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Abstract: The cardiovascular system and the central nervous system (CNS) closely cooperate in
the regulation of primary vital functions. The autonomic nervous system and several compounds
known as cardiovascular factors, especially those targeting the renin–angiotensin system (RAS), the
vasopressin system (VPS), and the oxytocin system (OTS), are also efficient modulators of several
other processes in the CNS. The components of the RAS, VPS, and OTS, regulating pain, emotions,
learning, memory, and other cognitive processes, are present in the neurons, glial cells, and blood
vessels of the CNS. Increasing evidence shows that the combined function of the RAS, VPS, and OTS is
altered in neuropsychiatric/neurodegenerative diseases, and in particular in patients with depression,
Alzheimer’s disease, Parkinson’s disease, autism, and schizophrenia. The altered function of the RAS
may also contribute to CNS disorders in COVID-19. In this review, we present evidence that there
are multiple causes for altered combined function of the RAS, VPS, and OTS in psychiatric and neu-
rodegenerative disorders, such as genetic predispositions and the engagement of the RAS, VAS, and
OTS in the processes underlying emotions, memory, and cognition. The neuroactive pharmaceuticals
interfering with the synthesis or the action of angiotensins, vasopressin, and oxytocin can improve
or worsen the effectiveness of treatment for neuropsychiatric/neurodegenerative diseases. Better
knowledge of the multiple actions of the RAS, VPS, and OTS may facilitate programming the most
efficient treatment for patients suffering from the comorbidity of neuropsychiatric/neurodegenerative
and cardiovascular diseases.

Keywords: cardiovascular disorders; neuropsychiatric/neurodegenerative disorders; cognition;
emotions; stress; COVID-19; analogues of angiotensins; vasopressin; oxytocin

1. Introduction

Cardiovascular diseases (CVDs), which are the leading causes of disability-adjusted
life years (DALYs), morbidity, and premature death, are particularly challenging when
they are associated with diseases affecting the central nervous system (CNS) [1–3]. Several
studies point to the close cooperation of the CNS and the cardiovascular system (CVS) in
the regulation of basic vital functions (Figure 1). The CNS requires a continuous supply of
oxygen and nutrients, and the removal of metabolites by the circulating blood, whereas
the blood flow needs to be precisely controlled by the autonomic nervous system and the
cardiovascular brain regions of the CNS, located at several levels of the brain, including the
cortex [4–6]. Neurons and glial cells release potent cardiovascular factors which regulate
the function of neighboring cells and remote organs, while the heart, vessels, and kidneys,
produce neuroactive factors, which are transported to the brain and modulate the function
of the CNS [6–11]. Substantial evidence indicates that all classical neurotransmitters and
several neuroactive peptides, which transmit information between the cardiovascular
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regions of the brain and the spinal cord, are also engaged in the regulation of cognition,
emotions, pain, and behavior at the molecular level [12–17]. Moreover, it has been shown
that brain diseases are often associated with cardiovascular disturbances [15,18–21].

Figure 1. The brain structures involved in the regulation of the cardiovascular, cognitive, emo-
tional, and behavioral functions through actions exerted by the renin–angiotensin system (RAS),
and the vasopressin (AVP) and oxytocin (OT) systems. Abbreviations: Ang II—angiotensin II;
Ang-(1-7)—angiotensin-(1-7); AP—area postrema; CVLM—caudal ventrolateral medulla, CVOs—
circumventricular organs; IML—intermediolateral column; NTS—nucleus of the solitary tract; OVLT—
organum vasculosum laminae terminalis; PAG—periaqueductal gray; PFC—prefrontal cortex; PVN—
paraventricular nucleus; RVLM—rostral ventrolateral medulla; SFO—subfornical organ; 3rdV—third
ventricle.

Several neuropeptides, initially known as the cardiovascular agents, such as an-
giotensins, vasopressin, and oxytocin, have been identified as effective modulators of
cognitive functions, pain, stress, and emotions [16,17,22–24]. Moreover, these compounds
frequently interact with other neuroactive agents and their interaction can be altered in
cardiovascular pathologies [25–27]. It has been found that the effectiveness of second-
generation antipsychotics and antidepressive compounds may differ in patients with CVDs,
but the reasons for these differences have not been satisfactorily determined [18,28].

The purpose of the present review is to draw attention to the role of cardiovascular
neuropeptides in neuropsychiatric and neurodegenerative disorders. We focused on neu-
ropeptides forming the renin–angiotensin (RAS), vasopressin (VPS), and oxytocin (OTS)
systems for several reasons. First, these peptides are essential multifunctional molecules
when it comes to tuning up the excitatory and inhibitory processes in the brain. Second,
the processes of synthesis, release, and the action of these peptides in the CVS and CNS
are relatively well recognized. Third, in many instances, the RAS, VPS, and OTS are ac-
tivated jointly. Fourth, the release of angiotensins, vasopressin, and oxytocin, and the
action of these peptides, are altered in CVDs, neuropsychiatric and neurodegenerative
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diseases. Fifth, some of the specific agonists and antagonists of the RAS, VPS, and OTS are
commercially available and used for therapeutic purposes.

2. Renin–Angiotensin System
2.1. A Brief Overview of the RAS

The main components forming the RAS are shown in Figure 2. Circulating renin
is mainly synthesized in the juxtaglomerular cells of the renal afferent arterioles. Renin
is necessary to detach angiotensin I (Ang I) from angiotensinogen. Subsequently, Ang
I is converted either to Ang II, a potent vasoconstrictive octapeptide, by angiotensin
converting enzyme 1 (ACE), or to a vasodilatory peptide angiotensin-(1-7) [Ang-(1-7)] by
angiotensin converting enzyme 2 (ACE2). An alternative pathway for the formation of
Ang-(1-7) involves the cleavage of Ang-(1-9) from Ang I by ACE2 and the subsequent
detachment of Ang-(1-7) by ACE. Ang II can also be metabolized to Ang III and then to Ang
IV [29–32]. ACE is expressed mainly by the endothelial cells of the pulmonary vessels, but
it is also present in the brain, heart, and other organs. In addition to the classical hormonal
(tissue-to-tissue) RAS, the local paracrine/autocrine (cell-to-cell) RAS and the intracrine
(intracellular/nuclear) RAS have both been identified in various organs, including the
brain and the heart. The local RAS systems are activated by topical stimuli [11,29,32].

Figure 2. The main components of the renin–angiotensin system (RAS) engaged in the regu-
lation of cardiovascular, cognitive, emotional, and behavioral functions. Abbreviations: ACE—
angiotensin converting enzyme; ACEI—inhibitor of ACE; Ang—angiotensin; APA, APB, and APN—
aminopeptidases A, B, and N; AT1R, AT2R—angiotensin receptors; AVP—arginine vasopressin;
CNS—central nervous system; IRAP—insulin-regulated aminopeptidase; MasR—Mas receptor of
Ang-(1-7); NEP—neutral endopeptidase; OT—oxytocin; OTR—oxytocin receptor; V1aR, V1bR, V2R—
vasopressin receptors. See also refrences [16,17].
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The actions of Ang II and Ang III are mediated by the AT1 receptors (AT1R) and the
AT2 receptors (AT2R). Stimulation of AT1R causes the activation of the nicotinamide ade-
nine dinucleotide phosphate (NADPH)-oxidase complex and may promote inflammatory
processes [33,34]. Stimulation of AT2R is associated with the activation of phosphotyrosine
phosphatases, especially serine/threonine phosphatase 2A, protein kinase phosphatase,
and SHP-1 tyrosine phosphatase. It also causes the inactivation of mitogen activated protein
kinases (MAPK), specifically p42 and p44 MAPK [35]. The most prominent expression of
AT2R has been found in the kidney, heart, blood vessels, and brain, especially in the soma
and dendrites of the paraventricular nucleus (PVN) [36]. AT1Rs and AT2Rs may form
heteromers, and the blockade of one of the components of this heterodimer increases the
interaction of Ang II with the other component [37]. Ang IV stimulates the AT4 receptors
(AT4Rs), identified as insulin-regulated aminopeptidase (IRAP) [38], but, in high concen-
trations, it can also stimulate AT1R. It has been shown that the Ang IV/AT4R pathway in
the brain interacts with the hepatocyte growth factor/c-Met receptor system [39]. Ang-(1-7)
activates the Mas receptors (MasRs) and the ACE2/Ang-(1-7)/Mas axis [40–42].

2.2. Systemic RAS and Brain RAS

Active elements of the RAS have been found in the kidney, lungs, adrenal glands, heart,
vessels, carotid glomeruli, brain, and the spinal cord [16,31,43–45]. Among the stimulators
of the RAS are hypoxia, hypovolemia, hypotension, sympathetic stimulation, stress, pain,
and specific neuroendocrine factors [7,16,17,31,43,44,46–49]. The RAS is activated by in-
flammatory processes associated with tissue injury and oxidative stress. On the other hand,
the components of the RAS intensify the inflammatory processes through cooperation with
proinflammatory cytokines [10,24,27,50–54]. Acting via the AT1R, Ang II stimulates the
NADPH-oxidase complex and NADPH-dependent oxidases that generate inflammatory
processes involved in tissue degeneration [34,55].

Prorenin, renin angiotensinogen, angiotensin converting enzyme (ACE), angiotensins
I-IV, ACE2, Ang-(1-7) and their receptors (AT1R, AT2R, and MasR) are present in multiple
brain regions regulating blood flow, the water-electrolyte balance, and cognitive and
emotional processes [31,44,56–58].

In the forebrain, components of the RAS have been found in the cortex, the hypothala-
mus, and the circumventricular organs (organum vasculosum laminae terminalis, OVLT,
and the subfornical organ, SFO) [36,59–62]. They have been detected in the midbrain and
hindbrain, specifically in the periaqueductal gray (PAG), the substantia nigra (SN), the dor-
sal raphe nucleus (DRN), the rostral ventrolateral medulla (RVLM), the caudal ventrolateral
medulla (CVLM), the nucleus of the solitary tract (NTS), the nucleus ambiguous (NcAmb),
the dorsal motor nucleus of the vagus (DMVNc), and the area postrema (AP) [40,63–70].
MasR mRNA and its protein have been identified in the brain stem cardiovascular regions
encompassing the dopaminergic neurons of the substantia nigra [40,71].

In the brain, the central components of the RAS mediate sympathetic stimulation,
which is particularly intensive during hypoxia [72,73]. In addition, they regulate the release
of several factors involved in the generation of the final cardiovascular response. For
example, the local application of prorenin into the supraoptic nucleus (SON) increases
membrane excitability and the firing responses of magnocellular neurons, in addition
to elevating plasma vasopressin (AVP), with all of these effects being mediated by the
inhibition of A-type potassium channels [74]. RAS components have been found in the
cranial and spinal cord ganglia. In the spinal cord, AT1R and AT2R have been detected in
the regions involved in the regulation of pain and sympathetic outflow (intermediolateral
cell column, lamina X and V) [17,56,75].

2.3. RAS in Cardiovascular Disorders

The cardiovascular actions of Ang II are exerted by the stimulation of the central and
peripheral angiotensin receptors and are partly mediated by the stimulation of neurons
regulating the autonomic nervous system or the secretion of cardiovascular hormones,
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cytokines, and other vasoactive factors acting in the brain or on the systemic circula-
tion [24,27,52,63,64,76–84]. Experimental studies have shown that the administration of
Ang II directly into the brain exerts a pressor action, which is significantly potentiated
in hypertension and cardiac failure, and which is mediated by AT1Rs [24,46,85–87]. It is
essential to note that Ang II upregulates its own receptors in the brain, specifically in the
hypothalamus, the SFO, and the RVLM, and it is likely that, under chronic conditions, it
can potentiate its own effects [63,88–91]. The central administration of AT1R antagonists
significantly reduces the cardiovascular effects of the sympathetic stimulation in heart
failure and suppresses the activation of the hypothalamic–pituitary axis during isolation
stress [22,83]. In the mouse model, the deletion of the AT1R gene in the paraventricular
nucleus (PVN) has been shown to significantly reduce anxiety-like behavior, blood pressure
elevation, heart rate variability, and, in addition, decreases the expression of proinflamma-
tory cytokines in the hypothalamus during exposure to the elevated plus maze test [92].
In contrast, transgenic mice expressing the AT1R in the C1 neurons of the ventrolateral
medulla manifested an exaggerated pressor response to aversive cage-switch stress [93].
There is evidence that the central pressor action of Ang II is potentiated by cytokines, and
that AT1Rs are involved in the pressor action of interleukin 1 beta (IL-1β) and tumor necro-
sis factor α (TNF-α) [27,52,55,84]. In this context, it is worth noting that brain inflammation,
induced by the systemic administration of lipopolysaccharide, elicits a significant release
of the proinflammatory cytokines TNF-α, IL-1β, and interleukin 6 (IL-6) to the systemic
circulation and increases the expression of TNF-α, IL-1β, and IL-6 mRNAs in the prefrontal
cortex, the PVN, the SFO, the amygdala, and the hippocampus. The above effects can be
significantly reduced by the systemic administration of centrally acting AT1R antagonist
candesartan [94].

