022, 23, 2618 16 of 19

47. Avnioglu, S.; Velioglu, H.A.; Cankaya, S.; Yulug, B. Quantitative evaluation of brain volumes in drug-free major depressive
disorder using MRI-Cloud method. Neuroreport 2021, 32, 1027–1034. [CrossRef]

48. Ho, T.C. Editorial: Toward neurobiological-based treatments of depression and anxiety: A potential case for the nucleus
accumbens. J. Am. Acad. Child Adolesc. Psychiatry 2022, 61, 136–138. [CrossRef] [PubMed]

49. Gallay, C.C.; Forsyth, G.; Can, A.T.; Dutton, M.; Jamieson, D.; Jensen, E.; Hermens, D.F.; Bennett, M.R.; Lagopoulos, J. Six-week
oral ketamine treatment for chronic suicidality is associated with increased grey matter volume. Psychiatry Res. Neuroimaging
2021, 317, 111369. [CrossRef] [PubMed]

50. Qiao, H.; Li, M.X.; Xu, C.; Chen, H.B.; An, S.C.; Ma, X.M. Dendritic spines in depression: What we learned from animal models.
Neural Plast. 2016, 2016, 20–24. [CrossRef] [PubMed]

51. Francis, T.C.; Chandra, R.; Friend, D.M.; Finkel, E.; Dayrit, G.; Miranda, J.; Brooks, J.M.; Iñiguez, S.D.; O’Donnell, P.; Kravitz,
A.; et al. Nucleus accumbens medium spiny neuron subtypes mediate depression-related outcomes to social defeat stress. Biol.
Psychiatry 2015, 77, 212–222. [CrossRef] [PubMed]

52. Fox, M.E.; Chandra, R.; Menken, M.S.; Larkin, E.J.; Nam, H.; Engeln, M.; Francis, T.C.; Lobo, M.K. Dendritic remodeling of D1
neurons by RhoA/Rho-kinase mediates depression-like behavior. Mol. Psychiatry 2018, 25, 1022–1034. [CrossRef]

53. Martinowich, K.; Manji, H.; Lu, B. New insights into BDNF function in depression and anxiety. Nat. Neurosci. 2007, 10, 1089–1093.
[CrossRef]

54. McEwen, B.S.; Magarinos, A.M. Stress Effects on Morphology and Function of the Hippocampus. Ann. N. Y. Acad. Sci. 1997, 821,
271–284. [CrossRef]

55. Willner, P. Chronic mild stress (CMS) revisited: Consistency and behavioural- neurobiological concordance in the effects of CMS.
Neuropsychobiology 2005, 52, 90–110. [CrossRef] [PubMed]

56. Yan, H.C.; Cao, X.; Das, M.; Zhu, X.H.; Gao, T.M. Behavioral animal models of depression. Neurosci. Bull. 2010, 26, 327–337.
[CrossRef] [PubMed]

57. Castrén, E.; Võikar, V.; Rantamäki, T. Role of neurotrophic factors in depression. Curr. Opin. Pharmacol. 2007, 7, 18–21. [CrossRef]
58. Castrén, E.; Rantamäki, T. The role of BDNF and its receptors in depression and antidepressant drug action: Reactivation of

developmental plasticity. Dev. Neurobiol. 2010, 70, 289–297. [CrossRef] [PubMed]
59. Ray, M.T.; Weickert, C.S.; Wyatt, E.; Webster, M.J. Decreased BDNF, trkB-TK+ and GAD67 mRNA expression in the hippocampus

of individuals with schizophrenia and mood disorders. J. Psychiatry Neurosci. 2011, 36, 195–203. [CrossRef]
60. Bremner, J.D.; Narayan, M.; Anderson, E.R.; Staib, L.H.; Miller, H.L.; Charney, D.S. Hippocampal volume reduction in major

depression. Am. J. Psychiatry 2000, 157, 115–117. [CrossRef]
61. Ma, K.; Zhang, H.; Wei, G.; Dong, Z.; Zhao, H.; Han, X.; Song, X.; Zhang, H.; Zong, X.; Baloch, Z.; et al. Identification of key

genes, pathways, and miRNA/mRNA regulatory networks of CUMS-induced depression in nucleus accumbens by integrated
bioinformatics analysis. Neuropsychiatr. Dis. Treat. 2019, 15, 685–700. [CrossRef]

62. Wang, J.; Lai, S.; Wang, R.; Zhou, T.; Dong, N.; Zhu, L.; Chen, T.; Zhang, X.; Chen, Y. Dopamine D3 receptor in the nucleus
accumbens alleviates neuroinflammation in a mouse model of depressive-like behavior. Brain. Behav. Immun. 2022, 101, 165–179.
[CrossRef]

63. Caviedes, A.; Lafourcade, C.; Soto, C.; Wyneken, U. BDNF/NF-κB signaling in the neurobiology of depression. Curr. Pharm. Des.
2017, 23, 3154–3163. [CrossRef]

64. Weiss, A.P.; Goff, D.; Schacter, D.L.; Ditman, T.; Freudenreich, O.; Henderson, D.; Heckers, S. Fronto-hippocampal function during
temporal context monitoring in schizophrenia. Biol. Psychiatry 2006, 60, 1268–1277. [CrossRef]

65. O’Donnell, P.; Greene, J.; Pabello, N.; Lewis, B.L.; Grace, A.A. Modulation of Cell Firing in the Nucleus Accumbens. Ann. N. Y.
Acad. Sci. 1999, 877, 157–175. [CrossRef]

66. Lodge, D.J.; Grace, A.A. Aberrant hippocampal activity underlies the dopamine dysregulation in an animal model of schizophre-
nia. J. Neurosci. 2007, 27, 11424–11430. [CrossRef] [PubMed]

67. Silbersweig, D.A.; Stern, E.; Frith, C.; Cahill, C.; Holmes, A.; Grootoonk, S.; Seaward, J.; Mc Kenna, P.; Chua, S.E.; Schnorr, L.; et al.
A functional neuroanatomy of hallucinations in schizophrenia. Nature 1995, 378, 176–179. [CrossRef]

68. Belujon, P.; Patton, M.H.; Grace, A.A. Role of the prefrontal cortex in altered hippocampal-accumbens synaptic plasticity in a
developmental animal model of schizophrenia. Cereb. Cortex 2014, 24, 968–977. [CrossRef] [PubMed]

69. Molina, V.; Sanz, J.; Sarramea, F.; Benito, C.; Palomo, T. Prefrontal atrophy in first episodes of schizophrenia associated with
limbic metabolic hyperactivity. J. Psychiatr. Res. 2005, 39, 117–127. [CrossRef]

70. Grace, A.A.; Floresco, S.B.; Goto, Y.; Lodge, D.J. Regulation of firing of dopaminergic neurons and control of goal-directed
behaviors. Trends Neurosci. 2007, 30, 220–227. [CrossRef] [PubMed]

71. Mogenson, G.J.; Yang, C.R.; Yim, C.Y. Influence of dopamine on limbic inputs to the nucleus accumbens. Ann. N. Y. Acad. Sci.
1988, 537, 86–100. [CrossRef] [PubMed]

72. Bird, E.D.; Spokes, E.G.S.; Iversen, L.L. Increased dopamine concentration in limbic areas of brain from patients dying with
schizophrenia. Brain 1979, 102, 347–360. [CrossRef]

73. Mackay, A.V.P.; Iversen, L.L.; Rossor, M.; Spokes, E.; Bird, E.; Arregui, A.; Creese, I.; Snyder, S.H. Increased brain dopamine and
dopamine receptors in schizophrenia. Arch. Gen. Psychiatry 1982, 39, 991–997. [CrossRef]

74. McCollum, L.A.; McCullumsmith, R.E.; Roberts, R.C. Tyrosine hydroxylase localization in the nucleus accumbens in schizophrenia.
Brain Struct. Funct. 2016, 221, 4451–4458. [CrossRef]