In many respects, the activation of the ACE2 → Ang (1-7) → MasR axis plays the
opposite role in blood pressure regulation. An overexpression of ACE2 or the intracere-
broventricular administration of Ang-(1-7) reduces the blood pressure in experimental
models of hypertension and heart failure [56,70,95–97].

2.4. Inappropriate Function of RAS in Neuropsychiatric/Neurodegenerative Diseases

The inappropriate functional actions of renin–angiotensin system in selected neuropsy-
chiatric and neurodegenerative disorders are summarized in Table 1.

Table 1. Summary of the inappropriate functional actions of renin–angiotensin, vasopressin, and
oxytocin systems in selected neuropsychiatric and neurodegenerative disorders.

Neuropsychiatric/Neurodegenrative
Disorder Functional Action References

Renin–angiotensin system (RAS)

Cognitive disorders Human and rodent studies:

• Ang II may impair cognitive processes, probably via AT1R; [98–102]

Rodent studies:

• Ang IV and Ang-(1-7) may improve learning and memory; [103–105]

Alzheimer’s disease Human studies:

• The enhanced activation of the RAS may inhibit acetylcholine
release in the cortex and contribute to the development of
AD dementia;

[106–108]
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Table 1. Cont.

Neuropsychiatric/Neurodegenrative
Disorder Functional Action References

Alzheimer’s disease Human and rodent studies:

• The excessive activation of the brain AT1R and insufficient
activation of AT2R may induce excessive generation of ROS,
and this may account for the prevalence of neurodegenerative
processes over neuroprotective processes in the brains of
AD patients;

[109–113]

Rodent studies:

• The inappropriate activation of the Ang-(1-7)/Mas axis may
play a role in the pathogenesis of AD; [114]

Stress and pain Human and rodent studies:

• Stress provoked by tissue injury, ischemia, hypoxia,
inflammation, stroke, or myocardial infarction, as well as
chronic mild stress, activates the RAS and increases expression
of AT1R in the brain, heart, and kidney;

[16,23,25,66,
67,85,87,115]

Rodent studies:

• Ang II enhances the pressor response to stress by AT1R, while
the tachycardic response to stress is enhanced by AT2R; [116]

• The stimulation of AT1R and AT2R, and the activation of the
Ang-(1-7) MasR pathway in the brain reduces pain; [117,118]

Affective disorders Human studies:

• A significant association between depression and the AT1R
A1166C CC genotype; [119]

• Ang (1-7) has an antidepressant effect; [120]

Schizophrenia Human studies:

• In patients with schizophrenia, missense mutations of
angiotensinogen (AGTM268T, AGT235T) with replacement of
valine by threonine are associated with the decline of cognitive
functions and lower verbal memory scores;

[121,122]

• An association between ACE I/D (insertion/deletion)
polymorphism and a disposition to schizophrenia was found; [123]

• The AT1R antagonist telmisartan can alleviate the symptoms
of schizophrenia; [124]
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Table 1. Cont.

Neuropsychiatric/Neurodegenrative
Disorder Functional Action References

Parkinson’s disease Rodent studies:

• Increased expression of AT1R and NADPH oxidase activation; [51]

• Endogenous Ang II potentiates the neurotoxic effect of MPTP
on dopaminergic neurons, whereas ACE or AT1Rs antagonists
exert their beneficial effects through the inhibition of microglial
NADPH activation and the suppression of prooxidative and
proinflammatory effects mediated by cytokines;

[125–127]

• Chronic treatment with AT1R antagonists is associated with the
formation of heterodimers of AT1R/AT2R; [37,125]

Tardive dyskinesia Rodent studies:

• The administration of candesartan and lisinopril reduces the
release of proinflammatory cytokines (IL-1β, TNF-α) and
glutamate in the rat model of haloperidol-induced
tardive dyskinesia;

[128]

Psychiatric symptoms in COVID 19 Human studies:

• The inappropriate function of the RAS may contribute to the
exaggeration of psychiatric symptoms in patients with
COVID-19

[129]

• The excessive stimulation of AT1R influences microglial
polarization and induces an active M2a proinflammatory state
and may thereby initiate neurodegenerative processes;

Vasopressin system (VPS)

Affective disorders Human studies:

• The increased expression of AVP mRNA in the PVN/SON in
brains of patients with MDD; [130]

• The association of V1bR gene polymorphism (haplotype
associated with A-T-C-A-G for the single nucleotide
polymorphism (SNP) s1-s2-s3-s4-s5 allele) with a protective
effect for recurrent MDD;

[131]

• The association of the V1bR SNPs (rs28676508, rs35369693) with
child aggression; [132]

• The linkage of the V1bR genetic variation SNP rs33990840 with
suicidal behavior; [133]

• Elevated copeptin (surrogate marker of AVP) in patients
resistant to antidepressant pharmacotherapy; [134–136]

• V1bR antagonists are currently being trialed for the treatment
of MDD; [134,135]
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Table 1. Cont.

Neuropsychiatric/Neurodegenrative
Disorder Functional Action References

Affective disorders Rodent studies:

• In rodent models of anxiety and depression, the antagonists of
V1bR show anxiolytic- and antidepressant-like effects; [137–139]

• The blockade of the central V1 receptors abolished anhedonia
induced by chronic mild stress; [140]

• The activation of brain VPS in stress; [26,140–145]

• The blockade of V1bR induces anxiolytic actions in various
models of depression; [146,147]

Alzheimer’s disease Human studies:

• Low concentration of AVP in the CSF; [148]

• The reduced expression of AVP immunoreactivity in the
hippocampus, nucleus accumbens, and the internal portion of
the globus pallidus of AD patients in comparison with controls
(post-mortem studies);

[149]

• A reduced number of AVP expressing cells in the
suprachiasmatic nucleus in senescence and AD patients; [150]

• Vasopressinergic innervation of the PVN, SON, and locus
coeruleus in AD patients and non-demented controls do not
differ;

[151,152]

Rodent studies:

• The improvement of working memory and long-term memory
in APP/PS1 mouse model of AD after the intranasal application
of AVP-(4-8);

[153]

• The improvement of social memory is enhanced by the
stimulation of V1bR in the hippocampus in mice; [154]

Schizophrenia Human studies:

• Lower AVP levels in the temporal cortex of schizophrenic
patients (post-mortem studies); [155]

• Reduced AVP mRNA in the PVN of schizophrenic patients
(post-mortem studies); [156]

• In patients with schizophrenia, blood AVP levels are either
elevated or not altered; [157–159]

• A positive correlation between blood AVP level and severity
of symptoms is found in female but not in male
schizophrenia patients.

[159]
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Table 1. Cont.

Neuropsychiatric/Neurodegenrative
Disorder Functional Action References

Schizophrenia
• Increased blood AVP levels, polydipsia, hypoosmolality, and

hyponatremia are found in some patients with schizophrenia [160–162]

• The intranasal application of DDAVP (synthetic analog of AVP)
increases the effectiveness of risperidone in reducing the
negative symptoms of schizophrenia;

[163]

• The associations between SNPs of the AVP gene and
schizophrenia (chromosomal region 20p13, loci rs2740204
and rs3011589);

[164]

Rodent studies:

• Schizophrenia-like symptoms with impairment of social
behavior in AVP-deficient (di/di) Brattleboro rats and V1aR
knockout mice;

[165–167]

• The lower expression of AVP receptors in the prefrontal cortex
and hypothalamus in the MAM model of schizophrenia in rats; [168]

Autism spectrum disorder Human studies:

• Lower AVP concentrations in CSF of children with autism, and
AVP levels were associated with the severity of symptoms; [169–171]

• AVP concentration in the CSF in neonates predicts a subsequent
diagnosis of autism; [170]

• A significant association between ASD with polymorphism
of the V1aR and V1bR genes and autism (SNP rs35369693
and rs28632197);

[172–175]

• Intranasally applied AVP improves social abilities and reduces
anxiety symptoms in children with ASD; [176,177]

Oxytocin system (OTS)

Alzheimer’s disease Human studies:

• In AD patients, intranasally applied OT does not influence the
activity of the brain regions affected by AD; [151,178–182]

• In AD patients, magnetic resonance images show that the
plasma OT concentration correlates with the right
parahippocampal gyrus volume;

[183]
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Table 1. Cont.

Neuropsychiatric/Neurodegenrative
Disorder Functional Action References

Affective disorders Human studies:

• The increased activity of the central OTS in depressive
mood disorders; [130,184–186]

• Inconsistent data on the correlation between plasma OT levels
and depression; [184,187–192]

• Plasma OT levels positively correlate with help-seeking
intentions, behavior, and estimation of happiness in patients
with depression or anxiety;

[184,193,194]

• The positive associations between depression, MDD, and
separation anxiety and single nucleotide polymorphism
(rs53576; rs2254298; rs53576 genotype A allele) of the OTR gene
and with G-protein genes (Gβ3 rs5443);

[195–200]

• Low plasma OT levels in the third trimester of pregnancy may
predict postpartum depressive symptoms; [201]

• The level of blood oxytocin is lower in mothers with
post-partum depression than in nondepressed mothers; [202]

Rodent studies:

• Endogenous OTS decreases anxiety behavior in pregnant and
lactating rats; [201]

Schizophrenia • Human studies:

• The association of schizophrenia with single nucleotide
polymorphisms of the OT gene in chromosomal region 20p13
(rs4813626);

[164]

• Lower plasma OT concentrations in patients with schizophrenia; [158,203]

• The negative correlation between OT levels and the severity of
symptoms in patients with schizophrenia; [157]

• The positive effects of the intranasally applied OT on social
cognition in patients with schizophrenia; [204,205]

• Clinical trials and meta-analyses do not support the significant
therapeutic effect of OT in schizophrenia; [206–209]

Rodent studies:

• Reduced concentrations of OT and OTRs in the prefrontal cortex
and in the hypothalamus of rats in the experimental MAM
model of schizophrenia;

[168]



J. Clin. Med. 2022, 11, 908 11 of 34

Table 1. Cont.

Neuropsychiatric/Neurodegenrative
Disorder Functional Action References

Autism spectrum disorder Human studies:

• A strong association between OTR gene polymorphism
(rs2254298, rs2268491, rs53576, rs237887, rs2268493, rs1042778
and rs7632287) and susceptibility to ASD;

[210–217]

• Lower plasma oxytocin levels in children with ASD; [218–221]

• Intravenously infused or intranasally applied OT ameliorates
repetitive behavior in adults with ASD and Asperger’s disorder; [222,223]

• Randomized crossover trials show that in children with ASD,
treatment with intranasal OT improves caregiver-rated social
responsiveness and enhances learning in response to social
targets and feedback;

[176,224]

• The lack of beneficial effects of OT in ASD; [225–227]

• A systematic review and meta-analysis of tolerance of long-term
intranasal application of OT in ASD. [228]

2.4.1. RAS in Cognitive Disorders

Both experimental and clinical studies have shown that the excessive activation of Ang
II receptors may impair cognitive processes [98,99], whereas the blockade of AT1 receptors
by a specific AT1R antagonist exerts a neuroprotective action and improves cognitive
functions [100–102]. In the caucasian population, exposure to ACE inhibitors protected
carriers of the AA genotype of the GAG and the CC genotype of the M235T from mental
decline [121]. In contrast, Ang IV and Ang (1-7) appear to exert positive effects on cognition
and both of these peptides improve learning and memory capabilities [103–105,229]. In
the brain, Ang-(1-7), Ang IV, and their receptors are present mainly in the neocortex,
hippocampus, amygdala, and basal ganglia, and it is likely that these regions may be the
main sites of their positive role in cognition [230,231].