http://doi.org/10.1097/WNR.0000000000001682
http://doi.org/10.1016/j.jaac.2021.06.013
http://www.ncbi.nlm.nih.gov/pubmed/34216777
http://doi.org/10.1016/j.pscychresns.2021.111369
http://www.ncbi.nlm.nih.gov/pubmed/34461430
http://doi.org/10.1155/2016/8056370
http://www.ncbi.nlm.nih.gov/pubmed/26881133
http://doi.org/10.1016/j.biopsych.2014.07.021
http://www.ncbi.nlm.nih.gov/pubmed/25173629
http://doi.org/10.1038/s41380-018-0211-5
http://doi.org/10.1038/nn1971
http://doi.org/10.1111/j.1749-6632.1997.tb48286.x
http://doi.org/10.1159/000087097
http://www.ncbi.nlm.nih.gov/pubmed/16037678
http://doi.org/10.1007/s12264-010-0323-7
http://www.ncbi.nlm.nih.gov/pubmed/20651815
http://doi.org/10.1016/j.coph.2006.08.009
http://doi.org/10.1002/dneu.20758
http://www.ncbi.nlm.nih.gov/pubmed/20186711
http://doi.org/10.1503/jpn.100048
http://doi.org/10.1176/ajp.157.1.115
http://doi.org/10.2147/NDT.S200264
http://doi.org/10.1016/j.bbi.2021.12.019
http://doi.org/10.2174/1381612823666170111141915
http://doi.org/10.1016/j.biopsych.2006.06.025
http://doi.org/10.1111/j.1749-6632.1999.tb09267.x
http://doi.org/10.1523/JNEUROSCI.2847-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17942737
http://doi.org/10.1038/378176a0
http://doi.org/10.1093/cercor/bhs380
http://www.ncbi.nlm.nih.gov/pubmed/23236209
http://doi.org/10.1016/j.jpsychires.2004.06.008
http://doi.org/10.1016/j.tins.2007.03.003
http://www.ncbi.nlm.nih.gov/pubmed/17400299
http://doi.org/10.1111/j.1749-6632.1988.tb42098.x
http://www.ncbi.nlm.nih.gov/pubmed/3059937
http://doi.org/10.1093/brain/102.2.347
http://doi.org/10.1001/archpsyc.1982.04290090001001
http://doi.org/10.1007/s00429-015-1174-9


Int. J. Mol. Sci. 2022, 23, 2618 17 of 19

75. Pillai, A. Brain-derived neurotropic factor/TrkB signaling in the pathogenesis and novel pharmacotherapy of schizophrenia.
NeuroSignals 2008, 16, 183–193. [CrossRef]

76. Durany, N.; Thome, J. Neurotrophic factors and the pathophysiology of schizophrenic psychoses. Eur. Psychiatry 2004, 19, 326–337.
[CrossRef] [PubMed]

77. Weickert, C.S.; Hyde, T.M.; Lipska, B.K.; Herman, M.M.; Weinberger, D.R.; Kleinman, J.E. Reduced brain-derived neurotrophic
factor in prefrontal cortex of patients with schizophrenia. Mol. Psychiatry 2003, 8, 592–610. [CrossRef] [PubMed]

78. Hashimoto, T.; Bergen, S.E.; Nguyen, Q.L.; Xu, B.; Monteggia, L.M.; Pierri, J.N.; Sun, Z.; Sampson, A.R.; Lewis, D.A. Relationship
of brain-derived neurotrophic factor and its receptor TrkB to altered inhibitory prefrontal circuitry in schizophrenia. J. Neurosci.
2005, 25, 372–383. [CrossRef] [PubMed]

79. Iritani, S.; Niizato, K.; Nawa, H.; Ikeda, K.; Emson, P.C. Immunohistochemical study of brain-derived neurotrophic factor and its
receptor, TrkB, in the hippocampal formation of schizophrenic brains. Prog. Neuro. Psychopharmacol. Biol. Psychiatry 2003, 27,
801–807. [CrossRef]

80. Durany, N.; Michel, T.; Zöchling, R.; Boissl, K.W.; Cruz-Sánchez, F.F.; Riederer, P.; Thome, J. Brain-derived neurotrophic factor and
neurotrophin 3 in schizophrenic psychoses. Schizophr. Res. 2001, 52, 79–86. [CrossRef]

81. Fang, X.; Chen, Y.; Wang, Y.; Ren, J.; Zhang, C. Depressive symptoms in schizophrenia patients: A possible relationship between
SIRT1 and BDNF. Prog. Neuro. Psychopharmacol. Biol. Psychiatry 2019, 95, 109673. [CrossRef]

82. Dwivedi, Y.; Rizavi, H.S.; Conley, R.R.; Roberts, R.C.; Tamminga, C.A.; Pandey, G.N. Altered gene expression of brain-derived
neurotrophic factor and receptor tyrosine kinase B in postmortem brain of suicide subjects. Arch. Gen. Psychiatry 2003, 60, 804–815.
[CrossRef]