2.4.2. RAS in Stress and Pain

Stress provoked by tissue injury, ischemia, hypoxia, inflammation, stroke, or myocar-
dial infarction activates the RAS and increases expression of the AT1R in the brain, heart,
and kidney [16,23,25,66,67,85,87,115]. Twenty-four hours isolation stress increases AT1R
binding in the PVN and the adrenal medulla and these effects can be abolished by the
central or systemic administration of the AT1R antagonist candesartan [232,233]. Experi-
ments on animal models of chronic mild stress have provided evidence for the significant
increase of AT1R mRNA expression in the septal/accumbal, diencephalic, medullary, and
cerebellar regions of the brain, and in the renal medulla [67]. Furthermore, studies on rats
have shown that the cardiovascular responses to chronic mild stress and acute restraint
stress are modulated by the RAS and the stimulation of AT1 receptors [86,234]. The effects
of microinjections of ACE inhibitors and AT1R and AT2R antagonists directly into the
prelimbic cortex give rise to the assumption that Ang II enhances the pressor response
to stress by means of the AT1R, while the tachycardic response to stress is enhanced by
AT2R [116].

Pain, which is one of the stress-inducers and which is frequently experienced in
cardiovascular and neuropsychiatric/neurodegenerative diseases, is a potent activator
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of the RAS. The specific components of the RAS play a complex role in the regulation of
pain [17,235,236]. In the spinal cord, heart, and other organs, Ang II induces nociceptive
action, whereas both stimulation of the AT1R and AT2R and the activation of the Ang-(1-7)
→MasR pathway in the brain elicit analgesia [117,118].

2.4.3. RAS in Depression and Anxiety

The clinical picture of depression manifests significant heterogeneity. Inappropri-
ate dimensions, the activity and metabolism of the cortex, the subcortical limbic regions,
the basal ganglia, and the brain stem may suggest that the pathogenesis of depression is
associated with the improper function of these structures [237,238]. The role of the dorso-
lateral prefrontal cortex, the anterior cingulate cortex, the orbital frontal cortex, and the
insula, appears to be particularly interesting. These regions have multiple connections with
the amygdala, the thalamus, the lateral and medial orbitofrontal cortex, and the medial
prefrontal cortex, which are all involved in the regulation of emotions [239–241]. Mag-
netic resonance imaging studies performed in patients with depression revealed reduced
dimensions of the frontal and orbitofrontal lobes, and decreased metabolism and blood
flow in the dorsolateral prefrontal cortex and the ventral region of the anterior cingulate
cortex [237,242,243]. In addition, it has been found that a deficit in facial disgust recogni-
tion correlates with reduced grey matter volume in the insula, which is engaged in the
regulation of emotions and blood pressure regulation [244].

Earlier studies could not confirm any associations between ACE I/D genotypes and
depression [119,245]; however, the significant association between depression and the
AT1R A1166C CC genotype, found by Saab et al. [119], suggests that the inappropriate
synthesis of AT1R may contribute to the development of depression in patients. More
recently, an analysis of haplotype-tagging single nucleotide polymorphism of angiotensin
AT1R revealed significant differences between the cohorts of depressed and nondepressed
patients with rs10935724 and rs12721331 htSNPs. The authors found significant associations
between AT1R htSNPs and the volumes of the prefrontal cortex and the hippocampus [246].

Experimental studies on transgenic rats [TGR(ASrAOGEN)680] have shown that rats
with low brain angiotensinogen manifest anxiety-related behavior and depressive-like
behavior, which can be reversed by the ICV application of Ang-(1-7) [120]. The authors
suggest that anxiety and depression in these rats may be caused by a deficit of Ang-(1-7),
which is one of the derivatives of angiotesinogen (Figure 2).

2.4.4. RAS in Alzheimer’s Disease

The extracellular deposition of aggregated amyloid beta (Aβ) plaques and the forma-
tion of neurofibrillary tangles of hyperphosphorylated tau protein as well as the suppressed
function of the brain cholinergic system are characteristic features of Alzheimer’s disease
(AD), but the mechanism of Aβ toxicity is not yet fully understood [247,248]. Elevated
concentrations of ACE, angiotensin II, and AT1 receptors in the cerebral cortex of patients
with AD suggest that enhanced activation of the RAS may inhibit the release of acetyl-
choline in the cortex and contribute to the development of Alzheimer’s dementia [106–108].
Losartan and valsartan decrease Aβ peptide oligomerization in primary neuronal cultures
and reduce cognitive impairment in Tg2576 AD transgenic mice, expressing the human
695-aa isoform of the amyloid precursor protein gene (APP) [249]. In addition, captopril
prevents Aβ-induced downregulation of some genes involved in neuronal regeneration and
cognition [250]. Studies performed on animal models of AD and postmortem examinations
of human brains has led investigators to suggest that the excessive activation of the brain
AT1R and insufficient activation of AT2R may induce excessive generation of reactive oxy-
gen species (ROS), and this may account for the prevalence of neurodegenerative processes
over the neuroprotective processes in the brains of AD patients [109–113].

Studies exploring the effects of ACE inhibitors and AT1R blockers on the cognitive
abilities of AD patients have not yielded uniform results. Symptoms of dementia tend
to be lower in patients treated with ACE inhibitors; however, the differences are not
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significant [98]. Similarly, a lack of the beneficial effects of RAS targeting compounds
on dementia and AD symptoms was reported in the ONTARGET and TRANSCEND
clinical trials [251], and in a quantitative meta-analysis [252]. However, in another study, a
significantly slower progression of AD was found in patients treated with ACE inhibitors
crossing the blood–brain barrier (captopril, perindopril) [253]. More recently, the memory
improving effects of ACE inhibitors and AT1R blockers were found in a meta-analysis of
patients with AD and cognitive impairment of aging [254,255], as well as in a cohort study
in which AT1R blockers were applied together with statins [256].

It has been found that the Ang-(1-7) level is significantly reduced in the cerebral
cortex and hippocampus of the senescence-accelerated mouse prone 8 (SAMP8) model of
Alzheimer’s disease and that the inhibition is associated with an inverse correlation between
the Ang-(1-7) level and tau hyperphosphorylation. Therefore, it has been suggested that
the inappropriate activation of the Ang-(1-7)/Mas axis may play a role in the pathogenesis
of AD [114].

2.4.5. RAS in Parkinson’s Disease and Tardive Dyskinesia

Cardiac autonomic dysfunction, orthostatic hypotension, and ECG abnormalities
belong to the most common non-motor symptoms of Parkinson’s disease (PD) and may
even precede motoric disorders [19,257]. Parkinson’s disease is associated with a loss of
dopaminergic neurons in the pars compacta of the substantia nigra. With the advance-
ment of the disease, progressive degeneration and dysfunction occurs in other classical
and nonclassical neurotransmitter systems, including the RAS [258]. The accumulation
of α-synuclein, which has been proposed to be one of the cytotoxic PD factors inducing
microglial activation, is associated with the increased expression of AT1Rs and NADPH
oxidase activation. It has been shown that the blockade of AT1Rs by candesartan and
telmisartan significantly reduces the negative effects of α-synuclein in microglia and
dopaminergic neurons [51]. In the rat PD model produced by the administration of 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), the application of AT1R antagonists
or ACE inhibitors significantly reduces neuronal cell death. Similar effects were obtained
in primary mesencephalic cell cultures. It has been suggested that endogenous Ang II
potentiates the neurotoxic effect of MPTP on dopaminergic neurons, and that the antag-
onists of ACE or AT1Rs exert their beneficial effects through the inhibition of microglial
and NADPH activation and the suppression of the prooxidative and proinflammatory
effects mediated by cytokines [125–127]. Later studies have shown that the administration
of candesartan does not influence motor efficiency nor the dopamine and serotonin levels
in the striatum, but it increases the expression of dopamine D1 receptors and decreases
the expression of dopamine D2 receptors. Studies on the rat model of Parkinson’s disease
have indicated that the neuroprotective effect of chronic treatment with AT1R antagonists
is associated with the formation of heterodimers of AT1R/AT2R [37,125]. It is worth noting
that the administration of candesartan and lisinopril reduces the release of proinflammatory
cytokines (IL-1β, TNF-α) and glutamate in the rat model of haloperidol-induced tardive
dyskinesia, which is another dopaminergic disorder resulting from damage of the striatal
neurons [128].

To date, meta-analyses on human subjects have not provided explicit evidence for the
association between ACE gene I/D polymorphism and PD risk [259].

2.4.6. RAS in Schizophrenia and Autism

Schizophrenia belongs to difficult neuropsychiatric disorders which affect human
beings of different ages and sexes. Unfortunatelly, relatively little attention has been given
to the regulation of the cardiovascular system in schizophrenic patients.

In comparison with the general population, patients with schizophrenia are more
predisposed to CVDs and have a greater risk of adverse cardiac events, such as stroke
and heart failure [260–264]. On the other hand, patients with schizophrenia and myocar-
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dial infarction who receive secondary preventive cardiovascular treatment have a similar
mortality rate as the general population [265].

It is only in a few studies that attempts have been made to find out whether there are re-
lations between mutations of RAS genes and schizophrenia, and the results are not uniform.
Studies on cardiovascular genomics and cognitive function in patients with schizophrenia
revealed some missense mutations of angiotensinogen (AGTM268T, AGT235T). The muta-
tions involved replacement of valine by threonine and were associated with the decline
of cognitive functions and lower verbal memory scores [121,122]. An association between
ACE I/D (insertion/deletion) polymorphism and a disposition to schizophrenia was found
in the study of Gadelha et al. [123], but not in the earlier report of Gard et al. [245], nor in
the meta-analysis collecting data from European, Asian, and Turkish populations [266].
The alleviation of schizophrenia symptoms in patients with the disorder via the AT1R
antagonist telmisartan was found by Fan et al. [124]. The beneficial effects of AT1 receptor
blockade with irbesartan in schizophrenic patients with psychogenic polidypsia may sug-
gest that the inappropriate activation of some of the components of RAS may account for
polidypsia in patients with schizophrenia [267].

Strong associations between DD genotype of ACE I/D and the D allele has been found
in autistic patients and the authors suggest that genetic diversity of RAS may enhance the
risk of autism [268].

2.4.7. RAS in Coronavirus Infections

Growing evidence indicates that the inappropriate activation of RAS components
may contribute to disturbances in brain function in coronavirus disease (COVID-19) and
that survivors of COVID-19 manifest aggravated symptoms of neuropsychiatric disorders
such as cognitive and attention deficits (i.e., brain fog), new-onset anxiety, depression,
psychosis, seizures, and suicidal behavior [269]. A substantial body of evidence indicates
that COVID-19 infection affects the RAS and that the imbalance of the local and systemic
Ang II and Ang-(1-7) activities may play an essential role in the pathological processes
developing in the lungs and other organs during SARS-CoV-2 infections [270,271]. Human
ACE2 binds the virus S protein and plays a fundamental role in transmitting the original
SARS-CoV and the new SARS-CoV-2 to the targeted cells [272]. Expression of ACE2 mRNA
and its protein has been reported in the cortex, striatum, hippocampus, brain stem, and
cerebrovascular endothelium of the rodent brain [273–275] and the human brain [276,277].
SARS-CoV-2 is expressed preferentially in cultured glial cells, specifically in astrocytes
and radial glial progenitor cells [278,279]. Preclinical studies on transgenic mice suggest
that SARS-CoV, very closely related to the SARS-CoV-2 coronavirus, can access the brain
through the olfactory nerve and the olfactory bulb, and it may subsequently be transported
transneuronally or spread via the Virchow–Robin spaces and along brain vessels causing
extensive neuronal infection [280]. The SARS-CoV-2 spike protein, which readily crosses the
blood–brain barrier, induces an inflammatory response within microvascular endothelial
cells, leading to the dysfunction of the blood-brain barrier [276]. In the brains of infected
patients, SARS-CoV has been detected almost exclusively in neurons [281,282]. The neu-
roinvasive capacity of the SARS-CoV-2 virus has also been reported. For example, autopsies
of brains from patients who died of COVID-19 made it possible to detect SARS-CoV-2 in
the cortical neurons [283].

It is likely that the inappropriate function of the RAS may contribute to the exagger-
ation of psychiatric symptoms in patients with COVID-19, especially when considering
that the excessive stimulation of the AT1R influences microglial polarization and induces
an active M2a proinflammatory state, thereby initiating neurodegenerative processes [42].
This assumption is highly feasible in view of the data showing a correlation between
neuroinflammation, brain microvascular injury, and cognitive function impairment [129].

Some patients with COVID-19 infection may exhibit so-called “silent hypoxemia”,
which is manifested by severe hypoxemia without dyspnea or tachypnea and suggests
inadequate stimulation of the arterial chemoreceptors. Since carotid bodies possess local
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RAS elements, including ACE2, it has been hypothesized that the ACE2-mediated entry of
SARS-CoV-2 into carotid bodies may contribute to the development of silent hypoxemia in
COVID-19 infection [284–287]. This notion is further supported by evidence showing the
expression of SARS-CoV-2 in carotid bodies from a patient with COVID-19 [288]. Altogether,
it appears that the inappropriate activity of RAS should be taken into account as an effective
cause of brain dysfunction occurring in COVID-19 disease.