83. Castrén, E. Neurotrophic effects of antidepressant drugs. Curr. Opin. Pharmacol. 2004, 4, 58–64. [CrossRef]
84. Pandey, G.N.; Ren, X.; Rizavi, H.S.; Conley, R.R.; Roberts, R.C.; Dwivedi, Y. Brain-derived neurotrophic factor and tyrosine kinase

B receptor signalling in post-mortem brain of teenage suicide victims. Int. J. Neuropsychopharmacol. 2008, 11, 1047–1061. [CrossRef]
85. Yu, H.; Chen, Z.Y. The role of BDNF in depression on the basis of its location in the neural circuitry. Acta Pharmacol. Sin. 2011, 32,

3–11. [CrossRef]
86. Tebartz Van Elst, L.; Woermann, F.; Lemieux, L.; Trimble, M.R. Increased amygdala volumes in female and depressed humans. A

quantitative magnetic resonance imaging study. Neurosci. Lett. 2000, 281, 103–106. [CrossRef]
87. Frodl, T.; Meisenzahl, E.; Zetzsche, T.; Bottlender, R.; Born, C.; Groll, C.; Jäger, M.; Leinsinger, G.; Hahn, K.; Möller, H.J.

Enlargement of the amygdala in patients with a first episode of major depression. Biol. Psychiatry 2002, 51, 708–714. [CrossRef]
88. Tendilla-Beltrán, H.; Coatl-Cuaya, H.; Meneses-Prado, S.; Vázquez-Roque, R.A.; Brambila, E.; Tapia-Rodríguez, M.; Martín-

Hernández, D.; Garcés-Ramírez, L.; Madrigal, J.L.M.; Leza, J.C.; et al. Neuroplasticity and inflammatory alterations in the nucleus
accumbens are corrected after risperidone treatment in a schizophrenia-related developmental model in rats. Schizophr. Res. 2021,
235, 17–28. [CrossRef]

89. Thylur, D.S.; Goldsmith, D.R. Brick by brick: Building a transdiagnostic understanding of inflammation in psychiatry. Harv. Rev.
Psychiatry 2022, 30, 40–53. [CrossRef] [PubMed]

90. Nie, X.; Sun, Y.; Wan, S.; Zhao, H.; Liu, R.; Li, X.; Wu, S.; Nedelska, Z.; Hort, J.; Qing, Z.; et al. Subregional structural alterations
in hippocampus and nucleus accumbens correlate with the clinical impairment in patients with Alzheimer’s Disease clinical
spectrum: Parallel combining volume and vertex-based approach. Front. Neurol. 2017, 8, 15. [CrossRef]

91. Kawakami, I.; Hasegawa, M.; Arai, T.; Ikeda, K.; Oshima, K.; Niizato, K.; Aoki, N.; Omi, K.; Higashi, S.; Hosokawa, M.; et al.
Tau accumulation in the nucleus accumbens in tangle-predominant dementia. Acta Neuropathol. Commun. 2014, 2. [CrossRef]
[PubMed]

92. Nobili, A.; Latagliata, E.C.; Viscomi, M.T.; Cavallucci, V.; Cutuli, D.; Giacovazzo, G.; Krashia, P.; Rizzo, F.R.; Marino, R.; Federici,
M.; et al. Dopamine neuronal loss contributes to memory and reward dysfunction in a model of Alzheimer’s disease. Nat.
Commun. 2017, 8. [CrossRef]

93. Cordella, A.; Krashia, P.; Nobili, A.; Pignataro, A.; la Barbera, L.; Viscomi, M.T.; Valzania, A.; Keller, F.; Ammassari-Teule, M.;
Mercuri, N.B.; et al. Dopamine loss alters the hippocampus-nucleus accumbens synaptic transmission in the Tg2576 mouse
model of Alzheimer’s disease. Neurobiol. Dis. 2018, 116, 142–154. [CrossRef]

94. Fernández-Pérez, E.J.; Gallegos, S.; Armijo-Weingart, L.; Araya, A.; Riffo-Lepe, N.O.; Cayuman, F.; Aguayo, L.G. Changes in
neuronal excitability and synaptic transmission in nucleus accumbens in a transgenic Alzheimer’s disease mouse model. Sci. Rep.
2020, 10. [CrossRef]

95. Lu, B.; Nagappan, G.; Guan, X.; Nathan, P.J.; Wren, P. BDNF-based synaptic repair as a disease-modifying strategy for neurode-
generative diseases. Nat. Rev. Neurosci. 2013, 14, 401–416. [CrossRef]