3. Vasopressin and Oxytocin Systems

In many instances, vasopressin and oxytocin are released jointly and engage similar
cellular mechanisms, acting either synergistically or antagonistically [289].

3.1. Overview of Systemic and Peripheral VPS and OTS

Vasopressin and oxytocin are synthesized mainly in the supraoptic, paraventricular,
and suprachiasmatic nuclei of the hypothalamus and released to the blood in the neuro-
hypophysis. They are also synthesized in some other cells of the central nervous system
and in the peripheral organs [17,289]. The neuroregulatory and peripheral actions of va-
sopressin are mediated by three types of AVP receptors: V1a (V1aR), V1b (V1bR), and
V2 (V2R) [289,290]. Oxytocin stimulates its own receptors (OXTR); however, in higher
concentrations, it can also act by means of V1aR [291].

Current evidence indicates that cardiovascular and neuroregulatory processes are
tuned up mainly by the V1 receptors [292–296]. AVP cooperates with the RAS through mul-
tiple actions exerted in the brain and in the peripheral organs, and its action is significantly
altered in cardiovascular diseases [26,85,140,141,292,297–299]. The inappropriate functions
of the VPS and OTS have been described in neuroregulatory disorders, and it has been
suggested that they may play essential roles in the development of social, emotional, and
cognitive dysfunctions, including dementia [300–307]. It has been shown that neurogenic
stress provokes the release of AVP and oxytocin (OT) and that these two peptides are
involved in the regulation of the cardiovascular, emotional, and behavioral responses, and
in processing social information [26,140–145]. Studies on rodents indicate that the AVP→
V1bR pathway plays an important role in the regulation of the hormonal and behavioral
responses to stress and in the formation of social recognition memory. Experiments on
Avpr1b-/-mice suggest that social memory is regulated by the V1bR located in the CA2
region of the hippocampus [154,300] and that the blockade of V1bR induces anxiolytic
actions in various models of depression [146,147].

3.2. Vasopressin and Oxytocin in Depression

The inappropriate functional actions of VPS and OTS in selected neuropsychiatric and
neurodegenerative disorders are summarized in Table 1.

3.2.1. Vasopressin and Depression

Post-mortem examinations of human brains revealed the elevated expression of AVP
mRNA in the PVN and SON and a significantly greater number of AVP and OT neurons
in the PVN of patients with MDD (major depressive disorder) [130]. In rodent models of
anxiety and depression, the application of orally active V1bR antagonists reduced hypere-
motionality and elicited anxiolytic- and antidepressant-like effects [137–139]. Furthermore,
oral administration of a V1bR antagonist (TASPO390325) antagonized the elevation of
adrenocorticotropic hormone levels induced by the joint application of corticotrophin-
releasing hormone and vasopressin analog (desmopressin, dDAVP) [139]. In the rat model
of depression, the blockade of the central V1 receptors abolished anhedonia elicited by
chronic mild stress [140].

Indirect evidence for the engagement of the VPS in the pathogenesis of MDD and
aggression comes from studies of the V1bR gene polymorphism [131,132]. The disposition
to affective disorders was associated with the polymorphism of the V1bR gene, in particular,
with the presence of the haplotype associated with A-T-C-A-G for the single nucleotide
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polymorphism (SNP) s1-s2-s3-s4-s5 allele. It appears that presence of this haplotype may
protect from recurrent MDD [131]. A linkage between the V1bR genetic variation SNP
rs33990840 and a predisposition to suicidal behavior was also reported [133], and clinical
trials assessing the usefulness of V1bR antagonists for the treatment of MDD have recently
started [134,135].

Earlier studies assessing the usefulness of blood AVP measurements in patients with
depression or mania did not yield uniform results [308–312], and the meta-analyses did
not find support to diagnose depression based on the estimations of AVP and OT levels in
blood, saliva, urine, and the cerebrospinal fluid (CSF) [306,313]. However, measurements
of copeptin, which is a surrogate marker of AVP, indicate that blood copeptin levels are
elevated in patients who are insensitive to antidepressant treatment, and it appears that
copeptin may be a useful biomarker for the early selection of non-responders to specific
antidepressant treatments [136].

3.2.2. Oxytocin in Depression and Anxiety

A prevailing number of studies indicate a correlation between the altered function of
the central oxytocinergic system and affective disorders, although the results of human
studies are inconsistent. Most of the studies report lower levels of plasma OT in patients
with MDD and bipolar affective disorder during depressive episodes than in the control
subjects [184,187–189]; however, higher [190,191] or normal [192] levels were also found. It
appears that plasma OT levels may be lower in MDD than in the control subjects [187,314]
for women in particular, which may suggest the greater sensibility of the female OT system
to disturbed signaling in affective disorders. Similarly, measurements of the OT level in the
CSF did not give explicit results. Demitrack and Gold did not find significant differences in
OT levels in the CSF between MDD patients and the control group [315]. Analogous results
were obtained in other studies [316,317]. On the contrary, postmortem studies to assess
the neuronal OT mRNA levels in MDD patients have indicated an elevated activation of
the OT system in MDD patients. Namely, using immunocytochemical techniques on the
post-mortem samples of the PVN collected from patients with MDD and bipolar affective
depressive episode, Purba et al. [130] found significant elevation of OT-immunoreactivity
in patients with depressive mood disorders. These results were supported by a case-control
study, in which elevated OT-immunoreactivity in the PVN was found in MDD and bipolar
disorder patients [185]. The increased expression of OT mRNA in the PVN was also
reported in melancholic MDD patients [186]. Recently, post-mortem estimations of OT
receptor (OTR) mRNA expression have shown that patients with MDD and bipolar disorder
have significantly higher OTR mRNA levels in the dorsolateral prefrontal cortex, a brain
structure implicated in the pathophysiology of numerous psychiatric disorders including
MDD and bipolar disease [318]. Altogether, the available data indicate the increased
activity of the central OT system in depression. However, it should be emphasized that the
intracerebral and peripheral release of OT in depression may occur either in a coordinated
or independent manner depending on the quality or the strength of the stimulus [319].

It should also be noted that plasma oxytocin levels positively correlate with help-
seeking intentions and behavior in depressed patients [193]. Anderberg and Uvnäs-Moberg
found a negative correlation between the plasma OT concentration and the scored symp-
toms of depression and anxiety [184]. They also reported a positive correlation between the
estimation of happiness and the plasma oxytocin level. It has been suggested that plasma
OT levels may help to predict whether a patient with chronic depression will respond to
psychotherapy [194].

The involvement of OT in mechanisms underlying depression and anxiety has also
been analyzed in studies based on genetic tests. In humans, a positive association between
depression and separation anxiety was found for a single nucleotide polymorphism (SNP;
rs53576) of the OTR gene [195]. Specifically, the GG genotype of this SNP has been linked
to high levels of separation anxiety and insecure attachment in MDD patients [196]. Other
authors found an interaction between another OTR SNP polymorphism (rs2254298) and the
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symptoms of depression and anxiety in adolescent girls, especially when the polymorphism
occurred in association with an adverse parental environment [197]. More recent data
indicate that variations in the OTR and G-protein (Gβ3 rs5443) genes are specifically
associated with separation anxiety and depressive symptoms both in childhood and in
adulthood [198]. Other authors reported the negative influence of the coincidence of the
presence of the OTR rs53576 genotype A allele and environmental adversity in postnatal life
(for example, maternal postpartum depression) on the mental health and social behavior of
the child [199]. In addition, studies of a SNP of the OTR gene in depressed adults indicate
the association of the A allele rs53576 with a history of suicide attempts [200].

Special attention should also be given to the correlation between the dysregulation of
the OT system and postpartum depression (PPD). Data from animal models and human
studies have suggested that disruptions in the activity of the OT system may account for
the relationship between breastfeeding, stress coping, and mood [201,320]. It has been
shown that responsiveness to stress is decreased in breastfeeding women (the stimulus for
OT secretion) and that this is associated with a stress-induced rise in plasma cortisol [320].
Furthermore, it has been found that lowered plasma OT levels in the third trimester of
pregnancy makes it possible to predict postpartum depressive symptoms [321]. In addition,
OT levels were inversely correlated with depressive symptoms in mothers who intended
to breastfeed in both the third trimester and at 8 weeks postpartum. During breastfeeding,
OT release was lower in depressed mothers than in nondepressed mothers [202].

Despite promising results from experimental studies, clinical trials have yielded
inconclusive results, with some reports supporting a significant positive effect and others
suggesting a null effect in the treatment of anxiety and depression [322–325]. However,
it has been found that oxytocin improves the therapeutic effects of other antidepressants,
such as escitalopram [326]. Additionally, intranasally applied OT was shown to modify
neural activity in the limbic regions of depressed patients [327]. In a group of Vietnam
veterans suffering from post-traumatic stress, the intranasal administration of OT reduced
physiological responses during personal combat imagery [328].

3.2.3. Vasopressin and Oxytocin in Alzheimer’s Disease

Patients suffering from Alzheimer’s disease have a lower level of AVP in the CSF [148],
and post-mortem studies revealed a reduced expression of AVP immunoreactivity in the
hippocampus, nucleus accumbens, and the internal portion of the globus pallidus of AD
patients in comparison with controls [149]. Other post-mortem studies of human brains
provided evidence for the reduced number of AVP expressing cells in the suprachiasmatic
nucleus in senescence and AD patients [150]; however, the vasopressinergic innervation
of the PVN, SON, and locus coeruleus in AD patients and non-demented controls did not
differ [151,152].

Recently, experiments on the APP/PS1 mouse model of AD have shown that the in-
tranasal application of an AVP derivative [AVP-(4-8)] markedly improves working memory
and long-term memory in this experimental model of AD [153].

A number of studies have reported the impact of intranasally applied OT on human
cognitive functions (see [178] for a review); however, most of the previous studies did
not find significant changes in the activity of the central oxytocinergic system in different
brain regions of patients with Alzheimer’s disease [151,179–182]. A trend for elevated
hippocampal OT immunoreactivity in post-mortem brain samples of patients with AD
was observed in one of the investigations [180]. More recent studies suggest that the OTS
may be affected to some extent in AD patients. Lardenoije et al. found changes in the
methylation of the OT gene in patients with AD [329]. Recently, an increase of the OT
signal value and plasma OT concentration were correlated with the right parahippocampal
gyrus volume in MRI images from the AD group but not in the images from the control
group [183].
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3.2.4. Vasopressin and Oxytocin in Autism

A growing body of evidence indicates that AVP and OT may play a role in the
etiology of autism spectrum disorder (ASD) [172,176,177,330,331]. AVP concentrations in
the CSF were found to be lower in children with autism, and AVP levels were associated
with the severity of symptoms. Moreover, the AVP concentration in the CSF in neonates
made it possible to predict a subsequent diagnosis of autism. No such associations were
found for oxytocin; however, both OTR and V1aR mRNA levels were lower in autistic
patients [169–171]. Studies on gene polymorphism of AVP receptors in autistic patients of
the Korean population showed a significant association of ASD with SNP RS1 and SNP
RS3 in the 5′flanking regions of the V1aR receptor [173–175]. The association between
polymorphism of the V1aR and V1bR genes and autism was also studied in the North
American population [172]. The authors reported that there may be a significant link
between ASD and polymorphism of the AVP V1bR in SNP rs35369693 and SNP rs28632197.
An improvement of social abilities and a reduction of anxiety symptoms after 4–5 weeks of
intranasally applied AVP was reported by Parker et al. [176,177]. A systematic review and
meta-analysis of the long-term intranasal application of OT in ASD showed that this type
of treatment is well tolerated and safe [228]. The positive effects of AVP on social behavior
in ASD have been shown in the studies of Hendaus et al. [332] and Parker et al. [177].

There is evidence for an association between OTR gene polymorphism and suscepti-
bility to ASD. Based on a study encompassing 314 autism-affected families, Ylisaukko-Oja
et al. suggested that the p24–26 region of chromosome 3 expressing the OTR gene may
play a role in increasing susceptibility to the development of ASD [210]. In the Chinese
population, polymorphism was present in the rs2254298 and rs53576 genes [211], in the
Caucasian and Japanese populations, it was present in rs2254298 [212,213], in the European
population, it was present in rs237887 [214], and in the North America population it was
present in rs2268493, rs1042778, and rs7632287 [172,215]. Two meta-analyses, encompassing
8 studies [216] and 10 studies [217], reported associations between ASD and OTR SNP
polymorphism in rs2254298, rs7632287, and rs2268491.

Lower plasma oxytocin levels have been observed in children with ASD [218–221].
Moreover, ASD subjects had lower levels of the bioactive amidated OT form and higher
OT precursor levels, suggesting the altered processing of the OT peptide in the brains of
children with autism [218]. Several studies have shown significant positive effects of OT
application on autistic behavior. OT infusion was shown to ameliorate repetitive behav-
ior in adults with ASD and Asperger’s disorder [222]. This finding was supported by a
recent clinical trial based on a group of 106 ASD patients, in which intranasally applied
OT reduced repetitive behavior and increased the time of gaze fixation on socially relevant
regions [223]. In the same study, however, no improvement was found in the primary out-
come, the Autism Diagnostic Observation Scheduled (ADOS)—a social reciprocity subscale
with regard to the prevalence of adverse events [223]. Other randomized crossover trials
performed on children with ASD showed that treatment with intranasal OT improved
caregiver-rated social responsiveness [176,333]. In addition, intranasally applied OT en-
hanced learning in response to social targets and feedback, and this was correlated with
the activation of the nucleus accumbens detected by functional MRI [224]. Other studies
failed to find beneficial effects in relation to OT in ASD [225–227]. Although the present
evidence is promising, further clinical studies are necessary to provide better insight into
the role of oxytocin in the pathogenesis of ASD and the potential utility of this peptide in
the treatment of ASD in humans.

3.2.5. Vasopressin and Oxytocin in Schizophrenia

Experimental and clinical studies indicate that the dysregulation of the VPS and OTS
may play a role in the pathogenesis of schizophrenia [302,303,306,334]. Schizophrenia-like
symptoms with impairment of social behavior were described in vasopressin-deficient
(di/di) Brattleboro rats [165,166] and V1aR knockout mice [167]. In addition, signifi-
cantly lower concentrations of AVP receptors in the prefrontal cortex and hypothalamus
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were found in the rat model of schizophrenia induced by prenatal exposure to methyla-
zoxymethanol acetate (MAM) [168].

Post-mortem studies revealed lower AVP levels in the temporal cortex of schizophrenic
patients [155]. Similarly, reduced AVP mRNA expression was found in the PVN of
schizophrenic patients [156]. The blood AVP levels in patients with schizophrenia were
either elevated or not altered [157–159]. Interestingly, a positive correlation was found
between the blood AVP level and the severity of symptoms in female patients but not in
male patients [159]. Some schizophrenic patients with inappropriately high blood AVP
levels manifested polydipsia, hypoosmolality, and hyponatremia, which were further po-
tentiated by antipsychotic treatment [160–162]. The intranasal application of DDAVP—a
synthetic analog of AVP—increased the effectiveness of risperidone in reducing the negative
symptoms of schizophrenia [163].

Significant associations between single nucleotide polymorphisms of AVP and OT
genes and schizophrenia were detected in the chromosomal region 20p13, specifically in
the loci of rs2740204 of the shared promoter of AVP and OT, in rs4813626 of the 5′promoter
of OT, and in rs3011589 of the second intron of the AVP promoter [164].

Plasma OT concentrations were found to be lower in patients with schizophrenia
than in healthy controls [158,203], and there was a negative correlation between OT levels
and symptom severity in patients with schizophrenia [157]. Experiments on rats with the
MAM model of schizophrenia revealed reduced concentrations of oxytocin and OTRs in the
prefrontal cortex (PFC) and in the hypothalamus of the MAM schizophrenic model [168].

Positive effects related to the intranasal application of OT on social cognition and inter-
personal reactivity have been reported in patients with schizophrenia [204,205]; however,
clinical trials and meta-analyses have not provided evidence for a significant therapeutic
effect of OT in relation to schizophrenia [206–209].

4. Conclusions

A survey of the literature shows that the RAS, VPS, and OTS, the classical endocrine
systems regulating blood pressure and the water-electrolyte balance, are also potent regula-
tors of other CNS processes through their actions on cerebral blood flow, the metabolism,
and intercellular and intracellular signal transmission. Angiotensinogen, angiotensins,
AVP, OT, and their respective receptors have been detected in the neurons, glial cells, and
blood vessels of multiple brain regions regulating cardiovascular functions, pain, emotion,
susceptibility to stress, as well as learning, memory, and cognitive processes. The RAS, VPS,
and OTS innervate the same regions of the brain and in many instances are activated jointly
and interact at the cellular level. The components of the RAS, VPS, and OTS have been
identified in the forebrain (cortex, hypothalamus, circumventricular organs) and in the mid-
brain and hindbrain (PAG, DRN, RVLM, CVLM, NTS, NcAmb, DMVNc, AP). It has been
shown that the RAS, VPS, and OTS act differently during stress, depression, and anxiety, as
well as in neuropsychiatric and neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, autism, and schizophrenia (Table 1). Mutations of angiotensinogen,
AT1Rs, and ACE genes were detected in some patients with depression and schizophrenia.
In addition, polymorphism of V1bR and OTR genes was demonstrated in patients with
depression and autism. It appears that the RAS, VPS, and OTS form a multifunctional
cooperating triad which may have a significant impact on the efficacy of therapies of
neurodegenerative diseases and psychiatric disorders. Clinical trials and meta-analyses
indicate that specific compounds interfering with the action of the RAS, VPS, or OTS may
improve the effectiveness of the treatment of neuropsychiatric and neurodegenerative
diseases; however, further investigations are needed to establish the guidelines for their use
for medical purposes. The present study does not address the putative role of these systems
in other essential neurological and psychiatric disorders, such as bipolar disorder, ADHD,
epilepsy, migraine headaaches, and additional resaerch in this field should be conducted.
Better knowledge of the mechanisms of the actions of these compounds should be helpful
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in programming the most efficient individually-tailored treatment for patients suffering
from the comorbidity of neuropsychiatric/neurodegenerative and cardiovascular diseases.
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RVLM = rostral ventrolateral medulla, SARS-CoV = severe acute respiratory syndrome coronavirus,
SARS-CoV-2 = severe acute respiratory syndrome associated coronavirus 2, SFO = subfornical organ,
SON = supraoptic nucleus, SNP = single nucleotide polymorphism, TNF-α = tumor necrosis factor α,
V1aR = vasopressin receptor of type 1a, V1bR = vasopressin receptor of type 1b, V2R = vasopressin
receptor of type 2, VPS = vasopressin system.
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85. Cudnoch-Jedrzejewska, A.; Dobruch, J.; Puchalska, L.; Szczepańska-Sadowska, E. Interaction of AT1 receptors and V1a receptors-
mediated effects in the central cardiovascular control during the post-infarct state. Regul. Pept. 2007, 142, 86–94. [CrossRef]

http://doi.org/10.1016/0169-328X(95)00160-T
http://doi.org/10.1016/S0167-0115(98)00109-8
http://doi.org/10.1152/ajpheart.00949.2004
http://www.ncbi.nlm.nih.gov/pubmed/15637113
http://doi.org/10.1161/HYPERTENSIONAHA.108.116228
http://www.ncbi.nlm.nih.gov/pubmed/18768398
http://doi.org/10.1016/S0306-4522(03)00606-7
http://doi.org/10.1016/j.npep.2014.07.004
http://doi.org/10.1097/PSY.0000000000000269
http://doi.org/10.1111/jne.12703
http://doi.org/10.1038/cddis.2016.327
http://doi.org/10.1161/01.HYP.0000259942.38108.20
http://doi.org/10.1152/ajpheart.00141.2007
http://www.ncbi.nlm.nih.gov/pubmed/17496218
http://doi.org/10.1159/000211202
http://www.ncbi.nlm.nih.gov/pubmed/19342823
http://doi.org/10.3109/10641969709083195
http://www.ncbi.nlm.nih.gov/pubmed/9247764
http://doi.org/10.1152/ajpheart.00063.2019
http://www.ncbi.nlm.nih.gov/pubmed/31274353
http://doi.org/10.1016/S0006-8993(03)03112-3
http://doi.org/10.1152/ajprenal.90399.2008
http://doi.org/10.1161/HYPERTENSIONAHA.113.01557
http://doi.org/10.1152/ajpheart.1996.270.1.H167
http://doi.org/10.1152/ajpheart.1999.276.6.H1918
http://doi.org/10.26402/jpp.2018.6.01
http://doi.org/10.1038/ajh.2010.103
http://www.ncbi.nlm.nih.gov/pubmed/20489687
http://doi.org/10.1152/ajpheart.01131.2007
http://www.ncbi.nlm.nih.gov/pubmed/18162560
http://doi.org/10.1152/ajpheart.00073.2009
http://www.ncbi.nlm.nih.gov/pubmed/19717736
http://doi.org/10.1016/j.cyto.2014.10.019
http://www.ncbi.nlm.nih.gov/pubmed/25481865
http://doi.org/10.1016/j.regpep.2007.01.010


J. Clin. Med. 2022, 11, 908 24 of 34

86. Cudnoch-Jedrzejewska, A.; Czarzasta, K.; Puchalska, L.; Dobruch, J.; Borowik, O.; Pachucki, J.; Szczepanska-Sadowska, E.
Angiotensin converting enzyme inhibition reduces cardiovascular responses to acute stress in myocardially infarcted and
chronically stressed rats. Biomed. Res. Int. 2014, 2014, 385082. [CrossRef]

87. Huang, B.S.; Ahmad, M.; White, R.A.; Marc, Y.; Llorens-Cortes, C.; Leenen, F.H. Inhibition of brain angiotensin III attenuates
sympathetic hyperactivity and cardiac dysfunction in rats post-myocardial infarction. Cardiovasc. Res. 2013, 97, 424–431.
[CrossRef]

88. Macova, M.; Pavel, J.; Saavedra, J.M. A peripherally administered, centrally acting angiotensin II AT2 antagonist selectively
increases brain AT1 receptors and decreases brain tyrosine hydroxylase transcription, pituitary vasopressin and ACTH. Brain Res.
2009, 1250, 130–140. [CrossRef]

89. Mitra, A.K.; Gao, L.; Zucker, I.H. Angiotensin II-induced upregulation of AT(1) receptor expression: Sequential activation of
NF-kappaB and Elk-1 in neurons. Am. J. Physiol. Cell Physiol. 2010, 299, C561–C569. [CrossRef]

90. Nunes, F.C.; Braga, V.A. Chronic angiotensin II infusion modulates angiotensin II type I receptor expression in the subfornical
organ and the rostral ventrolateral medulla in hypertensive rats. J. Renin-Angiotensin-Aldosterone Syst. 2011, 12, 440–445. [CrossRef]

91. Wei, S.G.; Yu, Y.; Zhang, Z.H.; Weiss, R.M.; Felder, R.B. Mitogen-activated protein kinases mediate upregulation of hypothalamic
AT1 receptors in heart failure rats. Hypertension 2008, 52, 679–686. [CrossRef] [PubMed]

92. Wang, L.; Hiller, H.; Smith, J.A.; de Kloet, A.D.; Krause, E.G. Angiotensin type 1a receptors in the paraventricular nucleus of
the hypothalamus control cardiovascular reactivity and anxiety-like behavior in male mice. Physiol. Genomics 2016, 48, 667–676.
[CrossRef] [PubMed]

93. Chen, D.; Jancovski, N.; Bassi, J.K.; Nguyen-Huu, T.P.; Choong, Y.T.; Palma-Rigo, K.; Davern, P.J.; Gurley, S.B.; Thomas, W.G.;
Head, G.A.; et al. Angiotensin type 1A receptors in C1 neurons of the rostral ventrolateral medulla modulate the pressor response
to aversive stress. J. Neurosci. 2012, 32, 2051–2061. [CrossRef]

94. Benicky, J.; Sánchez-Lemus, E.; Honda, M.; Pang, T.; Orecna, M.; Wang, J.; Leng, Y.; Chuang, D.M.; Saavedra, J.M. Angiotensin II
AT1 Receptor Blockade Ameliorates Brain Inflammation. Neuropsychopharmacology 2011, 36, 857–870. [CrossRef] [PubMed]

95. Dobruch, J.; Paczwa, P.; Łoń, S.; Khosla, M.C.; Szczepańska-Sadowska, E. Hypotensive function of the brain angiotensin-(1-7) in
Sprague Dawley and renin transgenic rats. J. Physiol. Pharmacol. 2003, 54, 371–381. [PubMed]