96. Voineskos, A.N.; Lerch, J.P.; Felsky, D.; Shaikh, S.; Rajji, T.K.; Miranda, D.; Lobaugh, N.J.; Mulsant, B.H.; Pollock, B.G.; Kennedy,
J.L. The brain-derived neurotrophic factor Val66Met polymorphism and prediction of neural risk for alzheimer disease. Arch. Gen.
Psychiatry 2011, 68, 198–206. [CrossRef] [PubMed]

97. Li, Q.-S.; Yang, W.; Pan, Y.-F.; Min, J.; Zhang, Z.; Gao, H.-Z.; Qi, J.-S. Brain-derived neurotrophic factor prevents against amyloid
beta protein-induced impairment of hippocampal in vivo long-term potentiation in rats. Zhongguo Ying Yong Sheng Li Xue Za Zhi
2012, 28, 425–429. [PubMed]

98. Rohe, M.; Synowitz, M.; Glass, R.; Paul, S.M.; Nykjaer, A.; Willnow, T.E. Brain-derived neurotrophic factor reduces amyloidogenic
processing through control of SORLA gene expression. J. Neurosci. 2009, 29, 15472–15478. [CrossRef] [PubMed]

http://doi.org/10.1159/000111562
http://doi.org/10.1016/j.eurpsy.2004.06.020
http://www.ncbi.nlm.nih.gov/pubmed/15363470
http://doi.org/10.1038/sj.mp.4001308
http://www.ncbi.nlm.nih.gov/pubmed/12851636
http://doi.org/10.1523/JNEUROSCI.4035-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15647480
http://doi.org/10.1016/S0278-5846(03)00112-X
http://doi.org/10.1016/S0920-9964(00)00084-0
http://doi.org/10.1016/j.pnpbp.2019.109673
http://doi.org/10.1001/archpsyc.60.8.804
http://doi.org/10.1016/j.coph.2003.10.004
http://doi.org/10.1017/S1461145708009000
http://doi.org/10.1038/aps.2010.184
http://doi.org/10.1016/S0304-3940(00)00815-6
http://doi.org/10.1016/S0006-3223(01)01359-2
http://doi.org/10.1016/j.schres.2021.07.014
http://doi.org/10.1097/HRP.0000000000000326
http://www.ncbi.nlm.nih.gov/pubmed/34995034
http://doi.org/10.3389/fneur.2017.00399
http://doi.org/10.1186/2051-5960-2-40
http://www.ncbi.nlm.nih.gov/pubmed/24708916
http://doi.org/10.1038/ncomms14727
http://doi.org/10.1016/j.nbd.2018.05.006
http://doi.org/10.1038/s41598-020-76456-w
http://doi.org/10.1038/nrn3505
http://doi.org/10.1001/archgenpsychiatry.2010.194
http://www.ncbi.nlm.nih.gov/pubmed/21300947
http://www.ncbi.nlm.nih.gov/pubmed/23252296
http://doi.org/10.1523/JNEUROSCI.3960-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/20007471


Int. J. Mol. Sci. 2022, 23, 2618 18 of 19

99. Weinstein, G.; Beiser, A.S.; Choi, S.H.; Preis, S.R.; Chen, T.C.; Vorgas, D.; Au, R.; Pikula, A.; Wolf, P.A.; DeStefano, A.L.; et al.
Serum brain-derived neurotrophic factor and the risk for dementia: The framingham heart study. JAMA Neurol. 2014, 71, 55–61.
[CrossRef] [PubMed]

100. Laske, C.; Stellos, K.; Hoffmann, N.; Stransky, E.; Straten, G.; Eschweiler, G.W.; Leyhe, T. Higher BDNF serum levels predict
slower cognitive decline in Alzheimer’s disease patients. Int. J. Neuropsychopharmacol. 2011, 14, 399–404. [CrossRef]

101. Guo, C.; Wen, D.; Zhang, Y.; Mustaklem, R.; Mustaklem, B.; Zhou, M.; Ma, T.; Ma, Y.-Y. Amyloid-β oligomers in the nucleus
accumbens decrease motivation via insertion of calcium-permeable AMPA receptors. Mol. Psychiatry 2022, 1–12. [CrossRef]

102. Lu, B.; Nagappan, G.; Lu, Y. BDNF and synaptic plasticity, cognitive function, and dysfunction. Handb. Exp. Pharmacol. 2015, 220,
223–250. [CrossRef]