96. Xia, H.; Suda, S.; Bindom, S.; Feng, Y.; Gurley, S.B.; Seth, D.; Navar, L.G.; Lazartigues, E. ACE2-mediated reduction of oxidative
stress in the central nervous system is associated with improvement of autonomic function. PLoS ONE 2011, 6, e22682. [CrossRef]
[PubMed]

97. Xia, H.; de Queiroz, T.M.; Sriramula, S.; Feng, Y.; Johnson, T.; Mungrue, I.N.; Lazartigues, E. Brain ACE2 overexpression reduces
DOCA-salt hypertension independently of endoplasmic reticulum stress. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2015, 308,
R370–R378. [CrossRef]

98. Sink, K.M.; Leng, X.; Williamson, J.; Kritchevsky, S.B.; Yaffe, K.; Kulle, L.; Yasar, S.; Atkinson, H.; Robbins, M.; Psaty, B.;
et al. Angiotensin-converting enzyme inhibitors and cognitive decline in older adults with hypertension: Results from the
Cardiovascular Health Study. Arch. Intern. Med. 2009, 169, 1195–1202. [CrossRef]

99. Yasar, S.; Moored, K.D.; Adam, A.; Zabel, F.; Chuang, Y.F.; Varma, V.R.; Carlson, M.C. Angiotensin II Blood Levels Are Associated
with Smaller Hippocampal and Cortical Volumes in Cognitively Normal Older Adults. J. Alzheimers Dis. 2020, 75, 521–529.
[CrossRef]

100. Li, Z.; Cao, Y.; Li, L.; Liang, Y.; Tian, X.; Mo, N.; Liu, Y.; Li, M.; Chui, D.; Guo, X. Prophylactic angiotensin type 1 receptor
antagonism confers neuroprotection in an aged rat model of postoperative cognitive dysfunction. Biochem. Biophys. Res. Commun.
2014, 449, 74–80. [CrossRef]

101. Wilms, H.; Rosenstiel, P.; Unger, T.; Deuschl, G.; Lucius, R. Neuroprotection with angiotensin receptor antagonists: A review of
the evidence and potential mechanisms. Am. J. Cardiovasc. Drugs 2005, 5, 245–253. [CrossRef] [PubMed]

102. Wincewicz, D.; Braszko, J.J. Telmisartan attenuates cognitive impairment caused by chronic stress in rats. Pharmacol. Rep. 2014, 66,
436–441. [CrossRef] [PubMed]

103. Braszko, J.J.; Walesiuk, A.; Wielgat, P. Cognitive effects attributed to angiotensin II may result from its conversion to angiotensin
IV. J. Renin-Angiotensin-Aldosterone Syst. 2006, 7, 168–174. [CrossRef] [PubMed]

104. Cao, C.; Hasegawa, Y.; Hayashi, K.; Takemoto, Y.; Kim-Mitsuyama, S. Chronic Angiotensin 1-7 Infusion Prevents Angiotensin-II-
Induced Cognitive Dysfunction and Skeletal Muscle Injury in a Mouse Model of Alzheimer’s Disease. J. Alzheimers Dis. 2019, 69,
297–309. [CrossRef] [PubMed]

105. Hellner, K.; Walther, T.; Schubert, M.; Albrecht, D. Angiotensin-(1-7) enhances LTP in the hippocampus through the G-protein-
coupled receptor Mas. Mol. Cell. Neurosci. 2005, 29, 427–435. [CrossRef]

106. Barnes, J.M.; Barnes, N.M.; Costall, B.; Horovitz, Z.P.; Ironside, J.W.; Naylor, R.J.; Williams, T.J. Angiotensin II inhibits cortical
cholinergic function: Implications for cognition. J. Cardiovasc. Pharmacol. 1990, 16, 234–238. [CrossRef]

107. Barnes, N.M.; Cheng, C.H.; Costall, B.; Naylor, R.J.; Williams, T.J.; Wischik, C.M. Angiotensin converting enzyme density is
increased in temporal cortex from patients with Alzheimer’s disease. Eur. J. Pharmacol. 1991, 200, 289–292. [CrossRef]

108. Savaskan, E.; Hock, C.; Olivieri, G.; Bruttel, S.; Rosenberg, C.; Hulette, C.; Müller-Spahn, F. Cortical alterations of angiotensin
converting enzyme, angiotensin II and AT1 receptor in Alzheimer’s dementia. Neurobiol. Aging 2001, 22, 541–546. [CrossRef]

109. Butterfield, D.A.; Swomley, A.M.; Sultana, R. Amyloid β-peptide (1-42)-induced oxidative stress in Alzheimer disease: Importance
in disease pathogenesis and progression. Antioxid. Redox Signal. 2013, 19, 823–835. [CrossRef]

http://doi.org/10.1155/2014/385082
http://doi.org/10.1093/cvr/cvs420
http://doi.org/10.1016/j.brainres.2008.11.006
http://doi.org/10.1152/ajpcell.00127.2010
http://doi.org/10.1177/1470320310394891
http://doi.org/10.1161/HYPERTENSIONAHA.108.113639
http://www.ncbi.nlm.nih.gov/pubmed/18768402
http://doi.org/10.1152/physiolgenomics.00029.2016
http://www.ncbi.nlm.nih.gov/pubmed/27468749
http://doi.org/10.1523/JNEUROSCI.5360-11.2012
http://doi.org/10.1038/npp.2010.225
http://www.ncbi.nlm.nih.gov/pubmed/21150913
http://www.ncbi.nlm.nih.gov/pubmed/14566076
http://doi.org/10.1371/journal.pone.0022682
http://www.ncbi.nlm.nih.gov/pubmed/21818366
http://doi.org/10.1152/ajpregu.00366.2014
http://doi.org/10.1001/archinternmed.2009.175
http://doi.org/10.3233/JAD-200118
http://doi.org/10.1016/j.bbrc.2014.04.153
http://doi.org/10.2165/00129784-200505040-00004
http://www.ncbi.nlm.nih.gov/pubmed/15984907
http://doi.org/10.1016/j.pharep.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24905520
http://doi.org/10.3317/jraas.2006.027
http://www.ncbi.nlm.nih.gov/pubmed/17094054
http://doi.org/10.3233/JAD-181000
http://www.ncbi.nlm.nih.gov/pubmed/30958350
http://doi.org/10.1016/j.mcn.2005.03.012
http://doi.org/10.1097/00005344-199008000-00009
http://doi.org/10.1016/0014-2999(91)90584-D
http://doi.org/10.1016/S0197-4580(00)00259-1
http://doi.org/10.1089/ars.2012.5027


J. Clin. Med. 2022, 11, 908 25 of 34

110. Guimond, M.O.; Gallo-Payet, N. How does angiotensin AT(2) receptor activation help neuronal differentiation and improve
neuronal pathological situations? Front. Endocrinol. 2012, 3, 164. [CrossRef]

111. Masters, C.L.; Simms, G.; Weinman, N.A.; Multhaup, G.; McDonald, B.L.; Beyreuther, K. Amyloid plaque core protein in
Alzheimer disease and Down syndrome. Proc. Natl. Acad. Sci. USA 1985, 82, 4245–4249. [CrossRef] [PubMed]

112. Quitterer, U.; AbdAlla, S. Improvements of symptoms of Alzheimer’s disease by inhibition of the angiotensin system. Pharmacol.
Res. 2020, 154, 104230. [CrossRef] [PubMed]

113. Takeda, S.; Sato, N.; Takeuchi, D.; Kurinami, H.; Shinohara, M.; Niisato, K.; Kano, M.; Ogihara, T.; Rakugi, H.; Morishita, R.
Angiotensin receptor blocker prevented beta amyloid-induced cognitive impairment associated with recovery of neurovascular
coupling. Hypertension 2009, 54, 1345–1352. [CrossRef] [PubMed]

114. Jiang, T.; Zhang, Y.-D.; Zhou, J.-S.; Zhu, X.-C.; Tian, Y.-Y.; Zhao, H.D.; Lu, H.; Gao, Q.; Tan, L.; Yu, J.T. Angiotensin-(1-7) is
Reduced and Inversely Correlates with Tau Hyperphosphorylation in Animal Models of Alzheimer’s Disease. Mol. Neurobiol.
2016, 53, 2489. [CrossRef]

115. Aguilera, G.; Kiss, A.; Luo, X. Increased expression of type 1 angiotensin II receptors in the hypothalamic paraventricular nucleus
following stress and glucocorticoid administration. J. Neuroendocrinol. 1995, 7, 775–783. [CrossRef]

116. Brasil, T.F.S.; Fassini, A.; Corrêa, F.M. AT1 and AT2 receptors in the prelimbic cortex modulate the cardiovascular response evoked
by acute exposure to restraint stress in rats. Cell. Mol. Neurobiol. 2018, 38, 305–316. [CrossRef]

117. Costa, A.C.O.; Becker, L.K.; Moraes, É.R.; Romero, T.R.L.; Guzzo, L.; Santos, R.A.S.; Duarte, I.D.G. Angiotensin-(1–7) induces
peripheral antinociception through Mas receptor activation in an opioid-independent pathway. Pharmacology 2012, 89, 137–144.
[CrossRef]

118. Zhao, Y.; Qin, Y.; Liu, T.; Hao, D. Chronic nerve injury-induced Mas receptor expression in dorsal root ganglion neurons alleviates
neuropathic pain. Exp. Ther. Med. 2015, 10, 2384–2388. [CrossRef]

119. Saab, Y.B.; Gard, P.R.; Yeoman, M.S.; Mfarrej, B.; El-Moalem, H.; Ingram, M.J. Renin-angiotensin-system gene polymorphisms and
depression. Prog. Neuropsychopharmacol. Biol. Psychiatry 2007, 31, 1113–1118. [CrossRef]

120. Kangussu, L.M.; Almeida-Santos, A.F.; Bader, M.; Alenina, N.; Fontes, M.A.P.; Santos, R.A.S.; Aguiar, D.C.; Campagnole-Santos,
M.J. Angiotensin-(1-7) attenuates the anxiety and depression-like behaviors in transgenic rats with low brain angiotensinogen.
Behav. Brain Res. 2013, 257, 25–30. [CrossRef]

121. Hajjar, I.; Kritchevsky, S.; Newman, A.B.; Li, R.; Yaffe, K.; Simonsick, E.M.; Lipsitz, L.A.; Health, Aging and Body Composition
Study. Renin angiotensin system gene polymorphisms modify angiotensin-converting enzyme inhibitors’ effect on cognitive
function: The health, aging and body composition study. J. Am. Geriatr. Soc. 2010, 58, 1035–1042. [CrossRef] [PubMed]

122. Ward, K.M.; Kraal, A.Z.; Flowers, S.A.; Ellingrod, V.L. Cardiovascular Pharmacogenomics and Cognitive Function in Patients
with Schizophrenia. Pharmacotherapy 2017, 37, 1122–1130. [CrossRef] [PubMed]

123. Gadelha, A.; Vendramini, A.M.; Yonamine, C.M.; Nering, M.; Berberian, A.; Suiama, M.A.; Oliveira, V.; Lima-Landman, M.T.;
Breen, G.; Bressan, R.A.; et al. Convergent evidences from human and animal studies implicate angiotensin I-converting enzyme
activity in cognitive performance in schizophrenia. Transl. Psychiatry 2015, 5, e691. [CrossRef] [PubMed]

124. Fan, X.; Song, X.; Zhao, M.; Jarskog, L.F.; Natarajan, R.; Shukair, N.; Freudenreich, O.; Henderson, D.C.; Goff, D.C. The effect of
adjunctive telmisartan treatment on psychopathology and cognition in patients with schizophrenia. Acta Psychiatr. Scand. 2017,
136, 465–472. [CrossRef]

125. Dominguez-Meijide, A.; Villar-Cheda, B.; Garrido-Gil, P.; Sierrra-Paredes, G.; Guerra, M.J.; Labandeira-Garcia, J.L. Effect of
chronic treatment with angiotensin type 1 receptor antagonists on striatal dopamine levels in normal rats and in a rat model of
Parkinson’s disease treated with L-DOPA. Neuropharmacology 2014, 76, 156–168. [CrossRef]

126. Joglar, B.; Rodriguez-Pallares, J.; Rodriguez-Perez, A.I.; Rey, P.; Guerra, M.J.; Labandeira-Garcia, J.L. The inflammatory response
in the MPTP model of Parkinson’s disease is mediated by brain angiotensin: Relevance to progression of the disease. J. Neurochem.
2009, 109, 656–669. [CrossRef]