103. Nagahara, A.H.; Merrill, D.A.; Coppola, G.; Tsukada, S.; Schroeder, B.E.; Shaked, G.M.; Wang, L.; Blesch, A.; Kim, A.; Conner,
J.M.; et al. Neuroprotective effects of brain-derived neurotrophic factor in rodent and primate models of Alzheimer’s disease.
Nat. Med. 2009, 15, 331–337. [CrossRef]

104. Zhou, J.P.; Feng, Z.G.; Yuan, B.L.; Yu, S.Z.; Li, Q.; Qu, H.Y.; Sun, M.J. Transduced PTD-BDNF fusion protein protects against beta
amyloid peptide-induced learning and memory deficits in mice. Brain Res. 2008, 1191, 12–19. [CrossRef]

105. Connor, B.; Young, D.; Yan, Q.; Faull, R.L.M.; Synek, B.; Dragunow, M. Brain-derived neurotrophic factor is reduced in Alzheimer’s
disease. Mol. Brain Res. 1997, 49, 71–81. [CrossRef]

106. Michalski, B.; Fahnestock, M. Pro-brain-derived neurotrophic factor is decreased in parietal cortex in Alzheimer’s disease. Mol.
Brain Res. 2003, 111, 148–154. [CrossRef]

107. Peng, S.; Wuu, J.; Mufson, E.J.; Fahnestock, M. Precursor form of brain-derived neurotrophic factor and mature brain-derived
neurotrophic factor are decreased in the pre-clinical stages of Alzheimer’s disease. J. Neurochem. 2005, 93, 1412–1421. [CrossRef]

108. Song, J.H.; Yu, J.T.; Tan, L. Brain-derived neurotrophic factor in alzheimer’s disease: Risk, mechanisms, and therapy. Mol.
Neurobiol. 2015, 52, 1477–1493. [CrossRef]

109. Beal, M.F.; Bird, E.D.; Langlais, P.J.; Martin, J.B. Somatostatin is increased in the nucleus accumbens in huntington’s disease.
Neurology 1984, 34, 663–666. [CrossRef]

110. Van den Bogaard, S.J.A.; Dumas, E.M.; Acharya, T.P.; Johnson, H.; Langbehn, D.R.; Scahill, R.I.; Tabrizi, S.J.; van Buchem, M.A.;
van Der Grond, J.; Roos, R.A.C. Early atrophy of pallidum and accumbens nucleus in Huntington’s disease. J. Neurol. 2011, 258,
412–420. [CrossRef] [PubMed]

111. Hirano, M.; Iritani, S.; Fujishiro, H.; Torii, Y.; Habuchi, C.; Sekiguchi, H.; Yoshida, M.; Ozaki, N. Clinicopathological differences
between the motor onset and psychiatric onset of Huntington’s disease, focusing on the nucleus accumbens. Neuropathology 2019,
39, 331–341. [CrossRef]

112. Beal, M.F.; Mazurek, M.F.; Ellison, D.W.; Swartz, K.J.; McGarvey, U.; Bird, E.D.; Martin, J.B. Somatostatin and neuropeptide Y
concentrations in pathologically graded cases of huntington’s disease. Ann. Neurol. 1988, 23, 562–569. [CrossRef]

113. Ferrante, R.J.; Kowall, N.W.; Beal, M.F.; Martin, J.B.; Bird, E.D.; Richardson, E.P. Morphologic and histochemical characteristics of
a spared subset of striatal neurons in huntington’s disease. J. Neuropathol. Exp. Neurol. 1987, 46, 12–27. [CrossRef] [PubMed]

114. Nemeroff, C.B.; Youngblood, W.W.; Manberg, P.J.; Prange, A.J.; Kizer, J.S. Regional brain concentrations of neuropeptides in
Huntington’s chorea and schizophrenia. Science 1983, 221, 972–974. [CrossRef] [PubMed]

115. Palacios, J.M.; Rigo, M.; Chinaglia, G.; Probst, A. Reduced density of striatal somatostatin receptors in Huntington’s chorea. Brain
Res. 1990, 522, 342–346. [CrossRef]

116. Ferrante, R.J.; Kowall, N.W.; Richardson, E.P.; Bird, E.D.; Martin, J.B. Topography of enkephalin, substance P and acetyl-
cholinesterase staining in Huntington’s disease striatum. Neurosci. Lett. 1986, 71, 283–288. [CrossRef]

117. Kish, S.J.; Shannak, K.; Hornykiewicz, O. Elevated serotonin and reduced dopamine in subregionally divided Huntington’s
disease striatum. Ann. Neurol. 1987, 22, 386–389. [CrossRef]

118. Ellison, D.W.; Beal, M.F.; Mazurek, M.F.; Malloy, J.R.; Bird, E.D.; Martin, J.B. Amino acid neurotransmitter abnormalities in
huntington’s disease and the quinolinic acid animal model of Huntington’s disease. Brain 1987, 110, 1657–1673. [CrossRef]
[PubMed]

119. Hammond, P.; Brimijoin, S. Acetylcholinesterase in Huntington’s and Alzheimer’s diseases: Simultaneous enzyme assay and
immunoassay of multiple brain regions. J. Neurochem. 1988, 50, 1111–1116. [CrossRef]

120. Turjanski, N.; Weeks, R.; Dolan, R.; Harding, A.E.; Brooks, D.J. Striatal D1 and D2 receptor binding in patients with huntington’s
disease and other choreas A PET study. Brain 1995, 118, 689–696. [CrossRef]

121. Ginovart, N.; Lundin, A.; Farde, L.; Halldin, C.; Bäckman, L.; Swahn, C.G.; Pauli, S.; Sedvall, G. PET study of the pre- and
post-synaptic dopaminergic markers for the neurodegenerative process in Huntington’s disease. Brain 1997, 120, 503–514.
[CrossRef] [PubMed]

122. Couly, S.; Paucard, A.; Bonneaud, N.; Maurice, T.; Benigno, L.; Jourdan, C.; Cohen-Solal, C.; Vignes, M.; Maschat, F. Improvement
of BDNF signalling by P42 peptide in Huntington’s disease. Hum. Mol. Genet. 2018, 27, 3012–3028. [CrossRef]

123. Gharami, K.; Xie, Y.; An, J.J.; Tonegawa, S.; Xu, B. Brain-derived neurotrophic factor over-expression in the forebrain ameliorates
Huntington’s disease phenotypes in mice. J. Neurochem. 2008, 105, 369–379. [CrossRef] [PubMed]

124. Brito, V.; Giralt, A.; Masana, M.; Royes, A.; Espina, M.; Sieiro, E.; Alberch, J.; Castañé, A.; Girault, J.A.; Ginés, S. Cyclin-dependent
kinase 5 dysfunction contributes to depressive-like behaviors in huntington’s disease by altering the DARPP-32 phosphorylation
status in the nucleus accumbens. Biol. Psychiatry 2019, 86, 196–207. [CrossRef]

http://doi.org/10.1001/jamaneurol.2013.4781
http://www.ncbi.nlm.nih.gov/pubmed/24276217
http://doi.org/10.1017/S1461145710001008
http://doi.org/10.1038/s41380-022-01459-0
http://doi.org/10.1007/978-3-642-45106-5_9
http://doi.org/10.1038/nm.1912
http://doi.org/10.1016/j.brainres.2007.10.097
http://doi.org/10.1016/S0169-328X(97)00125-3
http://doi.org/10.1016/S0169-328X(03)00003-2
http://doi.org/10.1111/j.1471-4159.2005.03135.x
http://doi.org/10.1007/s12035-014-8958-4
http://doi.org/10.1212/WNL.34.5.663
http://doi.org/10.1007/s00415-010-5768-0
http://www.ncbi.nlm.nih.gov/pubmed/20936300
http://doi.org/10.1111/neup.12578
http://doi.org/10.1002/ana.410230606
http://doi.org/10.1097/00005072-198701000-00002
http://www.ncbi.nlm.nih.gov/pubmed/2947977
http://doi.org/10.1126/science.6136092
http://www.ncbi.nlm.nih.gov/pubmed/6136092
http://doi.org/10.1016/0006-8993(90)91481-U
http://doi.org/10.1016/0304-3940(86)90634-8
http://doi.org/10.1002/ana.410220318
http://doi.org/10.1093/brain/110.6.1657
http://www.ncbi.nlm.nih.gov/pubmed/2892568
http://doi.org/10.1111/j.1471-4159.1988.tb10580.x
http://doi.org/10.1093/brain/118.3.689
http://doi.org/10.1093/brain/120.3.503
http://www.ncbi.nlm.nih.gov/pubmed/9126061
http://doi.org/10.1093/hmg/ddy207
http://doi.org/10.1111/j.1471-4159.2007.05137.x
http://www.ncbi.nlm.nih.gov/pubmed/18086127
http://doi.org/10.1016/j.biopsych.2019.03.001