127. Sonsalla, P.K.; Coleman, C.; Wong, L.Y.; Harris, S.L.; Richardson, J.R.; Gadad, B.S.; Li, W.; German, D.C. The angiotensin
converting enzyme inhibitor captopril protects nigrostriatal dopamine neurons in animal models of parkinsonism. Exp. Neurol.
2013, 250, 376–383. [CrossRef]

128. Thakur, K.S.; Prakash, A.; Bisht, R.; Bansal, P.K. Beneficial effect of candesartan and lisinopril against haloperidol-induced tardive
dyskinesia in rat. J. Renin-Angiotensin-Aldosterone Syst. 2015, 16, 917–929. [CrossRef]

129. Zhou, Y.; Xu, J.; Hou, Y.; Leverenz, J.B.; Kallianpur, A.; Mehra, R.; Liu, Y.; Yu, H.; Pieper, A.A.; Jehi, L.; et al. Network
medicine links SARS-CoV-2/COVID-19 infection to brain microvascular injury and neuroinflammation in dementia-like cognitive
impairment. Alzheimer’s Res. Ther. 2021, 13, 110. [CrossRef]

130. Purba, J.S.; Hoogendijk, W.J.; Hofman, M.A.; Swaab, D.F. Increased number of vasopressin- and oxytocin-expressing neurons in
the paraventricular nucleus of the hypothalamus in depression. Arch. Gen. Psychiatry 1996, 53, 137–143. [CrossRef]

131. Van West, D.; Del-Favero, J.; Aulchenko, Y.; Oswald, P.; Souery, D.; Forsgren, T.; Sluijs, S.; Bel-Kacem, S.; Adolfsson, R.;
Mendlewicz, J.; et al. A major SNP haplotype of the arginine vasopressin 1B receptor protects against recurrent major depression.
Mol. Psychiatry 2004, 9, 287–292. [CrossRef] [PubMed]

132. Zai, C.C.; Muir, K.E.; Nowrouzi, B.; Shaikh, S.A.; Choi, E.; Berall, L.; Trépanier, M.O.; Beitchman, J.H.; Kennedy, J.L. Possible
genetic association between vasopressin receptor 1B and child aggression. Psychiatry Res. 2012, 200, 784–788. [CrossRef] [PubMed]

http://doi.org/10.3389/fendo.2012.00164
http://doi.org/10.1073/pnas.82.12.4245
http://www.ncbi.nlm.nih.gov/pubmed/3159021
http://doi.org/10.1016/j.phrs.2019.04.014
http://www.ncbi.nlm.nih.gov/pubmed/30991105
http://doi.org/10.1161/HYPERTENSIONAHA.109.138586
http://www.ncbi.nlm.nih.gov/pubmed/19805638
http://doi.org/10.1007/s12035-015-9260-9
http://doi.org/10.1111/j.1365-2826.1995.tb00714.x
http://doi.org/10.1007/s10571-017-0518-9
http://doi.org/10.1159/000336340
http://doi.org/10.3892/etm.2015.2801
http://doi.org/10.1016/j.pnpbp.2007.04.002
http://doi.org/10.1016/j.bbr.2013.09.003
http://doi.org/10.1111/j.1532-5415.2010.02860.x
http://www.ncbi.nlm.nih.gov/pubmed/20722844
http://doi.org/10.1002/phar.1968
http://www.ncbi.nlm.nih.gov/pubmed/28605058
http://doi.org/10.1038/tp.2015.181
http://www.ncbi.nlm.nih.gov/pubmed/26645626
http://doi.org/10.1111/acps.12799
http://doi.org/10.1016/j.neuropharm.2013.07.016
http://doi.org/10.1111/j.1471-4159.2009.05999.x
http://doi.org/10.1016/j.expneurol.2013.10.014
http://doi.org/10.1177/1470320313515038
http://doi.org/10.1186/s13195-021-00850-3
http://doi.org/10.1001/archpsyc.1996.01830020055007
http://doi.org/10.1038/sj.mp.4001420
http://www.ncbi.nlm.nih.gov/pubmed/15094789
http://doi.org/10.1016/j.psychres.2012.07.031
http://www.ncbi.nlm.nih.gov/pubmed/22910476


J. Clin. Med. 2022, 11, 908 26 of 34

133. Ben-Efraim, Y.J.; Wasserman, D.; Wasserman, J.; Sokolowski, M.V. Family-based study of AVPR1B association and interaction
with stressful life events on depression and anxiety in suicide attempts. Neuropsychopharmacology 2013, 38, 1504–1511. [CrossRef]
[PubMed]

134. Kamiya, M.; Sabia, H.D.; Marella, J.; Fava, M.; Nemeroff, C.B.; Umeuchi, H.; Iijima, M.; Chaki, S.; Nishino, I. Efficacy and safety of
TS-121, a novel vasopressin V(1B) receptor antagonist, as adjunctive treatment for patients with major depressive disorder: A
randomized, double-blind, placebo-controlled study. J. Psychiatr. Res. 2020, 128, 43–51. [CrossRef]

135. Katz, D.A.; Locke, C.; Greco, N.; Liu, W.; Tracy, K.A. Hypothalamic-pituitary-adrenal axis and depression symptom effects of an
arginine vasopressin type 1B receptor antagonist in a one-week randomized Phase 1b trial. Brain Behav. 2017, 7, e00628. [CrossRef]

136. Agorastos, A.; Sommer, A.; Heinig, A.; Wiedemann, K.; Demiralay, C. Vasopressin Surrogate Marker Copeptin as a Potential
Novel Endocrine Biomarker for Antidepressant Treatment Response in Major Depression: A Pilot Study. Front. Psychiatry 2020,
11, 453. [CrossRef]

137. Griebel, G.; Simiand, J.; Serradeil-Le Gal, C.; Wagnon, J.; Pascal, M.; Scatton, B.; Maffrand, J.P.; Soubrie, P. Anxiolytic- and
antidepressant-like effects of the non-peptide vasopressin V1b receptor antagonist, SSR149415, suggest an innovative approach
for the treatment of stress-related disorders. Proc. Natl. Acad. Sci. USA 2002, 99, 6370–6375. [CrossRef]

138. Iijima, M.; Chaki, S. An arginine vasopressin V1b antagonist, SSR149415 elicits antidepressant-like effects in an olfactory
bulbectomy model. Prog. Neuropsychopharmacol. Biol. Psychiatry 2007, 31, 622–627. [CrossRef]

139. Iijima, M.; Yoshimizu, T.; Shimazaki, T.; Tokugawa, K.; Fukumoto, K.; Kurosu, S.; Kuwada, T.; Sekiguchi, Y.; Chaki, S. Antidepres-
sant and anxiolytic profiles of newly synthesized arginine vasopressin V1B receptor antagonists: TASP0233278 and TASP0390325.
Br. J. Pharmacol. 2014, 171, 3511–3525. [CrossRef]

140. Cudnoch-Jedrzejewska, A.; Puchalska, L.; Szczepanska-Sadowska, E.; Wsol, A.; Kowalewski, S.; Czarzasta, K. The effect of
blockade of the central V1 vasopressin receptors on anhedonia in chronically stressed infarcted and non-infarcted rats. Physiol.
Behav. 2014, 135, 208–214. [CrossRef]

141. Cudnoch-Jedrzejewska, A.; Szczepanska-Sadowska, E.; Dobruch, J.; Gomolka, R.; Puchalska, L. Brain vasopressin V(1) receptors
contribute to enhanced cardiovascular responses to acute stress in chronically stressed rats and rats with myocardial infarction.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 2010, 298, R672–R680. [CrossRef] [PubMed]

142. Cilz, N.I.; Cymerblit-Sabba, A.; Young, W.S. Oxytocin and vasopressin in the rodent hippocampus. Genes Brain Behav. 2019,
18, e12535. [CrossRef] [PubMed]

143. Wsol, A.; Cudnoch-Jedrzejewska, A.; Szczepanska-Sadowska, E.; Kowalewski, S.; Dobruch, J. Central oxytocin modulation of
acute stress-induced cardiovascular responses after myocardial infarction in the rat. Stress 2009, 12, 517–525. [CrossRef] [PubMed]

144. Wsol, A.; Szczepanska-Sadowska, E.; Kowalewski, S.; Puchalska, L.; Cudnoch-Jedrzejewska, A. Oxytocin differently regulates
pressor responses to stress in WKY and SHR rats: The role of central oxytocin and V1a receptors. Stress 2014, 17, 117–125.
[CrossRef]

145. Wsol, A.; Wojno, O.; Puchalska, L.; Wrzesien, R.; Szczepanska-Sadowska, E.; Cudnoch-Jedrzejewska, A. Impaired hypotensive
effects of centrally acting oxytocin in SHR and WKY rats exposed to chronic mild stress. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 2020, 318, R160–R172. [CrossRef]

146. Breuer, M.E.; van Gaalen, M.M.; Wernet, W.; Claessens, S.E.; Oosting, R.S.; Behl, B.; Korte, S.M.; Schoemaker, H.; Gross, G.; Olivier,
B.; et al. SSR149415, a non-peptide vasopressin V1b receptor antagonist, has long-lasting antidepressant effects in the olfactory
bulbectomy-induced hyperactivity depression model. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2009, 379, 101–106. [CrossRef]

147. Serradeil-Le Gal, C.; Derick, S.; Brossard, G.; Manning, M.; Simiand, J.; Gaillard, R.; Griebel, G.; Guillon, G. Functional and
pharmacological characterization of the first specific agonist and antagonist for the V1b receptor in mammals. Stress 2003, 6,
199–206. [CrossRef]

148. Raskind, M.A.; Peskind, E.R.; Lampe, T.H.; Risse, S.C.; Taborsky, G.J., Jr.; Dorsa, D. Cerebrospinal fluid vasopressin, oxytocin,
somatostatin, and beta-endorphin in Alzheimer’s disease. Arch. Gen Psychiatry 1986, 43, 382–388. [CrossRef]

149. Mazurek, M.F.; Beal, M.F.; Bird, E.D.; Martin, J.B. Vasopressin in Alzheimer’s disease: A study of postmortem brain concentrations.
Ann. Neurol. 1986, 20, 665–670. [CrossRef]

150. Goudsmit, E.; Filers, E.; Swaab, D.F. Changes in vasopressin neurons and fibers in aging and Alzheimer’s disease: Reversibility in
the rat. Prog. Clin. Biol. Res. 1989, 317, 1193–1208.

151. Meynen, G.; Unmehopa, U.A.; Hofman, M.A.; Swaab, D.F.; Hoogendijk, W.J. Hypothalamic vasopressin and oxytocin mRNA
expression in relation to depressive state in Alzheimer’s disease: A difference with major depressive disorder. J. Neuroendocrinol.
2009, 21, 722–729. [CrossRef] [PubMed]

152. Van Zwieten, E.J.; Ravid, R.; Hoogendijk, W.J.; Swaab, D.F. Stable vasopressin innervation in the degenerating human locus
coeruleus in Alzheimer’s disease. Brain Res. 1994, 649, 329–333. [CrossRef]

153. Zhang, X.; Zhao, F.; Wang, C.; Zhang, J.; Bai, Y.; Zhou, F.; Wang, Z.; Guo, J.; Qi, J. AVP(4-8) Improves Cognitive Behaviors
and Hippocampal Synaptic Plasticity in the APP/PS1 Mouse Model of Alzheimer’s Disease. Neurosci. Bull. 2020, 36, 254–262.
[CrossRef] [PubMed]

154. Smith, A.S.; Williams Avram, S.K.; Cymerblit-Sabba, A.; Song, J.; Young, W.S. Targeted activation of the hippocampal CA2 area
strongly enhances social memory. Mol. Psychiatry 2016, 21, 1137–1144. [CrossRef] [PubMed]

http://doi.org/10.1038/npp.2013.49
http://www.ncbi.nlm.nih.gov/pubmed/23422793
http://doi.org/10.1016/j.jpsychires.2020.05.017
http://doi.org/10.1002/brb3.628
http://doi.org/10.3389/fpsyt.2020.00453
http://doi.org/10.1073/pnas.092012099
http://doi.org/10.1016/j.pnpbp.2006.12.008
http://doi.org/10.1111/bph.12699
http://doi.org/10.1016/j.physbeh.2014.06.011
http://doi.org/10.1152/ajpregu.00543.2009
http://www.ncbi.nlm.nih.gov/pubmed/20042688
http://doi.org/10.1111/gbb.12535
http://www.ncbi.nlm.nih.gov/pubmed/30378258
http://doi.org/10.3109/10253890802687688
http://www.ncbi.nlm.nih.gov/pubmed/20102320
http://doi.org/10.3109/10253890.2013.872620
http://doi.org/10.1152/ajpregu.00050.2019
http://doi.org/10.1007/s00210-008-0336-1
http://doi.org/10.1080/1025389032000114524
http://doi.org/10.1001/archpsyc.1986.01800040092013
http://doi.org/10.1002/ana.410200603
http://doi.org/10.1111/j.1365-2826.2009.01890.x
http://www.ncbi.nlm.nih.gov/pubmed/19500216
http://doi.org/10.1016/0006-8993(94)91082-0
http://doi.org/10.1007/s12264-019-00434-0
http://www.ncbi.nlm.nih.gov/pubmed/31605298
http://doi.org/10.1038/mp.2015.189
http://www.ncbi.nlm.nih.gov/pubmed/26728562


J. Clin. Med. 2022, 11, 908 27 of 34

155. Frederiksen, S.O.; Ekman, R.; Gottfries, C.G.; Widerlöv, E.; Jonsson, S. Reduced concentrations of galanin, arginine vasopressin,
neuropeptide Y and peptide YY in the temporal cortex but not in the hypothalamus of brains from schizophrenics. Acta Psychiatr.
Scand. 1991, 83, 273–277. [CrossRef] [PubMed]

156. Busch, J.R.; Jacobsen, C.; Lynnerup, N.; Banner, J.; Møller, M. Expression of vasopressin mRNA in the hypothalamus of individuals
with a diagnosis of schizophrenia. Brain Behav. 2019, 9, e01355. [CrossRef]

157. Guzel, D.; Yazici, A.B.; Pek, T.M.; Doganay, S.; Simsek, A.B.S.; Saglam, K.; Turan, C.; Yazici, E. Atrial natriuretic peptide and
posterior pituitary neurohormone changes in patients with acute schizophrenia. Neuropsychiatr. Dis. Treat. 2018, 14, 1855–1860.
[CrossRef]

158. Liu, Y.; Tao, H.; Yang, X.; Huang, K.; Zhang, X.; Li, C. Decreased Serum Oxytocin and Increased Homocysteine in First-Episode
Schizophrenia Patients. Front. Psychiatry 2019, 10, 217. [CrossRef]

159. Rubin, L.H.; Carter, C.S.; Bishop, J.R.; Pournajafi-Nazarloo, H.; Harris, M.S.; Hill, S.K.; Reilly, J.L.; Sweeney, J.A. Peripheral
vasopressin but not oxytocin relates to severity of acute psychosis in women with acutely-ill untreated first-episode psychosis.
Schizophr. Res. 2013, 146, 138–143. [CrossRef]

160. Goldman, M.B. The mechanism of life-threatening water imbalance in schizophrenia and its relationship to the underlying
psychiatric illness. Brain Res. Rev. 2009, 61, 210–220. [CrossRef]

161. Goldman, M.B.; Robertson, G.L.; Luchins, D.J.; Hedeker, D.; Pandey, G.N. Psychotic exacerbations and enhanced vasopressin
secretion in schizophrenic patients with hyponatremia and polydipsia. Arch. Gen. Psychiatry 1997, 54, 443–449. [CrossRef]
[PubMed]

162. Ohsawa, H.; Kishimoto, T.; Shimayoshi, N.; Matsumura, K.; Tahara, K.; Kitera, K.; Higashiura, N.; Noriyama, Y.; Matsumoto, H.;
Hirai, M.; et al. Atrial natriuretic peptide and arginine vasopressin secretion in schizophrenic patients. Acta Psychiatr. Scand. 1993,
88, 130–134. [CrossRef] [PubMed]

163. Hosseini, S.M.; Farokhnia, M.; Rezaei, F.; Gougol, A.; Yekehtaz, H.; Iranpour, N.; Salehi, B.; Tabrizi, M.; Tajdini, M.; Ghaleiha, A.;
et al. Intranasal desmopressin as an adjunct to risperidone for negative symptoms of schizophrenia: A randomized, double-blind,
placebo-controlled, clinical trial. Eur. Neuropsychopharmacol. 2014, 24, 846–855. [CrossRef] [PubMed]

164. Teltsh, O.; Kanyas-Sarner, K.; Rigbi, A.; Greenbaum, L.; Lerer, B.; Kohn, Y. Oxytocin and vasopressin genes are significantly
associated with schizophrenia in a large Arab-Israeli pedigree. Int. J. Neuropsychopharmacol. 2012, 15, 309–319. [CrossRef]

165. Cilia, J.; Gartlon, J.E.; Shilliam, C.; Dawson, L.A.; Moore, S.H.; Jones, D.N.C. Further neurochemical and behavioural investigation
of Brattleboro rats as a putative model of schizophrenia. J. Psychopharmacol. 2010, 24, 407–419. [CrossRef]

166. Demeter, K.; Török, B.; Fodor, A.; Varga, J.; Ferenczi, S.; Kovács, K.J.; Eszik, I.; Szegedi, V.; Zelena, D. Possible contribution of
epigenetic changes in the development of schizophrenia-like behavior in vasopressin-deficient Brattleboro rats. Behav. Brain Res.
2016, 300, 123–134. [CrossRef]

167. Egashira, N.; Tanoue, A.; Matsuda, T.; Koushi, E.; Harada, S.; Takano, Y.; Tsujimoto, G.; Mishima, K.; Iwasaki, K.; Fujiwara, M.
Impaired social interaction and reduced anxiety-related behavior in vasopressin V1a receptor knockout mice. Behav. Brain Res.
2007, 178, 123–127. [CrossRef]

168. Potasiewicz, A.; Holuj, M.; Litwa, E.; Gzielo, K.; Socha, L.; Popik, P.; Nikiforuk, A. Social dysfunction in the neurodevelopmental
model of schizophrenia in male and female rats: Behavioural and biochemical studies. Neuropharmacology 2020, 170, 108040.
[CrossRef]

169. Oztan, O.; Garner, J.P.; Partap, S.; Sherr, E.H.; Hardan, A.Y.; Farmer, C.; Thurm, A.; Swedo, S.E.; Parker, K.J. Cerebrospinal fluid
vasopressin and symptom severity in children with autism. Ann. Neurol. 2018, 84, 611–615. [CrossRef]

170. Oztan, O.; Garner, J.P.; Constantino, J.N.; Parker, K.J. Neonatal CSF vasopressin concentration predicts later medical record
diagnoses of autism spectrum disorder. Proc. Natl. Acad. Sci. USA 2020, 117, 10609–10613. [CrossRef]

171. Oztan, O.; Jackson, L.P.; Libove, R.A.; Sumiyoshi, R.D.; Phillips, J.M.; Garner, J.P.; Hardan, A.Y.; Parker, K.J. Biomarker discovery
for disease status and symptom severity in children with autism. Psychoneuroendocrinology 2018, 89, 39–45. [CrossRef] [PubMed]

172. Francis, S.M.; Kim, S.J.; Kistner-Griffin, E.; Guter, S.; Cook, E.H.; Jacob, S. ASD and Genetic Associations with Receptors for
Oxytocin and Vasopressin-AVPR1A, AVPR1B, and OXTR. Front. Neurosci. 2016, 10, 516. [CrossRef] [PubMed]

173. Cataldo, I.; Azhari, A.; Esposito, G. A Review of Oxytocin and Arginine-Vasopressin Receptors and Their Modulation of Autism
Spectrum Disorder. Front. Mol. Neurosci. 2018, 11, 27. [CrossRef] [PubMed]

174. Yang, S.Y.; Cho, S.C.; Yoo, H.J.; Cho, I.H.; Park, M.; Kim, B.N.; Kim, J.W.; Shin, M.S.; Park, T.W.; Son, J.W.; et al. Association study
between single nucleotide polymorphisms in promoter region of AVPR1A and Korean autism spectrum disorders. Neurosci. Lett.
2010, 479, 197–200. [CrossRef] [PubMed]

175. Yang, S.Y.; Cho, S.C.; Yoo, H.J.; Cho, I.H.; Park, M.; Yoe, J.; Kim, S.A. Family-based association study of microsatellites in the
5′ flanking region of AVPR1A with autism spectrum disorder in the Korean population. Psychiatry Res. 2010, 178, 199–201.
[CrossRef]

176. Parker, K.J.; Oztan, O.; Libove, R.A.; Sumiyoshi, R.D.; Jackson, L.P.; Karhson, D.S.; Summers, J.E.; Hinman, K.E.; Motonaga, K.S.;
Phillips, J.M.; et al. Intranasal oxytocin treatment for social deficits and biomarkers of response in children with autism. Proc.
Natl. Acad. Sci. USA 2017, 114, 8119–8124. [CrossRef]

177. Parker, K.J.; Oztan, O.; Libove, R.A.; Mohsin, N.; Karhson, D.S.; Sumiyoshi, R.D.; Summers, J.E.; Hinman, K.E.; Motonaga, K.S.;
Phillips, J.M.; et al. A randomized placebo-controlled pilot trial shows that intranasal vasopressin improves social deficits in
children with autism. Sci. Transl. Med. 2019, 11, eaau7356. [CrossRef]

http://doi.org/10.1111/j.1600-0447.1991.tb05539.x
http://www.ncbi.nlm.nih.gov/pubmed/1709331
http://doi.org/10.1002/brb3.1355
http://doi.org/10.2147/NDT.S169619
http://doi.org/10.3389/fpsyt.2019.00217
http://doi.org/10.1016/j.schres.2013.01.019
http://doi.org/10.1016/j.brainresrev.2009.06.004
http://doi.org/10.1001/archpsyc.1997.01830170069010
http://www.ncbi.nlm.nih.gov/pubmed/9152098
http://doi.org/10.1111/j.1600-0447.1993.tb03426.x
http://www.ncbi.nlm.nih.gov/pubmed/8213206
http://doi.org/10.1016/j.euroneuro.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24636461
http://doi.org/10.1017/S1461145711001374
http://doi.org/10.1177/0269881108098787
http://doi.org/10.1016/j.bbr.2015.12.007
http://doi.org/10.1016/j.bbr.2006.12.009
http://doi.org/10.1016/j.neuropharm.2020.108040
http://doi.org/10.1002/ana.25314
http://doi.org/10.1073/pnas.1919050117
http://doi.org/10.1016/j.psyneuen.2017.12.022
http://www.ncbi.nlm.nih.gov/pubmed/29309996
http://doi.org/10.3389/fnins.2016.00516
http://www.ncbi.nlm.nih.gov/pubmed/27920663
http://doi.org/10.3389/fnmol.2018.00027
http://www.ncbi.nlm.nih.gov/pubmed/29487501
http://doi.org/10.1016/j.neulet.2010.05.050
http://www.ncbi.nlm.nih.gov/pubmed/20546835
http://doi.org/10.1016/j.psychres.2009.11.007
http://doi.org/10.1073/pnas.1705521114
http://doi.org/10.1126/scitranslmed.aau7356


J. Clin. Med. 2022, 11, 908 28 of 34

178. Brambilla, M.; Manenti, R.; de Girolamo, G.; Adenzato, M.; Bocchio-Chiavetto, L.; Cotelli, M. Effects of Intranasal Oxytocin on
Long-Term Memory in Healthy Humans: A Systematic Review. Drug Dev. Res. 2016, 77, 479–488. [CrossRef]

179. Lucassen, P.J.; Tilders, F.J.; Salehi, A.; Swaab, D.F. Neuropeptides vasopressin (AVP), oxytocin (OXT) and corticotropin-releasing
hormone (CRH) in the human hypothalamus: Activity changes in aging, Alzheimer’s disease and depression. Aging 1997, 9
(Suppl. 4), 48–50. [CrossRef]

180. Mazurek, M.F.; Beal, M.F.; Bird, E.D.; Martin, J.B. Oxytocin in Alzheimer’s disease: Postmortem brain levels. Neurology 1987, 37,
1001–1003. [CrossRef]

181. Van Zwieten, E.J.; Ravid, R.; Swaab, D.F. Differential vasopressin and oxytocin innervation of the human parabrachial nucleus:
No changes in Alzheimer’s disease. Brain Res. 1996, 711, 146–152. [CrossRef]

182. Wierda, M.; Goudsmit, E.; van der Woude, P.F.; Purba, J.S.; Hofman, M.A.; Bogte, H.; Swaab, D.F. Oxytocin cell number in the
human paraventricular nucleus remains constant with aging and in Alzheimer’s disease. Neurobiol. Aging 1991, 12, 511–516.
[CrossRef]
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