Int. J. Mol. Sci. 2022, 23, 2618 19 of 19

125. Khan, A.R.; Hiebert, N.M.; Vo, A.; Wang, B.T.; Owen, A.M.; Seergobin, K.N.; MacDonald, P.A. Biomarkers of Parkinson’s disease:
Striatal sub-regional structural morphometry and diffusion MRI. NeuroImage Clin. 2019, 21, 101597. [CrossRef]

126. Mavridis, I.; Boviatsis, E.; Anagnostopoulou, S. The human nucleus accumbens suffers parkinsonism-related shrinkage: A novel
finding. Surg. Radiol. Anat. 2011, 33, 595–599. [CrossRef] [PubMed]

127. Carriere, N.; Besson, P.; Dujardin, K.; Duhamel, A.; Defebvre, L.; Delmaire, C.; Devos, D. Apathy in Parkinson’s disease is
associated with nucleus accumbens atrophy: A magnetic resonance imaging shape analysis. Mov. Disord. 2014, 29, 897–903.
[CrossRef]

128. Mavridis, I.N. Is nucleus accumbens atrophy correlated with cognitive symptoms of Parkinson’s disease? Brain 2015, 138, e319.
[CrossRef] [PubMed]

129. Tinaz, S.; Kamel, S.; Aravala, S.S.; Sezgin, M.; Elfil, M.; Sinha, R. Distinct neural circuits are associated with subclinical
neuropsychiatric symptoms in Parkinson’s disease. J. Neurol. Sci. 2021, 423. [CrossRef] [PubMed]

130. Barbosa, P.; Hapuarachchi, B.; Djamshidian, A.; Strand, K.; Lees, A.J.; de Silva, R.; Holton, J.L.; Warner, T.T. Lower nucleus
accumbens a-synuclein load and D3 receptor levels in Parkinson’s disease with impulsive compulsive behaviours. Brain 2019,
142, 3580–3591. [CrossRef]

131. White, F.J. Dopamine receptors get a boost. Nature 2001, 411, 35–38. [CrossRef]
132. Bamford, N.S.; Wang, W. Corticostriatal plasticity in the nucleus accumbens core. J. Neurosci. Res. 2019, 97, 1559–1578. [CrossRef]
133. Hammes, J.; Theis, H.; Giehl, K.; Hoenig, M.C.; Greuel, A.; Tittgemeyer, M.; Timmermann, L.; Fink, G.R.; Drzezga, A.; Eggers, C.;

et al. Dopamine metabolism of the nucleus accumbens and fronto-striatal connectivity modulate impulse control. Brain 2019, 142,
733–743. [CrossRef]

http://doi.org/10.1016/j.nicl.2018.11.007
http://doi.org/10.1007/s00276-011-0802-1
http://www.ncbi.nlm.nih.gov/pubmed/21404044
http://doi.org/10.1002/mds.25904
http://doi.org/10.1093/brain/awu197
http://www.ncbi.nlm.nih.gov/pubmed/25034895
http://doi.org/10.1016/j.jns.2021.117365
http://www.ncbi.nlm.nih.gov/pubmed/33636663
http://doi.org/10.1093/brain/awz298
http://doi.org/10.1038/35075193
http://doi.org/10.1002/jnr.24494
http://doi.org/10.1093/brain/awz007

	Introduction 
	Addiction-Induced Short- and Long-Term Changes in Synaptic Plasticity Affect Molecular Signaling and Spino-Dendritic Morphology of the Accumbal Neurons 
	Alcohol 
	Cocaine 
	Morphine 
	Nicotine 

	Impairment of the Synaptic Plasticity and Dysregulation of Signaling Pathways Contribute to the Brain Reward System Dysfunction in Mental Illnesses 
	Depression 
	Schizophrenia 

	The Nucleus Accumbens Contribution to Neurodegeneration Results Not Only from Changes Occurring within the Nucleus Itself but Also within the Functionally Related Brain Areas 
	Alzheimer’s Disease 
	Huntington’s Disease 
	Parkinson Disease (PD) 

	Conclusions and Perspectives for Future Research 
	References

